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A 42 Amyloid  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 

ESC7 concatenated form of GroES where individual subunits were linked by a tri-glycine 

linker 

G192X Gly192 to X substitution GroEL mutants 

Gdn-HCl 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   
 

1-1  

20

DNA

20

DNA

DNA RNA

( )

 

1957 Anfinsen RNaseA

Anfinsen (1)
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Anfinsen 

 

 

11-2 GroEL  
1970

(Heat Shock Protein HSP) (2)

HSP HSP

40 % HSP

HSP HSP

(

)

HSP

HSP (3)  

HSP
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HSP60 (

GroEL) HSP70 (DnaK) HSP90 (HtpG) small HSP (IbpA/B) 

E coli 

(trigger factor TF)

2500 10 

(GroEL GroES) 5 18 HSP70 DnaK/DnaJ/GrpE

70 

(4)

2 

 E . coli  HSP60 

(GroEL)(5)  

CCT HSP10 

(GroES) HSP10

(6)  

GroE

GroEL 57 kDa 7 2 14

( 800 kDa) (7) GroEL 137 146 

GroEL 45

2 GroEL 3

( 1-1)(8)  
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1-1. (8) 

Helical protrusion  

 

ATP

GroEL

GroEL

(9)

( GroES

)(10) 2 Hinge

(11)  

GroES 75 30 7

(12) GroES 10kDa 7

GroES 16-33 

GroEL GroES 

 GroEL GroEL

ATP ADP (13)
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GroES GroEL

GroES

90°

45 80  

ADP GroEL-GroES 

(14) GroEL GroES

7 GroEL 1 ADP ( 1-2)  

 

 

 

 

 

 

 

 

 

 

 

1-2 GroEL-GroES- ADP  X (14) 

A GroEL-GroES   

B GroEL-GroES  

C GroEL-GroES   

 

(GroES ADP cis ring

trans ring ) cis-ring GroEL
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2 Hinge 90° 

60° (Open )

cis ring 2 GroES

GroEL

GroES GroES GroEL

( 57kDa

)(15) GroEL cis

ring

GroES GroES

GroEL 

(16)  

GroEL

( 1-3A) 7 ATP GroEL Open

GroES cis ring

(cis-ATP ) cis-ATP ATP

ADP(cis-ADP )

cis ring

ATP ( 8 )

8 3 5 2

( 1-3B)(17) GroES 

3 5 GroES GroEL-ATP-

cis-
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ATP ATP ADP cis-ADP trans

ring ATP ATP cis ring GroES

cis ring ADP

trans ring ATP

cis ring (18)  

 

 

 

 

 

 

 

 

 

 

 

 

 

1-3 GroEL (17) 

A  

B 2  

 

AA

BB
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GroEL

Hinge

Hinge 192 Gly (Gly192) Gly192

Trp G192W (19)

GroEL G192W GroEL WT Rhodanese

MDH

GroEL G192W Gly

Trp cis ring Open ATP

GroES

trans ring ATP GroES

GroES GroES

Dead-End ( 1-4)

GroEL G192W GroES

 

 

1-4 GroEL G192W (19)  
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GroEL 2 GroES

( 1-5) GroEL

(FRET)

ADP/ATP (20)

398 Asp Ala GroEL D398A (21)

GroEL GroES

(22) GroEL D398A 52 Asp Ala 

ATP GroEL D398A/D52A

GroES X

(23)  

 

 

 

 

 

 

 

 

 

 

 

 

 

1-5 GroEL  

A GroEL D398A/D52A GroES  (23) 

B C ATP/ADP GroEL (20) 

B ATP/ADP  

C ATP/ADP  
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GroEL GroES

ATP

ADP GroES

GroES

(24,25)( 1-6)  

 

 

1-6 GroEL (24) 

 

GroEL
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11-3  
1980 Glenner (26)

(27)

(ALS)

(28)  

3

( 1-7) Seed

(29)  

 

 

 

 

 

 

 

 

 

 

1-7  



12 
 

(30) Thioflavin-T(31)

7 12 nm (32)

X ( 1-8)(33,34)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1-8  

A  

    B  

 

TCEP

( 1-9)

(35)  

  

AA BB
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1-9 (35) 

   A TCEP  

  B TCEP  

 

GroES

(VMA)

GroES ( 1-10)(36)  

 

 

 

 

 

 

AA BB
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  1-10 VMA GroES (36) 

A VMA GroES  

 48 ( ) 96 ( ) 120 ( ) VMA ( ) 

B 120 AFM GroES ( ) 

C VMA AFM ( VMA 48 ) 

 

PrPsc (37) (A )

(38) -Synuclein 

(39)  

ALS (SOD1)

Cu Zn Cu

(40)

A (41) PrPC (42)
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- (CJD) (BSE)

A (43)

A LTP(

) PrPc( )

A PrPC

LTP A

A

 

  

1-4 -Synuclein 

1817 Parkinson

1888 Charcot (44)  

(PD) 1

(LB)

( 1-11)  

1997 Spillantini LB

α-Synuclein (45) α-Synuclein LB

αB- HSP70 HSP27

(46,47)  
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1-11 (45) 

A -Synuclein 2  

B 2 -Synuclein  

C -Synuclein  

 

-Synuclein (AD)

-Synuclein (NAC) (48) -

Synuclein SNCA 140

N C

61-95 35 NAC

N KTKEGV

( 1-12)(49)  

 

 

 

 

 

 

 

1-12 -Synuclein  

A -Synuclein KTKEGV  

B -Synuclein (50) 

AA BB CC
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NAC

(51,52) NAC (1-35)

Thioflavin-S

TEM (53)

NACcore(68-78 )

MicroED

NACcore -Synuclein 

(54)

NAC -Synuclein 

C

C (55) C

129 Ser (S129)

LB

-Synuclein S129 90% 

-Synuclein LB (56)  

2 -Synuclein A53T A30P PD

(57) in vitro -Synuclein A53T A30P

-Synuclein A53T

A30P

A30P

(58) A30P

( 1-13)(59) E46K

-Synuclein (60) E46K

-Synuclein 2
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E46K -Synuclein (WT) 

A53T (61) 3

50 His Gln H50Q

(62) -Synuclein

2 (NMR) (CD)

2 in vitro

WT

(62)  

 

 1-13 -Synuclein WT A30P (59) 

A -Synuclein WT  

B -Synuclein A30P  

 

(63)

Met Met

(64) -Synuclein

SOD1 A PrPsc

(TEM) Cu( ) WT

(A30P E46K A53T)

AA BB
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Fe( ) WT

( 1-14)(65)  

 
 

 

1-14 Cu( ) Fe( ) -Synuclein (65) 
 

in vitro Trp Cys α-Synuclein H O

α-Synuclein 4 Met

Met α-Synuclein Met

(66) α-Synuclein 1-15

N Cu 2 Met1

Met5 (67)

Cu α-Synuclein

Cu α-Synuclein

-Synuclein

-Synuclein

-Synuclein  
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-Synuclein -Synuclein 

ADH HSP27

(58)

SNARE

DnaJ CSP

(68) CSP -Synuclein

(69) -Synuclein 

(70) -Synuclein -

Synuclein (71)

(72)

-Synuclein

(73)

-Synuclein

 

 

11-5  
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- -

(74) B (75) -

(76)

HSP70/HSP40 HSP104

(77) HSP104 Sup35

HSP104

(78) HSP70 HSP90 A

1-40 (79) HSP90 -Synuclein 

ATP ATP

(80) -Synuclein A53T

HSP90 -Synuclein

( 1-15)(81)  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

1-15 HSP90 -Synuclein (81) 

(a) HSP90  

(b)HSP90 -Synuclein  
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HSP70 A

(82) HSP70 α-Synuclein

(83) N ATP

( 1-16)(84)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1-16 HSP70 -Synuclein (84) 

A HSP70  

B HSP70 -Synuclein TEM  

-Synuclein  

 HSP70/ATP -Synuclein  

          ATP HSP70 -Synuclein  

AA

BB
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in vitro GroEL Rhodanese cyclophilin A

(85)

Helical protrusion Sup35NM

(86) GroEL

-

( 1-17)(87)

 

1-17 GroEL - (87) 

A ( ) ( ) -  

B-D - 1 0 1 2 1 1 TEM  

E - GroEL=1 1 TEM  
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11-6  
GroEL

6  

 

1

 

 

2 GroEL Gly192 GroEL G192X

GroES

Gly192 GroEL  

 

3 GroEL Gly192

GroEL G192N I W A -Synuclein 

-Synuclein Gly192

 

 

4 GroEL-AD GroEL

 

 

5 GroEL G192X GroEL

 

 

6  
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2  GroEL Gly192  

 
 

2-1  

GroEL

GroEL GroEL

GroEL

(9)

398 Asp Ala D398A GroEL

ATP (21)

138 Cys Trp C138W

25 37 (11)

GroEL

1 Hinge

Gly192 Trp GroEL G192W

GroEL WT

Gly192

GroEL G192X GroEL 

G192X ATP

GroES Gly192

Gly192 GroEL  
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22-2  

2-2-1  

LB  (Ampicillin 50 

μg/ml) 37 3 ml illustraTM 

plasmid Prep mini spin kit Milli-Q

Nano Vue (GE Healthcare) 260 nm

DNA 10 mm 1 50 μg/ml  

 

 

 

 

 

2-2-2  

S 1.0 % w/v  TAE Buffer 

0.1 μg/ml 

TAE Buffer 

BPB 2/3 trans

(FAS- TOYOBO)  

TAE Buffer  

40 mM Tris-HCl(pH8.0 at 25 ) 

40 mM CH3COOH 

1.0 mM EDTA 

 

LB  

1.0 %(w/v)Bacto Tryptone 

0.5 %(w/v)Bacto Yeast Extract 

1.0 %(w/v)NaCl 
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22-2-3  

DNA (100-200 ng) (JM109(DE3) 100 μl BLR 

(DE3) 200 μl) 30 42 45

2 42 SOC

1 ml 37 1-2 LB

(Ampicillin 50 μg/ml) 37  

 

 

 

 

 

 

 

 

 

 

2-2-4 DNA Sequence 

BigDye®Terminator ver 3.1 Cycle Sequencing Kit (Applied 

Biosystems) PCR PCR 125 mM EDTA 5 μl

Milli-Q 10 μl 99.5 % 60 μl 15 4

15,000 rpm 30 70 % 60 

μl 4 15,000 rpm 30

Milli-Q 25 μl

 

SOC (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 
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22-2-5 GroEL G192X  

GroEL(DR-1 SR-1) G192X GroEL(DR-1)

pETEL SR-1 pEL SR-1 PCR

pETEL G192X pEL SR-1 G192X

JM109 DNA Sequence  

 

2-2-6  

5 Bio-Rad Protein assay kit 6

2ml BSA(0.5 

mg/ml) Milli-Q  

 

 (mg/ml) 0.0 0.1 0.2 0.3 0.4 0.5 

BSA (μl) 

Milli-Q 

0.0 

40 

8.0 

32 

16 

24 

24 

16 

32 

8.0 

40 

0.0 

 

0~0.5 mg/ml

40 l Milli-Q 595 nm 

 

 

2-2-7  

LB 37
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LB/Amp Over night

5 ml LB/Amp  ( ) OD600 0.6 

1 300 ml LB/Amp

300 μl 37 120 rpm OD600 

0.4-0.6 1 mM IPTG 5

8000 rpm 20 4   

 

2-2-8 GroEL( )  

GroEL AKTA-FPLC system(GE 

Healthcare) Superdex 200 Increase 10/300 GL(GE Healthcare)

Resource-Q (GE Healthcare) 

Buffer  

 

― Buffer  

 

 

 

 

 

LB pH7.4  

Polypepton 1.0% 

Yeast Extract 0.5% 

NaCl 1.0% 

 

LB pH7.4  

Polypepton 1.0% 

Yeast Extract 0.5% 

NaCl 1.0% 

Agar Powder 1.5 % 

Lysis Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

 Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 
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1   

10 (w/v) Lysis Buffer 1/100

1 

 (14,500 rpm 30 4 )  

 

2   

5 % 

1 (14,500 rpm 30 

4 )  

 

3  

55 %

1  (14,500 rpm

30 4 )  

 

4  

 Buffer (14,500 rpm 10 

4 ) 

 Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

1 M NaCl 
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AKTA-FPLC sysyem  

(superdex 200 Increase (volume 25 mL)) SDS-PAGE

GroEL  

 

5  

AKTA-FPLC system

(Resource-Q (volume 6 mL)) 0.1-1 M NaCl

SDS-PAGE GroEL  

 

6  

Buffer SDS-PAGE

 

 

2-1  
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 (GroEL) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

2-1. GroEL  
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22-2-9 CD  

GroEL WT GroEL G192X 2 CD  

 

 

50 mM Tris-HCl (pH7.8 at 37 ) 

10 mM Mg(CH3COO)2 

20 mM KCl  

2 mM DTT 

200 μg/ml GroEL 

 

JASCO J-820 Spectrophotometer CD  

1 mm 2 L/ 25°C

 

Low 1000 mdeg 250 nm 200 nm

0.1 nm continuous 50 nm/ 0.25 sec

1.0 nm 10  

 

2-2-10 ANS  

(ANS 1

GroEL G192X  
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ANS JASCO FP-6300 Fluorescence Spectrophotometer

1 cm  

Emission 5 nm 5 nm

Medium Medium 371 nm 400 nm 600 nm

0.5 nm 100 nm/ 5  

 
22-2-11  

GroEL G192X

GroEL G192X

40 % (v/v)

10 14,500 rpm 4 30

Buffer 

Buffer 2 Vivaspin 500 (MWCO 

10,000(GE Healthcare)) 5 M 0.5 ml

Buffer

AKTA-FPLC system  (superdex 200 Increase 

(volume 25 mL)) 0.75 ml/min 0.5 ml=1 Fraction

UV280nm GroEL

 

 

 

50 mM Tris-HCl (pH7.8 at 37 ) 

10 mM Mg(CH3COO)2 

20 mM KCl  

2 mM DTT 

200 μg/ml GroEL 
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protein assay Kit 200 l 4 l Infinite 200(TECAN)

595 nm SDS-PAGE  

Buffer  

 

 

 

 

 

  

2-2-12 ATPase  

ATPase 37  GroEL ATP

Buffer

 

 

 

 

 

 

 

 

 

A B 3 1 20

1/1000 C 10 whatman  No

5 0.1 μM GroEL14 GroEL GroEL14/GroES7 GroEL

Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

100 mM NaCl 

 

A  0.045% Malachite Green Oxalate 

B  Hexaammonium Heptamolybdate  

Tetrahydrate in 4N HCl 

C  Triton x-100 

D  34 % Sodium Citrate Dihydrate 

ATPase Buffer  

50 mM Tris-HCl (pH7.8 at 37 ) 

10 mM Mg(CH3COO)2 

20 mM KCl  

2 mM DTT 
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/GroES  10 37 ATP(2.0 mM)

10 50 μl 7% 

550 μl 60 30

 (15,000 rpm 4 10 ) 

50 μl 800 μl 1

D 100 μl 30

660 nm

GroEL ATP

 

 

22-2-13 MDH  

MDH (Malate dehydrogenase  ( 70 kDa)) L-

NAD+ NADH

NADH 340 nm MDH  

 

MDH  

  NAD+         NADH + H+ 

L-  

        MDH 
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Buffer  

 

Buffer  

30 mM MOPS-KOH (pH7.4 at 25 ) 

10 mM Mg(CH3COO)2 

10 mM KCl  

 

25 μM MDH 6.25 mM DTT 3 M Gdn-HCl 37 30

0.5 μM GroEL14 GroEL  GroEL14/GroES7 GroEL

/GroES  Refolding Buffer 0.5 μM 25 

50 μl Assay Buffer 1.45 ml 340 nm

NADH 1 0 5

ATP (2.0 mM) 10 MDH

100%  

 

22-2-14 Rhodanese refolding assay 

Rhodanese( ( 33kDa)

( )

Rhodanese  

 

S SO3  + CN  → SO32  + S C≡N 

 

( S C≡N) KSCN KSCN 460 nm

460 nm KSCN  

Assay Buffer  

100 mM Tris-HCl (pH7.8 at 25 ) 

1.67 mM  

0.254 mM β-NADH 
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Rhodanese Refolding Assay 6 M Gdn-HCl  Rhodanese 

GroEL KSCN

Rhodanese Rhodanese

GroES ATP Non-Permissive

Refolding Buffer  

 

 

              

Rhodanese 6 M Gdn-HCl 25 1 0.69 μM 

GroEL14 GroEL GroEL14/GroES7 GroEL /GroES   

Refolding Buffer 0.46 μM Rhodanese 25

5 ATP 2 mM 10

200 μl 1 ml 25 10

200 μl 2 ml 25 10

460 nm KSCN

Rhodanese 100 % 

 

 

 

 

Buffer  

Non-permissive Buffer 

30 mM Tris-HCl (pH7.2 at 25 ) 

50 mM KCl 

10 mM Mg(CH3COO)2 

 

HCHO 1.61 % 

Fe(NO3)3 0.87 % 

HNO3 1.13 % 

 

9.8 mg/ml KCN 

50 mM Na2S2O3 

40 mM KH2PO4 
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22-2-15 QCM  

AffinixQNμ(Initium) GroES

GroEL GroEL-GroES QCM

GroES AFFINIX (Initium)

GroES 7

ESC7(88)

GroEL  

 

 

 

 

< > 

1. 1% SDS  

2. MQ 3 1 2 μl 5   

 

3. MQ 2 μl 5  

4. MQ  

 

COOH-SAM reagent plus 

EDC 

NHS 

Ethanolamine-solution 

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

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

1. 50 μl SAM 1  

2. MQ  

3. NHS 50 μl EDC 50 μl  

4. NHS/EDC 50 μl 15  

5. MQ 10-100 μg/ml (ESC7) Buffer A 50 μl

1  

pI 1 Buffer (Buffer A or B)  

6. MQ Ethanolamine-solution 100 μl 30  

7. Buffer ( ATPase Buffer )  

< > 

1. ATPase Buffer 20-30  

2. (GroEL14 ATP)  

3. 2 M Gdn-HCl 10 μl

5 MQ ATPase Buffer  

 

22-2-16 QCM  

Kd Ka koff

kon ESC7 ATP

SR-1 G192I 5 nM 10 nM 15 nM 20 nM 25 nM 

2-2 ATP

GroEL WT GroES  
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2-2 GroEL WT GroES  

ESC7 50 M  

0 nM( ) 5 nM( ) 10 nM( ) 15 nM( ) 20 nM( ) 25 nM( ) 

GroEL  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2-3 QCM  

Kd kon koff  

  

Kdd=7.52××10--7  (M) kooff=9.85×10--1  (s--1)) Kaa=1/KKd==1.33×1106  (M--1))

kon=1.31××1066 ((M-11 s--1)) 

-600
-500
-400
-300
-200
-100

0
100

0 100 200 300 400 500 600

Δ
 (H

z)

Time (s)
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GroEL

Kd Ka

GroEL GroES

kon koff ( )

Kd Fmax

2-3  ( ) 

2-2 F GroEL

2-3

GroEL

kobs koff kon

AQUA(Affinix Q User Analysis Initium)
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22-3  

2-3-1 GroEL G192X  

GroEL G192X GroEL(GroEL WT) 192 Gly

(Gly192)

Gly192 2-4 GroEL Hinge  

 

 

 

 

 

2-4 GroEL Hinge Gly192  

 

 

2-1 GroEL Gly  

 

 

 G192 G192A G192N G192V G192I G192F G192Y G192W 

Van der Waals 
Volume ( ³) 

60.1 88.6 114.1 140.0 166.7 189.9 193.6 227.8 
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GroEL Gly192 CD

2-5 GroEL WT GroEL G192X

GroEL WT GroEL G192X

208 nm 222 nm α

GroEL α

GroEL WT Gly192

GroEL

GroEL WT GroEL G192X ANS (

2-6) ANS GroEL WT Gly 

478 nm

ANS 478 nm

2-5

478 nm

478 nm CD ANS

GroEL G192X GroEL WT

GroEL  
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2-5 GroEL WT G192X CD  

GroEL WT( ) GroEL G192A( ) GroEL G192N( ) GroEL G192V( ) GroEL G192I( ) GroEL 

G192F( ) GroEL G192Y( ) GroEL G192W( )  

208 nm 222 nm 

GroEL WT GroEL G192X
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2-6 GroEL WT GroEL G192X ANS  

GroEL WT GroEL G192X 478 nm

478 nm  

GroEL WT GroEL G192X
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2-7 GroEL G192X  

A UV 280 nm  

B 16-19 SDS-PAGE  

C Abs 280 nm 16-20  

D 18 GroEL G192X SDS-PAGE 

 

G G
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2-7

GroEL WT GroEL G192X 0.5-1.5ml

SDS-PAGE GroEL

17 18 GroEL G192X GroEL WT

GroEL

protein assay Kit

GroEL GroEL G192A GroEL G192W 18

GroEL G192X 17

GroEL WT 18 GroEL 

WT G192X SDS-PAGE

GroEL

GroEL G192X

GroEL Gly192

ATP MDH

Rhodanese  
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22-3-2 ATPase  

GroEL WT GroEL G192X ATPase 37

GroEL WT  

 

 

 

 

 

 

 

 

 

2-8 GroEL WT GroEL G192X ATPae  

A GroES B GroES  

C 60 ATPase assay  

GroES  ( ) GroES ( ) 

3 3  
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ATPase GroES 2-8 2-8A

B GroES GroEL WT

GroEL G192X ATP

2-8C

 

 

22-3-3 MDH Rhodanese  

GroEL WT GroEL G192X MDH

Rhodanese 2-9A MDH

GroEL G192X GroEL WT 40% MDH

2-9B

Rhodanese 

GroEL G192A GroEL WT 50

Spontaneous( Rhodanese )

2-9C GroEL G192X

GroEL WT 2-8C ATPase assay

Gly192

2-10  
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2-9 GroEL MDH Rhodanese  

A MDH refolding assay B Rhodanese refolding assay 

Spontaneous( )  

  C 60 MDH,Rhodanese  

   MDH ( ) Rhodanese ( ) 

     GroEL G192X 60 GroEL WT 100 %  

     3 3  
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2-10 G192X  

60 MDH Rhodanese  

GroEL WT 100%  

ATPase assay (GroES ) ATPase assay (GroES ) 

MDH ( ) Rhodanese ( ) 

3  

 

2-10 GroEL G192X ATPase

MDH Rhodanese GroEL WT

GroEL G192X

GroEL G192X cis ring Open 

QCM  

 

22-3-4 GroEL G192X GroES  

GroEL G192W ATP GroES

QCM(Qurtz Crystal Microbalance assay)

GroES ATP  
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2-11 ATP GroEL G192X GroES  

ESC7 50 M  

( GroEL) 20 nM GroEL GroES  

GroEL WT ATP GroES  

ATP (+ATP) ( ATP)  
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2-12 ATP GroEL G192N GroES  

ATP GroEL WT GroES( ) 

ATP GroEL G192N GroES( ) 

ATP GroEL WT GroES( ) 

ATP GroEL G192N GroES( ) 

 

 

 

 

 

  

-200

-150

-100

-50

0

0 50 100 150 200 250 300

Δ
(H

z)

Time (s)
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2-11 QCM GroEL WT ATP

GroES ATP GroES

ATP GroEL G192X ATP

GroEL WT GroES GroEL Gly192

GroEL G192W ATP cis ring GroES

GroEL G192X Open

cis ring GroES 

2-12 ATP GroEL G192N

GroES GroEL G192X

trans ring

trans ring GroEL GroEL

SR-1 SR-1 Gly192

Val Ile Trp 

GroEL G192X
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2-13 SR-1 G192X  
A SR-1 G192X ATP  

GroES ( ) GroES ( ) 
 B SR-1 G192X  

MDH ( ) Rhodanese ( ) 
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GroEL G192X ATP GroES

Gly192

ATP GroES cis ring ATP

GroES trans ring 

GroEL (SR-1) Gly192

SR-1 G192X

SR-1 G192X cis-ring 

2-13A GroEL WT SR-1 WT SR-1 G192X ATP

SR-1 WT GroEL WT SR-

1 G192X SR-1 WT 2

1 ATP GroES

GroES GroES

2-13B Rhodanese refolding assay SR-1 WT

GroEL WT SR-1 G192X

MDH

SR-1 WT

SR-1 

(89)

MDH GroES

SR-1 G192V SR-1 G192I SR-1 WT

 

2-14 2-2 SR-1 G192I ATP GroES

2-14 ATP ATP
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GroES

ATP

ATP GroES

2-2 SPR( )

ATP GroEL WT ATP GroEL G192W

GroES GroEL SR-1 G192I

SR-1 G192I GroEL kon

GroES SR-1 G192I koff GroEL WT

GroES GroEL G192W

GroES SR-1 G192X

GroEL G192X GroES
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2-14 QCM SR-1 G192I ATP GroES  

A ATP SR-1 G192I GroES  

B ATP SR-1 G192I GroES  

  A B 5 nM( ) 10 nM( ) 15 nM( ) 20 nM( ) 25 nM( )  
 
 

 

 

 

 

 

 

 

2-2 2-14 GroES SR-1 G192I  

Kd (M) kon (M-1 S-1) koff (S-1)  

*Biacore2000 SPR (19)  

 

  

Sample kon (M-1 S-1) koff (S-1) Kd (M) 

SR-1 G192I ( ATP) 1.39 10  1.71 10-3 1.22 10-7 

SR-1 G192I (+ATP) 1.37 10  1.65 10-3 1.20 10-7 

*GroEL WT (+ATP) 1.76 10  1.03 10-2 6.08 10-9 

*GroEL G192W( ATP) 3.88 10  2.96 10-4 7.63 10-11 

*GroEL G192W(+ATP) 6.82 10  5.08 10-5 7.30 10-12 



60 
 

22-4  

GroEL 192 Gly

GroEL G192X GroEL WT

( 2-4 2-1) Gly192 

( 2-5) ANS

GroEL WT G192X ANS

( 2-6) GroEL

(191-345 ) ANS (90)

GroEL G192X Open ANS

2-7

GroEL WT GroEL G192X

GroEL G192X

Gly192

ATP ( 2-8) MDH Rhodanese

GroEL WT ( 2-9)

Gly Ala

GroEL WT MDH

GroES

(91) Rhodanese

(92) Gly192 Trp

GroEL G192W

cis ring Open

ATP GroES
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trans ring ATP GroES

GroES

GroEL G192X cis trans GroES

Gly192

69kDa

(MalZ) GroEL cis ring GroES

trans ring MalZ

(93) GroEL G192X cis ring ATP GroES

MalZ trans ring GroES 

GroEL G192X GroES

QCM  

GroEL G192X ATP GroES (

2-11)

G192X Open cis ring ATP

GroES Gly192

GroES 2-12 GroEL WT

GroEL G192N ATP GroES

GroEL WT ATP GroES

GroEL WT ATP Closed Open

GroES GroEL G192N

G192X trans ring 

ATP Closed ATP Open GroES

GroEL WT ATP ADP GroES

G192X Closed 
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Hinge Gly192

Closed GroES GroEL

ATP cis ring

trans ring 

trans ring ATP

(16)  

Open cis ring GroEL G192X

GroEL SR-1 (89) Gly192

2-13 SR-1 G192X

ATP GroEL WT SR-1 WT

GroES GroES

Rhodanese SR-1 WT Spontaneous 

MDH SR-1 

MDH (94) SR-1 G192X

G192X

SR-1 G192X ATP

GroES MDH ATP

GroES 2-12 ATP

SR-1 G192I GroES

( 2-2) SR-

1 G192I ATP GroES
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GroEL G192W SPR SR-1 G192 Kd

GroES SR-1 

ATP GroES

mtMDH

(95,96) SR-1 G192X SR-1 WT Gly192

GroES MDH

SR-1 Gly192

MDH SR-1 G192X

GroES Gly192

GroEL cis ring

SR-1 G192X ATP GroEL G192X

cis-ring Open

GroES 7 GroEL

GroES GroEL-GroES

 

Gly192

Open GroES
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3  GroEL Gly192  

 
 

3-1  
2 GroEL Hinge 192 Gly

small HSP(97-100) HSP40 HSP70 HSP104 (101-103)

HSP60

GroEL 2

MDH Rhodanese 

GroEL 

GroEL

2 Gly192

GroEL 

NMR (Nuclear Magnetic Resonance)

GroEL -Synuclein (A )

(104,105) GroEL 

 

GroEL G192X α-Synuclein
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GroEL G192X GroEL WT GroEL 

G192X  

  

3-2  

3-2-1 α-Synuclein  

E coli  BLR(DE3) α-Synuclein WT His₆-Tag α-Synuclein (α-

Synuclein-His₆) pETSNCA α-Synuclein WT( -Synuclein WT)

pETSNCA α-Synuclein-His₆ (α-Synuclein-His₆) 30

42 45 2 1 ml

SOC 37 (TAITEC Personal-11 Water Bath Shaker) 

1-2 LB 37 (EYELA Soft incubator SLI-450N)

LB 37 170 rpm OD600

0.6 300 ml 1L

50 μg/ml 300 μl 

37 8000 rpm 20 4  

  

 

 

 

 

 

 

 

 

LB pH7.4  

Polypepton 1.0% 

Yeast Extract 0.5% 

NaCl 1.0% 

SOC (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 
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33-2-2 α-Synuclein  
1  

E coli BLR(DE3)/pETSNCA α-Synuclein WT pETSNCA α-

Synuclein-His₆ 10 (w/v) Lysis Buffer 1/100

1 

 (14,500 rpm 30 4 )  

 

2  

5 %

1  (14,500 rpm 30 

4 )  

 

3  

75-80 20 30

15 (14500 rpm 30 4 )

 

 

4  

70 %

1  (14,500 rpm 30 4 ) 

 Buffer 

Buffer 2 4 Buffer  

 

5  
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 (14,500 rpm 10 4 ) 

AKTA-FPLC system

(Resource-Q (volume 6 mL)) 0.1-

1 M NaCl SDS-PAGE -Synuclein

 

 

6  

3 mM Buffer 4

Buffer 1 mM 2 4

EYELA FD-50

4  

 

― Buffer  

 

 

 

 

 

 

 

 

 

 

3-1 -Synuclein  

Lysis Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

 Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

1 M NaCl 

 Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 



68 
 

( -Synuclein) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3-1 -Synuclein  
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33-2-3 GroES  
 

GroES pETES LB 

37  

LB pH7.4  

Polypepton 1.0% 

Yeast Extract 0.5% 

NaCl 1.0% 

 

LB/Amp Over night

5 ml LB/Amp ( ) OD600 0.6 

300 ml LB/Amp 300 μl OD600 0.4 

1 mM IPTG 5 8000 rpm

20 4  

 

 

GroES AKTA-FPLC system(GE Healthcare)

Resource-Q(GE Healthcare)  

 

Buffer  
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― Buffer  

 

 

 

 

 

 

 

 

10 (w/v) Lysis Buffer 1/100 

1

(14,500 rpm 30 4 )  

 

2  

5 %

1 (14,500 rpm 30

4 )  

 

3  

Lysis Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 

1 M NaCl 

 Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 
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70-75 20

15  (14,500 rpm 30 4 ) 

 

 

4  

55 %

1 (14500 rpm 30 4 )

Buffer Buffer 4 

Buffer 4 2  

 

5  

 (14,500 rpm 10 4 ) 

AKTA-FPLC system

(Resource-Q (volume 6 mL)) 0.1-

1 M NaCl SDS-PAGE GroES

 

 

6  

3 mM 1 mM 2

 EYELA FD-50

4  

  

3-2 GroES  
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GroES  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3-2 GroES  
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33-2-4  

-Synuclein His -Tag -Synuclein 25 mM Tris-

HCl pH 7.4 at 25 280 nm 0.354 α-Synuclein

GroEL G192X GroES 2 2-2-6

A 1-40 ( ) 5 μM

 

 

3-2-5 QCM GroEL  

2 2-2-15 A 1-40 QCM GroEL -

Synuclein His -Tag C -Synuclein

Ni-NTA  

Buffer  

 

 

 

 

 

 

 

 

 

 

 

 

Buffer  

Non-permissive Buffer 

30 mM Tris-HCl (pH7.2 at 25 ) 

50 mM KCl 

10 mM Mg(CH3COO)2 

Ni  

10 mM NiSO  

20 mM HEPES pH7.5 

150 mM NaCl 

50 mM EDTA 

 

Imidazole  

0.4 M Imidazole 

20 mM HEPES pH7.5 

150 mM NaCl 
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< > 

2-2-15  

< > 

1. 0.5 mM C2 NTA (3,3’-Dithiobis[N-(5-amino-5-carboxypentyl)propionamide-N’-

N’-diacetic acid]dihydrochloride (Dojindo) 100 l

10  

2. MQ  

3. Ni 500 l 10  

 

< > 

1. MQ QCM (AffinixQNμ Initium)  

1 μM α-Synuclein-His 10  

2. Buffer  

3. GroEL 10  

4. MQ Imidazole 500 μl

30  

5. MQ Ni 500 μl 10

 

 

33-2-6 QCM  

2-2-16

-Synuclein GroEL WT GroEL G192N GroEL G192I GroEL 

G192W 2.5 nM 5 nM 10 nM 15 nM 20 nM 
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33-2-7  

α-Synuclein WT 1 mg/ml GroES 1 mg/ml A 1-40 10 M

500 μl 96 (8 12 

well plate Greiner Kremsmuenster Austria) 1 well 150 L 1

3 well well 1 well

3/32 1

(ARVO X4 Perkin Elmer Waltham Massachusetts)

37 15

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Excitation 440 nm 

Emission 486 nm 

Measurement height Default 

Measurement time 0.1 sec 

Emission aperture Normal 

Excitation aperture N/A 

Shaking duration 820.0 sec 

Shaking speed Fast 

Shaking type Orbital 

Shaking diameter 5.00 mm 

-Synuclein  

1 mg/ml α-Synuclein 

25 mM Tris-HCl buffer pH7.5 

150 mM NaCl 

20 μM Thioflavin-T  

A 1-40  

10 μM Aβ1-40 

50 mM phosphate buffer pH7.4 

150 mM NaCl 

20 μM Thioflavin-T  
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3-2-8 GroEL  

-Synuclein WT 1mg/ml(69 M 14,500 )

GroEL WT GroEL G192N GroEL G192I GroEL G192W 

0.05 :1(3.45 M 69 M) 0.1 1(6.9 M 69 M) 0.2 1(13.8 M 69 M)

GroES 1mg/ml(70 M 70,000 7 ) A 1-40 10 M

GroEL WT GroEL G192W 1 1

GroEL ( 57,259) 3

 

 

3-2-9 GroEL -Synuclein  

-Synuclein WT 1mg/ml(69 M 14,500 )

GroEL WT GroEL G192N GroEL G192I GroEL G192W 0.2 1

0 3 8 24 30  

 

3-2-10 (AFM)   

AFM Nanoscope  scanning microscope MMAFM-2

GroEL WT GroEL G192W

40 -Synuclein

10 0.1 mg/mL 15 l 30 min 100 

GroES  

1 mg/ml GroES 

50 mM phosphate buffer pH7.4 

0.4 M guanidine hydrochloride (Gdn-HCl) 

20 μM Thioflavin-T  
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l Milli-Q  

 

33-2-11 TEM  

GroEL -Synuclein

TEM GroEL -Synuclein

10 10 L 1 min

5 L Milli-Q 10 EM

( EM) 5 L 30 sec

TEM (JEM-1400plus JEOL) 80 kV

50,000 Image J 3
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33-3  

3-3-1 GroEL  
GroEL WT GroEL G192N GroEL G192I GroEL G192W QCM

A 1-40 3-3A -Synuclein

3-3B GroEL WT GroEL 

G192N GroEL G192I GroEL G192W

3-4A-D GroEL WT GroEL G192X

-Synuclein 3-1 3-4

Kd kon koff Kd

GroEL WT 3.06 10-8 GroEL G192N 1.37 10-8 GroEL G192I

1.03 10-8 GroEL G192W 8.4 10-9 Kd Ka

GroEL 

WT G192N 2 1 G192I 3 1 G192W 4 1

Kd kon koff  

Gly192 -Synuclein

-Synuclein

GroEL -Synuclein  
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3-3 QCM GroEL  
(A)A 1-40 (B) -Synuclein  

GroEL WT ( ) GroEL G192N ( ) GroEL G192I ( ) GroEL G192W ( )  
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3-4 GroEL -Synuclein  

(A)GroEL WT (B)GroEL G192N (C)GroEL G192I (D)GroEL G192W 

2.5 nM ( ) 5 nM ( ) 10 nM ( ) 15 nM ( ) 20 nM ( )  

 

 

3-1 3-4 -Synuclein GroEL  

Kd (M) kon (M-1 s-1) koff (s-1)  

  

Sample kon (M-1 s-1) koff (s-1) Kd (M) 

WT 2.6 10  7.98 10-4 3.06 10-8 

G192N 10.5 10  14.4 10-4 1.37 10-8 

G192I 15.0 10  15.5 10-4 1.03 10-8 

G192W 19.6 10  16.4 10-4 8.4 10-9 
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33-3-2 GroEL  

GroEL Gly192

-Synuclein

Gly192 Gly(GroEL WT) Trp

Asn Ile GroEL WT GroEL G192N GroEL G192I GroEL G192W

Thioflavin-T assay TEM

3-5 Thioflavin-T assay -Synuclein GroEL WT

0.05 0.1 0.2

G192N 0.05 0.1 GroEL 

WT 0.05 0.1 0.2

G192I

GroEL WT G192N 0.1 0.2

 

G192W 0.05 GroEL 

0.1

0.2 30

-Synuclein  
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3-5 GroEL -Synuclein  

(A) GroEL WT (B) GroEL G192N (C) GroEL G192I (D) GroEL G192W 

-Synuclein WT ( ) GroEL -Synuclein= 0.05 1 ( ) 0.1 1 ( ) 0.2 1 ( )  

GroEL WT only ( A) GroEL G192W only ( D)   
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3-6 GroEL GroEL G192W -Synuclein

AFM AFM

3-2 -Synuclein GroEL WT GroEL 

G192W 3-5 Thioflavin-T assay

AFM

15-16 nm X GroEL

GroEL G192W 0.2

-Synuclein 

0.1

-Synuclein GroEL 

WT 0.2 0.1

-Synuclein GroEL

G192W  
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3-6 GroEL -Synuclein AFM  

-Synuclein WT  

GroEL WT -Synuclein  

GroEL G192W -Synuclein  

-Synuclein GroEL WT GroEL G192W  

  

 

 

3-2 AFM  

* 3-6 AFM 3  

  

Sample *(nm) 

+EL WT 0.2 

+EL WT 0.1 

4.8 1.1 

8.3 0.9 

+G192W 0.2 10.2 2.9 

+G192W 0.1 1.73 0.4 

Sample *(nm) 

-Syn WT 16.3 1.3 

GroEL WT 

GroEL G192W 

15.4 0.4 

15.3 0.2 
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TEM 3-5

30 TEM 3-7 GroEL WT 0.2

GroEL G192N 0.05 GroEL G192I 0.1

AFM GroEL WT 0.1 0.2

GroEL G192N GroEL G192I GroEL G192W 0.2

AFM GroEL G192W 0.1

GroEL 

TEM 3-3 GroEL WT

GroEL G192N 

GroEL G192N 0.05 GroEL G192N 

0.2 GroEL G192I

GroEL G192W 0.05

GroEL G192I 0.2 0.1 0.2

GroEL G192W -Synuclein
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3-7 GroEL -Synuclein TEM  

3-5 30 TEM  

200 nm  
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3-3 3-7  

* 3-7 TEM 3  

―  

 

 

-Synuclein GroEL G192W

( 3-8)

0.4 M GroES 6 (360 )

GroEL G192W 15

(900 ) A 1-40 GroEL

GroEL WT

A 1-40

GroEL G192W GroEL WT 

GroES A 1-

40 GroEL G192W -Synuclein

 

 

 

Sample *(nm) 

 GroEL  

 ×0.05 0.1 ×0.2 

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 G192I 9.1±2.5 8.0±2.0 7.7 2.3 

+GroEL G192W 7.6±2.2   
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3-8 GroES A 1-40 GroEL G192W  
A GroEL G192W 0.4 M Gdn-HCl GroES  

GroES( ) GroES+GroEL G192W( ) 

B GroEL A 1-40  

A 1-40( ) A 1-40+GroEL WT( ) A 1-40+GroEL G192W( ) 

  

3-3-3 GroEL -Synuclein  

-Synuclein GroEL

(0 3 8 24 ) GroEL 3-9 GroEL WT

GroEL G192N GroEL G192I GroEL G192W -Synuclein 0.2

0 3 8 24 GroEL WT 0 3

8

24

GroEL GroEL GroEL 

G192N GroEL G192I 0 3 GroEL 

G192W 

0 3 8 GroEL 

G192X  

3-8 GroES A 1-40 GroEL G192W

A G EL G192W 0 4 M Gd HCl G ES
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3-9 GroEL -Synuclein  

(A) GroEL WT (B) GroEL G192N (C)GroEL G192I (D) GroEL G192W 

GroEL 0   ( ) GroEL 3  ( ) GroEL 8  ( ) 

GroEL 24  ( ) -Synuclein ( ) 
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3-10 3-9 30 TEM 3-9 24

GroEL GroEL

0 3 GroEL WT 3-6

GroEL WT -

Synuclein 

GroEL G192W

3-10 3-4

GroEL WT GroEL 

GroEL G192N GroEL 

G192I 0 3 8 GroEL 

Thioflavin-T 24

GroEL 8 GroEL

GroEL G192W TEM

GroEL WT GroEL G192X -Synuclein

3-6

GroEL  
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3-10 GroEL -Synuclein TEM  

GroEL α-Synuclein

TEM 3-7 Thioflavin-T assay  

30  

200 nm  
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3-4 3-10  
 
 
 
 
 
 
 
 
 
 
 
 

* 3-7 TEM 3  

―  
 

GroEL Thioflavin-T TEM

GroEL G192X -Synuclein

Gly192

-Synuclein Gly192

-Synuclein

Seed -Synuclein

GroEL WT GroEL G192W -Synuclein

(106) Seed -Synuclein

GroEL G192W GroEL WT

 

 *(nm)  

  

 EL WT G192N G192I G192W 

0h 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 
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3-11 Seed -Synuclein GroEL  

A GroEL WT  

10 % Seed -Syn( )  

Seed+ -Syn+GroEL ( ) -Syn( ) -Syn+GroEL( ) 

B GroEL G192W  

10 % Seed -Syn( )  

Seed+ -Syn+GroEL( ) -Syn( ) -Syn+GroEL( ) 

 

3-11 Seed -Synuclein

GroEL 

Seed GroEL G192W

Seed 

GroEL G192W -Synuclein Seed 
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33-4  

HSP60 ATP ATP HSP10

(107,108) HSP60 A 1-40

(109) GroEL WT A 1-40

(104) HSP60 GroEL

GroEL 

GroEL Hinge Gly192

GroEL G192

Hinge Gly192 A

1-40 Synuclein 3-3 3-5

-Synuclein

Gly192 G192W -Synuclein

Open

GroEL G192W TEM

ATP Open (19) 2 Gly192

GroEL -Synuclein

3-6 3-7 GroEL -

Synuclein Gly192

Gly192 3-10



95 
 

GroEL WT -Synuclein 

α-Synuclein

 α-Synuclein GroEL WT

GroEL G192W α-Synuclein GroEL

-Synuclein -Synuclein

Gly192 -Synuclein

GroEL G192X -Synuclein

3-11 Seed 

-Synuclein GroEL WT Seed -Synuclein

GroEL G192W Seed 

-Synuclein

GroEL G192W -Synuclein

 

GroEL GroEL 

Hinge Gly192

-Synuclein -Synuclein 

3-8 GroES A

1-40 GroEL G192W 

-Synuclein A 1-40

Thioflavin-T GroEL G192W GroEL WT

A 1-40 40
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A 1-40 Closed GroEL

GroEL G192W Open

GroEL G192W ATP GroES

(19) GroES GroEL GroES GroES

(10) GroES

GroES 7

(110) 3-7 GroEL G192W GroES

GroEL G192W

-Synuclein GroES A 1-40

GroEL G192W Gly192 

Trp GroEL 

4 -Synuclein GroES A 1-42 (GroEL-

AD)  
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4  GroEL-AD  

 

 

4-1  

2 Gly192

3

-Synuclein GroEL G192X

GroEL WT 

CCT -

Synuclein 1 A53T

(111) CCT

(poly-Q) (112-114)

 

Helical protrusion Sup35NM

(86)  GroEL A 1-40 A 1-

40 GroEL (104)

 

(GroEL-AD)

A 1-42 -Synuclein GroES
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( 4-1) GroEL-AD

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4-1  

A GroEL ( ) 1 ( ) 

B GroEL ( ) ( ) 

GroEL 3  

(A 1-42 α-Synuclein GroES)  
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44-2  

4-2-1 GroEL-AD  

GroEL-AD (pET-AD) GroELS pUCELS 

PCR PCR  

 

 sequence forward 

5  -AGGAGATATACATATGGAAGGTATGCAGTTCGACCGT-3  

 

 sequence reverse 

5  -GAATTCGGATCCGCGTTAAACGCCGCCTGCCAGT-3  

GroEL-AD pET-AD DNA Sequencing  

 

4-2-2 GroEL-AD  

 

LB 37

 

LB pH7.4  

Polypepton 1.0% 

Yeast Extract 0.5% 

NaCl 1.0% 

  

BLR(DE3) LB/Amp Over night

5 mL LB/Amp ( ) 16

8000 rpm 20 4  
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1  

BLR(DE3)/pET-AD 10 Buffer

(14,500rpm 30 4 )

 

 

2  

5% 

1 (14,500 rpm 30

4 )  

 

3  

70-75 10 15

(14,500 rpm 30 4 )

70-75 10 15  

 

4  

(14,500 rpm 30 4 )

65 % 1

(14,500rpm 30 4 )  

 

5  

(Sephacryl S-

300 GE Healthcare) 0.5 
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ml/min SDS-PAGE GroEL-AD

 

 

6  

5 mM 4

1 mM 4 2

EYELA FD-50

4  

 

GroEL-AD Buffer  

 

― Buffer  

 

4-2   

 Buffer  

50 mM Tris-HCl (pH7.5 at 25 ) 

2 mM EDTA 

2 mM DTT 

0.1 mM PMSF 

 Buffer  

50 mM Tris-HCl (pH7.5 at 25 ) 

0.1 mM EDTA 

0.1 mM DTT 

100 mM NaCl 
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(GroEL-AD) 
 
 
 
 
 
 
 

 
 
 

 
 
 
 

 
 
 
 
 

 
 

 
 
 
 

 
 

 
 
 

 

4-2 GroEL-AD  
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44-2-3  

α-Synuclein 3-2-2 α-Synuclein 3-2-3

A 1-42 3-2-4 A 1-40 GroES GroEL-

AD Buffer 2-2-6

 

 

4-2-4 GroEL-AD  

GroEL-AD 3-2-6

 

 

 

 

 

 

 

 

GroEL-AD α-Synuclein 25 mM Tris-HCl 

(pH7.5) A 1-42 GroES 50 mM phosphate buffer (pH7.4) 

 

-Synuclein  

1 mg/ml α-Synuclein 

25 mM Tris-HCl buffer pH7.5 

150 mM NaCl 

20 μM Thioflavin-T  

GroES  

1 mg/ml GroES 

50 mM phosphate buffer pH7.4 

0.4 M guanidine hydrochloride (Gdn-HCl) 

20 μM Thioflavin-T  

A 1-42  

10 μM Aβ1-42 

50 mM phosphate buffer pH7.4 

150 mM NaCl 

20 μM Thioflavin-T  
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44-2-5  

GroEL-AD TEM AFM

TEM 3-2-9 AFM Nanoscope  

scanning microscope MMAFM-2

GroEL-AD 40 -

Synuclein GroES 30 A 1-42 10

0.1 mg/mL 15 l 30 100 l

Milli-Q  

 

4-2-6 GroEL-AD  

GroEL-AD AffinixQNμ 

(Initium) GroEL-AD -Synuclein A

GroEL-AD 100 ng/ l Buffer 500 l

5 l ( -Synuclein A 1-42)

GroEL-AD GroES GroES  

0.4 M Gdn-HCl Buffer 500 l

(GroEL-AD) GroEL-AD GroES 2-2-

14 1.6 M 

Gdn-HCl Buffer 30

Buffer 30

GroES

0.4 M Gdn-HCl Buffer 30

GroEL-AD -Synuclein GroES

3-2-5  
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Buffer  

 

― Buffer  

 

  

 

 

 

 

 

 

 

 

  

 Buffer  

50 mM Tris-HCl (pH7.8 at 25 ) 

2 mM EDTA 

2 mM DTT 
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44-3  
4-3-1 GroEL-AD  

-Synuclein A 1-42

GroES Gdn-HCl

GroES 3

( -Synuclein A 1-42 GroES) GroEL-AD 

Thioflavin-T ( 4-4) 3

0~6 GroEL-AD 

-Synuclein 1:0.5 A 1-42

1 1 GroES 1 2 GroEL-AD 

GroEL-AD

GroEL-AD GroEL-AD

GroEL-AD 4-4D

3 -Synuclein

1:3 A 1-42 1 20 GroES 1 4 GroEL-AD

GroEL-AD
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4-4 GroEL-AD -Synuclein A 1-42 GroES Thioflavin-T  

(A)GroEL-AD -Synuclein  

(B)GroEL-AD A 1-42  

(C)GroEL-AD GroES  

(D)GroEL-AD 3  

-Synuclein( ) A 1-42( ) GroES( )  
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44-3-2 GroEL-AD  

GroEL-AD AFM

( 4-5) GroEL-AD

GroEL-AD

GroEL-AD

GroEL-AD

-Synuclein 1:3 A 1-42 1 20 GroES 1 4

GroEL-AD

GroEL-AD only 

GroEL-AD

 

GroEL-AD
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4-5 GroEL-AD AFM  

1 m  
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3 GroEL-AD

TEM ( 4-6) GroEL-AD

(BSA) 4-6 BSA 3

GroEL-AD 3

BSA BSA

BSA A 1-42 Thioflavin-T

BSA GroES BSA -

Synuclein BSA

2 1 BSA A 1-42 A 1-

42 GroEL-AD A 1-42

GroEL-AD α-Synuclein 2

4-5 AFM
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4-6 GroEL-AD TEM  

a A 1-42 b -Synuclein c GroES Thioflavin-T  

GroEL-AD ( ) GroEL-AD ( ) BSA ( ) 

30 (A 1-42 GroES) 40 ( -Synuclein) TEM  
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4-3-3 GroEL-AD  

GroEL-AD

( 4-7) α-Synuclein 0 3 8 24 

A 1-42 0 0.5 1.5 8 GroES 0 6 10 24 GroEL-AD

4-3-1 -Synuclein

1 3 A 1-42 1 20 GroES 1 4 GroEL-AD

GroEL-AD

GroEL-AD

GroEL-AD 4-3-2

AFM TEM GroEL-AD

HSP70 HSP40 GroEL-AD 

-Synuclein
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4-7 GroEL-AD  

(a) -Synuclein (b)A 1-42 (c)GroES 

GroEL-AD  

(a)0 ( ) 3 ( ) 8 ( ) 24 ( ) 

(b)0 ( ) 0.5 ( ) 1.5 ( ) 8 ( ) 

(c)0 ( ) 6 ( ) 10 ( ) 24 ( ) 

GroEL-AD  

( ) GroEL-AD  
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44-3-4 GroEL-AD  

QCM GroEL-AD

QCM

4-8a

GroEL-AD 3 Buffer 

GroEL-AD

GroES -Synuclein A

1-42

A 1-42 2

A 1-42

A 1-42 GroEL-AD

QCM  

A 1-42 GroEL-AD GroEL-AD GroES GroEL-AD -

Synuclein 4-8b-d 0.4 M 

Gdn-HCl GroEL-AD GroES 4-8b

GroES GroEL-AD GroEL-AD

F GroEL-AD

Kd 4-8c

| F|  (7.0 1.6) 10-6 M Kd

4-8b GroES GroEL-AD

GroEL-AD kobs koff

kon 4-8d kobs vs GroEL-AD
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koff 4-8d 0

kon 4.1 10 (M-1s-1)

Kd 4-

8c GroES GroEL-AD
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4-8 GroEL-AD -Synuclein A 1 42 GroES AffinixQN  

a GroEL-AD -Synuclein( ) GroES A 1-42  

b GroEL-AD GroES  

0 M( ) 0.495 M( ) 1.23 M( ) 2.48 M( ) 2.97 M( ) 3.71 M( )  

4.95 M( ) 9.90 M( )  

(c) GroEL-AD GroES | F|  

(d) GroEL-AD GroES kobs  

 

 

4-1 GroES GroEL-AD  

GroES 0.4 M Gdn-HCl  

 

 

Sample kon (M-1 S-1) koff (S-1) Kd (M) 

GroES 4.1 10  0.29 7.0 10-6 
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4-9 GroEL-AD -Synuclein

GroES GroEL-AD

AffinixQN QCM

-Synuclein GroEL-AD

2

4-9b Kd (1.23 0.31)

10-6 (M) (kobs fast) (kobs slow)

kon/koff ( 4-9c d) 4-8 kobs fast 

kon = 1.20 10  (M-1s-1) koff = 0.25 (s-1) Kd 2.1 10-4 

(M) 4-9d kobs slow kon = 9.2 10  (M-1s-1) koff 

0.017 (s-1) Kd = 1.8 10-5 

(M)  
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4-9 QCM GroEL-AD -Synuclein  

(a) -Synuclein GroEL-AD QCM  

1.72 M( ) 3.45 M( ) 6.90 M( ) 13.8 M( )  

(b) -Syn GroEL-AD | F|  

(c) -Syn GroEL-AD kobs fast  

(d) -Syn GroEL-AD kobs slow  

 

 

4-2 -Synuclein GroEL-AD 2  

 

GroEL-AD  

 

kobs kon (M-1 s-1) koff (s-1) Kd (M) 

Fast 1.2 103 0.25 2.1 10-4 

Slow 9.2 10  0.017 1.8 10-5 
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-Synuclein GroEL-AD

koff GroEL-AD GroES

4-9 -Synuclein GroEL-AD 1

GroEL-AD in 

vitro

GroEL-AD
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44-4  

GroEL (GroEL-AD) A

1-42 -Synuclein GroES

GroEL-AD A 1-42 -Synuclein GroES

( 4-4) -Synuclein GroES

GroEL-AD A 1-42

20 GroEL-AD -Synuclein

GroES A 1-42

( 4-4d) GroEL-AD

GroEL-AD

(

4-5 4-6) -Synuclein GroEL-AD

TEM -Synuclein BSA

( 4-6) 4-9 QCM GroEL-AD -

Synuclein GroEL-AD -

Synuclein

 

GroEL-AD

GroEL-AD 42

A 1-42 97 GroES 140 -

Synuclein 

A 1-42 -

Synuclein GroES
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GroEL-AD QCM

GroEL-AD

3 GroEL-AD

 

GroEL

GroEL

( 4-1 H I)

3

BSA

( 4-6) BSA

BSA A 1-42 -

Synuclein GroES

GroEL-AD ( 4-6)

GroES A 1-42

BSA

A 1-40

(115,116)

NMR
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5  
 

2 GroEL G192X 3

GroEL G192X

4 GroEL GroEL-AD

GroEL

 

2 GroEL WT Hinge Gly192

GroEL G192X

5-1

GroEL Hinge Gly192  

3 GroEL G192X

5-2 GroEL Gly192

 

4 GroEL-AD

5-3 GroEL-AD  

 

5-1 Hinge Gly192 GroEL  

GroEL Hinge Gly192

( 2-5 2-7) ANS

Gly192

( 2-4) GroEL (16) Gly192

GroEL Open ANS GroEL

ANS Pyrococcus 
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furiosus (PfCPN) Gly345 Asp 

G345D Co(2+) 25% ATP/ADP

in vitro MDH

(117) Gly-345

GroEL 

Gly192 ATP

MDH Rhodanese

Gly192 Zachary 

W White GroEL 3 Lys Glu GroEL K3E

GroEL K3E GroEL 

WT GroEL WT ANS

(118)

Gly192 Trp GroEL G192W

ATP cis ring GroES (19) GroEL 

G192X GroEL G192X Gly192

GroES QCM

ATP GroEL G192X GroES

Gly192 GroES

( 2-11)  

GroEL G192X cis trans ring

cis ring GroEL SR-1 Gly192
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SR-1 G192X MDH 

(94)

SR-1 WT SR-1 G192V SR-1 G192I

GroES 7

GroES Asp SR-1 

MDH GroES WT (119)

GroEL GroES

7 GroES GroEL 5

GroEL WT GroES WT

(120) GroES 

GroEL GroES 7

SR-1 G192X GroEL G192X cis ring 

GroES Gly192 Trp

GroES GroES

GroEL G192X GroES Gly192

Open

GroES

 

Gly192 GroEL 

Hinge

GroEL

5-1  
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5-1. GroEL WT GroEL G192X  

 

GroEL G192X  

Hinge Gly192 ( )  

Gly192  

GroEL G192X cis ring ATP GroES

trans ring ATP GroES trans ring

GroES

 

 

GroEL WT  

GroEL WT cis ring ATP GroES

trans ring

ATP ADP GroES  
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55-2 GroEL

Hinge Gly192  

GroEL Hinge

Gly192

GroEL GroES

(121) Gly192 

Open GroEL G192X ATP GroES

MDH Rhodanese

ANS Gly192

Open

G192X

(122)

(HSP60) C

(123) HSP60 ATP Thioflavin-T ATP

ATP

SHSY5Y MTT  HSP60 ATP

ATP

HSP60 ATP HSP60

ATP

(124)
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(LB) -Synuclein (45) LB

-Synuclein HSP (125-128)

-Synuclein HSP

in vitro in vivo -Synuclein HSP

Thioflavin-T AFM small HSP(sHSP) HSP27

-Synuclein -Synuclein

(129) in vitro - - -

Synuclein -Synuclein

(130)  

GroEL G192X Gly192

-Synuclein

GroEL G192X Synuclein

-Synuclein

GroEL QCM -

Synuclein GroEL GroEL

( 3-3) -Synuclein G192X GroEL

Open 3-4

Kd GroEL WT GroEL G192W

G192N G192I WT G192W

( 3-1) kon koff

Gly192

GroEL -Synuclein
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192 Gly GroEL WT

( 3-5 3-7)

Trp GroEL G192W

GroEL G192N GroEL WT GroEL G192I

GroEL G192W

-Synuclein

GroEL G192X

0 3 GroEL ( 3-9 3-10)

24 GroEL 

GroEL 8 GroEL

-Synuclein GroEL -Synuclein

GroEL

-Synuclein 192

GroEL WT -Synuclein

GroEL WT

G192X -Synuclein

GroEL WT 

TEM GroEL GroEL 

GroEL WT -

Synuclein
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G192W -

Synuclein

GroEL

G192N G192I G192W Open

-Synuclein 

 

HSP70 -Synuclein

(83) ADP HSP70 -Synuclein (131)

HSP90 ATP -Synuclein

ATP (80) HSP90

HSP70 -Synuclein HSP

-Synuclein 

HSP70 α-Synuclein ATP

ATP (84)

GroEL G192X -Synuclein 

ATP Gly192 ATP

GroEL WT ATP Open

 

GroEL

5-2

GroEL G192X Synuclein
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5-2 GroEL G192X -Synuclein  

-Synuclein

-Synuclein

GroEL G192X -Synuclein

-Synuclein 
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55-3 GroEL  

GroEL G192X -Synuclein GroEL 

NMR A

1-40 -Synuclein GroEL

(104,105) GroEL-AD -

(87) -Synuclein A 1-42 GroES

GroEL GroEL-AD

QCM -Synuclein GroES GroEL-

AD ( 4-8) GroES

-Synuclein 2

4-7

GroES -Synuclein

GroEL-AD

QCM GroEL-AD GroES

-Synuclein GroES -Synuclein

-Synuclein GroES

(110)

GroES GroEL GroEL GroES

GroES

GroEL-AD GroES

QCM GroEL-AD

GroES Kd GroEL-AD -Synuclein

GroEL-AD -
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Synuclein GroES GroEL WT ATP

Closed GroEL G192W

GroEL WT -Synuclein

-Synuclein

GroEL-AD -Synuclein

GroEL-AD

 

GroEL(193-335 ) in vitro GroEL

Rhodanese (85)

GroEL-AD

GroEL-AD GroEL G192X

3

GroEL G192X -Synuclein GroEL 

G192X 0.2 (

3-5 3-7) GroEL-AD -Synuclein

0.5 ( 4-4)

QCM -Synuclein GroEL G192X

192

Gly GroEL WT Kd 3.1 10-8 M kon 2.6 10  M-1 s-1 koff 

7.98 10-4 s-1 ( 3-1) -Synuclein GroEL-AD

2 (kobsFast,kobsSlow)

Kd kon koff ( 4-

2) Open

GroEL WT GroEL-AD
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-Synuclein GroEL-AD GroEL G192X

GroEL G192X -

Synuclein

GroEL G192X -Synuclein

GroEL-AD

GroEL 

800 kDa

GroEL-AD 22 kDa

GroEL-AD

GroEL G192X

GroEL-AD

5-3

GroEL-AD
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5-3 GroEL-AD  

 

GroEL-AD

( )  

 

GroEL-AD ( )  

 

GroEL-AD

( )  
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6  

 

GroEL

2 GroEL Hinge Gly192

3 4 GroEL

 

GroEL ATP GroES

2 Hinge 1 Hinge

Gly192

GroEL G192X GroEL 

G192X

Gly192 GroEL

 

Gly192 Open GroEL 

G192X A 1-40

-Synuclein Gly192

-Synuclein GroEL G192X

GroEL WT GroEL G192X
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GroEL 

 

-Synuclein GroEL G192X

GroEL WT -Synuclein

GroEL WT G192X

GroEL

GroES

GroEL WT Hinge Gly192

Open G192X

GroEL

GroEL-AD

 GroEL-AD -Synuclein GroES A 1-42

GroEL-AD

 

GroEL

GroEL

GroEL HSP60  

HSP60

 

 
  



137 
 

1. Anfinsen, Christian B. (1973) Principles that Govern the Folding of Protein 

Chains. SCIENCE 1181, 223-230 

2. Tissieres, A., Mitchell, H. K., and Tracy, U. M. (1974) Protein synthesis in 

salivary glands of Drosophila melanogaster: relation to chromosome puffs. J 
Mol Biol 884, 389-398 

3. Ellis, J. (1987) Proteins as molecular chaperones. Nature 3328, 378-379 

4. Bukau, B., Deuerling, E., Pfund, C., and Craig, E. A. (2000) Getting newly 

synthesized proteins into shape. Cell 1101, 119-122 

5. Goloubinoff, P., Gatenby, A. A., and Lorimer, G. H. (1989) GroE heat-shock 

proteins promote assembly of foreign prokaryotic ribulose bisphosphate 

carboxylase oligomers in Escherichia coli. Nature 3337, 44-47 

6. Booth, C. R., Meyer, A. S., Cong, Y., Topf, M., Sali, A., Ludtke, S. J., Chiu, W., 

and Frydman, J. (2008) Mechanism of lid closure in the eukaryotic chaperonin 

TRiC/CCT. Nat Struct Mol Biol 115, 746-753 

7. Braig, K., Otwinowski, Z., Hegde, R., Boisvert, D. C., Joachimiak, A., Horwich, 

A. L., and Sigler, P. B. (1994) The crystal structure of the bacterial chaperonin 

GroEL at 2.8 A. Nature 3371, 578-586 

8. Skjaerven, L., Cuellar, J., Martinez, A., and Valpuesta, J. M. (2015) Dynamics, 

flexibility, and allostery in molecular chaperonins. FEBS Lett 5589, 2522-2532 

9. Roseman, A. M., Chen, S., White, H., Braig, K., and Saibil, H. R. (1996) The 

chaperonin ATPase cycle: mechanism of allosteric switching and movements of 

substrate-binding domains in GroEL. Cell 887, 241-251 

10. Wayne A.Fenton , Yechezkei Kashi , Krystyna & Arthur L.Horwich. (1994) 

Residue in chaperonin GroEL required for polypeptide binding and release. 

Nature 3371, 614-619 

11. Kawata, Yasushi, Kawagoe, Masashi, Hongo, Kunihiro, Miyazaki, Takuya, 

Higurashi, Takashi, Mizobata, Tomohiro, and Nagai, Jun. (1999) Functional 

Communications between the Apical and Equatorial Domains of GroEL through 

the Intermediate Domain†. Biochemistry 338, 15731-15740 

12. John F.Hunt , Arthur J.Weaver , Samuel J.Landry , Lila Gierasch & Johann 

Deisenhofer. (1996) The crystal structure of the GroES co-chaperonin at 2.8 Å 

resolution. Nature 3379, 37-45 



138 
 

13. Manajit K.Hayer-Hartl, Frank Weber and F.UIrich Hartl. (1996) Mechanism of 

chaperonin action: GroES binding and release can drive GroEL-mediated 

protein folding in the absence of ATP hydrolysis. EMBO J 115, 6111-6121 

14. Zhaohui Xu , Arthur L.Horwich & Paul B.Sigler. (1997) The crystal structure of 
the assymmetric GroEL-GroES-(ADP)  chaperonin complex. Nature 3388, 741-

750 

15. Sakikawa, C., Taguchi, H., Makino, Y., and Yoshida, M. (1999) On the maximum 

size of proteins to stay and fold in the cavity of GroEL underneath GroES. J 
Biol Chem 2274, 21251-21256 

16. Ranson, N. A., Clare, D. K., Farr, G. W., Houldershaw, D., Horwich, A. L., and 

Saibil, H. R. (2006) Allosteric signaling of ATP hydrolysis in GroEL-GroES 

complexes. Nat Struct Mol Biol 113, 147-152 

17. Ueno, Taro, Taguchi, Hideki, Tadakuma, Hisashi, Yoshida, Masasuke, and 

Funatsu, Takashi. (2004) GroEL Mediates Protein Folding with a Two 

Successive Timer Mechanism. Molecular Cell 114, 423-434 

18. Burston, S. G., Weissman, J. S., Farr, G. W., Fenton, W. A., and Horwich, A. L. 

(1996) Release of both native and non-native proteins from a cis-only GroEL 

ternary complex. Nature 3383, 96-99 

19. Machida, K., Fujiwara, R., Tanaka, T., Sakane, I., Hongo, K., Mizobata, T., and 

Kawata, Y. (2009) Gly192 at hinge 2 site in the chaperonin GroEL plays a 

pivotal role in the dynamic apical domain movement that leads to GroES 

binding and efficient encapsulation of substrate proteins. Biochim Biophys Acta 

1794, 1344-1354 

20. Sameshima, T., Ueno, T., Iizuka, R., Ishii, N., Terada, N., Okabe, K., and 

Funatsu, T. (2008) Football- and bullet-shaped GroEL-GroES complexes coexist 

during the reaction cycle. J Biol Chem 2283, 23765-23773 

21. Rye, H. S., Burston, S. G., Fenton, W. A., Beechem, J. M., Xu, Z., Sigler, P. B., 

and Horwich, A. L. (1997) Distinct actions of cis and trans ATP with in the 

double ring of the chaperonin GroEL. Nature 3388, 792-798 

22. Koike-Takeshita, A., Yoshida, M., and Taguchi, H. (2008) Revisiting the GroEL-

GroES reaction cycle via the symmetric intermediate implied by novel aspects 

of the GroEL(D398A) mutant. J Biol Chem 2283, 23774-23781 

23. Koike-Takeshita, A., Arakawa, T., Taguchi, H., and Shimamura, T. (2014) 

Crystal structure of a symmetric football-shaped GroEL:GroES2-ATP14 

complex determined at 3.8A reveals rearrangement between two GroEL rings. 

J Mol Biol 4426, 3634-3641 



139 
 

24. Motojima, F., and Yoshida, M. (2010) Polypeptide in the chaperonin cage partly 

protrudes out and then folds inside or escapes outside. EMBO J 229, 4008-4019 

25. Motojima, F., and Yoshida, M. (2015) Productive folding of a tethered protein in 

the chaperonin GroEL-GroES cage. Biochem Biophys Res Commun 4466, 72-75 

26. Glenner, G. G. (1980) Amyloid deposits and amyloidosis: the beta-fibrilloses 

(second of two parts). The New England journal of medicine 3302, 1333-1343 

27. Westermark, P. (1998) The pathogenesis of amyloidosis: understanding general 

principles. The American journal of pathology 1152, 1125-1127 

28. Hammer, N. D., Wang, X., McGuffie, B. A., and Chapman, M. R. (2008) 

Amyloids: friend or foe? Journal of Alzheimer's disease : JAD 113, 407-419 

29. Jarrett, J. T., and Lansbury, P. T., Jr. (1993) Seeding "one-dimensional 

crystallization" of amyloid: a pathogenic mechanism in Alzheimer's disease and 

scrapie? Cell 773, 1055-1058 

30. Klunk, W. E., Jacob, R. F., and Mason, R. P. (1999) Quantifying amyloid by 

congo red spectral shift assay. Methods in enzymology 3309, 285-305 

31. LeVine, H., 3rd. (1993) Thioflavine T interaction with synthetic Alzheimer's 

disease beta-amyloid peptides: detection of amyloid aggregation in solution. 

Protein Sci 22, 404-410 

32. Guijarro, J. I., Sunde, M., Jones, J. A., Campbell, I. D., and Dobson, C. M. (1998) 

Amyloid fibril formation by an SH3 domain. Proc Natl Acad Sci U S A 995, 4224-

4228 

33. Sunde, M., Serpell, L. C., Bartlam, M., Fraser, P. E., Pepys, M. B., and Blake, 

C. C. (1997) Common core structure of amyloid fibrils by synchrotron X-ray 

diffraction. J Mol Biol 2273, 729-739 

34. Cascio, M., Glazer, P. A., and Wallace, B. A. (1989) The secondary structure of 

human amyloid deposits as determined by circular dichroism spectroscopy. 

Biochem Biophys Res Commun 1162, 1162-1166 

35. Zako, T., Sakono, M., Hashimoto, N., Ihara, M., and Maeda, M. (2009) Bovine 

insulin filaments induced by reducing disulfide bonds show a different 

morphology, secondary structure, and cell toxicity from intact insulin amyloid 

fibrils. Biophys J 996, 3331-3340 

36. Iwasa, H., Kameda, H., Fukui, N., Yoshida, S., Hongo, K., Mizobata, T., 

Kobayashi, S., and Kawata, Y. (2013) Bilberry anthocyanins neutralize the 

cytotoxicity of co-chaperonin GroES fibrillation intermediates. Biochemistry 552, 

9202-9211 

37. Kocisko, D. A., Baron, G. S., Rubenstein, R., Chen, J., Kuizon, S., and Caughey, 



140 
 

B. (2003) New inhibitors of scrapie-associated prion protein formation in a 

library of 2000 drugs and natural products. Journal of virology 777, 10288-10294 

38. Yang, F., Lim, G. P., Begum, A. N., Ubeda, O. J., Simmons, M. R., Ambegaokar, 

S. S., Chen, P. P., Kayed, R., Glabe, C. G., Frautschy, S. A., and Cole, G. M. 

(2005) Curcumin inhibits formation of amyloid beta oligomers and fibrils, binds 

plaques, and reduces amyloid in vivo. J Biol Chem 2280, 5892-5901 

39. Zhu, M., Rajamani, S., Kaylor, J., Han, S., Zhou, F., and Fink, A. L. (2004) The 

flavonoid baicalein inhibits fibrillation of alpha-synuclein and disaggregates 

existing fibrils. J Biol Chem 2279, 26846-26857 

40. Chattopadhyay, M., Durazo, A., Sohn, S. H., Strong, C. D., Gralla, E. B., 

Whitelegge, J. P., and Valentine, J. S. (2008) Initiation and elongation in 

fibrillation of ALS-linked superoxide dismutase. Proc Natl Acad Sci U S A 1105, 

18663-18668 

41. Mold, M., Ouro-Gnao, L., Wieckowski, B. M., and Exley, C. (2013) Copper 

prevents amyloid-beta(1-42) from forming amyloid fibrils under near-

physiological conditions in vitro. Sci Rep 33, 1256 

42. Bocharova, O. V., Breydo, L., Salnikov, V. V., and Baskakov, I. V. (2005) 

Copper(II) inhibits in vitro conversion of prion protein into amyloid fibrils. 

Biochemistry 444, 6776-6787 

43. Lauren, J., Gimbel, D. A., Nygaard, H. B., Gilbert, J. W., and Strittmatter, S. 

M. (2009) Cellular prion protein mediates impairment of synaptic plasticity by 

amyloid-beta oligomers. Nature 4457, 1128-1132 

44. Mizuno, Y., Hattori, N., Kubo, S., Sato, S., Nishioka, K., Hatano, T., Tomiyama, 

H., Funayama, M., Machida, Y., and Mochizuki, H. (2008) Progress in the 

pathogenesis and genetics of Parkinson's disease. Philosophical transactions of 
the Royal Society of London. Series B, Biological sciences 3363, 2215-2227 

45. Spillantini, M. G., Schmidt, M. L., Lee, V. M., Trojanowski, J. Q., Jakes, R., and 

Goedert, M. (1997) Alpha-synuclein in Lewy bodies. Nature 3388, 839-840 

46. Iwaki, T., Wisniewski, T., Iwaki, A., Corbin, E., Tomokane, N., Tateishi, J., and 

Goldman, J. E. (1992) Accumulation of alpha B-crystallin in central nervous 

system glia and neurons in pathologic conditions. The American journal of 
pathology 1140, 345-356 

47. McLean, P. J., Kawamata, H., Shariff, S., Hewett, J., Sharma, N., Ueda, K., 

Breakefield, X. O., and Hyman, B. T. (2002) TorsinA and heat shock proteins 

act as molecular chaperones: suppression of alpha-synuclein aggregation. J 
Neurochem 883, 846-854 



141 
 

48. A, Iwai. , E, Masliah., M, Yoshimoto., N, Ge., L, Fianagan. , H. A, Rohan de 

Silva., A Kittei, and and T, Saitoh. (1995) The Precursor Protein of Non-Ap 

Component of Alzheimer's Disease Amyloid Is a Presynaptic Protein of the 

Central Nervous System. Neuron 114, 467-475 

49. Kessler, J. C., Rochet, J. C., and Lansbury, P. T., Jr. (2003) The N-terminal 

repeat domain of alpha-synuclein inhibits beta-sheet and amyloid fibril 

formation. Biochemistry 442, 672-678 

50. Ulmer, T. S., Bax, A., Cole, N. B., and Nussbaum, R. L. (2005) Structure and 

dynamics of micelle-bound human alpha-synuclein. J Biol Chem 2280, 9595-9603 

51. Waxman, E. A., Mazzulli, J. R., and Giasson, B. I. (2009) Characterization of 

hydrophobic residue requirements for alpha-synuclein fibrillization. 

Biochemistry 448, 9427-9436 

52. Du, H. N., Tang, L., Luo, X. Y., Li, H. T., Hu, J., Zhou, J. W., and Hu, H. Y. 

(2003) A peptide motif consisting of glycine, alanine, and valine is required for 

the fibrillization and cytotoxicity of human alpha-synuclein. Biochemistry 442, 

8870-8878 

53. El-Agnaf, O. M., Jakes, R., Curran, M. D., Middleton, D., Ingenito, R., Bianchi, 

E., Pessi, A., Neill, D., and Wallace, A. (1998) Aggregates from mutant and wild-

type alpha-synuclein proteins and NAC peptide induce apoptotic cell death in 

human neuroblastoma cells by formation of beta-sheet and amyloid-like 

filaments. FEBS Lett 4440, 71-75 

54. Rodriguez, J. A., Ivanova, M. I., Sawaya, M. R., Cascio, D., Reyes, F. E., Shi, D., 

Sangwan, S., Guenther, E. L., Johnson, L. M., Zhang, M., Jiang, L., Arbing, M.  

A., Nannenga, B. L., Hattne, J., Whitelegge, J., Brewster, A. S., Messerschmidt, 

M., Boutet, S., Sauter, N. K., Gonen, T., and Eisenberg, D. S. (2015) Structure 

of the toxic core of alpha-synuclein from invisible crystals. Nature 5525, 486-490 

55. Murray, I. V., Giasson, B. I., Quinn, S. M., Koppaka, V., Axelsen, P. H., 

Ischiropoulos, H., Trojanowski, J. Q., and Lee, V. M. (2003) Role of alpha-

synuclein carboxy-terminus on fibril formation in vitro. Biochemistry 442, 8530-

8540 

56. Fujiwara, H., Hasegawa, M., Dohmae, N., Kawashima, A., Masliah, E., 

Goldberg, M. S., Shen, J., Takio, K., and Iwatsubo, T. (2002) alpha-Synuclein is 

phosphorylated in synucleinopathy lesions. Nature cell biology 44, 160-164 

57. Jie Li, Vladimir N. Uversky, and Anthony L. Fink. (2001) Effect of Familial 

Parkinson’s Disease Point Mutations A30P and A53T on the Structural 

Properties , Aggregation , and Fibrillation of Human alpha-Synuclein. 



142 
 

Biochemistry 440, 11604-11613 

58. Souza, J. M., Giasson, B. I., Lee, V. M., and Ischiropoulos, H. (2000) Chaperone-

like activity of synucleins. FEBS Lett 4474, 116-119 

59. Nielsen, S. B., Macchi, F., Raccosta, S., Langkilde, A. E., Giehm, L., Kyrsting, 

A., Svane, A. S., Manno, M., Christiansen, G., Nielsen, N. C., Oddershede, L., 

Vestergaard, B., and Otzen, D. E. (2013) Wildtype and A30P mutant alpha-

synuclein form different fibril structures. PLoS One 88, e67713 

60. Zarranz, J. J., Alegre, J., Gomez-Esteban, J. C., Lezcano, E., Ros, R., Ampuero, 

I., Vidal, L., Hoenicka, J., Rodriguez, O., Atares, B., Llorens, V., Gomez Tortosa, 

E., del Ser, T., Munoz, D. G., and de Yebenes, J. G. (2004) The new mutation, 

E46K, of alpha-synuclein causes Parkinson and Lewy body dementia. Ann 
Neurol 555, 164-173 

61. Choi, W., Zibaee, S., Jakes, R., Serpell, L. C., Davletov, B., Crowther, R. A., and 

Goedert, M. (2004) Mutation E46K increases phospholipid binding and 

assembly into filaments of human alpha-synuclein. FEBS Lett 5576, 363-368 

62. Khalaf, O., Fauvet, B., Oueslati, A., Dikiy, I., Mahul-Mellier, A. L., Ruggeri, F. 

S., Mbefo, M. K., Vercruysse, F., Dietler, G., Lee, S. J., Eliezer, D., and Lashuel, 

H. A. (2014) The H50Q mutation enhances alpha-synuclein aggregation, 

secretion, and toxicity. J Biol Chem 2289, 21856-21876 

63. Yoritaka, A., Hattori, N., Uchida, K., Tanaka, M., Stadtman, E. R., and Mizuno, 

Y. (1996) Immunohistochemical detection of 4-hydroxynonenal protein adducts 

in Parkinson disease. Proc Natl Acad Sci U S A 993, 2696-2701 

64. Yamin, G., Glaser, C. B., Uversky, V. N., and Fink, A. L. (2003) Certain metals 

trigger fibrillation of methionine-oxidized alpha-synuclein. J Biol Chem 2278, 

27630-27635 

65. Bharathi, Indi, S. S., and Rao, K. S. (2007) Copper- and iron-induced 

differential fibril formation in alpha-synuclein: TEM study. Neurosci Lett 4424, 

78-82 

66. Glaser, C. B., Yamin, G., Uversky, V. N., and Fink, A. L. (2005) Methionine 

oxidation, alpha-synuclein and Parkinson's disease. Biochim Biophys Acta 11703, 

157-169 

67. Dell'Acqua, S., Pirota, V., Monzani, E., Camponeschi, F., De Ricco, R., Valensin, 

D., and Casella, L. (2016) Copper(I) Forms a Redox-Stable 1:2 Complex with 

alpha-Synuclein N-Terminal Peptide in a Membrane-Like Environment. Inorg 
Chem 555, 6100-6106 

68. Sharma, M., Burre, J., and Sudhof, T. C. (2011) CSPalpha promotes SNARE-



143 
 

complex assembly by chaperoning SNAP-25 during synaptic activity. Nature 
cell biology 113, 30-39 

69. Chandra, S., Gallardo, G., Fernandez-Chacon, R., Schluter, O. M., and Sudhof, 

T. C. (2005) Alpha-synuclein cooperates with CSPalpha in preventing 

neurodegeneration. Cell 1123, 383-396 

70. Lee, H. J., Choi, C., and Lee, S. J. (2002) Membrane-bound alpha-synuclein has 

a high aggregation propensity and the ability to seed the aggregation of the 

cytosolic form. J Biol Chem 2277, 671-678 

71. Cole, N. B., Murphy, D. D., Grider, T., Rueter, S., Brasaemle, D., and Nussbaum, 

R. L. (2002) Lipid droplet binding and oligomerization properties of the 

Parkinson's disease protein alpha-synuclein. J Biol Chem 2277, 6344-6352 

72. Narayanan, V., and Scarlata, S. (2001) Membrane binding and self -association 

of alpha-synucleins. Biochemistry 440, 9927-9934 

73. Zhu, M., and Fink, A. L. (2003) Lipid binding inhibits alpha-synuclein fibril 

formation. J Biol Chem 2278, 16873-16877 

74. Horwitz, J. (1992) Alpha-crystallin can function as a molecular chaperone. Proc 
Natl Acad Sci U S A 889, 10449-10453 

75. Renkawek, K., Voorter, C. E., Bosman, G. J., van Workum, F. P., and de Jong, 

W. W. (1994) Expression of alpha B-crystallin in Alzheimer's disease. Acta 
neuropathologica 887, 155-160 

76. Renkawek, K., de Jong, W. W., Merck, K. B., Frenken, C. W., van Workum, F. P., 

and Bosman, G. J. (1992) alpha B-crystallin is present in reactive glia in 

Creutzfeldt-Jakob disease. Acta neuropathologica 883, 324-327 

77. Glover, J. R., and Lindquist, S. (1998) Hsp104, Hsp70, and Hsp40: a novel 

chaperone system that rescues previously aggregated proteins. Cell 994, 73-82 

78. Wegrzyn, R. D., Bapat, K., Newnam, G. P., Zink, A. D., and Chernoff, Y. O. 

(2001) Mechanism of prion loss after Hsp104 inactivation in yeast. Mol Cell 
Biol 221, 4656-4669 

79. Evans, C. G., Wisen, S., and Gestwicki, J. E. (2006) Heat shock proteins 70 and 

90 inhibit early stages of amyloid beta-(1-42) aggregation in vitro. J Biol Chem 

281, 33182-33191 

80. Falsone, S. F., Kungl, A. J., Rek, A., Cappai, R., and Zangger, K. (2009) The 

molecular chaperone Hsp90 modulates intermediate steps of amyloid assembly 

of the Parkinson-related protein alpha-synuclein. J Biol Chem 2284, 31190-

31199 

81. Daturpalli, S., Waudby, C. A., Meehan, S., and Jackson, S. E. (2013) Hsp90 



144 
 

inhibits alpha-synuclein aggregation by interacting with soluble oligomers. J 
Mol Biol 4425, 4614-4628 

82. Klucken, J., Shin, Y., Masliah, E., Hyman, B. T., and McLean, P. J. (2004) Hsp70 

Reduces alpha-Synuclein Aggregation and Toxicity. J Biol Chem 2279, 25497-

25502 

83. Dedmon, M. M., Christodoulou, J., Wilson, M. R., and Dobson, C. M. (2005) Heat 

shock protein 70 inhibits alpha-synuclein fibril formation via preferential 

binding to prefibrillar species. J Biol Chem 2280, 14733-14740 

84. Huang, C., Cheng, H., Hao, S., Zhou, H., Zhang, X., Gao, J., Sun, Q. H., Hu, H., 

and Wang, C. C. (2006) Heat shock protein 70 inhibits alpha-synuclein fibril 

formation via interactions with diverse intermediates. J Mol Biol 3364, 323-336 

85. Chatellier, J., Hill, F., Lund, P. A., and Fersht, A. R. (1998) In vivo activities of 

GroEL minichaperones. Proc Natl Acad Sci U S A 995, 9861-9866 

86. Noi, Kentaro, Kitamura, Aya, Hirai, Hidenori, Hongo, Kunihiro, Sakurai, 

Toshihiko, Mizobata, Tomohiro, and Kawata, Yasushi. (2012) Suppression of 

Sup35 amyloid fibril formation by group II chaperonin from 

&lt;i&gt;Thermoplasma acidophilum&lt;/i&gt. American Journal of Molecular 
Biology 002, 265-275 

87. Chen, J., Yagi, H., Sormanni, P., Vendruscolo, M., Makabe, K., Nakamura, T., 

Goto, Y., and Kuwajima, K. (2012) Fibrillogenic propensity of the GroEL apical 

domain: a Janus-faced minichaperone. FEBS Lett 5586, 1120-1127 

88. Sakane, I., Hongo, K., Mizobata, T., and Kawata, Y. (2009) Mechanical 

unfolding of covalently linked GroES: evidence of structural subunit 

intermediates. Protein Sci 118, 252-257 

89. Jonathan S.Weissman , Corinne M.Hohl , Oleg Kovalenko , Yechezkel Kashi , 

Shaoxia Chen , Kerstin Braig , Helen R.Saibil , Wayne A.Fenton , and Arthur 

L.Horwich (1995) Mechanism of GroEL Action : Productive Release of 

Polypeptide from a Sequestered Position under GroES Cell 883 

90. Alison L. Smoot, Markandeswar Panda , Bill T.Brazil , M.Buckle , Alan 

R.Fersht , and Paul M.Horowitz. (2001) The Binding of Bis-ANS to the Isolated 

GroEL Apical Domain Fragment Induces the Formation of a Folding 

Intermediate with Increased Hydrophobic Surface Not Observed in 

Tetradecameric GroEL. Biochemistry 440, 4484-4492 

91. Chen, J., Walter, S., Horwich, A. L., and Smith, D. L. (2001) Folding of malate 

dehydrogenase inside the GroEL-GroES cavity. Nat Struct Biol 88, 721-728 

92. Smith, K. E., and Fisher, M. T. (1995) Interactions between the GroE 



145 
 

chaperonins and rhodanese. Multiple intermediates and release and rebinding. 

J Biol Chem 2270, 21517-21523 

93. Paul, S., Singh, C., Mishra, S., and Chaudhuri, T. K. (2007) The 69 kDa 

Escherichia coli maltodextrin glucosidase does not get encapsulated 

underneath GroES and folds through trans mechanism during GroEL/GroES-

assisted folding. FASEB journal : official publication of the Federation of 
American Societies for Experimental Biology 221, 2874-2885 

94. Llorca, O., Perez-Perez, J., Carrascosa, J. L., Galan, A., Muga, A., and 

Valpuesta, J. M. (1997) Effects of the inter-ring communication in GroEL 

structural and functional asymmetry. J Biol Chem 2272, 32925-32932 

95. Sun, Z., Scott, D. J., and Lund, P. A. (2003) Isolation and characterisation of 

mutants of GroEL that are fully functional as single rings. Journal of Molecular 
Biology 3332, 715-728 

96. Illingworth, M., Salisbury, J., Li, W., Lin, D., and Chen, L. (2015) Effective 

ATPase activity and moderate chaperonin-cochaperonin interaction are 

important for the functional single-ring chaperonin system. Biochem Biophys 
Res Commun 4466, 15-20 

97. Mainz, A., Peschek, J., Stavropoulou, M., Back, K. C., Bardiaux, B., Asami, S., 

Prade, E., Peters, C., Weinkauf, S., Buchner, J., and Reif, B. (2015) The 

chaperone alphaB-crystallin uses different interfaces to capture an amorphous 

and an amyloid client. Nat Struct Mol Biol 222, 898-905 

98. Shammas, S. L., Waudby, C. A., Wang, S., Buell, A. K., Knowles, T. P., Ecroyd, 

H., Welland, M. E., Carver, J. A., Dobson, C. M., and Meehan, S. (2011) Binding 

of the molecular chaperone alphaB-crystallin to Abeta amyloid fibrils inhibits 

fibril elongation. Biophys J 1101, 1681-1689 

99. Kulig, M., and Ecroyd, H. (2012) The small heat-shock protein alphaB-

crystallin uses different mechanisms of chaperone action to prevent the 

amorphous versus fibrillar aggregation of alpha-lactalbumin. Biochem J 4448, 

343-352 

100. Hochberg, G. K., Ecroyd, H., Liu, C., Cox, D., Cascio, D., Sawaya, M. R., Collier, 

M. P., Stroud, J., Carver, J. A., Baldwin, A. J., Robinson, C. V., Eisenberg, D. S., 

Benesch, J. L., and Laganowsky, A. (2014) The structured core domain of 

alphaB-crystallin can prevent amyloid fibrillation and associated toxicity. Proc 
Natl Acad Sci U S A 1111, E1562-1570 

101. Wacker, J. L., Zareie, M. H., Fong, H., Sarikaya, M., and Muchowski, P. J. (2004) 

Hsp70 and Hsp40 attenuate formation of spherical and annular polyglutamine 



146 
 

oligomers by partitioning monomer. Nat Struct Mol Biol 111, 1215-1222 

102. Shorter, J., and Lindquist, S. (2008) Hsp104, Hsp70 and Hsp40 interplay 

regulates formation, growth and elimination of Sup35 prions. EMBO J 227, 2712-

2724 

103. Kilpatrick, K., Novoa, J. A., Hancock, T., Guerriero, C. J., Wipf, P., Brodsky, J. 

L., and Segatori, L. (2013) Chemical induction of Hsp70 reduces alpha-

synuclein aggregation in neuroglioma cells. ACS chemical biology 88, 1460-1468 

104. Yagi-Utsumi, M., Kunihara, T., Nakamura, T., Uekusa, Y., Makabe, K., 

Kuwajima, K., and Kato, K. (2013) NMR characterization of the interaction of 

GroEL with amyloid beta as a model ligand. FEBS Lett 5587, 1605-1609 

105. Nishida, N., Yagi-Utsumi, M., Motojima, F., Yoshida, M., Shimada, I., and Kato, 

K. (2013) Nuclear magnetic resonance approaches for characterizing 

interactions between the bacterial chaperonin GroEL and unstructured 

proteins. J Biosci Bioeng 1116, 160-164 

106. Yagi, H., Kusaka, E., Hongo, K., Mizobata, T., and Kawata, Y. (2005) Amyloid 

fibril formation of alpha-synuclein is accelerated by preformed amyloid seeds 

of other proteins: implications for the mechanism of transmissible 

conformational diseases. J Biol Chem 2280, 38609-38616 

107. Nisemblat, S., Yaniv, O., Parnas, A., Frolow, F., and Azem, A. (2015) Crystal 

structure of the human mitochondrial chaperonin symmetrical football complex. 

Proc Natl Acad Sci U S A 1112, 6044-6049 

108. Okamoto, T., Ishida, R., Yamamoto, H., Tanabe-Ishida, M., Haga, A., Takahashi, 

H., Takahashi, K., Goto, D., Grave, E., and Itoh, H. (2015) Functional structure 

and physiological functions of mammalian wild-type HSP60. Arch Biochem 
Biophys 5586, 10-19 

109. Mangione, M. R., Vilasi, S., Marino, C., Librizzi, F., Canale, C., Spigolon, D., 

Bucchieri, F., Fucarino, A., Passantino, R., Cappello, F., Bulone, D., and San 

Biagio, P. L. (2016) Hsp60, amateur chaperone in amyloid-beta fibrillogenesis. 

Biochim Biophys Acta 11860, 2474-2483 

110. Higurashi, T., Yagi, H., Mizobata, T., and Kawata, Y. (2005) Amyloid-like fibril 

formation of co-chaperonin GroES: nucleation and extension prefer different 

degrees of molecular compactness. J Mol Biol 3351, 1057-1069 

111. Sot, B., Rubio-Munoz, A., Leal-Quintero, A., Martinez-Sabando, J., Marcilla, M., 

Roodveldt, C., and Valpuesta, J. M. (2017) The chaperonin CCT inhibits 

assembly of alpha-synuclein amyloid fibrils by a specific, conformation-

dependent interaction. Sci Rep 77, 40859 



147 
 

112. Kitamura, A., Kubota, H., Pack, C. G., Matsumoto, G., Hirayama, S., Takahashi, 

Y., Kimura, H., Kinjo, M., Morimoto, R. I., and Nagata, K. (2006) Cytosolic 

chaperonin prevents polyglutamine toxicity with altering the aggregation state. 

Nature cell biology 88, 1163-1170 

113. Tam, S., Geller, R., Spiess, C., and Frydman, J. (2006) The chaperonin TRiC 

controls polyglutamine aggregation and toxicity through subunit-specific 

interactions. Nature cell biology 88, 1155-1162 

114. Shahmoradian, S. H., Galaz-Montoya, J. G., Schmid, M. F., Cong, Y., Ma, B., 

Spiess, C., Frydman, J., Ludtke, S. J., and Chiu, W. (2013) TRiC's tricks inhibit 

huntingtin aggregation. eLife 22, e00710 

115. Liu, H., Ojha, B., Morris, C., Jiang, M., Wojcikiewicz, E. P., Rao, P. P., and Du, 

D. (2015) Positively Charged Chitosan and N-Trimethyl Chitosan Inhibit 

Abeta40 Fibrillogenesis. Biomacromolecules 116, 2363-2373 

116. Ojha, B., Liu, H., Dutta, S., Rao, P. P., Wojcikiewicz, E. P., and Du, D. (2013) 

Poly(4-styrenesulfonate) as an inhibitor of Abeta40 amyloid fibril formation. 

The journal of physical chemistry. B 1117, 13975-13984 

117. Yang, L. D., Chu, Z. M., Zhang, Y., and Yang, S. L. (2011) Gly-345 plays an 

essential role in Pyrococcus furiosus chaperonin function. Biotechnology letters 

33, 1649-1655 

118. White, Z. W., Fisher, K. E., and Eisenstein, E. (1995) A monomeric variant of 

GroEL binds nucleotides but is inactive as a molecular chaperone. J Biol Chem 

270, 20404-20409 

119. Illingworth, M., Ramsey, A., Zheng, Z., and Chen, L. (2011) Stimulating the 

substrate folding activity of a single ring GroEL variant by modulating the 

cochaperonin GroES. J Biol Chem 2286, 30401-30408 

120. Nojima, T., Murayama, S., Yoshida, M., and Motojima, F. (2008) Determination 

of the number of active GroES subunits in the fused heptamer GroES required 

for interactions with GroEL. J Biol Chem 2283, 18385-18392 

121. Tanaka, N., and Fersht, A. R. (1999) Identification of substrate binding site of 

GroEL minichaperone in solution. J Mol Biol 2292, 173-180 

122. Kurouski, D., Washington, J., Ozbil, M., Prabhakar, R., Shekhtman, A., and 

Lednev, I. K. (2012) Disulfide bridges remain intact while native insulin 

converts into amyloid fibrils. PLoS One 77, e36989 

123. Kurouski, D., Luo, H., Sereda, V., Robb, F. T., and Lednev, I. K. (2012) Rapid 

degradation kinetics of amyloid fibrils under mild conditions by an archaeal 

chaperonin. Biochem Biophys Res Commun 4422, 97-102 



148 
 

124. Kurouski, D., Luo, H., Sereda, V., Robb, F. T., and Lednev, I. K. (2013) 

Deconstruction of stable cross-Beta fibrillar structures into toxic and nontoxic 

products using a mutated archaeal chaperonin. ACS chemical biology 88, 2095-

2101 

125. Auluck, P. K., Chan, H. Y., Trojanowski, J. Q., Lee, V. M., and Bonini, N. M. 

(2002) Chaperone suppression of alpha-synuclein toxicity in a Drosophila model 

for Parkinson's disease. Science 2295, 865-868 

126. Uryu, K., Richter-Landsberg, C., Welch, W., Sun, E., Goldbaum, O., Norris, E. 

H., Pham, C. T., Yazawa, I., Hilburger, K., Micsenyi, M., Giasson, B. I., Bonini, 

N. M., Lee, V. M., and Trojanowski, J. Q. (2006) Convergence of heat shock 

protein 90 with ubiquitin in filamentous alpha-synuclein inclusions of alpha-

synucleinopathies. The American journal of pathology 1168, 947-961 

127. Outeiro, T. F., Klucken, J., Strathearn, K. E., Liu, F., Nguyen, P., Rochet, J. C., 

Hyman, B. T., and McLean, P. J. (2006) Small heat shock proteins protect 

against alpha-synuclein-induced toxicity and aggregation. Biochem Biophys 
Res Commun 3351, 631-638 

128. Ecroyd, H., and Carver, J. A. (2009) Crystallin proteins and amyloid fibrils. Cell 
Mol Life Sci 666, 62-81 

129. Bruinsma, I. B., Bruggink, K. A., Kinast, K., Versleijen, A. A., Segers-Nolten, I. 

M., Subramaniam, V., Kuiperij, H. B., Boelens, W., de Waal, R. M., and Verbeek, 

M. M. (2011) Inhibition of alpha-synuclein aggregation by small heat shock 

proteins. Proteins 779, 2956-2967 

130. Rekas, A., Jankova, L., Thorn, D. C., Cappai, R., and Carver, J. A. (2007) 

Monitoring the prevention of amyloid fibril formation by alpha-crystallin. 

Temperature dependence and the nature of the aggregating species. FEBS J 

274, 6290-6304 

131. Roodveldt, C., Bertoncini, C. W., Andersson, A., van der Goot, A. T., Hsu, S. T., 

Fernandez-Montesinos, R., de Jong, J., van Ham, T. J., Nollen, E. A., Pozo, D., 

Christodoulou, J., and Dobson, C. M. (2009) Chaperone proteostasis in 

Parkinson's disease: stabilization of the Hsp70/alpha-synuclein complex by Hip. 

EMBO J 228, 3758-3770 

 
  



149 
 

 
 

6

 

Bimlesh Ojha  
 

 
 



 



Modulating the Effects of the Bacterial Chaperonin GroEL on
Fibrillogenic Polypeptides through Modification of Domain
Hinge Architecture*

Received for publication, August 4, 2016, and in revised form, October 5, 2016 Published, JBC Papers in Press, October 14, 2016, DOI 10.1074/jbc.M116.751925

Naoya Fukui‡, Kiho Araki‡, Kunihiro Hongo‡§, Tomohiro Mizobata‡§, and Yasushi Kawata‡§1

From the ‡Department of Chemistry and Biotechnology, Graduate School of Engineering, and the §Department of Biomedical
Science, Institute of Regenerative Medicine and Biofunction, Graduate School of Medical Science, Tottori University,
Tottori 680-8552, Japan

Edited by Paul Fraser

The isolated apical domain of the Escherichia coliGroEL 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 chaperoninwhose

apical domain is disoriented. In this study, we have utilized this

disruptive effect of Gly-192 mutation to our advantage, by sub-

stituting this residuewith amino acid residues of varying vander

Waals volumeswith the intent tomodulate the affinity ofGroEL

toward fibrillogenic peptides. The affinities of GroEL toward

fibrillogenic polypeptides such as A�(1–40) (amyloid-�(1–40))
peptide and �-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 G192Xmutants on �-synuclein
fibril formation, we found that the effects of the chaperonin on

�-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 G192Xmutants were

more specific toward the nucleus-forming lag phase. The chap-

eronins also displayed differential effects on �-synuclein fibril

morphology, suggesting that through mutation of Gly-192, we

may induce changes to the intermolecular affinities between

GroEL and�-synuclein, leading tomore 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

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 nucleotideATP,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.Theprotein is then released fromGroEL,

either havingmodified 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 determineswhether 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 A�(1–42),2 �-synuclein (�Syn),

* This work was supported in part by Grant-in-Aid for Scientific Research (C)
25440027 from the Japan Society for the Promotion of Science (JSPS) and
Grant-in-Aid for Scientific Research on Innovative Areas 2411376 from the
Ministry of Education, Culture, Sports, Science and Technology (MEXT).
This research was also partially supported by the Strategic Research Pro-
gram for Brain Sciences from Japan Agency for Medical Research and
Development (AMED). The authors declare that they have no conflicts of
interest with the contents of this article.

1 To whom correspondence should be addressed: Dept. of Chemistry and
Biotechnology, Graduate School of Engineering, Tottori University,
Koyama-Minami, Tottori 680-8552, Japan. Fax: 81-857-31-0881; E-mail:
kawata@bio.tottori-u.ac.jp.

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

crossmark

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 291, NO. 48, pp. 25217–25226, November 25, 2016
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 25217

 at TO
TTO

R
I U

N
IV

ER
SITY

 on N
ovem

ber 27, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 



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 ofGroES andunfolded 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 GroELG192W 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 bemodulated 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

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 �Syn and A�(1–40) pep-
tide. The abilities of the variousmutants 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.Anunexpected additional findingwas 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-

FIGURE 1. Structural model of GroE, showing the location of Gly-192 in
the GroEL subunit. The figure on the left is a cutaway image of the
GroEL14�ADP7�GroES7 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 GroEL14. 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 II region of the GroEL subunit, with Gly-192 represented as space-
filling forms. Images were drawn using UCSF Chimera (37).

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
inset in B is a plot of the fluorescence intensity at 478 nm (F478) for each trace
against the van der Waals volume of the amino acid side chains that replace
Gly-192 in each mutant.
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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 derWaals

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. 2A), indicating that substitution of

Gly-192with various amino acids resulted inminimal effects on

the overall structural integrity of GroEL at the secondary struc-

tural level. In contrast, as shown in Fig. 2B, substitution of Gly-

192with 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

the values of the ANS fluorescence intensity at 478 nm (F478)

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

(Mr 669,000), suggesting that all of the mutants retained the

original 14-mer quaternary structure of GroEL.

In Fig. 3,A andB, theATPase activities of the variousGly-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 eachmutant, 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 theG192Wmutant (Fig. 3C, orange). Also, regarding

rhodanese refolding assistance abilities, we observed that the

effects of Gly-192 substitution were more severe, with only

G192Adisplaying a significantly improved refolding yieldwhen

comparedwith 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 GroELWTwas analyzed in

both the absence and the presence of 2mMATP. 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

��F�, 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).

Wenextmeasured the affinities of a selected subset ofG192X

mutants toward two immobilized fibrillogenic polypeptides,

A�(1–40) peptide and �Syn bound to the sensor via a C-termi-

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 reactions in panels C and 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.
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nal His6 tag (�Syn-His6), using QCM to gauge the effects of the

G192X mutation on GroEL-A�(1–40) and GroEL-�Syn asso-

ciation. For this assay, we selected the mutants G192N, G192I,

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,

theG192Xmutation resulted in changes in the affinities toward

GroEL for both immobilized A�(1–40) (Fig. 5A) and immobi-

lized �Syn-His6 (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

G192Wdisplayed the strongest affinities towardA�(1–40) and
�Syn-His6, 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 G192I 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

�Syn-His6 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 fromFig. 5 was

supported in quantitative analyses. Estimated dissociation con-

stants (KD) of each chaperonin toward immobilized �Syn-His6
ranged from 8.4 � 10�9

M for G192W to 3.06 � 10�8
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 �Syn-GroEL binding

affinities in particular translated to detectable effects in �Syn
fibrillogenesis, we next monitored the effects of GroEL G192X

addition on the time course of �Syn fibril formation using thio-

flavin-T (Th-T) fluorescence (Fig. 7). As shown in Fig. 7, we

found that the addition of eitherGroELWTor each of the three

G192X mutants that we tested indeed caused measurable

changes in the time course of �Syn fibrillation. Intriguingly,

however, we noted in the experiments a qualitative difference

in the effects of GroEL wild-type and the G192Xmutant chap-

eronins on �Syn fibrillogenesis. In the case of GroEL WT, the

fibrillation profilewas altered in aGroEL 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 thismutant affectedmost 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 GroELG192N 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

electronmicroscopy (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 �Syn 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

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, which in
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.

FIGURE 5. QCM binding analyses of GroEL WT and three G192X mutants
to immobilized fibrillogenic polypeptides. A, the binding of GroEL to
immobilized A�(1– 40) peptide. B, the binding of GroEL to immobilized �Syn-
His6. 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.
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the fibrils, reflecting perhaps the persistence of the GroEL-

�Syn 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 �Syn 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 GroELG192N andG192I

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 �Syn fibril-forming reaction. The

delayed addition of GroEL during �Syn fibrillation resulted in

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

GroELGly-192mutants. In the case of GroELWT, the addition

of the chaperonin at different time points of the reaction

resulted in changes that varied with the delay before GroEL

FIGURE 6. Quantitative QCM binding analyses of GroEL WT and three
G192X mutants to immobilized �Syn-His6. A–D, titrations of �Syn-His6
immobilized to the QCM sensor with increasing concentrations of GroEL WT
(A), GroEL G192N (B), G192I (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 nM; cyan, 10 nM; green, 15 nM; red, 20 nM. E, estimation of KD
values through linear regression fitting of [GroEL] versus kobs plots. Black, WT;
blue, G192N; green, G192I; red, G192W.

TABLE 1
Summary of the values kon, koff, and KD, estimated from linear regres-
sion analysis of the data shown in Fig. 6E

Sample kon k
off

KD

M
�1 s�1 s�1

M

WT 2.6 � 104 7.98 � 10�4 3.06 � 10�8

G192N 10.5 � 104 14.4 � 10�4 1.37 � 10�8

G192I 15.0 � 104 15.5 � 10�4 1.03 � 10�8

G192W 19.6 � 104 16.4 � 10�4 8.4 � 10�9

FIGURE 7. Th-T fluorescence assays of �Syn 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 GroEL14 added to each sample relative to �Syn 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 D indicate Th-T fluorescence changes of GroEL WT and G192W incubated
under identical conditions, respectively. Error bars represent the S.E. of each
data point.

FIGURE 8. Transmission electron micrographs of �Syn 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 �Syn fibrils formed in the
absence of chaperonin. The lower panels are grouped horizontally according
to the type of chaperonin added to the �Syn fibril-forming reaction, and
vertically according to the specific ratio of chaperonin oligomer added rela-
tive to �Syn monomer. Blue and red borders indicate grouping of panels and
regions that show a common fibril morphology, as discussed in detail under
“Results.”
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addition (Fig. 9A). When GroEL WT was added at the early

stages of the fibril-forming reaction (Fig. 9A, 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. 9A, green), resulted in a decrease

in the fibril-forming rate. However, the fluorescence signal

increased eventually to values similar to that of sampleswithout

addedGroEL (Fig. 9A, black). In contrast, whenGroELG192W

was added to the reaction at various time points (Fig. 9D), we

observed thatGroELG192Wwas 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 �Syn is higher

than the affinity of GroELWT (Table 1), and this difference in

affinities may be causing these differences in additive effect on

the �Syn 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 �Syn that we noted in Fig. 8. As seen in Fig. 10,

�Syn fibrils that were formed in samples where GroELWTwas

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-

ogy. However, this tendency was altered when GroELWT was

added in the latter stages of the reaction; the fibrils produced

were much more similar to the braided protofibrils typical of

�Syn fibrils formed in isolation (Fig. 10, compare the topmost

and bottommost panels of the left-side column denotedWT). In

contrast, fibrils produced in the presence of GroEL G192W

(Fig. 10, right column) displayed twisted morphologies irre-

spective of the time thatGroELwas 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�Syn 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 h panel). Sec-

ond, this ability to change themorphology of�Syn fibrils seems

to hinge on the relative affinity that GroEL displays toward

�Syn, 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

FIGURE 9. Delayed addition of GroEL WT and G192X mutants to fibrilla-
tion reactions of �Syn. 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 GroEL14 to
�Syn 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.

FIGURE 10. TEM images of �Syn fibril samples that were recovered after
the experiments shown in Fig. 9. Images are grouped vertically according to
the type of GroEL added. The top row indicates �Syn 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.
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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 tomodify the structure of the GroEL subunit to

enhance its affinity toward fibrillogenic polypeptides, withmin-

imal effects to the overall structural characteristics of the chap-

eronin.Moreover, themodifications 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 A�(1–40) and�Syn. This increase
in affinity was also correlated with an improved ability to sup-

press the fibrillogenesis of �Syn; the mutant with the bulkiest

substitution at position 192 was determined to be the most

effective suppressor of �Syn 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 andmore 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 shownhere 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 ismodified 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 findingwas that, in

addition to protein fibril suppression, GroEL was also capable

of altering the morphology of �Syn fibrils specifically, and this

ability was also adjustable by mutating Gly-192. We found that

the original GroELWT, when added to the �Syn fibril-forming

reaction at a sufficiently early stage, could change themorphol-

ogy of �Syn fibrils from its original twisted, braided form to a

flat form in which the protofibrils of �Syn are arranged parallel

to each other. This fibril-modulating ability may be based on a

“loose” interactionwith�Syn oligomers or protofibrils, because

it was the GroEL variant with the weakest affinity toward �Syn
that displayed this tendency. However, specific interactions

that are responsible for this abilitymust be elucidated in further

experiments to probe the detailed kinetics of the GroEL-�Syn
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. Bothwild-type andmutant 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 10/300GL) and anion exchange

(Resource-Q) chromatography. All chromatography stepswere

performed on an ÄKTA-FPLC system (GEHealthcare) at room

temperature.

MDH frompig heart was obtained commercially fromRoche

Applied Sciences, and bovine rhodanesewas obtained fromSig-

ma-Aldrich and used in refolding studies. A�(1–40) peptide
was obtained as synthesized peptide from the Peptide Institute

(Osaka, Japan). Human �Syn and �Syn-His6 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

mMMg(CH3COO)2, and 2mMDTT. Buffer B, 30mMTris-HCl,

pH 7.2, containing 50 mM KCl and 10 mM Mg(CH3COO)2.

Buffer C, 50 mM Tris-HCl, 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 mM NiSO4.

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 �M Th-T (Wako, Osaka,

Japan).

Structural Characterization—CD spectra of GroEL mutants

(200 �g/ml) were measured in Buffer A. Measurements were

performedon 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. 2A.
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Fluorescence spectroscopy of GroELmutants (200 �g/ml) in

the presence of ANS was measured on a Jasco FP-6300 fluores-

cence spectrophotometer in Buffer A containing 5 �M 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 �M) in the presence or absence of GroES (0.1 �M)

(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 MDHwere carried out as reported previ-

ously (22). Refolding of rhodanese was performed using previ-

ous protocols. Briefly, purified rhodanese (46�M)was unfolded

in 40 mM Tris-HCl 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 �M, respectively; a

1.5-fold molar excess of GroEL and GroES oligomer relative to

rhodanese was present in the refolding reaction, and 2mMATP

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 derWaals 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-�l cell equipped with a
27-MHz QCM plate (8.7-mm diameter quartz plate and 5.7-

mm2 area gold electrode) at the bottom of the cell and is cou-

pled to a temperature control system. Immobilization of ESC7

and A�(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 (H2SO4:H2O2 �
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 �l 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 �M) 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 A�(1–40), a solution
of 5�MA�(1–40) in Buffer Bwas added to the cell, and binding

was allowed to proceed in a similar manner. After monitoring

the changes in resonance frequency (�F) for a designated inter-
val sufficient for binding, the sample was removed and ethanol-

amine solution was added to rinse the sensor. The cell was then

equilibrated with experimental buffer (Buffer A for ESC7,

Buffer B for A�(1–40)), followed by the addition of ligand pro-

tein solution (containing GroEL mutants) to initiate the assay.

In contrast, immobilization of �Syn-His6 samples to the sen-

sorwas performed using an alternativemethod involving nickel

affinity binding of theC-terminalHis6 tag, tominimize nonspe-

cific interactions between �Syn and the sensor surface. After

initializing the sensor chamber by washing the cells with SDS

and piranha solution as described above, 100 �l of a solution

containing 0.5 mM 3,3�-dithiobis[N-(5-amino-5-carboxypen-

tyl)propionamide-N�, N�-diacetic acid] dihydrochloride (C2-

NTS,Dojindo)was added to the cell and incubated for 10min at

room temperature. This solution was washed away with Mil-

li-Q water, and 500 �l 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 �M of �Syn-His6 in Buffer B

was added to the cell. The binding of�Syn-His6 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 conditionswas accomplished after eachmeasure-

ment by washing the sensor cell with Milli-Q, adding 500 �l of
Buffer E for 30min to remove�Syn-His6, and reapplying Buffer

D and fresh �Syn-His6 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 (kobs) relative to the concentration of

added GroEL G192W mutant, according to the following

equation

kobs � koff � kon�GroEL	 (Eq. 1)

to estimate koff and kon values, whichwere subsequently used to

estimate the KD.

Fluorescence Detection of Fibril Maturation using Th-T—

Fibril formation of �Syn was monitored using Th-T fluores-

cence as described in previous studies (21). One milligram per

milliliter of �Syn was incubated either alone or in the presence

of 2.76 mg/ml GroELWT or G192Xmutants at 37 °C in Buffer

F. Samples (150 �l) were prepared in triplicate in 96-well plates

(8 � 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.

TEMAnalysis—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 �Syn depicted in Fig. 8. After each fluorescence

assay, representative aliquots (10 �l) 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 �Syn sample in Fig. 8, TEM images were obtained from

2% uranyl acetate-stained samples observed at�27,000magni-

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.
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the GroEL apical domain
Bimlesh Ojha , Naoya Fukui , Kunihiro Ho , , Tomohiro ,  & Yasushi Kawata ,

In E. coli
chaperonin GroEL. An important key to this activity lies in the structure of the apical domain of GroEL 

of various client proteins (α-Synuclein, Aβ
in vitro

modulators and detectors.

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 amyloidosis1–3. More than 20 different types of amyloid form-
ing proteins or peptides have been identified so far, including α -Synuclein, amyloid beta (Aβ ), and superoxide 
dismutase2–5. Recent studies also argue that many proteins not normally associated with disease are capable of 
forming amyloid fibrils under suitable experimental conditions in vitro6,7, and it has been suggested that almost 
all proteins generally have at least one structural segment that is susceptible to aggregation8. In spite of differences 
in the sequences of different amyloid forming proteins, all amyloids share a common structural motif: an ordered 
cross-β -sheet elongated fibrillar structure with a diameter ranging from 5 to 15 nm, formed by multiple layers 
of β -sheet lying in a direction parallel to the fibril axis9,10. 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 fibrils11–14. 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 species14–18. 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 
system19–23, small heat shock proteins such as α B-crystallin24–26, and members of the chaperonin family (TriC)27–30.  
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 organism31–33. 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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Bound molecules are then moved into the central cavity of the GroEL 14-mer34–37, 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 Aβ  peptide38 and α -Synuclein39 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 
domain40.

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 α -Synuclein, Aβ 42 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
We have investigated 

the effect of GroEL-AD on the aggregation of three client proteins (α -Synuclein, Aβ 42 and GroES) using the 
ThT binding assay41. Each client protein has been confirmed to form amyloid fibrils. α -Synuclein has been impli-
cated in the pathogenesis of PD42–45 and Aβ 42 deposits are correlated with the onset of AD46–48. 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-HCl49. Interestingly, intermediate oligomeric forms of GroES that are formed during fibrillogenesis display 
cytotoxicity toward cultured mouse neuron cells50. As shown in Fig. 2a–c, all three clients, α -Synuclein, Aβ 42 
and GroES, formed ThT-detectable molecular species after an initial incubation period ranging from 0~6 hrs. 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 extension51,52. 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 α -Synuclein, 1:1 for Aβ 42 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 α -Synuclein, 1:5 and 1:10 for Aβ 42, 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 (α -Synuclein:GroEL-AD =  1:3,  
Aβ 42: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.

Figure 1. Overall concept of the present study. Left, structure of E. coli GroEL subunit derived from PDB 
1SVT69. The two helical regions (Helix H, residues Leu234-Ala243 in magenta, and Helix I, residues Gly256-
Arg268 in blue70) that form the binding interface for unfolded protein and the co-chaperonin GroES are 
highlighted. Models were drawn using UCSF Chimera71. The isolated apical domain was used to modulate the 
fibrillogenesis of three target peptides (Aβ 42, α -Synuclein, and GroES). All three polypeptides have either been 
implicated in the pathogenesis of various diseases, or displayed cytotoxic tendencies in previous experiments50.
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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 α -Synuclein, 1:20 for Aβ 42 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 

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) α -Synuclein; (b) Aβ 42 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.
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added was set to the molar concentrations used in the green traces shown in Fig. 2 (corresponding to molar ratios 
of 1:1 for α -Synuclein; 1:5 for Aβ 42; 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 Aβ 42, 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 α -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 Aβ  formed in the presence of BSA, where we observed that the fibrils tended 
to be much shorter in length than the fibrils formed by Aβ  alone or Aβ  in the presence of GroEL-AD. The second 
was seen in fibril samples formed by α -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 

Figure 3. AFM images of various fibril-forming client proteins and GroEL-AD samples. Each image is a 
512 ×  512 pixel AFM scan of a given square area of the mica-bound sample. The leftmost 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, α -Synuclein, middle (second) row, Aβ 42, 
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 α -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 μ m.
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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 (α -Synuclein; 
for 0, 3, 8 and 24 hr (Fig. 5a), Aβ 42; for 0, 0.5, 1.5 and 8 hr (Fig. 5b), and GroES; for 0, 6, 10 and 24 hr (Fig. 5c)) 
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 α -Synuclein, 20-fold molar excess for Aβ 42, 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 

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 Aβ 42, block b (center panels) represents experiments performed 
on α -Synuclein, and block c (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 μ M. 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: 
Aβ 42, 1:5; α -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 “Aβ  +  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.
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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 huntingtin53. We note, how-
ever, that in the case of α -Synuclein, GroEL-AD may be interacting additionally to slightly alter the morphology 
of resultant fibrils (Fig. 4, “α Syn +  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 surface54,55. Figure 6a shows representative sensorgrams of interac-
tions between GroEL-AD and various client proteins (concentration of injected soluble protein: 100 ng/μ l). 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 α -Synuclein, the sensorgrams 
more or less displayed an exponential decrease that could be analyzed further (see below). In contrast, the sensor-
grams for Aβ 42 were characterized by an initial rapid change in frequency followed by a pronounced and gradual 
drift in the Δ F signal, which might be reflective of multivalent or non-specific binding. Upon further experimen-
tation, the Δ F values between each session were also rather erratic in experiments involving Aβ 42, compared to 
the other two clients. This observation, taken together with the relatively small molecular size of Aβ 42 and the 
relatively high concentrations of GroEL-AD needed to suppress fibril formation of Aβ 42 (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 Aβ 42, the binding interactions for GroEL-AD:GroES and GroEL-AD: 
α -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-HCl. 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 

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) α -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) Aβ 42 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-HCl. GroEL-AD (4-fold molar excess) was added at 0 (black), 6 (blue),  
10 (green) and 24 (magenta) hours after initiating the experiment.
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frequency change Δ F that could be analyzed to estimate Kd (Fig. 6c). As seen in Fig. 6c, the derived |Δ F| could 
be fitted well to the isothermal adsorption equation to obtain Kd values of (7.0 ±  1.6) ×  10−6 (M). Fitting the raw 
traces in Fig. 6b to a single exponential decay function with drift also revealed the kobs at various [GroEL-AD], 
and these data were also plotted to estimate kon, koff values. It should be noted here that we selected to omit from 
the analysis the kobs 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 kobs were correspondingly inaccurate.

The interactions between GroES and GroEL-AD in the presence of 0.4 M Gdn-HCl were most consistent with 
a specific 1:1 binding mechanism that was essentially irreversible. Initial analysis of the kobs vs [GroEL-AD] plots 
(Fig. 6d) indicated that fitting of the data would result in a negative value estimation for koff, and so the data in 
Fig. 6d were analyzed by setting this value to zero. Estimation of the kon under this restriction resulted in a value 
of kon =  4.1 ×  104 (M−1s−1). Due to this constraint in the data analyses, we were unable to estimate the Kd 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.

Figure 6. Binding interactions between GroEL-AD and various client proteins (α-Synuclein, Aβ42, and 
GroES) assessed by AffinixQNμ 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/μ l. The “Baseline” (red) denotes signal changes detected when buffer containing no protein 
is added to GroEL-AD immobilized sensors. The “α -Syn” (black) and “Aβ 42” (blue) signals were measured by 
adding soluble aliquots of α -Synuclein or Aβ 42, 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-HCl. 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-HCl. The concentration 
of GroEL-AD during each experiment was as follows (from top to bottom); 0 μ M, 0.495 μ M, 1.23 μ M, 2.48 μ M, 
2.97 μ M, 3.71 μ M, 4.95 μ M, 9.90 μ M. Each trace was analyzed using the analysis function of Aqua 2.0 to obtain 
kobs and Δ F values. (c) Plot of the estimated |Δ F| 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 kobs to the concentration of soluble 
[GroEL-AD]. We used only the kobs 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 kobs values. This leads to more errors to be incorporated into the kobs estimates at higher [GroEL-AD] 
concentrations, and subsequently a notable tendency in the linear regression analysis to yield negative values of 
koff (the y-intercept).
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In contrast, the binding reaction of α -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 
α -Synuclein concentration were best fitted to a double exponential decay equation (Fig. 7a), which suggested that 
the binding of α -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 Kd in Fig. 7b. As a result, we estimated the Kd to be (1.23 ±  0.31) ×  10−6 (M). Next, we estimated 
the kon/koff values for this binding reaction using both the faster apparent rate constant (kobs

fast) and the slower 
rate constant (kobs

slow) individually (Fig. 7c,d). Using kobs
fast, the estimated values were kon =  1.20 ×  103 (M−1s−1) 

and koff =  0.25 (s−1) (Fig. 6c). The derived Kd from these two rates equaled Kd =  2.1 ×  10−4 (M). Next, from the 
kobs

slow data we estimated the respective kinetic rate constants to be kon =  9.2 ×  102 (M−1s−1), and koff =  0.017 (s−1) 
(Fig. 7d), for a derived dissociation constant of Kd =  1.8 ×  10−5 (M).

A notable characteristic of α -Synuclein binding to GroEL-AD revealed in these analyses was that the bind-
ing mechanism involved a significant koff 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 
α -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 Aβ 42, 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 stress56–59, 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, 

Figure 7. Analysis of α-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  
α -synuclein. The molar concentration of α -Synuclein used for each sensorgram was as follows from top to bottom: 
1.72 μ M, 3.45 μ M, 6.90 μ M (green trace), 13.8 μ M (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, kobs

fast and 
kobs

slow. The net change in frequency, |Δ F|, was estimated by adding the two derived amplitudes of the analysis.  
(b) Non-linear fitting of |Δ F| 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 Kd values. (c) Linear regression analysis 
of kobs

fast against [α -Synuclein]. (d) Linear regression analysis of kobs
slow against [α -Synuclein]. See main text for 

details and derived Kd values.
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and Hsp40 are possible and lead to effective suppression of amyloids19–21. 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 (α -Synuclein, Aβ 42, 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 Sup35NM60. 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 domain60.

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 
α -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 Aβ 42 (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 α -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 α -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 α -Synuclein, detected through QCM experiments (Fig. 7). Perhaps the 
different modes of GroEL-AD binding to α -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:α -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: Aβ 42) and moderate 
(97 amino acids: GroES, 140 amino acids: α -Synuclein) sized polypeptide clients indiscriminately. Additionally, 
the structures of these clients were also slightly varied, ranging from short polypeptides (Aβ 42), intrinsically 
disordered proteins (α -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, Aβ 42, α -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 (Aβ 42). 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 Aβ 40 fibrillogenesis61,62. 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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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-HCl, pH 7.5 containing 2 mM EDTA, 2 mM 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 cm3) 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 5 mM 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−1cm−1 63 at 280 nm for GroEL-AD.
α -Synuclein was purified as described previously from BLR(DE3) cells containing an overexpressing plasmid64.  

The concentration of α -Synuclein was estimated using a relative absorption coefficient of ε 0.1%
280 =  0.35464.

Synthetic Aβ 42 peptide was purchased from Peptide Institute Inc., Japan. A working solution of 500 μ M Aβ 42 
was prepared by dissolving ~0.42 mg of lyophilized peptide in 200 μ L of 0.02% ammonium solution in a 1.5 mL 
eppendorf tube and kept on ice before use.

GroES was purified as described previously65,66. 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.

The 
aggregation kinetics of α -Synuclein were measured as described previously using ThT67, an environmentally sen-
sitive fluorophore for selective binding of amyloid fibrils41. Briefly, the concentrated α -Synuclein sample solu-
tion was diluted to a final concentration of 1 mg/mL in 25 mM Tris-HCl buffer, pH 7.5, containing 20 μ 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-HCl) and 20 μ M ThT. Gdn-HCl is necessary to partially unfold GroES and promote fibril formation49. 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-HCl49); 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 α -Synuclein.

The monomeric Aβ 42 peptide solution was diluted to a final concentration of 10 μ M with 50 mM phosphate 
buffer, pH 7.4, containing 150 mM NaCl and 20 μ M 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 485 nm) 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-HCl buffer (pH 7.5) for experiments 
using α -Synuclein, or in 50 mM phosphate buffer (pH 7.4) for experiments with Aβ 42 and GroES. Lyophilized 
protein stocks were dissolved in their respective buffers and a designated concentration of GroEL-AD was added 
to α -Synuclein (1 mg/mL) in 25 mM Tris-HCl buffer (pH 7.5), containing 150 mM NaCl and 20 μ M ThT, Aβ 42 
(10 μ M) in 50 mM phosphate buffer (pH 7.4), containing 150 mM NaCl and 20 μ M ThT, and GroES (1 mg/mL) 
solution in 50 mM phosphate buffer (pH 7.4), containing 0.4 M Gdn-HCl and 20 μ M ThT. Each solution was then 
mixed briefly for 5 sec and pipetted into microplates (150 μ L/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 (α -Synuclein after 40 hr, Aβ 42 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 μ L of water 
and dried overnight at room temperature prior to imaging.
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Reaction mixtures 
of Aβ 42, α -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: Aβ 42, 
1:5; α -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 5 μ l Milli-Q water was added to rinse the surface. 
Immediately after blotting off the water rinse, 5 μ l of EM-Stainer solution (a gadolinium triacetate based electron 
microscopy stain, Nisshin-EM, Tokyo68) was applied for 1 min, after which the carbon grid was again rinsed with 
5 μ l 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-HCl, 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-HCl were first diluted tenfold with 50 mM phosphate 
buffer (pH 7.4), centrifuged at 15,000×  g for 10 min at 4 °C, and the precipitate was resuspended in 30 μ l phos-
phate buffer for use in the above preparations.

The binding interactions between 
GroEL-AD and fibril forming client proteins were directly monitored by quartz crystal microbalance (QCM) 
binding analysis using a Ulvac AffinixQNμ  device equipped with a 27 MHz AT-cut gold coated QCM54 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 
(H2SO4:H2O2 =  3:1) for 5 min, and a final thorough wash with double-distilled water. In binding experiments 
involving α -Synuclein and Aβ 42, GroEL-AD (100 ng/μ L) 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-HCl, pH 7.5, containing 2 mM EDTA and 2 mM DTT). After stabilization of the basal quartz oscil-
lation, a 5 μ l aliquot of guest protein solution (α -Synuclein or Aβ 42) 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-HCl 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-HCl.

For each experiment, interactions were detected by the frequency changes (oscillation unit, OU: -Δ F in Hz) 
caused by changes in mass bound to the electrode surface at the sub-nanogram level, attributed to specific ligand 
protein binding55. 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 (kobs) and the net change in oscillation fre-
quency (Δ F), or alternatively, fitted to a double exponential decay equation to obtain Δ F and two apparent rate 
constants, fast (kobs

fast) and slow (kobs
slow). Estimation of the dissociation constant (Kd) between GroEL-AD and 

each client were estimated using two different methods; in the kinetic estimation method, the rates of ligand bind-
ing (kon) and ligand dissociation (koff) were estimated from linear regression analysis of the kobs against [Client], 
according to the following equation:

= +k k k [Client]obs off on

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

Δ =
+

B Client
K Client

F [ ]
[ ]

max

d

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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