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GroEL GroEL
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GroEL 2
Two stroke engine Weissman et al., 1995; Rye et al.,
1999
GroEL
GroEL
GroEL 1

GroES

Taguchi et al., 2001 Ueno et al., 2004
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315
GFP Stringent Substrate Protein
MDH acceptor  GroEL E315C donor
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GFP MDH FRET donor
60% FRET GroES  ATP 0.5
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2
1
2-1)
GroEL GroES cDNA
GroEL GroES FPLC Amarsham Biotech, AKTA
Explorel0S GroEL

2-1-1) GroEL GroES

GroEL GroES
BL21(DE3)
GroEL GroES cDNA

pET21c T7
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cDNA

(DNA )

© N o o s w NP

TE buffer 10 mM Tris-HCI(pH 7.8), 1ImM EDTA

[BL21(DE3)] 50y |
DNA(100pg/ul) 1y | LB 100
SOC or LB

competent cell 50y |
DNA(plasmid) 1p |
Onice for20 30 min
Heat shock for 45 sec at 42

On ice for 2 min

SOC (or LB) 100up I 2 30~60 37
LB 37
6 LB 150y |
37
xXYT
2xYT L 2.5L
Tripton 169 409
Yeast Extract 10g 25¢
NacCl 5g 12.5g
NaOH 1 500ml pH 7.2
L or25L

15
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1
37
50 ml 100 mg/miAmpicillin -~ 30u |
30 ml LB
single colony
205 rpm MAX 3 4
LB 50u g/ml
ODGOO ODGOO
0.3 0.5
ODs¢0o
. ODggp 0.6 0.7 IPTG 3
MIPTG  1/1000 1mM IPTG
0.2y m -30

for 10 min at4 , 6000 rpm
50ml for 10 min

at4 , 6000 rpm
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2
Butyl
® Tris buffer 100ml
Tris-HCI(pH8.0) 1M
EDTA 0.5M
PMSF( ) 0.1M
DTT M
100ml
Low lon buffer 2L
Tris-HCI(pH8.0) 1M
EDTA 0.5M
DTT 154Da
2L
High lon buffer 20 buffer
GroEL
Low lon buffer 0.75L
85.5¢g
C buffer 20 20
Low lon buffer 400mL
579
100ml
buffer 0.22u m

Final
2.5ml 25 mM
200p | 1mM
Iml 1 mM
100p | 1mM
Final
40ml 20 mM
4ml 1mM
308mg 1mM
GroES
Low lon buffer 1L
114g
GroES

17
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a bk~ L Dh P

© N o o &

Butyl
Tosoh  Butyl Toyopearl 650M 07477
Tosoh  SP Toyoperl 650M 07997
Sepharose CL4B 17-0150-01
AKTA
AKTA
AKTA
AKTA Al1,B1 A2B2 ml
Column Position “ Position 2"
“Al1” High lon buffer 3ml/min
“ Pause” Butyl
“ Continue” Butyl High lon buffer  150mI(5CV)
1] End”
AKTA
Tris buffer  40ml
20~30
for 40min at4 , 40000rpm
20% 100p |
70ml 8.0g
50ml at 9000 rpm for 10 min
150ml High lon buffer
AKTA
GroEL GroES 17.
Injection Valve  "Inject” Column Position "Position 2" Outlet Valve "F3”

wash

F3

18
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9. “All” High lon buffer Flow Rate
3ml/min
"Pause”
10. Injection Valve "Road” "All” C buffer 20 20
Continue 150ml 5CV Wash
11. "End” "A11” "High lon buffer”  "B1” "Low
lon buffer”
12. “ Run” "TosohButylGroEL”
13. OK
"Start”
14. 280nm 13%SDS
10 250 kDa, BioRad, code#161-0373  Sonic Fraction
pure 10p | 2x Loading buffer* 10p |
15. 3 20u |
GroEL 65 4
16.
(GroES 6. )

17. “ Run” "TosohButylGroES”
18. Sample Injection

19. Fraction Collector

20. 280nm 13%SDS
Sonic Fraction pure 10p | 2x Loading
buffer 10u |
21. 3 100y |
GroES 65 4
22.

® 2x Loading buffer*

0.5 M Tris-HCI(pH6.8) 2 mi
10% SDS 4 ml
B - 1.2ml
2ml
1% BPB
0.8 ml

19
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3
Butyl GroEL  GroES
GroEL GroES
GroEL
® Tris buffer(20% ) 1 5L
Final
Tris-HCI(pH8.0) 1M 100ml 20 mM
Na,SO4( 142Da) 719 100 mM
100% 1L 20%
5L

1. Tris buffer(20% ) "All”
2. buffer
3. OverNight 3.5ml/min 12 2.5L
4, 4 65 for 20min at4 , 9000rpm
5. Tris buffer(20% )
6. for 10min at4 , 9000rpm
7. Butyl
8. Run
9. 280nm GroEL Fraction SDS

( ) Fraction pure EL  10p | 2

x Loading buffer 10 |
10. SDS 5 1 30ml

20
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20 mM Tris-HCI buffer

11. HKM buffer120mi+ 64.5¢9 30ml
4 buffer

GroES

® A buffer[20 mM Citrate buffer(pH4.5),0.1 mM DTT] 10L

< 57.59/250ml =1M>
1 L
A buffer L
1M buffer pH3.8 100ml
IMDTT (  77mg ) 500y |
~KOH pH 45 5L 3.3g
- 1L AKTA oL

® B buffer[A buffer + 1M NacCl] 200ml
A buffer 200ml
NaCl( ) 11.69

1 65 for 30min at4 , 7000rpm

2 A buffer  100ml

3. 15cm

4 A buffer

5. A buffer 2 times for 2hours in 4.5L buffer over night

6. 0.45p m pH
7. Butyl SP A buffer

AKTA

4.5

65

21
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8. Sample Injection
9. 280nm GroES Fraction SDS
( ) Fraction pure ES
10p | 2x Loading buffer 10y |
10. Fraction Tris buffer pH8.0 pH 7
10 Tris buffer pH7.0

11. 65 4

Butyl TSK
1. 1M NaOH 80ml

Tosoh 0.5M KCI
2. 80ml
3. 70% EtOH 80ml
4. SW 60ml
( )
5. 20% EtOH 60ml
1. 2M NacCl 40ml
2. 100ml
3. 2M NacCl 40ml
( )
20% EtOH 60ml
Tris buffer(20% ) 15L
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2-1-2)
GroEL GroES 1
2-1a GroEL
GroES  GroEL
GroEL
GroES GroEL
GroES
biotin BSA  streptavidin biotin GroEL
2-1a GroEL BSA
A2058-1G, Sigma streptavidin  S-888, Molecular Probe
GroEL
BSA streptavidin
GroES GroEL
biotin GroEL 490
D490C EL490
490 GroEL biotin
streptavidin GroEL
490 equatorial X
ATP  GroES GroEL
Xu et al, 1997; Xu and Sigler, 1998
GroEL 1.3 IC5 biotin HKM buffer 25

23
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M HEPES-KOH(pH7.4), 5 mM MgClz, 100 mM KCI 1.5
Nap5;
IC5 bitoin EL490-IC5-biotin
IC5-EL490
<
GroEL Abs280 = 130,480 Mt em?
GroES Abs280 = 9,860 Mt em?
IC5 Abs645 = 178,000 Mt em?
Cy3  Abs550 = 150,000 Mt em?

24
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2-2) GroEL
Matsunami
1
2-1b GroEL
IC5-,Bio-EL490
1. 504 m 2
2. 15u biotin BSA 3mg ml
3. HKM buffer 25 M HEPES-KOH(pH7.4), 5 mM MgCl,, 100 mM KCI 15
H 15u
biotin BSA
4, streptavidin 0.33 mg mi biotin BSA buffer
streptavidin
biotin GroEL 0.05 1nM streptavidin
buffer streptavidin GroEL
biotin BSA streptavidin GroEL 2-1la
7. 10 mM DTT, 25 mM glucose, 10 nM catalase Sigma , 2.5u M Gulcose

oxidase Sigma

25
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2-3) 1
Olympus IX70
Funatsu et al, 1995
IC5 Cy5
GFP 633 nm He-Ne NEC, GLG5240 532 nm
uniphase , y Green 4061 ,
58GCS 473 nm , HK5510
, MLO250A 690DF55 605DF80
530DF60 Cy3 Rejection Band Filter : 532RB
A4
150 nm Axelrod, D. 1989;
2-1 a 100 PlanApo, N.A. 1.4,
Olympus
Image Intensifier VS4-1845, VideoScope SIT
CT2400-08,
2 1. CT-3000A, CYBERTEC , 2.VG5, Scion
S-VHS
MVTec GmbH
1 Caged
ATP 2 2-2a
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0.4
1
nd=1.516, Olympus 1/4
5 10
100
SIT Image Intensifier
S-VHS
DV

2-2b

0.5 mm
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3

3-1)

Roche

GroEL GroES 1
1 GroEL  GrokES
GroEL
IC5 biiotin EL490 GroEL
Rhodanese Sigma Malate dehydrogenase MDH,;

3-1 GroEL 14

490 EL490 14

EL490 IC5-maleimide Dojindo biotin-PEAC —maleimide Dojindo

/ GroEL  x 100%

100%

80 120

biotin

EL490 IC5 Dbiotin

GroEL IC5-maleimide

490
GroES Cy3-NHS
GroEL IC5
50 130 GroES Cy3 [/ GroES x

streptavidin Alkaliphosphatase
EL490 biotin

EL490 GroES
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3-2) IC5-GroEL

GroEL
IC5 GroEL EL490/398
162% biotin BSA  streptavidin
2-1a streptavidin GroEL GroEL

GroEL  streptavidin

IC5-GroEL
3-2a
IC5
3-2b
IC5-GroEL
IC5 /GroEL x 100% GroEL IC5
IC5
GroEL 490
1 14 IC5
GroEL Qx 100 (%) 14
IC5 Q/14
IC5 (14-Q) / 14 1 GroEL
14 N IC5
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(14 N) IC5 P(N)
PN) = 14Chx (Q/14) 'x (14 Q/14)" "
IC5 3 GroEL GroEL p(3)
x 100 (%) IC5 GroEL
(14-Q / 14)"*x 100 (%) 100 (%) GroEL
EL490  35.4 (%)
162%
3-2b
110
3-2b 2 GroEL 14
GroEL 18%

GroEL

GroEL
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3-3) GroES

GroEL GroES

GroEL
GroEL GroES 1
3-3-1) GroES 1
GroEL 4~10 nM Cy3-GroES 2 mM ATP
[75pu M a -Lactalbumin ( o LA; Sigma )] [10 mM
DTT, 25 mM glucose, 2.5y M glucose oxidase, 10 nM catalase] HKM buffer

[100 mM KCI, 5 mM MgCl,, 25 mM HEPES (pH 7.4)] 15 |

5 GroEL a LA
14,200 a LA Native 4 S-S

ca** S-S

Hayer-Hartl et al., 1994; Robinson et al., 1994
Ca o LA apo-a LA o LA GroEL
Okazaki et al., 1994
He-Ne 633 nm IC5-EL490

He-Ne 532 nm
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5 Cy3-GroES
2 5 10
IC5-EL490
Cy3-GroES 3-4
Cy3-GroES GroEL
ATP
ATP
GroES  GroEL
EL490
GrokES Cy3-GroES IC5
EL490
Cy3-GroES 3-3 GroEL
10 pixels 2y m Cy3-GroES
5
3-4 GroEL 83% GroEL Cy3-GroES
IC5-GroEL GroEL
Cy3-GroES 3-4 GroEL1
IC5 GroES Cy3
GroEL Cy3-GroES
GroEL Cy3-GroES
Cy3 35
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GroEL
1 GroES
3-4 GroES GroES
"off-time”  GroES

"on-time” 3-6 3-7

IC5-GroEL 10pixels
Cy3-GroES
IC5-GroEL back ground

Cy3-GroES
"on-time” "on-time”
"on-time”

3-7 “off-time” IC5-GroEL  back
ground 2 "on-time”
Cy3-GroES 3-8 a

Cy3-GroES 3-8b off-time”

3-7
3-3-2)
"off-time” Fitting
3-6 Cy3-GroES  EL490 1
3-1
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[EL] + [ES] - [EL-ES] 3-1
k
Fitting Cy3-GroES Kon 2.6
x 10’ Ms? Cy3-GroES  GroEL Cy3
20% GroEL
GroES 10 nM GroEL(D398A), 10 nM Cy3-GroES, 75
M o LA, 5 mM DTT ATP 0.6 mM
Cy3 3-6, inset
3.9x 10’ M's™ 1 "off-time”
EL490 GroES
GroEL
"off-time” "on-time”
4 3-7
"on-time" GroES  GroEL
GrokES
2 GroEL 3-2  “on-time”
Fitting
[EL-ES]1 - [EL-ES], - [EL]+ [ES] 3-2
k K’
GroEL t

36
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GroES y
y = C { - exp(- kt) + exp(- K’ t)} 3-3
C 3-3 Fitting
k=0.34s' k=0.18s" 3.0 5.6
"on-time” 2 GroEL-GroES
3-3 2
k, k' k K
7 GroES
1 10 nM GroES
Zondlo et al., 1995 6 nM Cy3-GroES
136 nM GroES 142 nM GroES

1y M GroES-monomer
2

=0.27s*

HKM buffer

HKM buffer 2

/ min

20

"on-time”
Fitting k=0.36s" Kk
Cy3-GroES 3-9a
GroES
TSK-G300SWxL HPLC
3 nM Cy3-GroES 100 p | 0.5 ml
17 20 Cy3
1 GroeES 7
3-9b
GroES
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ATP 8
1 1-2b
3-4
[EL-ES] R [EL] + [ES]
0.12 s
cis-ATP complex
8 GroEL-GroES
1995, Rye et al. 1999 on-time
off-time 8
1 3-4

3-4

cis-ATP complex
Weissman et al.,

3-6
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3-4)
1 2
a Lactalbumin
3 GroES 3
GroES Pepsin Sigma
34,500 pH3
2 Random
Peptide [RP3-42] 15,000
139
2 RP3-42
GroEL ATP
Aoki et al., 2000 3 Porcine heart Malate Dehydrogenase
MDH Roche 33,000

GroEL GroES
1 6.4M 30
30 IC5-EL490
10 nM Cy3-GroES 2 mM ATP
GroEL

GroEL 75
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b M Pepsin 50y M random peptide 5y M MDH
rLA
3-7 "on-time” 2
4
3-10 GroEL-GroES

GroES

3-3 3-5

y = Ckk’ [exp(=kt) — exp(=K't )] / (K — k)

Pepsin Random peptide MDH "on-time”

k=0.32,028,0.26 s* k'=0.24,0.23, 0.23 s*

k K
GroES
1
8 15 3
Burston et al., 1995; Rye et al., 1999
GroES
3-10, None
2
GrokES

glucose oxidase catalase

Fitting

3-5

"on-time”

25

GroES
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BSA  streptavidin

GroEL

GroES
GroES

3-9, None(+EL265)
et al., 1999 GroEL

GroEL

N265A EL265
EL265

Cy3-GroES

Rye

ATP
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3-5) ATP
GroES "on-time" ATP 200 M 50p M
2mMATP GroEL  GroES
750 M rLA "on-time" GroES
” ? 2 3-5  Fitting
3-11 200 M 50y M 2 mM ATP

k=0.33 0.33 0.34s?! k=0.086 0.18 0.18s™*

S50y M 2 mM ATP 3.0 5.6 2
GroES 20u M ATP 3.0 11.6 2
GroES 20u M ATP ATP
GroES
ATP GroES
GroEL ATP 1-2
b 200 M ATP 3 3
GroEL ATP 2
3-5  Fitting 3 2
3-3-2) 33 k K 2
3 5 20
H M ATP 2 3.0 11.6
3.0 1 5.6 2
GroEL ATP 6 3 3-6
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20 M ATP 3
[EL-ES]; — [EL-ES], — [EL-ES]s — [EL]+[ES] 3-6
3.0 5.6 6

ATP

S50y MATP  2mMATP

S0y M ATP GroEL ATP
ATP mM
GroEL 3-6 3.0 5.6
GroES
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3-6) ADP ADP-Pi
ATP GroEL-GroES-ADP cis -ADP complex
ATP 1 GroES
1-2 b GroEL
ATP GroES Rye et al.,
1999 cis -ADP complex

1.4p M IC5-EL490 2.8y M Cy3-GroES 2 mM ADP

10 GroEL-GroES-ADP
streptavidin 1 mM Caged ATP 75u M LA
Caged ATP Cage ATP 2-3
1 300p m
ATP
IC5-GroEL Cy3-GroES
10 Caged ATP ATP Cy3-GroES
1 3-12
13 40
Rye et al.,
1999 Caged ATP Cy3-GroES
Cy3 200 3-12
ADP ATP 1
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GroEL-GroES-ADP-Pi

cis -ADP complex ATP 1 3-12
cis-ATP complex GroEL-GroES-ATP ATP
Rye et al., 1999 ATP
GroEL-GroES-ADP-Pi ATP
Pi AlF;
NaVvO3 BeF
GroEL-GroES-ADP-Pi GroES

GroEL ATP Pi

Pi GroEL-GroES-ADP-Pi

250 MIC5-EL490 500 nM Cy3-GroES 75y M a LA 2 mMATP Pi

or none 10 GroEL-GroES-ADP-Pi

3 Pi 5 mM NaF

+ 1 mM AICl;3 1 mM NaVOs; 5 mM NaF +
1 mM BeCl, 1000

1 mM Caged ATP 75y M LA

1 IC5-EL490
Cy3-GroES GroEL 81 35
52
ATP Pi Cy3-GroES
Cy3 ATP 3-13
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10
ATP 1 ATP
GroEL-GroES-ADP Pi
GroEL-GroES-ADP ATP 1
3-12
Pi 250 nM IC5-EL490 500 nM Cy3-GroES
750 M a LA 2mMATP 10 1000
IC5-EL490 10 Cy3-GroES
ATP 70 Cy3-GroES
GroEL-GroES-ADP
GroEL-GroES-ADP-Pi ATP
ATP Pi
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3-1 GroEL
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GroEL D490C
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b. GroEL MDH 0.1y M MDH 0.2
g M GroEL 0.4y M GroES 2mM ATP 30
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Intensity (a.u.)

140

130

120

110
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90

80
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80 g
sor—f 1k
o
-Q i
e 40 F 0l T &5
>
b
| | | | | 0 —-] EL:.’
0 5 10 15 20 25 30 0 1 2 3 4 5
Time (s) Number of IC5
bound to a GroEL
3-2 GroEL
a. IC5 490
GroEL D490C/D398A, IC5 162
IC5 biotin streptavidin
3
b. IC5-GroEL
GroEL1 IC5
IC5 /GroEL x 100%
GroEL1 IC5
3-2 162% 110%
3
1
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3-3

3-4

GroEL

GroES 80s,

GroEL GroES 1

IC5-EL490
Cy3-GroES
Cy3-GroES
EL490 Cy3-GroES
2
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On i

Cin

3 350
8
=
w
& 250
=
8
g 150
W
2
o
|
iL 50
0

3-4 Cy3-GroES

3-3

“on-time”

GroEL

“off-time”

80 120
Time (s)

160

Cy3-GroES

200
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200

150
O
@)
e 100
-]
Z
50
o)
o) 1 2 3
Number of Cy3
bound to a GroES
3-5 GroES Cy3
3-4 Cy3-GroES  GroEL
GroES Cy3
3-2
82% Cy3
GroES

GroES1 Cy3
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Number of events

10
— 200
= Bulk phase
60 = N -
: I
50 S 175 w&r ]
]
u
i k]
40 : ,U kon = 3.9 X107 M5
1 Enﬂ 5 1 :II '1Ir 2::' 25
30 FHIM Time (s) ]
20 F .
7 kon=2.6 x10' M5
10 | ' n=514
U -, r I I : — — -
0 10 20 30 40 50 B0
Off-time (s)
3-6 off-time
3-4 off-time
GroES 3-8
y = Cexp(-kt)  Fitting k=0.059s™ Cy3
1 GroES 2.3nM
kon
kon = 0.059 s*/2.3nM =2.6x 10’ M's*
inset. GroEL  Cy3-GroES
GroES GroEL
1/50 D398A  GroEL
Fitting 3.9x 10’ M'st
2
Rye etal., 1999 545nm Cy3 563 nm
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Number of events

120
= 882

100 !

80

60

40

20

0

0 5 10 15 20 25 30

On-time (s)

3-7 on-time

3-4 on-time

4 2
Fitting IC5-GroEL back
ground on-time

3-7 Back ground

Cy3-GroES on-time 2 3-8 a;
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100
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T T
on-time =0~1s T
on-time =5~6s

_ 200
& 3
80 o % 180 |
-3
60 § % % 160
0&% 5
S = [
20 o 2
3 O 120}
012 3 4586 7
on-time (s)
3-8 GroES off-time
a. on-time 3-7
GroEL GroES back ground
0~1 GroES 4/5
1~2 2/3 2~3 1/4 3~4
1/20 GroES
b. Cy3-GroES 3-4
GroEL Cy3-GroES
0~1 GroES
GroES 4
3-8a
0~1 4 1
19 GroEL
3-6  off-time

1 1 1 1
100 150 200 250 300

50
Time (s)
GroES
GroES
GroES
1/10 4-5 1/10 5-6
GroES
2 5~6
on-time
5~6 1
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.Tn : 1 1 : 1

Q

Number of events

0 0 9 10 16 20 25 20
on-time (s)
b GroES TEE
- Gal filtration HPLG
= [TER-GEI0EWEL)
-
_E,: 3 uM GroES +
i Anh Cy3-GroES
g
E 3 nbd Cy3-GroES
o s 1 18 2 24 3
¥R (53)
3-9 GroES
a. GroES “on-time” 6nM Cy3-GroES
136nM GroES( ) Cy3-GroES
“on-time”
4 nM GroES
b. GroES 3 nM
Cy3-GroES 7
34 M GroES
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GroES Retained (%)

100 fua
k(sh) k'(s)
"s o rLA 034 0.18
80 0 A Pepsin 032 024
. 0 RP342 028 023
"o v dMDH 026 023
60 .
hx ]
A . e,
40 **4., None(+EL265)
_i I---l.,.--
._I -...‘.'
20 g5 None
ek
2 P
0 e g 5 A e AT
{]5101520253035{]
Time (s)
¥ N(on-time)
GroES Retained (%) = 100 x ———
= Nfon-time)
G- =
3-10 4 GroES
3-7 3-10
0 GroES GroES
GroEL-GroES
GroES EL265
GroES
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I ] | ]
100 =g -
Yo
—— ] o i
X gol Eﬂ. ATP  k(s) k')
;., o “. ® 20puM 0.33 0.086
@ 8\ o SpM 033 018
£ 60 s . o 2mM 034 018 .
4N Y .
+— -
D & .
X 40+ BN .
7)) B Ty
LL] 5 “5
o 20+ EE I--'I' .
- E'ﬂ L™ -
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(_I:' ﬂ ﬂlﬁnuﬁnﬂﬂ “..'--.-.-
0 ! L LLLE LR
0 5 10 15 20 25 30 35 40
Time (s)
3-11 GroES ATP
ATP2mM, 50y M, 20p M Cy3-GroES “on-time”
2 3-5  Fitting 2
50u M, 2mM ATP 200 M
ATP Kk’ ATP
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GroES Retained (%)

120
100 eeesse
..000.0000000000..0000'00
000000,
80
- caged ATP  k=0.0073"
60
40
O k=1.4s"(87%)
o, tcaged ATP o5 ot 1am)
20 OOOOOOQO
oOOOOooOOOOooOOOOOOOOOOOOOOO
0
; 5 10 15 0
Time (s)
3-12 GroEL-GroES-ADP
GroEL GroES ADP .
ATP
ADP 1 s
Caged ATP 140

40
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100

k =0.0062 s™

80 .....O............................. (Y

60 k=3.7s" \
0.0078 s

40 . k=0.78s"
0.0068 5!

20 Pi

GroES Retained (%)

k=0.45s"
0.0041s™

0 5 10 15 20 25 30
Time (s)

3-13 GroEL-GroES-ADP-Pi
ATP

GroES 0 caged ATP ATP

GroES
11 1
15%
Pi 70

2 Fitting
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4 GroEL GroES GFP
4-1)
3 GroEL GroES 1
GroEL
GFP
GFP 1 GFP B
S65T 39,200 Mt cm™?

Makino et al., 1997
GroEL ATP GroES

1 GroEL

GFP

GFP

0.8

GFP

GFP

GFP

GFP1

GroES
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4-2) GroEL (D398A)
GroEL
8 GroES
GFP
GFP
D398A
50 30

GroES

GFP1

GroES

4-2-1) GroEL(D398A)-GroES

D398A GroES
Cy3-GroES
D490C

IC5 biotin

30
GroEL
GroEL
ATP
3-6)
GroEL D398A
EL398/490 490

IC5-EL398/490

streptavidin

4 nM Cy3-GroES 1 mM Caged ATP 75y MrLA

ATP
Cy3-GroES
4-1
90

Caged ATP

IC5-EL398/490
230
Cy3-GroES
GrokES

IC5-EL490

Cy3-

GroES

Fitting
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Cy3-GroES 2mMATP 8
GroES
IC5-EL398/490 ATP  GroES 230
4-2-2) GFP 1
54y M GFP S65T 0.1N HCI 23 2
GFP 400 nM IC5-EL398/490 HKM buffer 2u M
5 500

biotin BSA streptavidin

1p M GroES nonlabel 1 mM Caged ATP 75y M LA

ATP ATP  GroEL GroES
GroEL GFP  GroEL
4-2

IC5-GroEL GFP

ATP

IC5-GroEL 30% GFP

4-3 GroES GFP
GFP  GroEL-GroES cis

1
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GroEL-GFP GroES GroES

3x 10' M1ts?

1[u M] x 3x 10" [M1s?] = 30[sY

ATP 0.1 GroEL-GFP GroES
GFP
GroES GFP
4-4 a GFP
GroES GFP 2
4-1
[denatured GFP*] - [denatured GFP] - [native GFP] 4-1
k K’
4-1 3-3 Fitting
k=0.31s* k=0.034s" k'=0.034s™
GroEL GFP
Makino et al., 1997; 4-4 GroEL  GroES 3
GFP 30
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4-3) GroEL GFP1
EL398/490 GroEL GFP 2
T=3 GFP
EL398/490 ATP
3
EL490 GFP 1
4-3-1) Apyrase GroES
EL490 GFP GroES
GrokES 25
units/ml Apyrase ATP
ATP GroEL ATP GroES
1-2 GroES
IC5-EL490 1y M Cy3-GroES 1 mM Caged
ATP 25 units/ml Apyrase
1y M Cy3-GroES 1
Cy3-GroES  GroEL
Caged ATP ATP Cy3-GroES  GroEL

GroES

0.1 EL398/490
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t EL490 GroES y GrokES 2
Fitting 4-2
y = 0.27exp(- 0.069 t) + 0.73 exp(- 0.0033 t)} 4-2
4-3-2) EL490 GFP 4-2
GroES 4-2
GFP GroEL-GrokES
GFP
4-3-2) GFP 1
4-2-2) EL490 GFP EL490-GFP

11y M GroES nonlabel 1 mM
Caged ATP 25 units/ml Apyrase

IC5-EL490 GFP

IC5-EL490 25 GFP
Apyrase
Apyrase GFP EL398/490
EL398/490
4-4 b EL490 GroES
GFP
3-4-1) GroES 4-2
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4-4 b, inset 3-5  Fitting
k=0.34s? k=0.029s* GFP

GroEL EL398/490 3 30 2

66



2004

4-4) GFP

GFP

GroEL GFP

Makino etal., 1997 1

40y M GFP S65T

150 nM EL490 1.5y M GroES

5 mM DTT 400 15 EL490-GFP
ATP 0.45 mM
GFP
4-5 a ATP GFP
4-5b 4-4, inset
2 Fitting k=0.35s" k'=0.038
S-l
GroEL D398A EL398
Single Ring GroEL SR1 GFP
GroES
GFP  GroEL-GroES Weissman et al, 1995
GFP 2
k=0.35,0.30s™ k’=0.040,0.037 s
4-5 ¢

GroEL GroES

GFP
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GFP
4-5 b GroEL

30 GroEL

GroES
GFP
GroEL GroES GFP
GroES
3
GroES
GroES 3
GroEL
4-6

GFP

GFP

GFP

k=0.032s" Fitting

3 GFP

GFP GroEL-GroES

3 GroEL

GroEL
GFP  GroEL
cis-ATP complex

GroES

cis-ATP* complex
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GroES Retained (%)

120 | ‘
EL398/490 (n=209)
100 78-6-s k=0.0043s* |
80 B ) - ® o o o |
Photobleaching of Cy3 (n=246)
60 | ;! k=0.011s" -
40 | ) \ -
EL490 (n=238) ™.
201 k=0.665" T |
0.16s* =2
0 | | |
0 5 10 15 20
Time (s)
4-1 Caged ATP Cy3-GroES
EL398/490 Cy3-GroES 230
Cy3-GroES 90
Cy3-GroES  EL398 Cy3
3-5 Fitting k=0.66s" k'=0.16
2mM ATP k=0.34s? k=
0.18 s? ATP
ATP
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GroES
Biotinylated
<0.1s BSA
-~ Streptavidin
ATPO
/‘f ICS  Immobilized
caged‘% EL490/398
ATP UV Flush
denatured i
GFP @ GFP refolding
© @
4-2 GFP

GFP  EL398/490

ATP GroEL 0.1

GFP  GroEL

GroES

70



2004

GroEL

2\ v Flash 1‘W
10} 1

GFP Fluorescence (a.u.)
- - D--
/! g{ 3

GFP

4-3 EL398/490 GFP
IC5- EL398/490 GroEL
GFP GFP GroEL
GroEL GFP
GFP 10
GFP
GroEL GFP
Sy m
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4-4 GFP

GFP

a. IC5-EL398/490

3-12

inset

GFP

GFP

b. IC5-EL490

GroES

Inset

4-4 a

K =

k=0.34s"

Fitting

3-5

0.029 s*

72




GFP fluorescence (a.u.)
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a denatured
GEP ATP
GroEL-mediated | GroEL . ! >
folding GroES 0 rmin
— 450
=
=
3
g 300
g 150
|
o
™
'::' ﬂ -
: ;
s )
ATP T“TiE {5} AT
4-5 GFP
a. GroEL GFP GroEL GroES
GFP GroEL-GFP 15
475 nm 515 nm ATP
b. c. GFP GFP
GFP k =0032s? 1
Spontaneous EL490 GFP
k=0.35s? k'=0.038s* 2
Fitting EL398 SR1 GFP
2 Fitting k=0.35,0.30s*

k' = 0.040, 0.037 s*
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| |
GFF  GroES A‘ <1s "‘\lr;.{:ﬁ
s L Y | ey
- o ‘ Tl =

GroEL  2~3 =107 M-1s1 - an
cﬁ ATP* cis ATP- cis ADP-
-nnmplu:_ complex fUIHFlEK

4-6
3 5 2 GroEL
GroEL ATP GroES
cis-ATP*-complex GFP
3 GFP  GroEL Cis-ATP complex
D398A 3 GFP  GroEL
ATP cis-ATP complex
ATP cis ADP-complex
ATP

GroES GFP ADP
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5
5-1)
1
3 5 2
GFP  GroES 3

GroES
cis-ATP* complex

GroES

GroEL

GroES

GroEL

GroEL

3 GFP

GFP
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5-2) k
3 GroES 3
GFP 30 Native
Pepsin
3-4) GroES ’on-time” 2
4 k=0.26 0.34s™ k'=0.18
0.24 s*
2
3-3) "on-time”
2 5-1 18 23 28

k=0.19 0.33 0.44s! k=0.86 0.14 0.21s*

4 GFP 3

EL398/490 EL490 GFP 1
3-5  Fitting 18
23 28 k k=0.14 0.31
0.51s® EL398/490; 5-2a k=0.17 0.34 0.50s* EL490 GroES
"on-time” k 5-2b

EL398 GFP k =

0.20 0.27 0.44s* 5-2b
GroES GFP

cis-ATP* complex  GroEL
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Normalized frequency of GrokS (%)

On-time (s)

5-1 18 23 28 GroES "on-time”

75u M Pepsin

100%
18 23 28

0.33 044s? k=086 0.14 0.21s*

"on-time"

3-3  Fitting

k = 0.19
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6 GroEL
6-1)
GroEL 2
GFP
GFP
GFP
GroEL GFP
Malate Dehydrogenase MDH
GroEL GroES ATP GroEL
Peralta et al., 1994; Chen
et al., 2001 GroEL
GFP MDH GroEL
GroEL-GroES GFP MDH

3 GFP

GFP MDH 3
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6-2) FRET

nm

FRET FRET nm
Zhuang et al., 2000 & 2002; Schuler et
al., 2002; Lipman et al., 2003

FRET E 6-1 Wu and Brand, 1994

E=1- l:D( + acceptor) / I:D( - acceptor) 6-1

F

D( + acceptor) :

F

D( - acceptor) :

E =05 Ro FRET
E R

E=Ry /(RS +R® 6-2

Ro°=8.785x 10" k %@ ,n*J [ © 6-3

J=[ € A )FgA N *dA /[ FyA )dA  [M'em™ nm?]
K

¢ p : Donor
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N E A Acceptor Mt em™]
Fo(A ) : A Donor
Cy3 IC5
6-3 BodipyFL
IC5 6-1a J 5.9 x 10"
BodipyFL @, 1 n=133 k?=2/3
R, =4.7nm Cy3 IC5
Cy3 ¢, 0.15 R,=4.9 nm
R, FRET
6-1b GroEL 4
nm GroEL
5nm Cy3-IC5 BodipyFL-IC5
FRET
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6-3)

Rye

EL315

98C

GroES

1.4 IC5

FL-MDH

FL-MDH

GroEL

EL315 apical domain
6-2 2 2-1-1)
IC5-maleimide

IC5-EL315 IC5-EL315
ATP GroEL

GFP S65T Cy3-NHS MDH
Cy3-GFP 36% BodipyFL-MDH

Cy3 BodipyFL

315

FRET

Rye et al., 1999

EL315

GroES

GroEL

EL315

GFP

BodipyFL-SE

25%;

Cy3-GFP
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6-4) FRET

FRET
FP-6500, JASCO, Japan 2

RX2000, Applied Photo Physics, UK

0.07 Cy3 540
nm 565 575nm BodipyFL
475 nm 507.5 512.5nm
6-1 a
6-4-1) GroEL GFP
8.3y M Cy3-GFP  0.1N HCI 3 100 nM IC5-EL315
5 mM DTT 50 nM 5
34 M GroES
2mMATP 1y M MDH 5 mM
DTT 2 Cy3 1y M
MDH GroEL Cy3-GFP GroEL
Cy3
3 6-3 a,
+ES(+acceptor) FRET Cy3
EL315 Cy3
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6-3 a, +tES(-acceptor) Cy3

Cy3
FRET 6-1

Cy3-GFP-IC5-EL315

FRET
3 FRET 6-3 b
ki ko ks (s?) 3 Relative intensity D; D,
Dz D4 (%)
Dl — D2 d D3 — D4 6'4
ki ko ks

Relative Intensity vy

Yy = D4 + (D1— D4) exp(- kit) + (D2 - Dg) ki / (K1 - ko) [exp(- ka2 t) - exp(- k1 t)]

+ (D3 - D4) ki ko !/ (k]_ - kz) / (kz - k3) / (k]_ - k3) [(kz - k3) exp(- ky t)

- (kK1- ks) exp(- k2 t) + (K1 - ko) exp(- kst) 6-5
GroES “on-time” 3-3 6-5 D
D3 kl k2 k3
6-5 Fititng k;=2.1s' k-=0.33s? ks=
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0.30s? D;=39 D, =55

2

FRET

GroES

Fitting 6-3 b

GFP-GroEL

6-4-2) GroEL

Cy3-GFP FL-MDH

2y M FL-MDH

IC5-EI315 5mMDTT

MDH 5mMDTT 2

BodipyFL

D; =36 D4 =90

4-6 FRET

0.5 2

3 3 GroEL

5 FRET

Cy3-GFP

k = 0.13 st

GroES

IC5-EL315 FRET

6.4M 30 100 nM

50 nM 5
3u M GroES
2mMATP 1uy M

BodipyFL

6-3 c, +tES(+acceptor)

EL315 BodipyFL
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FRET 6-3d 6-5
kp=0.46s" k;=031s' D;=52 D,=68
GroES
k=019 st GroEL
2 3 GFP
3 GFP MDH  GroEL
ATP 0.5
3
3
315
ATP 3
GroEL apical domain

3
Fititng k;=2.9s?
D3 =62 D, =89
Fitting
Cy3-GFP  FL-MDH
FRET
GroEL
3
GroEL
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1.2
1 | Emission Spectrum of BodipyFL |
0.8l Absorption spect of IC5 |
0.6 + B
04 L Excite |
at 475n

02 L orrecte _
t 510 nm
Il

0 Y
450 500 550 600 650 700
Wavelength (nm)

6-1
a. BodipyFL
Ro °
510 nm
b. IC5
BodipyFL
FRET

Relative Efficiency of FRET

Distance (nm)

FRET
IC5
FRET

475 nm

FRET 2

Cy3
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b

denatured GroES g
substrate %
B Py v ;
|:> ATF‘E;>
TP
Acceptor &
GroEL{E315C)
denatured MDH
6-2 GroEL FRET
a. GroEL 315
BodipyFL Cy3
b. GroEL  apical domain
IC5-EL315
GroES MDH ATP
GrokES FRET
GroES
FRET
MDH

88



Donor Fluorescence (a.u.)

Donor Fluorescence (a.u.)

2004

400

360

320

280

240

200

w b

Wptor)

—~

+ES(+acceptor)

60

55

50 1

45

40

35

30

25

+ES(+acceptor) |

%)

Relative intensity
of donor fluorescence (

Relative intensity
of donor fluorescence (%)

2 8]

g+
TO
60 -

a0

40

5 10 15
Time (s)
6-3 FRET
a. ATP Cy3-GFP GroES 3
GroES 1
b.a +ES(+acceptor) +ES(-acceptor)
3 6-5  Fitting k;=2.1
s' k;=0.33s? k;=0.30s" -ES k=013s' 1
Fitting
c.ATP FL-MDH +ES(+acceptor) GFP
3 +ES(-acceptor)
Bodipy FL Cy3
FRET
d. c FL-MDH Fitting +ES
ki=2.9s" k;=0.46s" k3=0.31s" -ES k=0.18s"
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7 ATP
7-1)
GroEL 2
GroEL ATP
2 ATP
GroEL  ATP Todd
etal, 1994 2
Cliff et al, 1999 GroES
ATP ATP
2
ATP 3 1 GroEL
ATP B -y ADP  Pi
2 ADP  Pi  GroEL 7-1
3 2

ATP ADP Pi

Pi ADP
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7-2) ATP
GroEL ATP
GroEL  ATP
7-2-1) GroEL ADP  Pi ATP
ATP Pi ATP GroEL
ATP GroEL
Pi
GroEL GroEL Pi
6M MDH 86y M 1.5y M GroEL 4.5y M GroES
5 mM DTT HKM buffer 3u M 5
35y | 0.4 mM ATP 35y |
5 perchloric acid 600y |
12000 rpm 10 750p | malachite green
250 | 20 630nm
Geladopoulos et al., 1991 7-2 GroES
Pi GroEL1 7 Pi
0.18s™ GroES
0.12s™ Pi GroEL
ATP 2 Pi 1
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Pi

[ES-EL-ATP] — [ES-EL-ADP-Pi] - [ES] + [EL] + [ADP] + [Pi]

kl k2
~ [ES-EL-ATP] - [ES-EL-ADP-Pi] ... 7-1
<<1ls ki ko
t Pi y
y=Cki(kat-ki/(ki+ka){exp[-(ki+ka)t]—-1})/ (ki +kz) 7-2
C 7-2 GroES Pi
Fitting k;=0.31s* k,=0.16s" 7-2 ATP
3 6 2 Pi
7-2-2) GroEL Pi
GroEL Pi Pi PBP
MDCC PBP MDCC-PBP Pi 430 nm
466 nm Brune etal., 1994 & 1998 MDCC-PBP
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Pi Kon = 1.36 x 108 M's™
Ke = 0.1y M  GroEL Pi
6M MDH 60u M 12p | 0.07y M GroEL 10
4 M MDCC-PBP 0.057uy M GroES 1.2 ml 5
466 nm 80 mM ATP 0.8 mM
7-methylguanosine 0.1 unit.ml purine nucleoside phosphorylase 1.5
Y 7-methylguanosine purine nucleoside phosphorylase ATP
Pi GrokES
Pi GroEL1 7 Pi
0.18 s* 7-3 GroES Pi
7-3

[ES-EL-ATP] — [ES-EL-ADP] +[Pi] — [ES] +[EL] + [ADP] + [Pi]

Ky ko
. [ES-EL-ATP] - [ES-EL-ADP]+[Pi] ... 7-3
<<1ls Ky Kz
7-3  [Pi] 7-2 7-2
Pi Fitting k; =0.33st k,=0.37s™
Pepsin rLA Pi
ki=0.36 0.26s*  k»=0.46 0.37s* ATP
2 Pi
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Pi GroEL
7-2-3) GroEL ADP
GroEL ADP ADP ATP
ATP NADH NAD
340 nm NADH ADP
Pullman et al., 1960; Kato et al., 1995 100u g/mi

pyruvate kinase 100p g/ml Lactate dehydrogenase 5 mM phosphoenol

pyruvate 0.2 mM NADH 2.5 mM DTT 1 mM ATP HKM buffer
MDH  GroES yM 14
MM 340 nm GroEL
GroES ADP
GroES Pi Pi
7-4 7-3
7-3 t ADP y
y=C+kika/ (ki +ky)(t+exp[-(ki+ka)t]/(ki+kz) 7-4
C 7-4  Fitting k; =0.39
s' k;=0.23s™ ADP ~3 ~5 2
3 ATP GroEL
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ki = 0.31~0.39 s* k, = 0.16~0.37 s* 2 Pi
ADP
GroEL GroES ADP cis-ADP complex
ATP 1
ATP Rye et al.,, 1999;
Taguchi et al., 2001 ATP GroEL
Pi 5

cis-ADP complex

cis-ADP* complex 5
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Pi generation ADP release
Acid quench ATP regeneration
Pi release

Fi Binding Protein

p—
| §
Al

.
) ()
L

7-1 GroEL ATP 3
ATP ATP ADP Pi
ATP ADP Pi
GroEL Pi Pi
ADP ATP
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25 . . . . .

Pi (uM)

. 0 9 10 15 20 29 30
Time (s)
7-2 Pi
GroEL GroES MDH ATP ATP
5% perchliric acid GroEL
Pi
GrokES ATP Pi
GroES Pi

7-2  Fitting k; =0.31s* k,=0.16s™
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7-3 Pi
GroEL GroES MDH
MDCC-PBP

7-2 GroEL

GroES

=0.33st k,=0.37s?

ATP

Pi

7-2

Pi
GroEL
Pi
Pi

Fitting

ATP
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10 1 . .

8 @P{;
| S
S 4l s &
2
L 4l oy i
< E“‘Pi"f +ES

2t nmfi‘:..p

0 i'iP"""- , | | l

0 2 10 15 20
Time (s)
7-4 ADP
GroEL GroES MDH NADH
ATP ADP ATP
GroEL ATP GroES
ADP Pi Pi
7-4  Fitting k;=0.39s™
ko =0.23 s + GroES ADP
GroEL GroES 490

nM 270 nM
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8 2 GroEL
8-1) GroEL 2
GroEL  ATP
8-1A
GroEL 2
8-1B
GroEL ATP  GroES Cis-ATP*
complex 3
cis-ATP complex 3
cis-ATP* complex cis-ATP complex
Pi Pi 3 cis-ADP*
complex cis-ATP complex
cis-ADP* complex 5
cis-ATP complex ATP GroES
ADP
8-2) cis-ATP* complex
8-1B GroEL  ATP-transition  ADP-transition
ATP-transition ATP
EL398 GroEL 3
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GFP 4-4
cis-ATP* complex 3 GFP
ATP
cis-ATP* complex
GroEL
Weissman et al., 1996; Rye et al., 1997
Rhodanese Rubisco
Anisotropy
apical domain
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