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WDZEMMNEIET S, GroEL 1% ATP DOFESIC LV ST E 22 b &, 333 v ~2a =2 GroES
MNEEZTDHETHMERBHE SN ZERMZEKR L, EICZOEMOFTTE IO 1272
F BT %, RIZ GroEL 25 ATP Z MUK % &, GroES 2SRt L, BB Z v ~7 B i
SNd, 220V TIIHZBENITEE, ATP BRE LEUGSEITO MDY 7 (VR 7)),
KOV 7 (RZ7 A7) 1IZ8WT, RAEIZKIGHEEY KIS, GroBL OH 7 2=
v MIEE X R IEEORERICEET 2T EIILRAAL L, ATP RV V7 OREEIZEE 5T
LI NITNVRAALY, RALUVHEZBRS A —I 4T A FRAAL LD 3 DO RAAL
VTR S, TEHILVRAAL L3 DD RAAL L OFR TR XA T I v 7ICEOHEEEL
=H 5,

INETIC, Fx DRI V=T TIET EHNL RAL VTFEET S 231 FHOT LX= 5%
B2 PV T T7 7A@ LT-ERE (GroEL RW) WA by 7k« 7o —a000HTIC &
Y, GroEL |Z ATP KX GroES BNMEMT 2 Z LT, 5 ODOFBENLRHIEELEZFI &R T
ZEEMERELTVWD, LNLRRDL, T OEEN GroEL 7=y h®O ED X 9 7o iiE 4
b Rk LTV D NEEERNC R S LTy, £22°C, AFRETIE, A My~ 7uo—fig
BrCRE SN MBEOMEZEl, Bk H4MA+ 522 HWE L, GroEL (28T 5
(Y7 2=y NEWHRT D RAA CHOBERY |, (22000 7R3 EkT 2MUKREE ,Z L
T TATP BI/KASFRTEM: ] OBMEIZIER L= GroEL RW % HiZ&SIC U CHERL L7287 7 8 BUK
DA Ky K 7a—®&NoEiT-7,

GroEL @ 7 2=y FEHEKT D NA AL CREIOENRY | ZF T 5720, RAAL L Z2O%k
SHRIVARTF RHZERFTTUWT 5 2 & 0T 5MIEFNIZE LA Avwic, MIESIZ B4 (GroEL
CP86) TIE=A FMUTIWRAL AU E = 4T 4 A b RAAL VOBIZR Y XTF RKbh
EBESETT0, 20 2 OO RAAL L EHORS 1T AROEHNUIE S REEAE L TV 5,
W2, [22000 R T MKMEE] 2T 5IChizo T, 7N v 7 EREK
(GroEL SR1) & 7z, GroEL SRIIIAK2EHY 7, 14 &IKD GroEL 728 7 #IKD > 7 v Y
YIEREL, YAV T, TR Y T OMBEHREE ERIBSE TS, BAERNE D
TN TG LT 52 8T, U VHOFRIREICE ) EZE LI OV TllE LT,
Z L ThetIZ, [ATPase J&M:) IZVERE L@ DWW TIL, ATPase {HMEKHEZ B 4K (GroEL
D398A) & T2, T D RARIT ATP MK /3 TG MEDN B AT D 2% FEE TH D, ATP A 1% DINK
Oy FEREE N IERIZIE S, ATP AR fRIZ BRI L - E 2 e Blill s s Z L3 ifs s s, 2
DOREEZALZ L0 FEMICTHN D720, ATP LRI K D ITHEET 508, MK TE 20 ATP 7
FoarEHVREEZITo 7,
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NEL LT EEZONT-, T LT, VAL T 4 RESEZHAWTHRY XFF REREE LD
BHElfE 2R AL 2 A, VALT 4 NEAZEMR LIIRETIINY oA IR T LIS
Z N BT DMBRE N EIE T DR T R S iz, 2 D72, GroEL O KA A D
BRONR Ty Na = UEREICEBEICBER T A 2 EBN R ST, 61T, REOMEICE - T
BRI 7 +— VT 4 7RI OE R b2 &1k, REX X TEOP Y 272 4%
BB EEAFET 25HLTH D B 2 b,

2. 200DV IR B MK

Y TN 7D GroEL SR1 & W FEBR CIXEM X v X7 ERFEE LTREBIZB N T,
GroEL DT BV RAAL ANZEKNT D, HOHMEZDKIEICHHI Sz, TEBIL AL
IXEME S VR TE E GroES SR LI TI DX X785y 1% GroBL OHIZE LA B BRIC
AT I v 7 IEEEZESEDLZEDRMOENTWNEDT, ZOEBRERIITEDI VAL
D KB 72 AEE AT GroEL @ 2 2OV U I RS 2 THfA ; K] PAREHERETHDHZ &
oNg LTz,

3. ATP Ko fif s
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BONTNWDLENUTEZONDEREG, L 2AM, XM EREITo MR, WAL
TV EBDONTEEZLITFETZORENKIBIETLTWD Z B LM/ 57, GroEL
D398A ZE BAKTIL ATP MK FRIETEN B AR D 2%, S F D 50 (FIREOHER T 2731 Z &N
DRTOEBRTH LN > TWeDT, A My 7k« 70— CHER I Z O ERKTIX
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ADP : Adenosine 5-diphosphate

Amp : Ampicillin Sodium

ATP : Adenosine 5-triphosphate

BSA : Bovine Serum Albumin

DTT : Dithiothreitol

EDTA : Ethylenediamine-N,N,N’,N’,-tetraacetic Acid

FPLC : Fast Protein Liquid Chromatography

FRET : Fluorescence Resonance Energy Transfer

GFP : Green Fluorescent Protein

HEPES : 2-[4-(2-Hydroxyethyl)-1-piperazinyllethanesulfonic Acid

HPLC : High Performance Liquid Chromatography

HSP : Hest Shock Protein

MDH : Malate Dehydrogenase

MOPS : 3-Morpholinopropanesulfonic Acid

B-NADH : B -Diphosphopyridine Nucleotide Disodium salt, Reduced form
OD : Optical Density

PCR : Polymerase Chain Reaction

PMSF : Phenylmethyl Sulfonyl Fluoride

SDS-PAGE : Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
TEMED : N,N,N,N*-Tetramethylethylene Diamine
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1-1. I wic

2N BITERANOSH DD GFTICAFIE L, AMmIEEI 2 X2 5 BERME TH D,
RN BEIZ20BBORKaT R/ eHRME LT L->TEY, ZhonT7 X/
BEOEAICE DMAGDLETY VX7 EITHR ST\ 5, ¥ /X7 8%, DNA %
BMELTIEEINTZA Yy Yy —RNADOEREZ TS, VARY =LK RN KNT AT 7
—RNA 2LV [HRYALTF R EMEEND —ADOEHE LTAREND, R RXTF
NN Z R oo 2 N7 H L L TAERNTIERT 2720120%, 1E LW LR G~
DYV Toledr (T4 —T 4 7)) BITORITIIER 5720, 1957 4212 Anfinsen &
X, VAXZ L7 =B AICRFLELHZBML TEMSE %, BTICXVIRFEL
A OREZED TH 5 — WY RETERMFICT 5 L, ARSI H R
FICHO Y el En s 2 L2 RA LT, ZOFEBRTIE, RBIZEV F T EDK
TG G AW, B 2-ANT T NEH ) =Ko TYANT 4 RiEGZ UM
H528T, VARY—AIZk o THIREZOR U X7 F REOREEIREZ Bl S & T
Do ZOWRENOHEROL2H (VT7xr—NT 4 7) MibhizZ Lizky, VU
RY = LI AEENTZEHAERY XTF FHIE, oo+ OuiBh A5 1F 312 B FICHE
HE LD, TOMEITIAKP CTRONFOICZEREE TCHLEZ DN, ZDBG
I%, lAnfinsen ® K7~ LMERN, 1972 I/ — UL EEEZZE LI L, Z0%E
BT L= 4 v 7 B E AV, oy 10ME 8 A EFE LR WK T O R
ThHV, BEMNR T+ —NT 4 ZITRBRENO—HORMEIZROND Z & 03530 -o
TE7, —7, HMIAPNIZI3RE % RO 2 o8 7 BRoRERE S 300~400 g/l &\ 9 &
ETHIEL, HxnFREPEXTHEEHN L TWD, HAERY NFF FRELL
T A —NT 4 T T LHENMOR Y RT T REICHEE T2 & BUKEREERIC L0 &
BEELTLEY, ELL 7+ — AT a7 N0V fENnd 5 2, ZOE
ZEGEET 5720, MlaFiZidn oy Xy ERBRSND X NI ERENGFTET 5,



1-2. ¥ Xm v

B g v 72X DAIIEE DL, 1962 4D Ritossa HIZ kb, Y av¥a un
TV 3 v 7 BB 25 LMERBRREERIZSS OANEL D Z L ORANERE S
TWn53, ZOFRRICED, By a v 71X 0N T mRNA FENEL, Fhlofk
WERED X LR 7 EBENCHRBL L TWD 2 A TFHISh T, THRBEY, 1970 4RI
X, By a v 7 Ik 0B XD Hsp90, Hsp70, Hsp27 72 & L IEIEN D ¥ v /8 7 B R
MWERLIND, John Ellis T2 b0y FiEE, (Mo Z o _RI7BEOELWT +—/LT
A VT EMI T DN E A TR E O E R TR b N2 Ry
%7 7 X U — (heat shock proteins ; hsps)| & L CEZRK L 4 o1 vXm 38
Yavr7us A4y (hsps) TV, ELVHEEEZR-Z2W (Vo4 T47) X
NRIBEMEERL, VNI EOT7 +—NT 4 78T 5 TR EZRERSH,
BN BEORELZE S, £, STy X A3MBENICEEICHFET S X Ny
B773V)—ThV, BHEOEBERMETICBWTABICRAI KRB E 24 5T 5 56,
ZIZTROETI, fvxSmr bk, TBEY ARV EORAT 4 THEE L I13R2 D
REEREERER LSS L TRELL, 74—V T 47, £V I~v—52f, tho
FROMEAR ISR & O AEM, MIANELE, H2DVTY v X7 B RE b L <
L DFK DT &Y TRET 5 X R I7H EERINATVD T,

BTN AXEORIE LR, FLTOTEOEVLLWVWS DD T 7 I —
IHERNTWS, RIBENICEBR T 28 a vy 7 7nTs (0 ThhHyryn=r
GroEL (% Hsp60 7 7 I U —IlZmE I, Oy Xe=ThHs GroES IT
Hspl0 7 7 2 U — IS5, £72, DnaK (& Hsp70 7 7 2 U —, ClpB (% Hsp100

7 2 U —, HtpG 1Z Hsp90 7 7 X U —, Hsp27 IL%r 1 40 kDa LL F D1K4r 1 Hsp
77 V= (sHSP) IZ/3HENnTnD, (& 1-1) wFyv~u i ZIEREEMNOE
BAME TS IRFESNTEBY, EEEYO/NURIITFZAEDITITR & 7 R
Ry X tun B EET S, Yy un=r (Hsp60, Hspl0 7 7 2 U —) [IHEEDE N
mo, JA—TF 1My Xp=y, FJU—TNRY Yy R EInb, KIGHE

GroEL I/ NV —7 1My vy R = IHBESH, -0V 7=y MZXk?b 14 &K



AEA) I~—THK SN, MK GroES 20 E L5, —J7, BRI, i
GIZHFET S CCT X7 v —7 MR vy e = SHEEN, SHEEOY T 2=y k2
JoZRiZEG LIz 16 Bk~T et ) I~ —TCHlkansd, Zv—7 1Ty vy Xu=
VIR F 2L EE 5, CCT I3 F2 4 E e, BIRTH NI HDT 5 —
VT 4 T AT D 8,

#£ 1-1. KIGHE, BER:, @Siiino 230 vy a = 910

SROZ -V RT L Hsp702 AT Ls
— Hsp104 Hsp90 sHsp(Hsp27)
Hsp60 Hsp10 Hsp70 Hsp40 XYLAFRERBEF
KGE GroEL GroES DnaK DnaJ GrpE ClpB HtpG IbpA
CbpA IbpB
235
EE CCT(TriC) Ssal~4 Ydj1 Snl1p Hsp104 Hsp82 Hsp26
" Ssbi~2  Sist Fesip Hsc82  Hsp42
Kar2(Bip)  Sec63
N e
Scjl
. Hsp60 Hsp10 Secl Mdj1~2 Mgel Hsp78
shavkyz P ° ’ ¢ °
EhiERa
CCT(TriC) Hsp72 Hdjt Hsp90 o o A-crystallin
HHRa & :
Hsc73 Hsp90 B o B-crystallin
Bip(Grp78) Mtjl Grp94
NGRS
. Hsp60 Hsp10 Grp75 hTid1 mt—GrpE
shavky7 ° ° °

FAEWThH D RIBEOMIAT CTIX, ¥ XVERELL 7+ —AT v I 57

(kR % 20y F o v Nu UG LTWD, Bl SA2ENnY R T F REITY
RY—=LICHEB L TRV A= 7 272—] LWORIDGTF ¥ _m Al X o4&
ZFD, NIH—T 577 Z—13HERY XTF REOBKIER I (RS 5 7ES7
n YA AT —BiEEEHEDL, VR —20LNLHTELERYXTF REIZZ o
BRI 2 RE S NN T =T 4 7T HBET 5 1, K T0% D Z X7 E )R
NV —=T 7 72 —L{ER LT, BEOCT7+—NT 4 7R3l 2d (K
1-2), NIA—=T7 27 2—=—DMMTT7+—NT 4 T TERWEZ U NTHEIZ, RO

B L LT, Dnad,DnaK 72 & ® Hsp70 > A7 A 59 %, Dnad,DnaK L% > /%7



B OBKMET 2 VY T AKX — L EINANICH A L CEELHREL,5~18% D H
RIBENT —=NT 4T EZNDbD, TNTHLEE 74— NVT 4 7 TERVHDIX

GroEL,GroES 735 L, 10~15% DX o XTI ENT 4 —IvT 4 T Z b,

ribosome

Trigger Factor
(TF)

l GroES

Q&) DnaJ
native ;
4?

DnaK GroEL
(+ GrpE, ATP) (+ ATP) rAtt'g:
(~5-18 %) (~10-15 %) | no growth phenotype
* * compensated by heat shock response

AtigAdnaK:

w @ lethal at >30°C T *
suppressed by | ELS or [SecB

native native i y

M 1-1. RIBEANTRY XTF RER T +— VT 4 7T Dk 1!

UARY =KLV ARENTZAY XTFHED 70%1E, VAV =LA LES Ty e
DRI H—=T7 7 =ZfEEL, BEOIZTZr—AT 47T 5, 5-18%I1% HSP70 v A7 A
(Dnad,DnaK,GrpE), 10-15%% 3 ¥~ =2 27 A(GroEL,GroES) DA L v 7 +—
TAYTT D, NIA—=T77 7 Z—BEFXRE (Atig) KIBEEIERBRZ RS TAEET D, 2
DOEFEIZMZ T, DnaK ¥ A7 4 (DnaK, Dnad, GrpE) #/x1#8 (A dnaK) &85 &, 30CL
FOREOHBAEFRARE L 8D, 2 X7 E O ERIE GroELS & SecB DI LW iThh s,
(SecB &%, MIBEIZHFTET % 16kDa D v v Xu ¥ VNI T, Gtk DRWRS X7

HICHAE L, mREEOERZT oz i L T\ 5,)



BRI BOEIE, T VX e R AL LI ER RO IELIZL D,
HHMSRE A S Z v RV ENELD ZLICk > T LED B NG, 73/ BAERNBA
ST B R BIIER R LZEICRDGEDEE DD, TDOX O 22 "7 EIX
DTy Nu Al o THRESH, ¥UNRNTHEOSHEEICS Uy e U BRERL T
WoHEWbITWS, Tokuriki HIFKBENTT v ¥ LICERZEANLZ#EHR

(GAPDH) % AL, GroEL-GroES ORI FEEL O A M T, 28ROt 2 4 L
foo XU BEOREE L, SMEBEE o RRREDO LD L, IREEE K-
AWM LREO A=A LF—D%E (AG) TRIND, ¥ 37 HITn FNOHE
ALY, % keal/mol~% 1+ kecal/mol THREDLEMZMREFL TS,
GroEL-GroES Z# & fFfF L R WH CHF SN TLER KON ZENZ R L F—1T 1
kcal/mol B2 CT&h > 7= DiZ%} L, GroEL-GroES % @ E|F H X 7= 1 DX 3.5kcal/mol
BETH-T-, ZOWEICLY, GroEL-GroES I RLZEMNT 5 & v 30 Hxw el
L, 2.5 kcal/mol F2EE D ZEMEDIK T A FEE L T\ D Z LB 6 & 72 572 12, Hsp90
R ELRIBROBRER SV, (L v v Z— ) L TEa ZEBmbERTWD, B
REIZ Hsp90 (Hsp82) MREFHER O T Vv a—naw bz 5 L, Yo RE N5 X i
ZEND, FNSDOBEREZIEF(R ) I, TAaF =, VAV FEE T
AL S5 &, Hsp90 HEAIZ 52 7270y o ToBERKIESEWR L7223, Hsp90 PREHI %
52 e RIS EERIBR BRI U, SRAIMIE 20885 LR AE S5 2 E 0 iR SN T
WoH B, BInfFOERPEINT L E, BERYZORIVENEREINDLN, THDHORE
Bidy v o O PREOWRBRZ 2 5 FITEMEL L T D, BEOEIRLETY v~
v DHERENME T L2 BRICTERE T 2 FF SRS BLAL, BREEICHEIG C & D KN4 & 5%
D, AMTEEL TEEBZEZILNTND,

b XSz, MBREWNIIZZREEERG Ty ey BEEL, ¥ V7 EDNE

BRI EERRKE 2RI LTV D,



1-3. ¥ X =V GroEL-GroES

x X =2 GroEL IZIKBEOLEBICNHA LR ¥ XarThy, EEg N
7B OEEEZMEIT 5, 1989 4212 Lorimer HixV 70 —AE R Y VA LARF T T
—B/FF 7 F—E (Rubisco) & RIGFEWN TIEMEZFF - 7REETHRIASEL 72D
1%, GroEL-GroES 28 TH 5 Z & &% A Lz 1, [A4E, K L7 Rubisco % A1
FITHBER L, EVEAIOREAZIK T S 5721 TiX Rubisco OIEPEIXFEIE L7223,
GroEL-GroES (ATP,Mg) fF/E F CRIERDOERZIT O &, EHENEIET L2 & 2%
L7= 15, Lorimer & MHFFEIZ LY, GroEL (ZZ4WE L= v 7 B2 BRIITHEA L,
ATP-Mg (KEIC, B ¥ =0ThH% GroES DWW HDH &, W& 7 BED
IRFRAEBE LA D ZE TIELWTD oA 2725 Z RN E R o7,

1-3-1. ¥ _u = GroEL O#x

RIGE B KY ¥ ~1 = GroEL I%, 548 /%% (57,259 Da) 2O SN2 [F—D
THOYTa=y bR TIRICEELETEDEICEHR - T2EF 14 BkO X T L
U o g R LTS 1-2 £), GroEL D% 7=y hE, TEHIL KA A,
T MITNVRAL Y, AV Z—=IFT 4T A MRAAL LD 3 DD RKAAL U OHER
Ensb, F£72, GroES 7 &K GroEL O 7 BBV KA A IZfEA L, GroEL-GroES
TP INAFYET A EERT O 1-24), 2Dk FTF Y BT 4 1F, K 175,000
BoXRBE=A L, HHMIZIE 70 kDa ML EOERIRZ > )78, F72id X 0 #EEN RN
STERBOENLT 7B 2 — VHTRIKS X BINET DRI ZF>TnD 16, HFFED
fi R, GroELIZZ Dt hINFx BT (IR SF I Ey+% TR o2&
THRERNPEELINTHND N L, FXYET A NICIE SN DB Y
PRI E DK% 20 kDa 705 60 kDa DX 37 BEREDTEY, alB FAA s
BRI Z VT EBREA LTI E SN TS 17, GroEL-GroES ¥ ¥ 7 1 Tl
PR SN ¥ v ©F ¢ OWNMIREOIZIZ ST I BEENFET S 8, &1
AA DM FENSNT, FRIICRT,



184 A

145 A

135 A

GroEL14 &1 GroEL-GroES 4 &

1-2. GroEL-GroES # & K D&

EOXIL, GroEL14 &K, #Z@H7E GroEL 7 2= h &R L THEY, KREAIXTED
WAL, FREIEFA =T AT B RAL Y, HARIZZIT I TNV RAAL L ZRLT
W5, GroEL O K& X, @ 145 &, 1§ 1835 &, TEAV RAL VBT 2V v 712iddE
BH R ENPREET D 45 ADANZENT VD, fHDOMIE, GroEL-GroES &K% # L Tk

D, GroEL IZ GroES ’fiAT5Z L2k, &FKI% 184 AREIZ/AR B 19,



A)

€ HESVBERESE
(ANYYHRH, ~NYyHRLARNSURG6-TREDIL—F
DBKMERE)

(B) . Ré& 3 " ,
1 HMK;%!FGHDRRWRWAWV?LGPKG _DKSFG?\PT!';‘KDGVSVME]_:ELEDKFENM@AQMVKEVASIS B0
E |
81 ANDAAGDGTTTATVLAQAIITEGLKAVAAGMNPMDLKRGIDKAVTAAVEELKALSVPCSDSKATIAQVGTISANSDETVGK 160

s * ﬁ’j %—*—ﬁ
161 LIAEAMDKVC_:KEGVIT DG'TGLQDEL v EGM FDRGYE.SPYFINKPE?GHV ESPFI'L DKJ{ISN‘ERHOLWLEA‘{ 240

9 1 |
=
241 AFKAGKPLLITAEDVEGEALATLVVNTMRG IVKVAA PGFGDRREAMLODIATLTGSTVISEEIGMELEKATLEDLGOA 320
12 13 14 M

321 KRVVINKDTTTIIDGVGEEAAIQGRVAQIROOIEEATSDYDREKLOERVAKLAGGVAY IKVGAAT EVEMKEKKARVEDAL 400
| N 0 P 16

401 HATRAAVEEGVVAGGGVALIRVASKLADLRGONEDQNVGIKVALRAMEAPLRQIVLNCGEEPSVVANTVEGGDGNYGYNA 480
17 1 R 9

481 ATEEYGNMIDMGILDPTKVTRSALQYAASVAGLMITTECMUTDLPKNDAADLGAAGGHGGMGGMGGMM 548

1-3. GroEL 7 2= v MEEKROT I/ BEELS

(A) GroEL ¥ 7 2=y F &9+ 25 350 KA A, B)GroELY7a2=y +r®7 I/
FERCA & RIS, HEOIXZ T R TV R AL U, B A VA —XT 4o R RAA L,
REONXTEHILRAAL vy REIOOWEKBRIZa~Y v 7 A, KBIZBI—FE2ELTWND

16
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T EAINVEREAAL Y

TEHNLRAL L (X 1-3 /e, 191~376 7 X / fEF%H) 1% GroEL A—~7 >V »
JOELIAEL, WEX 78, GroES M iEGT 5., GroEL OIEREAERALIE
GroEL 23 78K o V' HEZ BT DB U > 7 DAY 05 6 R IZFEE L TV
%o FEREAENAILA BT > R 6T Mo —7 (Tyr 199, Ser 201, Tyr 203, Phe 204) ,
~VU w27 ZH (Leu 234, Leu237) , ~V v 27 A 1 (Leu 259, Val 263, Val 264) (X
1-3-A TEANLRAAL V B) ITFET D, /AT 4 7R Y XTI F FEHITBUKME
FRENFEN LTIREBIZH 5720, GroEL X 246 OBUKMFR I A 7 L CEUKMEM A (E
RIZE D EZ NI EERHL, #ET D5 KD 16, WHZ RV 'E, GroES
DHREAER, ATP OISR RIS XY, K& SEEENENRT D, TED L
RAA  OWEEAEZBINT D720, BUZEEDOFAKICEY 231 HEHOT LF =
M (M 1-3-A 78NV RAAL Y KE) 2 P T 77 URIEICAER S E - GroEL
SR1-R231W 2MER STV, GroES (2L 5 ATP NMI/K A RIS M O BRERN R0 Y
B UNTEDT F—IVT 4 v TIEMETR E OBERERIT 3T LTV D 20,

A VE—IT 4= FRALV

A H =T 47A FRAA (K 1-35kE, 134~190 K O 377~408 7 X/ BRFRAL)
ETEHNVRAAL eI T MY TV RAL VEBESEHMEICEARLT R BELT
Rk Ehiz2o0v VAL (B Y1 : Pro 137, Gly 410, b1 : Gly 192, Gly
375) (X 1-3A A v X —XT 44k RAAL Y ) 2EHMEFROBE & L CRIK
IEEE AT D, X BEmEERTIcEY, ~V 27 2M (1-3-A 1% —I7 4
TA MRAAL Y ) O Asp398 (M 1-3-A A ¥ —X T 1A N RAA L fEf)
IZ ADP @ B -phosphate & Mg2t & OENAHEA TS Z LR bhr->THEY, ATP O
KIFRIZHIETH D 2, GroELD398A 13X 398 HH DT A NRT X Uik ia 7 7 =
FelLlc@E L ARIKCTH Y, HE X 7 EL GroES, ATP 2% L Tk GIRN
B2 HD, AT 52 LN TE 50, ATPase IFMENB AR O 2% R & HHITIK
X bW ERNDHD 228 0 ZOD, /) UFAT 4 T REEY 87 E1X GroEL



D398A-GroES-ATP EEKIC L o T—HAI T EMESNT T 4+ — AT 4 7 SHN,
BRI BOBRMIEMEISND 24, X7 VAT FiESBROEEEILAER 12D D

T, X MRS SARERATSC, 7 T A AE M A W I E AT IR < A
b TW5,

7T NI TNVERERAAL

77 RNUTIRAAL Y (K 1-3 FE, 6~133 LN 409~523 7 X/ BRFEHL) 13 ATP
EREALY v/ BAHEEMICERT 5, GroEL ® ATP &% A MI=2s 7 hU T
RAALLD~NY w7 A2 C=~Y vz 2 Do DGTTT E4 (Asp 87 - Thr 91) (¥
1-3-A =77 FUTIRAL Y i) [THEIET D, ZO/REYA MIATP OB, vy
Uyl Mg2 G T 54 HDKRETH D 2, F72, GroEL ¥ 71 v 7 HiE
DT BT, Argd52, Glud6l, Serd63, Vald6d @ 4 7k (X 1-3-A =7 7 k
UTIRAL . ) BPFEET D, Ziub % Argd52—Glu, Glu461—Ala, Serd63
—Ala, Vald64—Ala IZZNENERIELE 7T BKOT 7V v 7HEESRD %
BT %2 L BERENTWD 5, o 7N w7 ERGE (SR 1FEEX vV E%
WL, GroES LHAT2M, hI AV T ) T ~D ATP OfES 12X - T
HlfE <D GroES gD > 7 F MRENIHR L TV 572, GroES DOfiffENnIEH 12
HEICLS LR TND, BEX LV RIEIIR Y R IAXFXET A NTHRA T 4 7 IREE

W7 =NV T 4T &, ZOAX—ANITHEE 5 26,

10



1-3-2. ¥ e =V GroES 0#&

GroES (%, 97 AN OHEK SN DR —D THOY 7= (10,368 Da) 2 VU >~
THEEER LI T &) V72 L TS, ¥ 7 2=y MIIEHDOBAKNT UK
THERL S I, A RT v R2 & 3OMICHEFIZEVL—T (Glu16-Ala32) (X 1-4)
EHLTWS, ZON—7#iET “mobile loop” & FEEAIL, Z OFEKO—EH %I L
T GroEL OT7 BV RAA  EiEGET 2 16, GroEL &iE&+ 2L, E—EAL
— 7 N D IEF IR E RERTH Y, HUKMEFRR 125, V26, L27 241 L T

TEADNVRAAL L DO~Y v 27 2AHETOROKKRE (L234, 1237, V264) IZfEa LT

WD,
A)
Mobile loop
' 20 A !
(B)

1 2

3 4 5 G 7
1 MNIRPLHDRV KRKEVETESAGGIVLTG@AMKSTRGgE_EVGNGggLENGEVKBLDVl‘EVGDIV!FNDG.YGVKS ID;Q BO
8 9

Bl EEVL!MSESI'?ILAJ_! gEA 97

1-4. GroES 7' = = v MEE KO I/ BRRLS

(A) GroEL IZf5& L7z GroES 0% 7 == MM, ~1¥ L Z1X Mobile loop, (B) GroES
V7 a=y hOT I B E ZREE, REIOOWIZ KR ITa~Y v 7 A, KfRIZB v—

I 16,19,

11



1-4. ¥ Xu =V GroEL GroES O K& A 7 v

GroEL-GroES I ARG Z 8- L CH v X7 EOWEEMZ, 74—V T 47
BT DB, LD XD RFINENS R D508 A 7 v Z W TR EZFHEL L T
HEBZHINLTWD, (¥ 1-5A),

(i) )R AT 4 THEZ RV BRE FIALF Y BT 4 OO G %2 3y
HREAMAIREAT 5,

(i) RURTF REEA GroEL U > 7' ~® ATP OfE4 T GroES & OfEG 23]

ElC/e 0, FRFICKF Y BT A N~DORYXTF NOMENEE D (cisATP HEK),

(iii ) #& & L 72 ATP DAk 53 g (cis-ADP #45K) & fi\ Cife Z % GroEL (trans-ring)
~O ATP OfEH T GroES it Ei, A7 47 Eod MW7+ —1VT 1~
T ENTH X7 EE GroEL 7 b OfEFLSFIEE & 72 5, S A& HIIC trans-ring ~® ATP

LRoTHIEEZ SND cissADP EAIRDORREEL transring ~DIEE % X7 E Ok
BlCLoTREZNLD 27,

PLER—H72 GroEL-GroES Ot A 7 Vv Th b, ZDOHA 7 uiE 1 DOER
BEBEIZ X o> CKEL S5 (Single timer model), HAEILZ DA 7 LD TORFSE
DA TEY, transting IZFES L7z ATP BIKSfE S5 £ TIZ 2 D DOHEHE BN
FFETHZ LN GFP 288 & L CHIA Ladedis o 2L —&8) (FRET) 74 L
IZL > TIREBENTWD (Two timer model) (X 1-5. B) 28,

F 72, THEOMIEIZ LD AR GroEL & GroES 28 ATP 7 E FCH A 7L LT
WHEXIZTy PR AVRESEPHENM E RREFET LN RINTND, F
7z, ADP/ATP tbidmn & 7w FAR— VBB EI NS Z b RS TS 29,
51z, ATP MK fiRae A3 B AT 0> 2%FR B DA F{K (GroEL D398A) 12 ATP f#7£

TIEFE D GroES # Mz % LWV 712 GroES %56 L7 v NAR— LV AEE K%
REIIGT D 2 EDMHER SN TND 30, I HIZ, BIERMFIZEBWTYALT 4 Rk
AEEHRL, A—7 27+ — A TEENEIET 52 BAK(GroEL A384C S509C [C all
ADZAVWZERIZBENTH 7 v MR VRS RS HER STV 5 81,

12



A. Single timer model

GroES ap <>
subst\rate ? - \ f /O
¢S ATP hydrolysis O
o AP R op o) <8
f i ATP
( 18 —~ 8
GroEL _ §-2 ATP
(a) (b) trans ring (c) d
¢is-ATP complex cis-ADP complex
B. Two timer model
et GroES encapsulation folding &
supstrate
= f/
ATP
( 1s
— “"’ ‘“’” ‘
<1s - 3 s < 1s
GroEL 51"2 ATP
(a) (b)-1 (b)-2 (b)-3 (c)
cis-ATP* cis-ATP ¢ fs—ADP* cis-ADP
comp lex comp lex comp | ex comp | ex

1-5. GroEL ¥ 7 /L ® Single timer model & Two timer model 32

72, GroEL X ATP O G OAEMT T (Tense) HKAE, R (Relaxed) KAEL Vo
RO T A—va YEEER 2T, ATP 35 A LTV RV REEIE TOREET
bV, X7 VAF RTRT DB 2 AT 4 7 52 X7 B ~OBFEE

o THRAED GroEL IZ ATP 2’632 & RIKEICT 7 M4 %5, RIRETIEIXZ A
F KL oFFEEE < BRE L OBFMEITEL 22 5 88,

13



1-5. GroEL O MK #EEDEBERBIZ DWW T

GroEL & U GroES (2 X% 7 + — /7 1 > ZRUGIE, GroEL O KB 72 iE 2k &
fh9 ZEBHMBNTND, ZAETIC X BFEMEERTIC LY, B4 72 GroEL O3Z
RSN SN TWD R, ITFEO 7 T4 FBEFBMEOHMIZL Y, HEEE R
DNAREE DR B E 72> T D, Clare HI%7 7 A 4 %E FHEMEE 2 AW T2 HFZEIC
D, ATP Zf5A LB O v v X2 = (GroEL D398A) ST % Bk 4 72 i it %
B 5202 L7z 34, GroEL D28 {ki%, Apo-GroEL |2 ATP 234 L, E255-K207,
R197-E386 OMitE "B 53 %5 Rsl KN Rs2 ~ L MENER L, E255-K207,
R197-E386 DO i35 1172 Rs-open ~EH L, KHEHIIZ GroES & Df A2 L D HEiE
kD 5 >OAT v 7T EIND Z EER LT, £72, Apo-GroEL 7°5 Rsl ~®
WS, TEDLRAAL LV ROA Z—=IF 4= N RAAL R T YT
RAA > Z#NC UCREERHEI D 12 85° fHL S, ~U v 7 2 M O FEE S G2
5L TWAHZ L&KL, Rsopen ~DEBEBTTEHIL AL RIS, v Z—3IF
4T N RAALEF Y ET 4 OIMANZ 20° fHZ, GroES & DBRIZIZT E AL K A
A U SREEHEI D 12 100° [T 5 2 LT, REX VNI EOX v BT 4 NA~D i %
T 5D L ELZ LT, GroEL OMEEITIE, ~V v 7 A MOBEENSEETHY,
GroEL D398A & ADP 23 fEA L7 RIREED SARREE LT B AL B A A > ORI FR
HETHLHR, 7 2=y NEOEFERIIT-E386) % # L 7= A E{R(GroEL D83A/R197)
T EANV AL ORERIESHTHDL Z ENRINTWD B, 72, GroEL &3
BEHAE (Rubisco) & DFEATNIALFES 2 L= Z 24K GroEL(EL43Py398A) %
MWTHEEMEAT IR W TS, FERHMERHER S LTV 5 %6,

GroEL 23 F ¥ ¥ ~Xm & U THRET IR E b B bzt 5 72, 14
AT 7 X DN THETH D, BHFEE T, GroEL ® FA A O H Th
bREEEIEDORERT EDIVRAAL AAZENET IV EFEAL, Ay b 7n—{Z
KD Z2 T TS (1°6), £72, GroEL X3 2D FA A U RNENENDOEH & F
ol TrryXn = U BEEARFFLTWD, RAL CHOERVIZERL, MIES
ZRIEZ K ER U7z GroEL MIEFIZRAR A FVy, BEREMEAT 217> T D (1-7),

14



Apo-GroEL GroEL-Rs,

E255-K207 E255-K245 E255-K245
R197-E386 KBO-E386 KBO-E386

GroEL-Rs-open GroEL-GroES

1-6. 7 7 A A EFBEMBEEIZ L D GroEL O AARE 24, 34
Apo-GroEL |2 ATP 23#& 4 L, GroEL-Rs1—GroEL-Rs2—GroEL-Rs-open & #2324k L,
GroES O #4112 L - T GroEL-GroES F THENELT 5, FREAEFEA~Y v 7 A H, &L 2P

~Y w7 21, FFRIFANY v 7 AM, IOTORGLEHFAOT I JBRIIEREZFEL TS,

GroEL-apo Eigenimages calculated from the aligned GroEL-ATP images
reference -
> 2T

o 60,000 =

images Initial class averages of the aligned GroEL-ATP images

1-7. 7 7 A AEF MBI L D GroEL O LR E AT 24
BB £ > TH B 60,000 DA A— VR LD, ATP DA L7z GroEL DEifg 4

flitH U, GroEL o X #ifif i 22 ooic, HWHRLEIZ L - T =kon o E A w2 FR 2,

15



1-6. A Ry 7 b« 7o —8ESIIC X 2BEMRNT

B8 OMERE, EFICHEOCEEE G, OSBRI U R O R
WCOBRAELEL T 52 LN, MO A E O CRUGEE R & E T 572D,
Bx I SOSBABIER I BN TWDE R, ZOHFDO—DIZA vy 7 b« 7a—ERdH 5,
ANy b Tw—a8 AR, U BREORMBEBORIEEBINT D Z L8]
RECTH Y, EFEITHOWEEH COBMEEL(LOMMTZIT) Z ¥ TE D, o \JE
DHENRECIBNTIE, X" EOHERET THD ) T F7 7 U RESTF
FRIED NI LR DM, TNDEFRFLRNWZ O RTEIZENTS, BERISICED
B FERET D2 LICRY, MEEMENESTDZ ENAHETH D,

GroEL, GroES (2L 2 X VU ET7 +— VT 4 VT RIGICEWT, $% < OfEE
EBIFFNHNVEHE TR 2T\ D, BHEREOLE Y X7 B GroES & Ofts
AL CTHDLTEIN RAL OB E T FHEEICBWTHEFICEETHLI LBEZALN
Do TORAALDORBIELREE 2 LSBT D720, BHIEEO/RARNT E
TNV RAAL AZEET B —T BN L TZERKY vy Xa =" GroEL R231W % {E
# L7, GroEL @ 231 HHOT7TAX =R 2 ) F b7 7 Uik ICERSE-
GroEL R231W %, B/E% GroEL (WT GroEL) & k3, ATP MUK fEEMEDK 1.5
fEL@mnb DD, GroES 12k 25 ATP MK RIEHE DR EZRITN 50% &2nL, &
vy e = UEHEIZB W TE WT GroEL & [RIZEOHIEZRFFT 25 2 L 3MER I
TW5 20, ZOERKEANTAIL, GroES L DA<, MM ERD LRI EER
KT ODIZHERICEETHLEEZEZDNDI~NY v 7 A H & 1T 28IV —7HIZHF
T 20, Yy Xur=r& L TOME~DREIIR/NRIZE EDbTz/2D, GroEL
TT 2= N OB LR RKTH T,

16



ZOEREERNT, ANy T b T BIC L RERMET AT o7 L 2 A,
3 DOHELL D HENBMEZELBHIZ L 37, Zhbix ATP fialckoThlEZ N
2T EHNVRAL L OHBEELTHDEEZEZ LTINS, SHIZ, GroES OF/EFT
GroES fi & M4 52 HNMELL BRI TE L2 ERH LN ERD, GroEL
R231W [I7 BV R A A » OWIELEAL L [FIFFIZ, GroES Of& b A D Z LN TE

PERKTHS = L BHBINTNG T,

b ,
4 - cls/ D
- 0,04 003 , ,
B g 002 -
g 00 E5 o001 1
) ST o +GroES
25 S > 001t
§ »=00 o8 w02} i
¢S 004 SE -0.03 1 -GroES -
gz 0 =5
é -.E g S .04 /"‘-—.—_ -
o — 0,06 = 005 . . '
2 00 £ 00 . 1 -
5 0l & 0
] J
e -0.01 1 L L L 001 e
0 0.1 0.2 0.3 0.4 0.5 [i] 5 10 15 20
Time (sec) Time (sec)

1-8. GroEL R231W O 7 E /L R A A » OREEZEAL, 37

Rate Tryptophan
Fluorescence

Fast
ATPHEE —p | & - & Phase A
-ds VI BERE Phase B
EEELREOGOEL—>| @& — ‘
REEA DT
GroES#ES & Phase S
HEEHENOGEL— | S
M~ DR Phase C
GroELE ¥ TOZEL Phase D
Slow

1-9. A b7k« 7a—EIZ Lo TEIHI 7z Phase & GroEL Ofi&EER 37

17



1-7. MIE| &ML (Circular Permutation)
MINEZIfENTEE (Circular Permutation) 1%, N KMie C Kz w7 ) o —I
LV EARETORE, BRRYRTF RO—HEZHRIELZLICL>THLLN
Kz C KR 2 BA LT U 7 F R (FNESIZERAK) 28] 0 9 51ETH 2, GroEL
DN KL CRIITEHE L TWEEYD, ZOFERESTELEELZLND, ZOF
BIZE O RV RXTF REOT I/ BENOT IV BRICE#RT L2 L2, ARDOT
VBRI E MR LT ER Y XTF REOBN Y 2E 2 5 L3 L 725, MIES
BERIKOBEREMT 21T 5 2 LTk v, BERIEMICEE R I BRI, %7
BOT7+—NVT 4 U ICEBERT I BESIER A BB TR TE 5L ERL
b 3839 Iwakura HlE, Yk FoiEfL 47 ¥ —¥ (DHFR) 251V 4 X0 F
& LTHVY, 158 RO 2 MNASIEHRA SRR ZER LTz, &~ TOLERKIZS
WG L OURBEMIC BT 2L EMEREL, EHEOW LRIy Xy
BP0 T lo AR Th DM T, EORER, ZERERENE DI > T2 5L
B ROFARTRE R B ARG D h o T OINETALIE, —RES EREE O ST R
THZERKEHRLET I VBEREOEEED L LTHML, 7 I /ALY 10 fEiT
(ZNZ 3-15 FFE ok LES)) I IV THEEL TWD Z ERnnoTo, £z,
UG EFR L T VT 0 I EER T X BRS E OMOFMEBIZNES N &R

binoT,

18



@ New
termini

D Linkage

Natural termini

B 1-10.F NEZ AT 15 DA X

W OMINEFNEREL, R XTF REOETOXRTF RS % 1 EFrd 2lEICY)
Wil CTWS HIETHY, BEEELHD KO RZ U RITEONT T NES & BRI
I L TR 0SB TIERY, ZOMBEEMIRT 5720, 724 SHNESIfEHT
7% (Random Circular Permutation) WM& R I 4172 40, Graf b7 AT ¥ U@L
NREANEIT AT 27 —F(ATcase) 2 ETT VX LRI EH L LTI & LICHIBSZE

RARZAERR LT, TICEKRNZ2ZRTFEZ T (K 1-11),

(i) AL VEDa— FShiz N K C RMOBIE 207 b —
(Graf 5% SGELDM) THZE, BRROEBRTZIEKT D,

(ii) DNase I /Mn% [2X V0 Z 2 Z A2 1 P70 L CESET D2 &ICk Y, B4
TR DN EISH RIm S EAN SN EREKE T 2 FRT 2,

(i) DNase [ IC XV A U=y 7% ¥ v 7% T4 DNA ligase, T4 DNA
polymerase TIEME %, WU BEAN7 X —IZHAL, @Y7 A7 Y —=7IEIC
LVRERT =T 4 VT INARER X RN EREN AT DX N B R

(ENCEETN
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ZOFETITHNBEBFOREOHERICY —F v MNafko TERKEERT L&
ZTERVD, —EIZZL OEEREROIERERARLDL LN TELE VST AT v FR
b5, T, UMREOMARICLY, ZDOFEN GroEL Bis DRI IS S i,
16 FfH D GroEL MNEFIZE BAKSMER S iv7z, BrkimDBEANIL, & FA A STHEIC
EHRNGAHLTEY, GroEL O FA A HOBENVIZEA L TRHiid2 Z & 368 & 722
oy TNETIZ, TEANVRAALO~NY v 7 ZH EANY v 7 2T ORIZH ARG
#1595 GroEL CP254, A ' 2 —X T 4 A P RAAL VLT EANLVRAAL D Y
AL BT RS 3 7AE 9 5D GroEL CP376, =4 kU 7L KA A v ® ATP f5 & AL
\CHT RS FTE T D GroEL CP86 DSHEMNT 31T T 5 41,

_-

(i) ®;RAL

(i) E#H{k
T4 DNA ligase
DNase I

——_

I (i) PR
T4 DNA polymerase

T4 DNA ligase

1-11. 7 > % AHEFIE R O

20



1-8. AWFZED HH

THETIS, Fx DI N —TTIET EHN RAL VNHEET S 231 HEHOT L
XA N T N7 7 VICEBR LA R (GroEL RW) ZHW/zA by 7 | -
7 —® ALY, GroEL 12 ATP XU GroES 2MEH 352 & T, 520 FKil
BNOROMER LTI T I LZMRLTVD Y, LNLARAL, ZThboiH
22 GroEL %7 = F D ED & 5 el & Rk LT 2 2MEEEMIC AR & 41
TWRW, £22°C, AFETIE, A My 7 b 70— CHRE SN &R0 E
ZAb, HREMREIZMAT 52 2B E L, GroELICRBITS [H72=v FZHk
T25RAALUHOBNRY ), 120500 » I RBRT 2 Mk 2 LT TATP K
S PRIEME | DN ER L7z GroEL RW % (1385102 U CTIERRL L 72 7o 22 B BR D R
Ny 7k 7a—@No&iTo7, £72, Clare b7 74 A B BMBHEIC L > T
LM LT 5 OONAEEELE LT, ARy 7 b 7r—IlLoTHBND
TEHANVRAAL DY T FNVEUZONWTHERAT 2B E L, [T 2=y
AR T D RAA URHIOEER Y | TiE, MIESIZ SRR GroEL CP86 %, [2>D Y
TR D k] TIE, o2l v VB ELR GroEL SR1 %, TATP hiK 4y fi#
TEME] TIE, ATP IR 3 s R 28 544K GroEL D398A Z £ L v iz,
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2. MBtE TR

2-1. RELHEH

prpii]

Agar powder - - - Wako

Ammonium Sulfate ((NH4)2S04) -+ + Nacalai

Bacto Tryptone -+ - - DIFCO

Bacto Yeast Extract - + < DIFCO

Disodium Hydrogenphosphate Na:HPO4s) - - - Wako
Glycerol + + < Nacalai

Glycine -+ - - Wako

Lactose Monohydrate + - - Nacalai

Potassium Dihydrogenphosphate (KH2PO4s)  + + - Wako

Sodium Chloride (NaCl) « « « Wako

Buffer B2

Acetic acid (CHsCOOH) - - - Wako

Adenosine 5’-triphosphate (ATP) + + + Oriental Yeast
Bovine Serum Albumin (BSA) - - - Wako
Dithiothreitol (DTT) - - - Wako

B -Diphosphopyridine Nucleotide Disodium salt, Reduced form (3 -NADH)

Wako
Ethylenediamine-N,N,N’,N-Tetraacetic Acid (EDTA - free acid)
Formaldehyde (HCHO) + + « Nacalai

Guanidine Hydrochloride (Gdn-HCI) « + « Wako

22
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Glutathione Reduced Form - - -+ Sigma
L- Glutathione oxidized disodium salt + « + Sigma
2-[4-(2-Hydroxyethyl)-1-piperazinyllethanesulfonic Acid (HEPES) + + + Dojindo

Hexaammonium Heptamolybdate Tetrahydrate -« - + Wako

Iron(Ill) Nitrate (Fe(NOs)s) - + - Nacalai

Isopropyl Acetate - - - Wako

Magnesium Chloride Hexahydrate (MgClz + 6H20) + + + Wako
Malachite Green Oxalate =+ + - Nacalai

Manganese(II) chloride Tetrahydrate (MnCls + 4H20) -+ » Wako

2-Mercaptoethanol - + - Wako

3-Morpholinopropanesulfonic acid (MOPS) + + + Dojindo
Nitric acid (HNOs)  + - - Wako

Oxalacetic acid -+ + + Wako

Phenylmethylsulfonyl Fluoride (PMSF) « + « Wako
Potassium Chloride (KCl) - - - Nacalai

Potassium Cyanide (KCN) -+ + Nacalai

Potassium Thiocyanate Solution (KSCN) « « + Wako
Sodium Dodecyl Sulfate (SDS) -+ + Nacalai
Sodium Hydroxide (NaOH) -« « Wako

Sodium Thiosulfate (Na2S203) -+ - - Wako
Streptomycin Sulfate -+ + + Wako

Trifluoroacetic Acid - + + Wako

Tris (Hydroxymethyl) aminomethane (Tris) -+ + Wako
Triton X-100 - - -+ Nacalai

12 Tungsto(VDsilicic Acid 26-Water  + + + Wako

Urea - - - Wako

23



DNA #:{ERIFR

Agarose S + - - Wako

Agarose . - - - Wako

BigDye Terminator Cycle Sequencing Kit Ver3.1 - -+ + Applied Biosystems
Ethanol -+ - - Wako

Isopropanol - -+ - Wako

illustra™ plasmid Prep Mini Spin Kit -+ - - GE Healthcare

QIAGEN QIAquick® Gel Extraction kit «+ + + QIAGEN

TIA %=

Apical Bbe (+) : 5 - ATCAAAGTGGGTGCTGCTACCGAAGTT - 3’

(27 mer,
Apical Aat (-) : 5 - ATACCTTCAACCACGTCCAGTTCGTCC - 3’
(27 mer,
Seq 1140 (+) : 5° - TACCATCTCCGCTAACTCCGACGAAA - 3’
(26 mer,
Seq 2255 () : 5 - ATCGTTTTTCGGCAGGTCGGTAACCA - 3’
(26 mer,
ELD398A (+) : 5 - GCGTTGAAGATGCCCTGCACGCGA - 3’
(24 mer ,
ELD398A (-) : 5° -TCGCGTGCAGGGCATCTTCAACGCGTGCTT-
(30 mer,
R231W (+) : 5 - CCAACATCTGGGAAATGCTGCCGGTTC - 3’
(27 mer,
R231W () : 5 - GCATTTCCCAGATGTTGGAGATTTTCT - 3’
(27 mer,
M13 Reverse primer : 5 - ACACAGGAAACAGCTATGAC - 3’
(20 mer,
M13 Universal primer : 5 - TTGTAAAACGACGGCCAGT - 3’
(19 mer,
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Tm = 59.7°C )

Tm =61.3°C )

Tm = 59.5C )

Tm = 59.5C )

Tm =62.5C )

3’

Tm =67.1C )

Tm = 62.8C )

Tm = 56.7°C)

Tm = 49.7°C )

Tm = 48.9C )



T7 promoter : 5 - TAATACGACTCACTATAGGG - 3’

(20 mer, Tm=47.7C )
T7 terminator : 5 - ATGCTAGTTATTGCTCAGCGG - 3’

(21 mer, Tm=52.4C )

pETEL CP86 {EpiH 77 A ~—
pETEL 173 (#): 5 - AAGCTTGCGGCCGCACTCGAGCA - 3’

(23mer, Tm=62.4C )
pETEL 192 () : 5 - GAATTCGGATCCGCGACCCATTTGC - 3’

(25 mer, Tm=61.0C )
pET-CP86 (+): 5 - CTAGGATCCGAATTCTCCGCGCACGACACT - 3’

(30 mer, Tm=65.7C )
pET-CP86 (-): 5 - AGGTGTTATTTAATTAGCCCCTGCAGTGCG - 3’

(31mer, Tm=61.6C )

$¢ F#R1% In-Fusion ligation T2~ % — & fH[A] 72 Bl 5]

pETEL CP86 C4 {EH 7 7 4 ~—
CP86 A3C G4C (+) : 5° - ATGGCCTGCTGCGACGGTACCACCACTGCA - 3’
(30 mer, Tm=68.5C )
CP86 A3C G4C (1) : 5° - ACCGTCGCAGCAGGCCAT TATCTTTATTCC - 3’
(30 mer, Tm=463.0C )
CP86 A552C G553C (+) : 5° - ACGCTTGCTGCGCTAATTAAATAACACCTA - 3’
(30 mer, Tm =58.9C )
CP86 A552C G553C () : 5° - ATTAGCGCAGCAAGCGTCGTTTGCTTTAGA - 3’
(30 mer, Tm=61.6C )
XTI S AL
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FUAE

Ampicillin Sodium -+ - - Wako

AEEBE

Rhodanese (from bovine liver) - + - Sigma

Malate dehydrogenase (MDH : from pig heart) + + + Roche

k -Casein (from bovine milk)  + + - Sigma

7 A

RESOURCE-Q Anion Exchange Chromatography Column -+ -+ « GE Healthtcare

Superdex 200HR Gel Filtration Chromatography Column - - - GE Healthtcare

T DAt

Acrylamide - - - Wako

Bio-Rad Protein Assay Kit + + - Bio-Rad

Centricon YM100 - - - Millipore
N,N-Methylene-bis-acrylamide -+ + + Wako
N,N,N’,N-Tetramethylethylene diamine (TEMED) - : : Wako

5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid (1,5-JAEDANS)

Sequa-brene™ - - - Sigma

Amicon® Ultra + « + MILLIPORE

Amicon® Centricon + + + MILLIPORE
EnzCheck® Phosphate Assay Kit «+ + - invitrogen
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fo A 2

AKTA FPLC System (FPLC) + + + Amersham Biosciences

CHILLING/HEATING PLATE (7 m >y 2 t—%—) + + - FUNAKOSHI

CHIBITAN-TI (iz.0lf7EEf%) - - - MILLIPORE

FAS-I (FT7 U AA NI R—H—) + + - TOYOBO

FPLC system (FPLC) + + + Amersham Pharmacia
GeneAmp PCR System 9700 (PCR) -+ + Applied Biosystems
GeneAmp PCR System 2400 (PCR) + + + Perkin Elmer
Gene Speclll (43YEER) - - - HITACHI

INCUBATOR SLI-450N  (JiPp) - + - EYELA THERMO
infinite M200 (7L — kU —%—) - - «- TECAN

Innova 4430 (#R¥ZE:#HE) -+ +- NEW BRUNSWICK
J-820 spectropolarimeter (CD) -+« JASCO

JEM-1210 (Z it %+ B E) - -+ JEOL

KUBOTA 1920  (fsds ¢ Hliz 05 BERE) - + - KUBOTA
KUBOTA 6200 (&3¢ Hljz 05y BiER) - + - KUBOTA
KUBOTA 6500 (&3 ¢ Hliz 04y BiER) - + - KUBOTA
Mupid-2 plus (FE5PKkE) - « - ADVANCE

NanoVue (43 EEEE) « + «GE Healthcare
NTT-1100 (fE{EAFE) - - - EYELA
PageRun (FE5XivkE)) « « < ATTO

SX-20 stopped-flow Spectrophotometer (A kv 7' K « 71 —)

Photophysics

U-2000 Spectrophotometer (476 F) « + « HITACHI
V-630 Bio (/30006 HERE)  « - - Jasco

Vibra cell (& AR AeH4) - + - Sonics & Materials INC
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2-2. 7T A I FHH
HIN 75 A ROAST-KIBEDOZ Vo —L R kv 7 % LB iR # (Ampicillin
50 ug/ml) ZHEE L, 37°C T Over night #R%E# L7-, WIZZ OFE{K%L LB € K5
(Ampicillin 50 ug/ml) (ZHERE L, 37C CifrER#&#%, LB AR  (Ampicillin 50
ug/ml) 2/ v an =—hlEE 1TV, 37°C T Over night K% L7z, Z DK
% 3 ml #£&E L, illustra™ plasmid Prep Mini Spin kit Z# HW\T 77 A I R& HEfE L
7o 79 23 ROWHIZIZ TE Buffer & 7=, + D%, NanoVue X% Gene Spec %
A LT 260 nm OUWOLEZJEL, WERFOT 7 A FORELZKRDTZ, DNA O

FERHEITEKE 10 mm, WORE 1 & X, 50ug/ml &725 2 L 2FH L7,

[LB 5% H] [TE Buffer]
1.0% (w/v) Bacto Tryptone 10 mM Tris-HC1 (pH8.0 at 25°C)
0.5% (w/v) Bacto Yeast Extract 1.0 mM EDTA

1.0% (w/v) NaCl

2-3. 7 Hu—RAERIKB

THa—2 8% 1.0 %2725 X 512 TAE Buffer (2z, B LY TMALT H
—AEFERIZEN LT, NMILUCZedETHEL, =F VU A7 a8~ % 0.1 ug/ml 2
B I T NAERRICEE a— A2 S LCEL Lz, b L7 e — RS L%
KEMEICE > R L, vkBEIH O TAE Buffer #1EEH TV E T VDO = VIZT 7T A L
7o, WE®R, HBET D BPB RN7 LD 2/3 Fil M CikEh 20, T AL

R—H =" LT FefEd L,
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[TAE Buffer]

40 mM Tris-HC1 (pH 8.0 at 25°C)
40 mM CH3;COOH

1.0 mM EDTA

2-4. 1Y i L - DNA Wi i o R

0.8 %7 Ha—ALIZTTY Au—AEXKEHZITV, hT VAL VI Fx—F—FH»
THHONY REHIEL, 4 7 TEHOANY REYIV LTz, =y Xy RATF a—
S B0 L7 A &I L, QIAGEN QIAquick ® Gel Extraction kit % /L yC DNA
Wrh O EITo 7=, 0%, =& 7 — Wik % 1T, NanoVue X |3 Gene Spec % fif

AL T 260 nm OWEEZRIE L, WIRT O DNA BE 2R 7-,

2-5. WHis#H
7Z7AIRDNAZaET Y A 100 W 121, JKAFT 30 oA % =—Fh
L7z, &I 42°CT 30 MRMEIRT S Te— by a v 7 2170, TORELITKF
WA, 255 MEE L, 42°CIZED THBW /= 800 ul @ SOC sz Nz, 377CT 1 I
MRS U7, Briaik % LB Z R (Ampicillin 50 pg/ml) (284 L, 37°C T Over
night 538 L7z,

[SOC #5ih (pH 7.0)]

2.0 %(w/v) Bacto Tryptone

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

2.5 mM KCl1

10 mM MgCls

10 mM MgSOq4

20 mM Glucose
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2-6. DNA Sequence

H B s 7 O gL, BigDye® Terminator v3.1 Cycle Sequencing Kit % >, PCR
[Z &Y O HRIESOEIEZ1T > 72, PCR #, Milli-Q /K 10 ul & 100% A Y 7w /3 /) —
30w EMZ, AVT v 7 AIFH—CHRIEL, EXBRRT 15 pMEFE Lz, =
I,14,000 rpm, 15430 L, @O THICEEEZRE L, EiR 70 %% ) —/L
250 ul Zhnz, EEHFRL, iR, 14,000 rpm, 5 ZREE L L CHE Lz, mOKT#%
W EEEREL, =& ) — DRI DBEICEE S, Milli-Q /K 20 ul #0012 THA/L
T w7 A LT, Ot LRI TWmBRIRAFE L. RO MBRENT e X v & —Il2 v —

7 ARAT AR LT,

2-7. GroEL R231W O fER

vy~ = GroEL £ %{& R231W %, GroEL-GroES ¥#~7 7 A X K pUCESL %
#ERI L L C, PCR % V7= overlap extension 2 L » TIERIL 7=, BEAKDT T A 2
K pUCESL EL R231W % & H W\ T KIGE JM109 % E#s# L. DNA Sequencing |2

LV EREANEMER LT,

2-8. GroEL SR1-R231W 0k
v ¥ 1 = GroEL Z 5k SR1 -R231W I3, HERFOFRBME AL VG LT
THW=ZBK GroEL SR1 (K 1-3-A =277 MU TV RAAL . f§fa) Za— KL
Z A K pEL-SR1 % &% & L T, QuikChange site-directed mutagenesis kit
(Stratagene) (2L W {ERLL 7= 25, ZBRIKD T T A2 F pEL-SR1-R231W % & H T

KIGHE DHS o Z# 2 EiiA#i L, DNA Sequencing (2 L W ZBE A gl L 7=,
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2-9. GroEL D398A-R231W D {/E#l

vy ~tu =2 GroEL % %{k D398A-R231W %, pUCESL/R231W %% L L C,
PCR % I\ 7= overlap extension {EIC X > TER L7=, ZHEAKD 77 A R pUCESL
D398A-R231W % & H T K H JM109 % 2 E i L, DNA Sequencing (2 & 0 285

BALHERD LT,

2-10. pETEL CP86 D {E# (In-fusion Cloning)

pUCESL CP86 FHAI AT o & LAMNEFIZE BVEIZ L - CTER L7z 41, pUCESL
CP86 [ZHM % > /37 E(GroEL CP86) DI HL &NV 72 v o To 128, HIil{s 1% IPTG
IZ X > THREBLFHEATEEZ pET N7 ¥ —(Z3E A L7z, In-fusion 7 = —=2 27 L A7 AT,
WY Z—, A F— b OREG 15 HEHFE TH AL, In-Fusion BEEN L H D
DNA Wrfz v — ALV AIZRE T 5, LR ORUSKHE, RISRHETRI 4 —, A % —
~Z B, U110 L, DNA Brh o217 - 72, £ D%, In-Fusion® Advantage PCR
Cloning Kit % T In-fusion 7 B —=" 7 %#{7- 7=,

In-fusion it~ %, i % TE buffer T 5% 4R L, AR 10 wl 2 H VT JIJM109

(DE3) (100 ul) % &E#x#i L. DNA Sequencing (& 0 28 B A & 8 L 7=,

2-11. GroEL CP86 C4 (GroEL CP86 A3C G4C A552C G553C) D 1EH
GroEL CP86 ™ N Kifii, CARIGIZI AT A VIRIEZEAL, YANLT 4 FiEG O
FRIC £ D RImEAL OfE & & BE L7, ZREARAIE, B4R 85 % H, 86 & HITHH
BELTIVBET AT A NIEEL, ZO—25MUDT I VKRR L AT A VITE
#i 7=, pETEL CP86 % #%|Z L C, PCR % f\ 7= overlap extension 752 & - THE

L7,
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GroEL CP86
N K] C Kumfa
..DAAGAN MAAGDGTTTAT... x#zATPog, vV vts Mgz afhiod 5wy

...838485 86 87 888990919293 ... (BFAERNCHYSTIT I/ BRIER)

GroEL CP86 C4 (GroEL CP86 A3C G4C A552C G553C)
N Aol C A b
.DACCAN MACCDGTTTAT... sxiaAtPog, vtk Meaibad s ol bsirms]

... 838485 86 87888990919293 ... (WAMIIHYT LT I /IR

2-12. GroEL CP86-R231W »/E#

¥ ¥ ~tm = GroEL Z Bk GroEL CP86/R231W %, pETEL CP86 ###/ & L T,
PCR % fH\ 7= overlap extension £k > TIERIL7-, £8{IKkDF 7 2 I F pETEL
CP86/R231W % t, H U T K HE JM109(DE3) % - E#x#a L, DNA Sequencing (2 £ ¥

IS A B ERE LT,

2-13. XUV BER
5 %4 L 7= Bio-Rad #L# Protein Assay A% & R S ERHRERE 6 KV 7L
OREREHORBEICA 2 ml TO07E L7, REHRHORBRE IZIRED BSA (0.5

mg/ml) & Milli-Q KZKRD X 52z, HMEREER L,

M (mg/ml) 00 01 02 03 04 05
BSA (ul) 0.0 80 16 24 32 40
Milli-Q (ul) 40 32 24 16 80 0.0
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WIZH > 7N Z2mEAR L T 0~0.5 mg/ml OFIFIZILE 5 XK 5 12 Protein Assay K
Az, o7V EEN 40 ul 12725 X )12 Milli-Q K& %72, KIZ 595 nm TOW

HEAREL, HEERIZIVIRELZ RO,
2-14. RER®
LB 5 #1(Glycerol #s/1) 1% Auto Induction 551 (ZYP-5052) 42 %\, KER#

7o, ETOEEIT3TCTIT 7o, Bz b IZFIHZ LI TITR LT,

ZY ¥

1.0% (w/v) Bacto Trypton

0.5% (w/v) Bacto Yeast Extract

20xP 50%5052

1 M Na:HPO4 25% (w/v) Glycerol

1 M KH2PO4 2.5% (w/v) Glucose

0.5 M (NH4)2S04 10% (w/v) B -lactose monohydrate

H B L 20xP, 50x5052 Z{ERLL, E6H 5 bIEFITHTIZ WO T, BRITHR)
L, 2ivbaxA— 7 L—7 L7, 20xP, LN 50x5052 % A HA DI L L
7 50 mM Na:HPOs, 50 mM KH2POs, 25 mM (NH4)2SO4, 0.5% Glycerol, 0.05%
Glucose, 0.2% B -lactose monohydrate (2725 £ 9 ZY H5HUZIRIN L 1L N> 7 U &
7F A3 £ 300mLICHTEL, A—F 7 L—7 Lz, B 300 mL (2% LT 20X P %
15 mL, 50X5052 (% 6 mL BN{EME W5, 4 — 7 L—71%, 1 M MgCle % #&

£ 2 mM, Ampicillin %z 50 ug/mL (2725 X 5 2@ L 7=,
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[LB 554 (Glycerol #ishl) (pH 7.4) ]

Polypepton 1.0 %
Yeast Extract 0.5 %
NaCl 1.0 %

Glycerol 0.1 %

HIRITEEsfL%, LB/Amp 7 L — b T Over night #ELRHEL7Z, >/ /lap=
—ZHEEL, 5ml @ LBHH GURE) ICHHRFE L, OD=0.8 12705 £ TIRER R LT,
&IZ 300 ml @ Auto Induction 55l X% LB B Hi (Glycerol iis/1) 12 ¥AHE 300 pl
ZAEE L, Auto Induction B5#fl : 15h, LB 5iH (Glycerol #I1) : 12 h #R¥&E:# L7~

A T, 8000 rpm, 20 min, 4°C T LOWEEIC KXV ERE LT,

2-15. GroEL (B4R, £EERK) OB
GroEL #8417 9 7212, FPLC % A\ T Superdex 200HR IZ L B 7 /L A7 o~
N7Z 7 4 —, #EWT Resource-Q (L DA A ua~ 7 Z 7 +— (NaCl,

KCD) #1772, HRIZHW- Buffer & FllHEZ LU FITR LT,

— i ] Buffer—
[Tris Buffer] [FvAihr e~ s 275 7 4 —H Buffer]
50 mM Tris-HCI (pH 7.8 at 4°C) 50 mM Tris-HCI (pH 7.8 at 4°C)
2 mM EDTA 2 mM EDTA
2 mM DTT 2 mM DTT
100 mM NacCl 100 mM NaCl
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(faA A 247 o~ b7 7 4 —H Buffer] LT A Buffer]

50 mM Tris-HC1 (pH 7.8 at 4C) 50 mM Tris-HCI (pH 7.8 at 4°C)
2 mM EDTA 2 mM EDTA
2 mM DTT 2 mM DTT

100 mM NaCl or 1M NaCl

(£721%, 100 mM KCl or 1M KCl)

1. K LIZHIK%Z 10 (5 & (wiv)D Tris Buffer [ZI&# L, 1L 1/100 DV V' F—

LZ&EMZ 37C, 30 min A »F =2~_X— %, =R T30 min @ L7, RIKFTLh

RER U, BB E AR 2 H U C B IR 21T - 72 13040 B (14,500 rpm, 30 min, 4°C)
IZE VR E A BRE L, EWEES R LT,

2. BRI O LIEE S IZFEEREED 5 %A LT b~ A VU EiRE PV ET T L

KT 1 h iR L TR ZAT o 72, BEFREE, =008 (14,500 rpm, 30 min, 4°C)
TRV Lo AREL, BEBES RN LT,

3. BREZEE O EIFEISIZ, KB TR LD OMIET =0 A EHEIRE 55 %27
LETP-L D LWL, IINE S B 1 h #i#E L7, ek, =058 (14,500 rpm,

30 min, 4°C) (2 XY PLEE S &2 157,

4. Z ORI Sy % i 2 5 O Tris buffer (M L, 077 Bf (14,500 rpm, 30 min, 4°C)
XV L AMEREEZREL, REESAEI L, Zivad FPLC ICRE L

FAHiEms a~ 777 4 — (superdex 200HR) (27 7T A L1z, ©— 7 HEny%

SDS-PAGE THZR L, GroEL 2S¥AMH L 7= %y % [N L 7=,

5. A L 7= &%y % FPLC IZa% & L&A A &7 v~ 7 F 7 — (Resource-Q)
27 774 L1, GroELWT (X 0.1—-0.55 M % 15 % 7 A {KfE453(90 ml), GroEL CP86
1£0.1-0.46 M % 15 7 7 LMEFE5(90 mDD 7 7 V= P CHEH LT, B — 2 Hisr %

SDS-PAGE THeE L, GroEL NEH U7 E4y ZEI Ui,
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6. 1%EHT A buffer T—BRBENT 21T\, BN Protein Assay Kit # HWWTEAE &EEZ1T
ST, D%, SDS-PAGE IZ L Y W8S OMEREIT > T2,

T RBAF M u~ b 7T 7 40—, BEELOMELE 725581378 ik
%17 > 72, GroEL({) 6mg/mDZ I L2N 57 & b 2 KIRE 45%1272 5 £ TKHF
To>< Y ERML, K THmin A > ¥ 2— b L7z, fHi#R%, 5057 BE (13,000 rpm,
30 min, 4°C) I X VLB L2 BMEAEZREL, RIFES 2B L7, 5000,

3%, W% SDS-PAGE (2 X - THEFE L 7=,
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B ofRh (GroEL)

(1L Ny 2ILtE=ATSR3, 37°C, 120 rpm  innova)

' 2ENERREED10E=ITHES KD, Tris BufferTR&EE
E AR (Amplitude 60, Pulser 1, 30 min, on ice)
1D 14,500 rpm, 4°C, 30 min

LB L£iA

—

BRikEE (IREBE25% ARNLTRIALY) —248—S5—T 1 BB

UD 14,500 rpm, 4%, 30 min
1

LB J:ilﬁ

rH

T L) —24—5—T 1 BfSEH
14,500 rpm, 4°C, 30 min

W& B (55%FREET >

B
R

4

I_I.

Th

x

L& DTris buffer(ZjA &

T p

TILA@YATET ZT4— (Superdex 200HR 10/30)

EAA4 Xy OTRIS5T4— (RESOURCE Q) 0.1~0.55 M NaCl
I

EHT (Dialysis membrane size 20)
iB#E (Amicon Ultra, 50,000 MWCO)

T iR (45% 7 k)

(_) 13,000 rpm, 4°C, 30 min
1

LB L&
FEHT (Dialysis membrane size 20)

PB#E (Amicon Ultra, 50,000 MWCO)
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2-16. GroEL CP86 C4 D kLB

ISR TR L 72 GroEL CP86 C4 % ATP (K17 F TV AN T 4 KA DI % (i
L7z RSO TN E LT ORIGHE T37C, 1Th A > % =<— k L, &H1IC TATP,
TINEFF L umE L, SOy Iz T 7)), BB aMErr L,
KRUFD G D% R T v) L LT,

[ATPase /i Buffer] LZE AT H Buffer]

50 mM Tris-HCI (pH 7.8 at 37°C) 50 mM Tris-HC1 (pH 7.8 at 4°C)

10 mM Mg(CH3COO): 2 mM EDTA

20 mM KCl1
1 mM EDTA
5 mM GSSG
1 mM GSH

2 mM ATP

2-17. ATPase IEHHIE (R V77 v 7 —iE)

~THA NIV =TS T TR Y R L RO SR LT 5 43, GroEL
25 ATP ONMUKGREC XV EREL 72 ) VA A 2 E & T 5 2 & T, ATPase i&PEZ I
E L7, ATPase JEMEIX, 25CE£721% 3TCITBWCHIEEIT > 7o, FRETRER » K

AR+ WE FMEZ LT ISR L,
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[Fb M e 12 O 72 3R

[A %]  0.045 % Malachite Green
[B #%i%] 4.2 % Hexaammonium Heptamolybdate Tetrahydrate in 4 N HCI
[C ¥%%]  Triton X-100

[D &%l 34 % Sodium Citrate Dihydrate

[ATPase fi Buffer]

50 mM Tris-HCl (pH 7.8 at 25°C or 37°C)
10 mM Mg(CH3COO):
20 mM KCl

2 mM DTT (GEjcsft)

FEETFIRIL AR & BIRHKZ 3:1 OFEIAGTIRG L, #E LT 20 /0B Efii#R L7,
IRATARR D 1000 73D 1 #O CIERZ WM L 10 /7 LL Efi#% whatman A#t No.5 Cillt
JEL72 B A LR L7,

1 uM (ZF#L L 72 GroEL % 721% GroEL-GroES % & T SR % 10 min, 25°CE 7=
X 37TCTA v Fa— kL7, WICATP BERE 2mM 2725 K HICilinL, Zhz
0 min & UTISZBRGE LTz, BOGEAE S 10 min B X IZUNRR S 50 nl &0,
7 %G FBRAVAIE 550 nl LIRA LR L CEEELL, KPRFLE, 2Toh 7
IVEEREL LA 2 72 30 min K TA % 2 X— K L, 2% 0 (15000 rpm, 10 min,
4C) LTINS OBEABARE L, oz B 50 nl 3 EEIK 800 1l
2N Z T L, 1 min $£12 D IFIR 100 pl 200 % CTH#R L 72 %3EE LT 30 min 1 >
FaX— kL7, £2DO%, TNENDOH 72O T 660 nm (Z31F 5 W E %2 1 7E
L, Y URR 2 DV CTER L 72 i DIRE A FH L, iR O 7 — 1,
GroEL OB 5 LT\ evy, ATP O AR MK L - TEUIEREY v o &%

ZLBIWEEZTE LT,
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2-18. MDH V 7 4 — V5 ¢ ¥ JiEHHIE
GroEL WT, % GroEL ZR{KkD v v Xo =352 HET 572D, Malate
dehydrogenase : U v A7t Fu s —€ (&K : £ 70 kDa) OV 7 4+—/17 4

> TIEERE 24T - 72 44,

MDH [Z LA T D s Z il 9= %,

NAD* NADH + H*
Lyvam « ™ A L gayomm
COO - MDH COO -
Ho—é —H Cl: ©
(JlH2 (,le
cloo - ClOO -

MDH i3 L-V v I % B & L CA X4 n it & NADH % 47 5 SOG & it 9~ %
23, WL Y o IRAERRICR > TWA T2 ®, 4% o FEiEOIREIFIE NIk 5 NADH
DI % 340 nm OWSEEZRET D Z LIk > CMDH OfEREEEZERT D2 &0
T& 5,2 hr—e LT GroELWT & [FKFIZHIE L7z, U 7 4+ —/LF 4 7 Buffer

DAL Z LU ISR,

[V 7 4 —NTF 1 v 7 Buffer fk]

30 mM MOPS-KOH (pH 7.4 at 25°C)
10 mM KC1

10 mM Mg(CH3COO):
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[Assay Buffer #fk]

100 mM Tris-HC1 (pH 7.8 at 25°C)
1.67 mM A3 Y o Fife

0.254 mM -NADH

8 M Gdn-HCl Z % L 37°CC 30 min £ =¥ 72 MDH &4, T 0.5 uM IZ5#
fl L CTEBW= GroEL F721% GroEL-GroES #& &V 7 +—/F ¢ >~ Buffer |2, #
REEA 0.6 uM & 722 X 2 ITIRINL 25°CTRIG A BSE LTz, E BTG S 50 pl
PEELL, Assay Buffer 1.45 mlZ¥IIL T 340 nm TOWSEEIZ LW NADH O
E% 1min fkFE L CTHIE L7, 24L& Omin & L, 5 min 12 ATP (2.0 mM, 0.5 mM)
WL, LI, BOSBRLESS 10 min Y > 7V v 7 %4757, R TRTT—X

I%, *A 7 4«7 MDH OiEM:% 100 & U CTIEMERIERZ 53R TRt L7,

2-19. Rhodanese V) 74— VT 4 V7 IEHHIE
GroEL WT, % GroEL ZRAKD > v X = EMHEZHET 572912, Rhodanese (H
BK K 33kDa) OV 73 —TF 4 TIEMRIEZIT - 72 45,

Rhodanese (XKD L 9 72 i % ki35,

S —S0s5 +CN — SOs2 +S —C=N

FATT U (ST —C=N) 1%, 52 KSCN &7¢%, KSCN /% 460 nm [ZW I %
FFODOT, D 460 nm (2B 2WLE 2 WET 5 H T KSCN OFERZRD D 2
&3k %, Rhodanese Refolding Assay (£, 6 M Gdn-HCl % H W CTEMEEE7-
Rhodanese % GroEL fF1E FCVU 74—/ T 1 v 7 38, HEEZEZOERT TGS

721, KSCN O&ZMET LI LT 2 —ROEERIEROIEREL Lz, 2 br
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—/L & LT GroEL WT & [RIFFICHIE L7z, LATISIEMSIR, BEewik, JV7r—nVT

£ > 7 Buffer O Z RT,

[ favas ke Rk REEERESEiE e

HCHO 1.61 % 9.8 mg/ml KCN
Fe(NO3)3 0.87 % 50 mM Na2S20s
HNOs; 1.13 % 40 mM KH2PO4

[V 7 4 —/F ¢ 7 Buffer k]

Non- permissive Buffer

30 mM Tris-HC1 (pH 7.2 at 25°C)
50 mM KC1

10 mM Mg(CHsCOO):

Rhodanese Z #&J2% 6 M Gdn-HCI < 25°C, 1 h & SE, F 0.69 uM (IR L
TEWiz GroEL 721X GroEL/GroES 4V I~—%5t ) 7 4+ —/L7 ¢ 7 Buffer
12, FEURFEN 0.46 WM L7 X ICHINL 25°C TR ZBIA L=, 5 min (2 ATP
ZAIRE 2 mM LD KON L7z, BUGBAAA2YD 10 min B X 1T, SRS
50 pl FREL LTSRN 250 ul EIRA L T25CT9 min A > F a_— |k L7z, KIZZ
VS 200 ul & RAEHE 2ml LIRALT25CT 115 min A U Fa_— b Lz, ZORf
AT 460 nm (21T HWOLE A RIE L, 2% KSCN &K 2 v TR L 72 & )
DIREZHEIE L7z, R TRTT—2I1L, XM T4 70 Xx—EDEEE 100 & L
TIEMERIERZ B R TR LT,
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2-20. CD #HiE

GroEL WT & 45 GroEL A RAKD "R 2 i~ 5 7212, CD JIEZ1T -7,

(R 8 VAR IR Rk

50 mM Tris-HC1 ( pH 7.8 at 25°C )

50 pg/ml GroEL

[T 2 R M ORI AE S
HEREZS - JASCO — J-820 spectropolarimeter
JEE © 1mm
HIERRE @ 25°C

HERE :© 222 nm

2-21. Gdn-HC1 iZx 2 &2 &M Hl & R

GroEL CP86, CP86 C4 D& ZEMIZOW TS 7=, Gdn-HC1 (2 X %2k
AR L, MEFEL LT, Fuosrdts CD o 2 BEORIEHETIT- 72,
Fr T OEITT L AUEAEEIC S B SR TH R, DF D SIEEIEN R S
THIZHE BN TN D D& <, WHISSZAEMIES AN TE TF o v AUE B 5
HLTL D EMEMES 2D, ZOBEZEZHES S Z LT GroEL OZEMEZmM D Z
ENkD, £72 CD METIFEAEREO kEEDE{EZmD Z LNk s,
GroEL (Z2KRMIZ a ~V v 7 AEEICEATHDETD, a~U v 7 AOQ#A 2 7
T TH DR 222 nm AL TORDBKRAL DA E 2 RET D Z & T GroEL D2
EHDHZENHKD,
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[ 22 PRI E A buffer #HAK]

10 mM HEPES-KOH (pH 7.8 at 25°C)
10 mM KC1
5 mM Mg(CHsCOO):

0.1 mM DTT

(30 7 A i B ONAIE S ]
()
HEREZE © JASCO FP-6300
YR 0 10 mm
HIERFRE 25T
bR ¢ 278 nm

HENKE : 308 nm

(CD)
HIEREZS - JASCO — J-820 spectropolarimeter
R : 1mm
RERHRE © 25°C

HERE : 222 nm

IZLOIS, Y ad A XKLz 1ml A AT T R aCEER EMERE R buffer 200 %,
HEJDORKIEE (0~4M) (2725 X 9 8 M Gdn-HCl X O milli-Q kZ/MMzT1lml & L,
25CT2h A v Fa— kL7, ZOMIZ, GroEL ® A>T 724 Gdn-HCL £ D
Buffer %% 1 ml T-O5% L T\ 7z,

BEFT e v s L O CD 2 vy, Ei LG CRIERE ORI 4 nm ZH17E L

Too MER, FEHRRORE A7 b buffer I OME AT IV EELGIE,

44



GroEL OARIZ X B F v OEIEEENR N CD v 728 Lz,
7T 7 OERIZBWT, Gdn-HCl JEBE OM 2 XA 7 4 7IREE, 4 M % 52225k aE

E L, Gdn-HClBE 0 M #f&E 05222 100%, 4 M %2 0%E L=,

2-22. BEESBER

GroEL WT (X7 w1t~V U v A (BeFx) f#1E [ CHREEHE, GroES, ATP &N
T5L 7y MAR—ABD GroEL-GroES-FLE E NE —HHE 5K (GroEL : GroES : %
BHEAE=1:2:2) 2R LIDRETCY Yy R0 YA 7 VBMEET D 2 ERg0-o
TWb, ZO=ZFHEAMWII® LT Proteinase K #{EHIETYH, AEEAHEIX
GroEL-GroES ¥ ¥ ©'7 4 IZSF LN THMN RN D, ZIUFEEEQEN I 7k
SNTWVWHZ EZRLTWND 6, ZHZHHL T, GroEL CP86 NWAHEHHE DI 7tk

AL ZAT O D LT,

X BeCl IZAHF THMEDBOWME LD TRWVIAAZY, H, BEROLHBEI iz
EOICHEET D Z &, Be(RY U 7 A)DIRA LT FEBRBERIEL Be(= U U 7 K)BH O FEHK

CREFEETH L, MENAET D LERARDT, MENEAE LRV KL D ICBER: O
KoBEEZHERTDHZ L,
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—HEAR LD EE—
(SR A Ak

2XRhodanese 411 Buffer
0.5 uM GroEL
2.0 uM %% Rhodanese
1 mM BeCl:
10 mM NaF
1.0 uM GroES

1 mM ATP

1. ERE L2 SOSHA 2 f 3 U7z, BN 2MEZE 13 LR L2 D L2 BIHICIR S L
TW&, ZM: Rhodanese & TR L#EHE L7-1%, Rhodanese 78 GroEL IZ5841Z k7
v ENDHELHIC25CTI0min A ' FaX— kL7,

2. BTHEUNE~IMLUTHE#EL, 256CT30min A > F 2X— [ L7,

3. EEMKRELIZH L TR WREIEAEZ 5 L CBr< 72®, 0.1 mg/ml Proteinase K
AAEEE 1 pg/ml 12725 £ 9 ICHIN LEER, 25°CT 30 min A > % = — h L7=,

4. Proteinase K O[S % & 1E S/ 5729, 200 mM PMSF ##4&RE 1 mM 12725 X5
(CHINUHLHR LTz,

5. Centricon YM100 |[ZES K2 AdL, & HIZ 4 55D 1 XRhodanese /£ Buffer
A 7%, 4°C, 2500 rpm, 10 min 050 HE L7,

6. BiEAAIX L, Protein Assay Kit Z W CHEHTEEEZIT -7,

7. TCA #5217\, 15% SDS-PAGE 7LD L — Nl EDERAERET 774 L
7o

PLEDOEAEZFEAR L L, Proteinase K LE 21T HO 72 WRIFIZEBWTHEREZITo 72,
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% Proteinase K (PK) : ¥V 7 a5 7—Fo—f, EWEEEREMELZE L, HiZ
KVE, G, HEET X O C KBz T 2 X7 F NS 2B o+ 5,

53 F-HI3K) 30 kDa (279 FR 1),

2-23. EFHEMBEBE

GroEL-GroES-Rhodanese # & 553 B F282 1235 T, GroEL CP86 & GroES O#4
RO A HERT D720, BTEBEBEEITo7-, EEERIHEER (2-22) THLR
YT bul B —Rra—branPA oAy afl (BHEM) 77740, 1
SDREIFRIETA o FaxX— g, AT T2 B 72, Yo 72 Milli-Q 7K 5 ul
BT T T4, BHHIZERER BT, 1% Y 7 = VERT 20 AR AT 4 T REE
TV, FOAMTY I 2R BT, i2%12 JEM-1210 (FEF-BAMER) &M,

BEZ 80 kV ITRE L TBIE AT 712,

2-24. A by b Tu—EEBEHWZEILBERE

GroEL O7 EAN RAL ANTEALTE M) T N7 7 v OwRNREE(LETFIEE LT,
Stopped-Flow & ZHWTHIEL, Y7 N7 7 rHkROua bR E A A2 HEmIC
FEAT U7, {8 A9 8RO, LLTFISRT Stopped-Flow Buffer % V72, 295 nm O
BRTHIE L, 320 nm LATFONEEEET+ 25 WG320 7 4 /L& — 4l L Caot 2 Bl

L7,
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Stopped-Flow Buffer 2P MDH #Ak

50 mM Triethanolamine (pH 7.5 at 25°C) 5.0 mg/ml MDH
50 mM KC1 6.25 mM DTT
20 mM MgCl, 3 M Gdn-HCI
I EHEIE A HIE K B

1.25 M GroEL (% R231W 2 %{K) 2mM ATP
£1.25 uM 2% MDH +£1.25 uM  GroES
—HERE R DEE—

1. Stopped-Flow Buffer 41(Z 0.5 g/ @ Acid-washed charcoal G&EVER) 2L,

BN EY TV EER T BENT Lo, =00 B (15,000 rpm, 4°C, 10 min) 2
L 0itEmERE L%, EEZEILLT,

2. JWHZ 7 H1Zid MDH & vy, 20 MDH (3#ak 2 SIS /R L, EIRM T
37C, 30 min £t XH 7=,

3. WIEWHK A, B L, 25°CT 10min A »F 2~— h L7z, WiEZ U P
BL1:1 oFETRE Ul E 295 nm, BAIKE 320 nm PlE, AEIEE 25C
THIE LT,

4. T— X2 OENTIE, 5 [El~25 [E5EFE LizbDxE v, BLTICART Single $ L <
IZ Double Exponential, Triple Exponential ®=UZw#H L, Hs T O#EE EHE L O

T 7Y Fa— FOEEZRDI,
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Single Exponential

y =A, exp ('k1 <)+ C,

Double Exponential

y=A exp (-k - t)+A, exp (k, - t) + C,

Triple Exponential

y=A exp Ck +t)+A exp (k, - t)+ A exp (k- t) +C,

X EFRONTRLEA, A, A, ZT7 07V Fa— ROz,

k, k, k ERNTOEEERE, C, C,, C, 1 t=w IHBF5 y OIEERT.

2-25. FRET #FIRA LI~ EE % v 7 HDEH
FRET ZFfIH L, BE¥ "7 HOMBEAZBINT 5 Z &£ T, GroEL R231W,
SR1-R231W, D398A-R231W (ZBI1T 5 EH ¥ o X7 OREEGHRAB L O, Wb A

= AL DENZ T,

HOCERR Y 7 VAR

20 mg/ml GroEL-WT

5 mM 1,5-TAEDANS

75 WT GroEL #HJK

20 mM Glycine-HCI (pH2.0 at 25°C)

31.25 uM AEDANS-GroEL-WT

HE iR A HIE R B
1.25 uM GroEL (%% R231W £ fL{£K) 2 mM ATP
+1.25 uM 2% WT GroEL +1.25 uM GroES
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—HEAR LD EE—

WT GroEL % 50 mM Tris-HC1 (pH 7.5 at 25°C) T 3 h — over night i##T L 7=,

1. LEEOMB THEOL T IV Ef 21T o 72,

2.25C, 30 min A ' F 2X— %, 10mM B-Me CTKIGAEIEL, 50 mm Tris-HCI
(pH 7.5 at 25°C) , 7EMR 0.5 g/l T over night BT L 72,

3. JASCO 2 L 0 W %l L, AEDANS @ 336 nm (281} 5 €A IEARE (5,700
eml + M1) XY AEDANS E/ViEE %K%, Bio-RAD PROTEIN ASSAY (2L Y &
NIRELZREL, GroEL V%7 2=y F&7= ) ® AEDANS &ffiZ& Z K7,

4. AEDANS f&£fi#4 ® WT GroEL % Glycine-HC1 #1C 25°C, 1h TZMS®7=,

5. MIEEE A, B AFHHLL, 25°C, 10 min A > F =_— &, Wiz 1:1 OEAET
BEL, WEEIT-,

6. 7 — X FENTIZ 10~25 B ORET — ¥ ZFHE L=t O % H, Double Exponential

OXITHEH L, ANTOREEBBIOT 7Y Fa— FOEZRDI,

FRET MERFIZUTO LB TH D,

i & 295 nm (Trp : Ex.295 nm, Em.340 nm, AEDANS: Ex.336 nm, Em.470 nm)

B E 420 nm LL E (420 nm cut @ Filter {5 H) , 1EE 25C
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3. MRLEBE

3-1~3-3TIZA vy 7 b« 7a—THUW- GroEL Z 8K (MIESZE SRR, 7L
Vo TEEAK, ATP MK R RIEZE BAR) ORSREMNT 21T - 72, HHERKOME %
BSEMNZL, 34 TIXA RNy T b e 70 —=I2X DT EDIL AL L OEEELIZONT

A LT,

3-1.MIEF|ZE Rk GroEL CP86 D BT
GroEL CP86 1384 (GroEL WT) ® C K& N Kigz U o h—THR X, 86
FZHOT X ) WMEFHT72 N Kb LTEZBIETH D, GroEL CP86 @ N Kimld—2 7

NUTIVRAALLDXT AT REEGENATITIIALET 5, GroEL CP86 DREEEMRAT %

TV, ¥ 7 2= FZRERT 2 RAAL VHEOBERY BNy v o= R RIT T AL
WAL,
Apical
domain
Intermediate 8
domain
Linker
Equatorial (Val, Asp)
domain
LT ATPDB, v EREMg? EHE
Ckis * N3K i3 A4 B0 BALET
.DAAGAN MAAGDGTTTAT...
...83 B4 85 86 B7 88 89 90 91 82 893 ...

3-1. GroEL C86 D K ik A7 &
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3-1-1. CD #l#(GroEL CP86)
AR 28 BRI, FroRugOE A LY, AR L B2 2 RS2 R L TV 5 AlHE

MndH->7-, GroEL WT & GroEL CP86 @ —kiEE L ~UL TOEWEZ A 7-012,

CD HIiE 21T > 7,

: 2 L] L] L] L]
©

£

© ’ = : GroEL CP86

N == : GroEL WT

£

Q

[6]%10* ( deg*

2 'l 'l 'l 'l
200 210 220 230 240 250
Wavelength (nm)

3-2. GroEL CP86 ® CD &

GroEL WT [ & EFIC a~V v 7 AEEE L GATVDTED, a~l v 7 A

G IR A DO 7T D 210 nm UL 220 nm T DA DBKABLIH S5,
GroEL CP86 ® > 7 F i GroELWT O 7 F Lk 4 EHEF R TFLTWA DD, 1F
ERZEDS 7T FANELNTE, =77 M) TILREAAL O 86 & H IR T ITICH REGHN

BASNTZZ LIZE D GroEL “IRFEE~DZEIT DN L F 2 6T,
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3-1-2. Gdn-HCl ic 3t 2 # &L el € B (GroEL CP86)
HIREE A X AWEEZEE~DEEBER 5720, Gdn-HCl (ZxH3 5/ &EZ2E @k

ZRMli L7z, 0~4 M Gdn-HCl f7#7£ FiZE T 25 Tyr #EHIE & CD HIEE1T - 72,

o 120
§
= 100 A A
'E; AAA A
£ 80 |™ee, ,Au4
g G0ge .A
60 F
: o
s 40} A®
o A ¢
S 20 k 'Y
- 2324 o
&) OO.
q>, 04 ...: [ Y ([ ]
2
E _20 'l 'l 'l
& 0 1 2 3 4

Gdn-HCI (M)

3-3. GroEL CP86 ¢ Gdn-HCI (257" % i 22 & Ml i R
GroEL CP86 @:Tyr #LMIE A:CD il

GroEL WT @:Tyr #tilliE  A:CD HIE

GroEL CP86 & GroEL WT (Xl & & 2 Bt MEfh#Z R L7z, 1 BfEHE (~0.5
M Gdn-HC1) DOZAIIAT & DR IEZE L Z R L TS &EFx b, 2K&MEA (0.5
~1.5 M Gdn-HCl) DK & 222 LITEFBR T GroEL ONARHEE RN TV D Z & Z0R
LTWbEEZ BN, GroEL CP86 1%, = ® 2 Bk H D2 LA GroELWT LV 49
0.1 M {3 TR S iz, GroEL CP86 Ol S IZB AR L & # T TF LT
HEEZDBN,
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3-1-3. ATPase /& #l E(GroEL CP86)
Bk mE A2 L5 ATP K RAE~ DB 2 THET 5729, GroEL CP86 ™ ATPase
TEMERIE 21T -7~ 3T CKR N 25°CI2HB VT ATPase /EMERIEZ TV, =2 hr—/L &

L T GroEL WT & [AIIRFIZHIE L7z,

Release Phosphate (mM)

(A) 37°C (B) 25°C
1.0 04
—8- CP86 ~ —@- CP86
0.8 =
' ——WT | E oz }| —wr
—— WT+ES 9 —— WT+ES
06 <
o
(7]
2
0.4 o
]
(7))
3
0.2 -
o
0.0 _ .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

3-4. GroEL CP86 ® ATPase JH I E

37C, 25CEHLLDOEMIZB VTS GroEL CP86 X GroEL WT O/ fEJE D
ATPase {EMHEZRFFL TWDH Z LB LMNITR o7, 72, GroES OWIMNIZ L > T
ATPase IEPER I S5 728, GroES & OFHAMER IZHERE S 41, ATPase 152 Ml
THRDIR TN T D EE BT,
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3-1-4. Rhodanese, MDH U 7 #+— /L5 ¢ v 7 EMHIZE(GroEL CP86)

GroEL CP86 O v v Xu= 52 HET 57-9I1Z, Rhodanese, MDH DV 7

— T 4 TIEWREZ T 572, 2 hr—/ & LT GroEL WT & [RIRFICHIE L 72,

80

Refolding Yield (%)

Rhodanese

60 |

40 |

20 |

WT

Spontaneous

10 20 30 40 50 60

Time (min)

100

Refolding Yield (%)

0

80

60

40 }

20

MDH

Spontaneous

O
0O 10 20 30 40 50 60

Time (min)

3-5. GroEL CP86 VU 7 o+ —/L7 1 > ZIGMEHIE

Rhodanese V 7 #—/VF ¢ > 7 FEER TiX, GroEL CP86 (X Rhodanese D&M % 30%

I2E LR LTHE ST, Spontaneous L0 b LEWERETHY, U T4+ —NT 4

7 Bl RE

T AER O 15 RETH -T2, —F, RE#ERILICMDH Y 74— 7 4

> JEER T, GroEL CP86 IXBARZIE WY 74— T 4 VU TREERS TNDH T &N

Rl STz, WHEORMBEIZ L > Corry X =V IR bR L 7r > 7=, £72, MDH

E B TEMREZ T 720, GroEL % v B ¢ WITH Y A A T2 EH 2 5 O F

TAHRAT v T HMEEHEL TWDLZ ERRBINT,
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3-1-5. GroEL-GroES-E£H , B & A K ER(GroEL CP86)

GroEL CP86 7 &H & 1 (Rhodanese) # 52222 7 72 W b 5 7>, GroEL WT & b
~T GroES, MEEHEL OMARIEIZEIN D 50 iiE 21T -7, GroEL |% BeFx
71 FCHEEAE, GroES, ATP #7425 & 7 v AR —1TD GroEL-GroES- A&
BHBE=FHEEWH (GroEL : GroES : WEHAEHE=1:2:2) ZBMLIRKE T v~
R A I VBEIET D 2 E R o T D 46, BeFx ML C ATP f#{EF T
v FAR—= VI Z B S, Proteinase K (PK) AP AZAT > TH 7S Tnian
FLHEEAEABRZE, Microcon YM100 T7 v b AR — VBRI AR O B % i L,

SDS-PAGE THERE L 7=,

A. Rhodanese % F25 & L 7= AR ER(PK ALEL 72 L)

kpa @ @ @ @

66.0 -
450-
36.0-
Rhodanese
29.0- (33,000)

24.0-

14.2 -

X 3-6. HAMWEEKIEB(PK ALEL 72 L)

O HFE~—H— @ GroELWT ® GroEL CP86 @ ELS v—%# —
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B. Rhodanese % #/& & L 7- 8 A& AL FZER(PK 4L 30 min)

. ® @ 6 @@

66.0 -
45,0 -
36.0-

Rhodanese
20.0- (33,000)
24.0-

14.2 -

X 3-7. EEWIEAMSERPK L 30 min)

O mFE~v—I— @ GroELWT @ GroEL CP86 @ ELS ~—7% —

(A) PR LB A AT D7 o Tt fy, B4R, AR L $12 GroEL, Rhodanese, GroES
D3ODNY RNFo &) LEIETE 72, GroEL CP86 /X Rhodanese & &K% FE Ak
T5HZ ERERENZ, £72, GroES, Rhodanese Offi&&i% GroEL WT & [RIZ%Th
HEIICRTENT,

(B) PK ALFL %247 > 72354, GroEL WT TlX GroEL, Rhodanese, GroES ® 3 ->d /R
Y RN & 0 LBIETE 72, GroEL CP86 23\ T% GroEL, Rhodanese, GroES
D 3OO RBEIEINT-72%D, Rhodanese #x ¥ B 7 A Wl CHREL T H & E
A bivdH, L, GroEL CP86 |d PK MLH 24T/ ino 7o b D L i L TNy Rk
DHIIN L7z, 23> RONNZIX, Rhodanese D53 fiELAsMZ, GroEL CP86 M 4fiE, #
s LRI BDRNE 2 BTz, TR RIS X 0 SRR L7 GroEL
CP86 H o 7N aHWT, FROFEREIT-I,
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Proteinase K

k Da +

66.0 - -
@8 < crorrcrss
45.0 - [ —

36.0 - -_——

- «<—Rhodanese
29.0 - . . :
24.0 - R
20.1- ' -

e — # «—GroES
14.2 -

3-8. HAMWEMER (7 & o ILEAR)

PK WH A TR oo h, AR, ZR{KE $12 GroEL, Rhodanese, GroES
DIODNY RN To&x Y LEIETE -, PRIV AT 285128V TEH, GroEL,
Rhodanese, GroES ® 3 DD/ RNT-& Y L#EIECT& 7=, GroEL CPS86 I,

Rhodanese # % v B 7 4 WilIZIREL TWH EE X HILD,
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3-1-6.E T HMEB L (GroEL CP86)
GroEL CP86-J4E & H & (Rhodanese) E A KL FEER (3-1-5) O > TR EEIK
PR L TWD DR T A7, B FIEMESEYT- 1,

.8 e

3-9. EFHMEEIZ L 5 GroEL CP86 DR

BAFE SR LN T v hAR—NVBIE AR HER S 7=, GroEL CP86 1% GroES
LBAEEREERT D2 N ghotz, £z, HWE X L X7%E (Rhodanese) # % v &7

AN THREL TWDZ ERRBINT,

3-1 OFEBRFER LY, GroEL CP86 IX ATPase iR AR DO Y-/53FLE, GroES (2
£ % ATPase IEEOIHNTEF AR L F U< 50%fRETH D Z &Ry o-oiz, £7-, MDH
DY T F—NT ¢ TREITEAER L FRE CTH 7223, Rhodanese DV 7 4+ — /LT 1
¥ TREINE 1B BREEIZEAD LT, KU RTF FEH~OMIEFIEREAN (=277 RV
T RAAL L DRY T F FEHOBRE) BHEE Ty v e = RS KT L72b D

LEZLND,
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3-2. MIEFHZE B GroEL CP86 C4 D REMEAT
GroEL CP86 1%, RV RTFF FEHOHZUZ L VR TN E L EEZ N0,

el

Rigla] L OEFREIZ LY vy Xe = CERBROEEN 6N D OB ELT, £2 T,
R [A] 1= 2 R /e S 5720, N Kb, CRIsMTTICZENEN T AT A VEREZEA

el

L7 5K (GroEL CP86 C4) Z#ERIL7-, Z OEEMITE TSN T TRIMEBAL A )
Wr SITIRBEIC B D 23, B LS F CIERIREML CY AV T 4 RiEEZ B L, Ik &
NI RKRAEE T2 25 L C&REF LT,

Apical
domain

Intermediate

domain
Linker
Equatorial (Val, Asp)
domain
VAT ATP®DB, v EEEMg2 E§E
Ckif * Nk i &% B0 HALES]

...DACCAN MACCDGTTTAT...

...B83 B4 85 86 87 88 89 80 91 92 83...

3-10. GroEL C86 D KB A& & > AT A L FEFL D AN &
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3-2-1. GroEL CP86 C4 M fa{kL
GroEL CP86 C4 k&I L, M bV 7N, BV o 72 ER LT, BbLEE (v
2T 4 REES DR ([2k v, Bt 7L b i LT SDS-PAGE OB IKENE IC

AL R SN D I HER 21T 2 T2,

M O @
M GroEL WT
- - o @O GroEL CPS86 C4 i#t&tt

@ GroEL CP86 C4 fie{b5:1t:

uh

3-11. BR{LALELTR O R B DRt

=

% GroEL WT ® 7513 57,259, GroEL CP86 C4 ™/ &% 58,086,

it 7L LB e 7 L% SDS-PAGE TEMNT L7558, B kE) OB 8|
EWRR N, BV T Aoy RidEah 70 L0 b FEicy 7 b
Liz7=2h, VAT 4 REESDOIBERIC LY, EKIKEIOBENEEIEVWR R b L%

BT,
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3-2-2. GroEL CP86 C4 ® CD HIE

PR

=

DHEFENZE D GroEL ZIRIEIE~DHELFH 572, GroEL CP86 C4 iz

fbgett:, BICHRMEO CD WEZIT -7,

== : GroEL WT

== : GroEL CP86 ZE L&
= : GroEL CP86 E{t &

-cm? -dmol")

[6]%10* ( deg-

'l 'l 'l 'l
200 210 220 230 240 250

Wavelength (nm)

3-12. GroEL CP86 @ CD HIE

GroEL WT (33 AHEEFIZa~) v 7 AEEEZ L GATWDZD, a~ v 7 &
EEICRHEDOY 70 THD 210 nm 117 & 220 nm FIE DA DOWRK AR ST, &
P TNTELDIELSXITRONTZA, GroEL CP86 C4 O 7/ /LB b5k, &

TLEMHEZ GroELWT O 7L CFIERI%E Th - 7,
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3-2-3. GroEL CP86 C4 @ Gdn-HCl IZxt ¥ % ##1E L E R E FEBR
FRL2& 1T @ GroEL CP86 C4 DL EMEIZ DOV TIHIR L 72%, Gdn-HCLIZx3
HHEEZ EVE AR L7z, 0~4 M Gdn-HCl f#7E£ FiZB 1 5 Tyr #OGHIE & CD JIE

wZiTo T,

S 120

| .

(]

"&; 100 & A A

€ [ ] AAfA t A

© L o%

E 80 ..’ A A

o.

c 60} %,
e

> 40 F Ao

S i

S 0f M,

< rXTl" S A

2 0 ®ece e 1

)

m _20 'l 'l 'l

o 0 1 2 3 4
Gdn-HCI (M)

3-13. GroEL CP86 C4 @ Gdn-HC (29" 5 k12 i M ) E 5
GroEL CP86 C4 @:Tyr #2)¢ilE  A:CD HIE

GroEL WT @ Tyr #OtHIE A:CD HIE

GroEL CP86 C4 & GroEL WT [Xili# & & 2 Befk OB MEMifR 2~ Lic, 1 BBER (~
0.5 M Gdn-HCL) OZAIEAT & O NEAEEZ b 2R L TS LB X BN, 2 BFEH (0.5
~1.5 M Gdn-HCl) DK & 22 ZALITEFBRICH GroEL ONARHEE RN TV D Z & Z0R
LCTW5b EEZ BN, GroEL CP86 C4 DML, GroEL WT & IZIF[FIKED ik

AN TERY, MEZEMITEAEM EFRE, b LUITNULTH D LRI,
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3-2-4. GroEL CP86 C4 ® ATPase {EMHHIE
RUFEBNL DS 12 L 5 ATPase {EME~DO B2 HAET 5729, GroEL CP86 C4 [l

o7, w7 VA VT ATPase TEMERIE 21T - 77,

1.0
—~ -o- CP86CA(ER{L &)
= . .
£08 | -® CP86CA+ESELFEH)
. —— CP86CAGR T &)
T —o— CP86CA+ESGE T M)
-E 0.6 =IT
w
2
o 04
(4]
S
202
V]
o
0.0

0 10 20 30 40 50 60
Time (min)

3-14. GroEL CP86 C4 ® ATPase /& MEHIE

wout 7LD ATPase &M (X GroEL CP86 @ ATPase &M (X 3-4) & I[AFRE T
o723, GroES IEFE T O LY > 7 iz T, ATPase IEMED LA BRI L7,
GroEL CP86 Mefbsefh T U U EREL, SUSBAE 1 BRI IZ/ 0.7 mM & 72> T
v, BAEMDK 0.8 mM (X 3-4) (TEVMEE 22 o7z, BRAGAAERIZ LY, Rinio2ME

B SN ATPase {EMEREIE L2 2 L R S vz,
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3-2-5. Rhodanese, MDH V 7 % — /15 4 v 7 iHFHHIE
GroEL CP86 C4 by v X = {5 %2HET 57-DIZ, Rhodanese,
MDH ©V 7 3 —vF 4 TIEMNE A IT>7-, 22> rr— & LT GroEL WT % [A]

REICHIE L7,

Rhodanese MDH

80 100
g 60 b g 80
L] T
] o
> < 60 f
L] 24t
o o
&, 20 L &, 20 i

oM 0 A-AS— e

0 *10 20 30 40 50 60 0 * 10 20 30 40 50 60
ATP Time (min) ATP Time (min)

3-15. Rhodanese, MDH U 7 4 — /L7 ¢ > Z{EMERIE

Rhodanese @ Refolding 5 CTi%, GroEL CP86 C4 DU 7 #— /L5 4 > 7 ZhHRITHK)
45%, GroEL CP86 ® Refolding A2IZ#7 30% CTh o7z, T AT A VR EEAL, W
KDL TY 74 —NT 4 7RO LR S/ MDH DY 74— L7 ¢
» ZIEVERE TlX, GroEL CP86 C4 DU 7 +— /v 7 ¢ » V' HEld GroEL CP86 & [FIf&E

Thy, BAMLEREDY 74 —1V7T 4 TREEZRE L TV,

3-2 DEBRFER LY, GroEL CP86 C4 1%, ML M: Tz W THEEZEM DM L
iR Sv7-, £7-, ATPase i, Rhodanese ®V 7 4+ —/VF « VRSN A EL, B
RN S W2, ZRHDFRR LY, =27 T RUTILVRAAL DX T LATF REEEEML

FHE D725 0 DNBFAER GroEL OFERBIZEHZIZEMR L T\ b & X b,
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Iz,

N TEEK (GroEL SR1), ATP MUKy fifRE R #H28 F A

EHWNTEREZIT- T,

200D T RBRT 2 MR, ATP MKGHIEWEOF G 2R D 2Dz

(GroEL D398A)

3-3. GroEL SR1-R231W, D398A-R231W D HEREFRIT

R231W BNV v o = VR MIF T B L5720, GroEL SR1-R231W,

D398A-R231W @ ATPase i&MEMIE (3-3-1), FEX RV ED) 75 —NVT 4 V7%

PERE (3-3-2) &1T o7

3-3-1. ATPase EMHIZE(GroEL SR1-R231W, D398A-R231W)

SR1-R231W
1 T T T T
—@—GroEL

g 0.8 L =< GroEL + GroES
= —— SR1-R231W
=4 ==y \e== SR1-R231W + GroES §
8 o
< U A ™ 4
=
= |\  J
8 - g ()
s 04 S e oy
A oAy
'c --------
2 02| A 1
D fese"
] ¢
2 0

[ L L L L

0 10 20 30 40 60

Time (min)

Released Phosphate (mM)

0.8

D398A-R231W

—@—WTEL

——D398A-R231W
wemiesmes D398A-R231W + ES

Time (min)

3-16. SR1-R231W, D398A-R231W ™ ATPase {& Ml &

A HEOHFEIZ LY, GroEL R231W [ZEF AR L 0 & HF 7 m\ ATPase (M & Ff

DT LERPEIN TS 20 GroEL SR1-R231W [ZEAR L v ¢ 1.1 fERE SN

ATPase /EMD MR SNTZ, F£72, GroES 12 L - T ATPase JEMEDESFEEIIH S

DI ST, GroEL D398A-R231W ™ ATPase &M 1T B4/ b bl U CIEH,

WKW Z & SR S 7-, GroEL D398A @ ATPase {&MEIIEAM D 2 N—& o M2
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Refolding Yield (%)

FETHDHIENERINTNS 2, TEHILRAAL L ~0O R231W ZHIE AT L %5

DN L HERR S T,

3-3-2. GroEL SR1-R231W D VU 7 +—F 4 ¥ ZFiEMHIE

Rhodanese
100 T T T T T
80 | —@— WTEL + GroES 4
—#— SR1-RW + GroES
——— Spontaneous
60 | 4

0 10 20

30

40 50 60

Time (min)

Refolding Yield (%)

100

80

60

—.— GroEL + GroES .
—2k— SR1-R231W + GroES
== Spontaneous

10 20 30 40 50 60
Time (min)

X 3-17.SR1-RW DU 7 +—)LF ¢ > ZIEMERIE

GroEL SR1-R231W @ Rhodanese @V 7 +—/LF ( » 7 HENIX, HIERR T +—Ib

Tar 7LD b ER LR, BARIY SIERWEEHERE Sz, GroEL SR1X ~7

VAV ITRIORIENRRINL TWATES, Yy Xa= YA ZIUREMEL R,

Rhodanese I[THERTIEMEZ OS2, Y ET A OFIC AT REED 5 NIEM %

FELTWAEEZ NS, —F, MDH DU 7 4 —/LF ¢ » ZHENIZHER I N>

7o MDH [ &K TIEMEZ RS20, HEER Xy BT 4 OFTHRA L, LR

WRBIZR ol eEZEZXBND,

—EDOERZBEL TN T T 7 oEEOBEAN (R23IW AR) ([ZL5vyRXp=r

ZEFARDEERE~D

B 9L,

P =

D7 EHB L, RICA T b T u—fT 21T o7z,
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3-4. GroELZEER&EDRA vy X b« 7u—&XOWH

TEDNVRAL NHFET D 231 FEHOTAX=UFEEE N 7 b7 7 V@B L
T ERAR23IW BRE)EZHNZA by T - T —@aHTic kY, vy Xe=
GroEL 7 1 /b N A A » Oa iR 2852 U, B4 (GroEL R231W) , FIJIE
FI12 H K (GroEL CP86-R231W) , ATP MK 43 fif R #5725 Bk (GroEL D398A-R231W),

o) BRI (GroEL SR1-R231W) Z W TEBRAZIT- 7,

3-4-1. GroEL CP86-R231W O X F v 7k « 7 u —8 ¥
KA A DBZIC XD GroEL HERE~DREBEZ TS 720, HIEFIZEAK (GroEL

CP86) #HWTA Ny K« 7u—woixzito7,

A. GroEL + ATP B. GroEL + ATP/ES
8101 31'035"" AR
g 8§ ol
0 1k 31.02;

o °
S 0.99 S 1.01
T 3 ™
-30'985.......... » | .GZJ 1
& o005 T T w °'°;
Q 0 )
o 0005 Bl o -0.01
0 1 2 3 4 5
Time (sec) Time (sec)

3-18. GroEL CP86-RW D A ~ v 7 k « 7 o —a&W007

(A) GroEL+ATP D&M T Ti, dOEMEZ(LA R231IW & L TRE < JEL TH
D, HOEIRE RN & A B S iR T, RORBRAREL: O HOETREE OB (Phase
A) &, ZRICRLKIERICP o< 0 & LIedbiBE DA (Phase B) 2303 22 BLHI
SNle, =77 RUTNVRAAL U~DORYXTF REORAICELY, =77 NI TR
AA DD T ETN FAL ~DIERIGEICEENECIZEFZZAOND,

(B) GroEL CP86-RW |Z GroES #iRIN¥ % Z & C, #iE 4t (Phase C, Phase S)

DHER ST, L L7, BAERI(GroEL R231W) & i~ % &, SURHE DK T
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DR S 17-. Phase C 1Z(R231W k=0.75+1.2 s'—>CP86-R231W k=0.43+0.26 s'),
Phase S iZ (R231W k=7.5+0.86 s1—>CP86-R231W k=2.7+0.87 s1) T& >7-, GroES

DFEGIZRIOTEAN AL COBERRESND EEZBND,

3-4-2. A RO =VUHP AT NVDERELTEINLNRAAL U EEEOBEENY
Phase C IZEKT DT E NIV KA A U KIGEE L ATP OREERFIICE < Z & A
HEINTWD 52, 22T, ATP K fERERBE K (GroEL D398A-R231W) % H

WT ATPase {EEDIK TR T BN RAAL L OENEIZED K DB 2 T 217

of:o
A. 5-sec B. 100-sec
o o 1.2 F—T—— T 113
Q O : +ATP
5 8 4010 §
o S : AMP-PNP
5 S 1 P e
i i : ]
g © 099 S
E '-"_";0.00(2)—'"""""I"'l"‘—
] @ -0002 . . . 1 .oy
0 1 _2 3 4 5 0 20 40 60 80 100
Time (sec) Time (sec)

3-19. GroEL D398A-RW D & | w7 ~ « 7 1 —8 00T

(A) GroEL R231W |23\ TH AR E AL A s S 41 5 5 FIIE 24T - 7o R, GroEL
D398A-R231W Tix Phase C (2 3 5 at Wi EEZAL BRI S 7o 7,

(B) 5 BBIETIE, #OEREASLSBR S i o oz, HERMAERE L CHEREY
1To7z, 100 BHIMIEZAT o 72558, @ 5007 Phase C IZKIRT % boRE 2k
B <7z (k=0.019+0.00029 s1), GroEL R231W @ Phase C (k=2.120.11 s'1) & kil
T4 &, 110 fERREEWZ L2 gho Tz, LETOMFET, GroEL CP376-R231W D A

Ky 7k« 7a—#ric LV, Phase Cl3 ATP ONUKSEDOBEBEETHH Z L 52 &
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22 L7293 7%, GroEL D398A @ ATP MUK fiFDIEE (B4R 2%, k=0.12s1) &5
725728, FDOREEMEIFIKVY, & 2T, Phase C 2% ATPase {EMEDHEEE T2 &
RS DT, MKGETE 2w ATP 7512 (AMP-PNP) #HW\WTHEREIT-
2o AMP-PNP 775 F CIREOEMEZ L2 S 4, Phase C I3l S nkino7z, =
DFEF T U, Phase C 15 ATP A4 28 % 4 < 5213 72 FTHEVE b & % 75, AMP-PNP
DNRIZOWTEHMZHARDMNER DD EEZ 2 BT,

3-4-3. AMP-PNP B ¥ =Y GroEL I R I+
AMP-PNP O#54 7 GroEL 7 E )L R A A T KIETHEL R L 1=, BRI

TV GroEL R231W # W CHEBRZIT-o 72,

A. R231W + AMP-PNP B. 100-sec

1.01EIII'II"'|”‘II 1-004_lll|lrl|rll|rll
: 1.002 |

AMP-PNP

L T
é I8 .'A-.@».i“.ll

0.99 /‘ T
E 1

0.998 |
0.996
0.994
0992 i,

L

1E AMP-PNP -

0.001:|||||||||||]|||
0001 B v v 100 w1y |

Relative Fluorescence

Relative Fluorescence

Time (sec) Time (sec)

3-20. GroEL R231W ® A k v 7" k « 7 v —4#3t53 1 (AMP-PNP)

(A) AMP-PNP % 7= 5 B IIE TIE, @ 200 e s esh 2 223 Bl & 7,

(B) AMP-PNP % H\ 7= 100 PHIEIZB W T 1 50072 @ R EH I (Phase C) 23
B S 7=, ATP f#7£ F @ GroEL R231W @ Phase C O S # 1 k=2.1+0.11 1 T
o 7=7%, AMP-PNP f77E F CiX k=0.29+£0.084 s1 &, 7 5Ll BSOS E MK T LTV

%. Phase A, PhaseB & [FI U L 912 2> TEY, AMP-PNP I SEHENREL 72
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HEINTERALTCWA EEZ NS, LLEDOKE I Y, Phase C DF4EE ATP J/K4y

EOMBERFICEEN W EEZBND,

3-4-4, EBEX UV RIBEFETOR My b« 7u—%E0H

N v EEAR GroEL SR1-R231W 1%, ARy 7 ks 7Ju—THIZEINS

Phase D OB/ 72 iR E DR N L OSN3, 22T, U v VOB RIGEICE

AL, £EZ 78 (£ MDH) Z#NL7EROEERER L ZRE LT,

A. GroEL SR-1 + MDH

-GroES

8 rrees LI B
2 1
[
& 0.98
e
S 0.96 |
T
o 0.94
S 0.005 T
S 'WW"W‘WW N TR W"W
2 0005 o [YAYPITN uLi.lWlW.mmuT:'lub.l '

0 1 2 3 4 5

Time (sec)
B. GroEL R231W + 2MDH
-GroES

8 1.005 e
Q L
o 1F ﬂ“h R231W-RW
5 0.005 D HATTNmpA g 1
§ 0.095 i WT{mM \1'1‘-‘-1"-"“”#1'%
L 0.99 | T A3
g °%) o
£0.085 Lot
O 4:ags ALt ',0|'i' Vll li]r\r!L TP TSN f
. T'-'T-'-t VA W

0 1 2 3 4 5

Time (sec)

Relative Fluorescence

0 1 2 3 4 5
Time (sec)

+GroES

uorescence

i 1.005
1

0.005
0
-0.005

Relative

1.03
1.025 |
1.02 |
1.015 |
1.01 |

$0.995 £ ..

I PARRRP RN
%Wﬁ%ﬂmvrﬁﬁﬁw

nnnnnnnnn

0 1 2 3 4 5
Time (sec)

X 3-21. FEFETDA Ny 7k« 7o —43600

(A) GroEL SR1-RW X, MDH /£ FIZ8BW T, Phase B & Phase C IZx%[id 5t

SR LTz, GroES IEF(E T (A-/EIX)
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@ Amplitude 13-0.043+0.00055, MDH {#{t F/%£-0.0042+0.00011 & 72V, 10 fFD

)

RSNz, GroES FETIZREWTY, MEHLZ VRV ENFIET 2 & #OREZL

{ERBAD L TR, EX U RXITEOREEIZLY, TEDT VR AL VZAMBID-

TnosEEABND,

B) UURTOWIET, #7010 o 27D GroEL R231W ICEE Z o N7 EBNESTH 2 LT

XV, Phase C, PhaseD [ZH Y50 O/ NHER S LTV 5 37,

GroES K OVEE #

YRV BHEETIZEBWT, Yo7 7O GroEL SR1-R231W (4 Phase S Otk

RO BNEEEINT=0, #7017 ® GroEL R231W X Phase S Ot Yeil

PACDWP TR SN2 o Te, 7N 7RERL, WEZ o7 B oW,

fif RN AR GroEL & 702 2 WIREME)S & D "I REME DS RIR S LD,

3-4-5. WEHX VR IVEFETFTDOA vy 7k « 77— (FRET #IE)

GroEL ([ZZEMZ 7 ERiEA LT ORBEIZ DWW TR 5 7-%, FRET HIE%1T

-7z, AEDANS Zifi& S E 722 M GroEL Z 5£H & L THW, ATP XU GroES Ofi &

(SR DIE S N7 EORBECHE D ORI b 2B LT

A. GroEL R231W (Yoshimi, 2006)

Relative Fluorescence

0.004

0.002
OF
-0.002
-0.004

l

0,006 \%\ . ATP+GroES ]
-0.008

ATP only’

0

1

2 3 4 5
Time (sec)

0.998
0.996

0.992
0.99

Relative Fluorescence m

. Mutant FRET trace

0.994 1

F ]
3 D398A-RW ]
‘ k

\ ]

o SR-1 RW

a wﬁm

0 5 10 15 20
Time (sec)

3-22. WEZ RV EBIFETDA by 7 b« 7 a—figHt (FRET HIE)
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(A) GroEL R231W (% GroES ORI & 0 S8 B O A RS S 41T 5 37, (k=43+
8.7s1)

(B) GroEL D398A-RW & ! GroEL SR1-R231W D ti#E £ kI GroEL R231W &
g U C/hS UM & 72 5 72 (GroEL D398A-R231W k=1.8s1 , GroEL SR1-R231W
k=411, INHOfER LY, GroEL D398A-R231W, GroEL SR-1-R231W D L& ¥
YR EORRET, BAEMEID QBN ERgnoTe, YN o TERRE, BE

g BN, e E AT GroEL L R D AREMENH D LEZ DD,
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&
v

/r

4. MEEZR

>

4-1. HIEFIZ E K GroEL CP86 M HsREMEHT

GroEL CP86 | Equatorial domain [ZHARmAEA SN TEY, N Kb A T
4 RIS 8 BRI ATP @ B, v U gL Mg DA I MAERBIINFEET S (X
3-1). ATP f&H A PSRBT VNGNS 572, ATP L OfEE, XTMKs
FERE DI TAR S A7z, ATPase IGPERIE O#5 R, GroEL CP86 ¢ ATPase I MEILE
ERIOYESFEE Th o720, ATP L6, MNAKRSET 22 &3 0oz, £72, GroES
DI LV ATPase 1M KIN-453 £ 72V, GroEL & GroES M ¥pAER L [F U X 9 7efl:
MATHEL TS EBZx 6D (M34), GroEL CP86 DT BV RAAL V), AV
A =T 4 A N RAALOT I BESNIZEA L F—TH 579D, GroES & OF
HAERNCEEN Dol B2 bivd,

GroEL CP86 ® MDH ® VU 7 4 — /L7 ¢ > ZHEIZE AR GroEL £ 0 & #5 TR R
Thotz (X35, MDHIZZ&EKTHLHDT, ¥¥ b7 4 N~DP L LiA%, GroES
DFFBEIZ X % GroEL 7> & O KU 22 1 duXTEMEIXEIE L 722 v, K-> T GroEL CP86 @
vy = YA N TN DS EE X LD, Rhodanese DY 7 — T 4 7
REIE, B GroEL @ 20%I4EX F L7z, (IX13-5), Rhodanese ® VU 7 4 —/7 1
BEMMELS BRo RO —2 L LT, EX VB L OMBEERRED L, ¥ T «
WIS HE 2% & LA K o e alieERNE R bLD, LinL, BeFx il L7z
GroEL-GroES-Rhodanese A KTE A EER D5, Rhodanese % 3 v B 7 1 WHEHZHL
VIAATWND Z EDoynote (K 3-7), EEOMBEIC L > TEBRMIZ T +— 1T 1
THBIRE I OE R R O Z &k, EH X IO T2 AR DN EEAFET S
RELTH D B R BT,

F72, MNESNZEA GroEL ORI DOBZIZ X DB LT 5720, Rinihir z
VANT 4 REEGIZ X 0 ERE T 2 AR (GroEL CP86 C4) OHEREMMT 217 7=,

GroEL CP86 C4 X CD MIE DR, WbV 7L, EinH o7 v & bIC kG
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AR IZIERSE TH 72 (M 3-10), Gdn-HCl % FW 7o i 22 8 1 o BRI BV T
AR GroEL & RIFREOMIELEMZIRFFL T (K 3-12), KimlF £ O Rk 2
K0, HIEREENEIN LB X LD, ATPase ISPERIE CIiE, BILLIEAETTS
LIZXL Y, ATPase iEME2S B L7z (1 3-13), %72, Rhodanese U 7 4 —/LF ¢ 7
FERTIERBEY > T DY 7k — T 4 7 HelE, GroEL CP86 DY 7+ — VT 4
REL D BN L7 (X 3-14), RIFBALOERKIZ LT, vy m= U HREOYUEN R
BN, T T RUTIRAL DRI AT REEAEALAE D728 ) 23 B AR
GroEL OBERRICEHEICHBRL TV EE X b,

MINEZ 2 BRI AR D N Kl & C RN EN > TRBICH 5700, AR GroEL
? N K & C RIGDIEN o To B EAR & e U THRBIIT 2175 T L REE LV, BAE
Bl GroEL ORI & HfE L7228 8K D Rhodanese OV 7 4 —/LF 4 > ZHEN
GroEL CP86 C4 @V 7 4 — /L7 1 » ZHg L A% ThivL, KA o FEifE I X 5k
BEMEOR EIZoWTESbIZM<HAT 22 enTEL b0 L Ebs, 72721, MIES]
2 A GroEL ONARHEEMATIZRZIC 2 STV, MIEFIZRIZ K 5K Y <7 F
RE{OBHRN v v e = U RE TR 4, SRS L i L TRt 224 T

GroEL OREREMEIZFHT 5 S O RDHMANDH/ONDI D EEZ BN D,

# 4-1. GroEL CP86, CP86-C4 O ¥ HE fig #r

WT CP86 CP86 C4

e 100% | 50% | 100%

ctivity
Int ti
s | © © ©
MDH
Refolding O O O
ronamee 1 100% | 20% | 60%
Stability O O ©
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4-2. A by ke T —"AESIICL DY v 2a=" GroEL DO#eEMEHT
D7 7 A A& BEMEE AWz 5eic Clare 5%, GroEL (Z ATP
WREAR LTI=% O b BxBEDONL A3 (T, Rsi, Rss, R-open, R-ES) Z/ L7 (X
1-6) 3, A by b 7un—#HESHWTHLNLHERS 5 B (Phase A, B,
C,D,S) "ERINTEY 3, BEBFHMEICLIVALNLE R ot FERMEL
kot —%+2, Aby 7 b - Trn—@XpHICLoTHLNLLFBREL
Clare b DR E &L DHEICM A, KEX VRV EHFETICB T 27 LR

AAOEEELLY, Yy RXRa=r P A 7OV TERELITo T,

4-2-1. ¥ 7a2=9 FEBRT D FAL VHOENRY

MIEFIZ 54K (GroEL CP86-RW) D X | v 7' |k« 7w —w 43 #r T, B4 GroEL
TEM SN D RERBPLEO—ERBRE SN2 RY, RISHHMHER O Phase A &
& %272 Phase BICHY T 5 v 7 FAnfRsn (K 3-17) , koT, 7ehL
RAA LV OREEEAPIFZEAELE T RN ERHLNE ST, LnLERDL, ZOXE
BRI EEXY O RXI7BEO) 75— AT 4 v 7EHREFL (K 35) ,
GroEL-GroES-Rhodanese D#EA{KEZ M L7z (K 3-7) , I EDOFKERLY, GroEL
L GroES Ofa, WHE vV BOREIIIT EIN KA L DORE G AL
DN ERRBINT, Ko T, ARy 7 b 7r—H8N0H THIZ S5 Phase A
I ATP & GroES OfEAICHET 2 Ex 65 (K 4-1) . £72, GroEL O GHH)
HIBPEIZ o7 272, Clare A 62N Lo STARHREZ L OB T—Rsi (THHY
T5HEEZOND,

GroEL CP86-RW %, GroES JETF(E F CIXBINZ LT & A EBIE S h o 73,
GroES {7/t I Tid Phase S IZH 72 2 Wy LBl sz (M 3-17) . GroES & @
fEEIC KD MIEE LR S22, GroES & OFAEA/EHIC Rs1~R-open ~
DOREELALDNEIT LIz B8RS D, £7-, Phase S OFAIZE{LIT, D% BAK (GroEL

SR1-RW, GroEL CP376-RW) #1123\ C LR S77=, GroES & DR 1325 5
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K DB 22N BR 2 < AT T 2 L B A BN D, £ 2T, GroES D& (R-ES)
2 L oEEZE L L, GroEL %7 == F ® R-open |2 % 5 # &2 1L (Rsi—Rs2—R-open)

VIS L CEIW TS Z ENRIBRE N5,

4-2-2. 2 20V VIR T 5 HKIEE

WHFFERE O 0K OFSEIC LY, GroEL SR1-RW (% Phase D (2244 % Bif9Z (L2
BEINRN I EBER SN TND 20, KIFFRTIE, GroEL SRI-RW (M4 v /3y
BEafa LB TA My T b T —@ o ziTo7c & 2A, BESZ XV EBES
L 7R BEIZ 5 T, Phase B35 X U Phase C @ Amplitude 735 10 {781 & #u7= (14 3-20) .
ZOFEFR LY, GroEL SRI-RW [FHE X LV RV EDRERICL DT EANVRAAL v ~D
AMICHER TH D EE 2 515, GroEL SR1I-RW (3> 71 v 7 T < 72%, Phase
B &k FPhase C 11X 7 &{(KY VN TALLWELRL (X701 7 Lo THfis
ROREEE ) ARLTWD ERIND (K 4-1),

F7-, GroES K ORE & v /37 BAFE FIZB W T, GroEL SR1-RW, GroEL R231W
Tl%, Phase S OHNHMEALIZENRLHLNIZZ &LV, GroES OFAIZ LD T ED
VR AL v OREEZEAIL GroEL X 7V U T DIFEIC L > TERHEN S LB 2 65,
TEHLRAL NIENESZ 7B & GroES BB LB TI ORI BEN TR
GroEL OFIZHLIAD DBRICH A T I v 7 IHELZEIISEL 2 BB TNDHD
T, ZNDHDEBRKIRIZT BV RA AL ORBBHEEZE6IZ GroEL © 2 5D Y
IR T D Thh; i) BDREEETCHLZ L LR LT,

Fo, TEIIVRAL NCKES LIEEMSY v Bofitl4 FRET HIEIC X 0 #ER
L7t 2%, GroEL D398A-RW, GroEL SR-1-RW D HE & o /3 7 B O fR Bl £ 1 %
BRI LD BN N olz, YU SN v S ERKL, BB N7 B DONEML,
i G ARADN AT GroEL & AR D WEEMNRH D L EZXBID,
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4-2-3. ATP Ik 53 i 15 ¥4

GroEL D398A X ATP MK MR EE R IEF ICENVERKTHY, ATP#G1H% 51
MOWPETIX, Phase C OEBME(LRBIE S 2o 7z (K 3-18) . HWfEED
HFREKOMIEIZELY,GroELIZH LN UOEMEMDHARE AT 52 212X - T,
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Introduction

Analyses of macromolecular complexes such as the F. coli
chaperonin GroE involve a multitude of functionally relevant
events, dynamic transitions of the molecular machinery, and
various structural characteristics of the molecular architecture that
must all be united coherently and consistently in order to
understand the underlying molecular mechanism in detail. To
date, many studies have succeeded in elucidating and correlating
these varied details of the chaperonin to form a well defined
overview of the molecular mechanism, and recent experiments are
involved in forming increasingly detailed views of various segments
of the mechanism [1-3]. One such segment involves the process by
which GroEL transfers proteins into the protective central cavity
formed by the unique double ringed quaternary structure of the 14
GroEL subunits [4-7]. This process is initiated by binding of ATP
to GroEL and involves intermolecular interactions between the
unfolded protein molecule and the co-chaperonin, GroES.

Various studies have indicated that the process of protein
encapsulation initiated by ATP binding to GroEL is a multi-step
transition, involving many experimentally distinguishable substates
that must be formed to complete the final, sequestered state of the
chaperonin complex [8-11]. Cryo-electron microscopy (cryo-EM)
experiments have revealed a number of snapshots of individual
conformations that GroE forms during this process [12,13]. In
stopped-flow experiments, a number of groups including ours have
shown that this process involves numerous distinct structural
transitions with varying kinetic characteristics [14-21]. The
challenge at present is to meld these structural snapshots (e. g.,

PLOS ONE | www.plosone.org

electron microscopy) and kinetic (e. g. stopped-flow) details of the
chaperonin mechanism with functional aspects to form a unified
mechanism of the overall process. Clare and coworkers have
recently identified numerous substates of E. coli GroEL D398A
that are formed immediately after ATP binding [13]. From a
principle of minimum structural alterations between substates,
they postulated a sequential mechanism that describes the initial
molecular trajectory of GroE encapsulation that culminates in
GroES binding and formation of the capsule.

The present study represents our attempts to find kinetic
evidence that may add to our understanding of the chaperonin
encapsulation mechanism, utilizing a mutation that introduces a
unique tryptophan into the GroEL apical domain (GroEL
R231W, Fig. 1, top lefi). Using the original GroEL R231W
mutant, we have demonstrated that GroEL undergoes five
kinetically distinguishable transitions (Phases A to D, Phase S)
during the process of encapsulation (Fig. 1, lower lefi; [20]). Each of
these kinetic transitions displays characteristics that are relevant to
the chaperonin mechanism. For example, the apparent rate
constant of one specific kinetic transition (Phase B, fluorescence
decrease, kpa =82 s~ ') displays complex cooperative behavior
with regard to ATP concentration [21], and is postulated to
represent intersubunit rearrangements. Also, another phase (Phase
C, fluorescence increase, k.= 2 sfl) likely reflects a localized
movement that involves displacement of the unfolded protein
bound to the apical domain of the initial binary complex, because
the rate of this specific phase is sensitive to bound substrate protein
[20]. Phase D is also sensitive to the presence of bound unfolded
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Figure 1. Conceptual diagram and subunit structures depicting the various mutations used in the present study. GroEL R231W is a
fluorescent mutant of GroEL with wild-type like functional characteristics (upper left). Stopped-flow analysis using this mutant revealed a total of five
distinct kinetic transitions that are triggered immediately after ATP binding (denoted Phases A~D and Phase S; lower left), and each phase displays
characteristics relevant to the chaperonin mechanism (experimental traces are derived from previous experiments described in Yoshimi et al [20]). In
the present study, this mutation was introduced to the corresponding sites of three separate mutants: CP86, a circularly permuted GroEL mutant
(upper right; Gly86 is shown in orange space filled form), D398A, a mutant with greatly diminished ATPase activity (center right; Asp398 is shown in
purple space filled form and Helix M is colored orange), and SR-1, a single ring GroEL variant (lower right; the four residues of the SR-1 mutation,
Arg452, Glu461, Ser463, and Val464, are shown in gray space filed form). Stopped-flow analysis was performed to evaluate the effect of each mutation
on the dynamics of GroEL reported by this tryptophan probe. In each of the representative subunit structures, Arg231 is shown in yellow space filled
form, and the three domains of the GroEL subunit are colored as follows: apical; red, intermediate; green, equatorial; blue. Models were visualized in
UCSF Chimera [41].

doi:10.1371/journal.pone.0078135.g001

protein (being suppressed upon binding of unfolded MDH to
GroEL, [20]), and Phase S is observable only in the presence of the
co-chaperonin GroES [20] (Fig. 1).

Building upon these prior findings, we describe here our efforts
to clucidate the molecular characteristics of GroEL function using

Table 1. N- and C-terminal sequences of circularly permuted
GroEL mutants CP86, CP86-RW, and CP86-C4.

various fluorescent mutants tailored for stopped-flow analysis Mutant C-terminal sequence  N-terminal sequence
(Fig. 1). 'Nota.bly, we 1nClud'c our findings using a r%cwly Cres ANDAAGANT® TAACDCTT
characterized circular permutation GroEL mutant, CP86 (Fig. 1, — .
. . . . CP86-RW ANDAA MGDGTT

top right). CP86 is a variant of the GroEL subunit where the —_—

. .. . . I 555 1
polypeptide termini have been relocated to the immediate vicinity Cpse-Ca NDIEEARY WSy
of the ATPase site. Experiments showed that this mutant displayed Corresponding #' ANDAAGDGTT®

almost none of the kinetic transitions shown by the wild type wild type sequence

chaperonin. Despite this radical alteration, we determined that this
mutant was capable of binding GroES and protecting unfolded
protein molecules from extraneous protease digestion, a charac-
teristic previously attributed to the successful completion of protein
encapsulation. Our results suggest that the encapsulation of
unfolded protein molecules into the GroEL chamber may proceed

PLOS ONE | www.plosone.org

Underlines and wavy underlines denote the corresponding amino acid
sequences in the original wild type sequence. In GroEL CP86-RW, an additional
Arg to Trp mutation was introduced at position 149 in the mutant sequence.
Amino acids in italics are residues that were introduced as a consequence of the
circular permutation protocol, the four cysteine residues introduced to the
CP86-C4 sequence are bolded.

doi:10.1371/journal.pone.0078135.t001
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through two sequential processes, a preliminary process involving
GroES binding that accords the unfolded protein a significant
amount of protection from the environment, followed by a
subsequent large scale rearrangement of the GroEL subunit and
the apical domain. We also show results obtained from fluorescent
variants of the ATPase-impaired mutant D398A (Fig. 1, center right)
[10-12] and the single-ring GroEL mutant, SR-1 (Fig. 1, bottom
right) [8,9] that suggest that encapsulation of unfolded proteins by
GroL is essentially a multi-stage sequential process whose smooth
execution is dependent on numerous structural factors of the
GroEL architecture.

Materials and Methods

Proteins and Purification

GroEL CP86 was a circularly permuted mutant isolated from
an initial screening of randomly permuted GroEL genes described
in Mizobata e al [22]. The mutant was selected for its relatively
stable expression in the supernatant fraction of E. coli cells. As
described in Mizobata et al., circularly permutated GroEL variants
obtained via our protocol contain several extraneous amino acids
that are not found in the original GroEL amino acid sequence.

Two derivatives of the CP86 mutant were created in addition
for use in further experiments. The CP86-C4 mutant was
constructed in order to determine the specificity and reversibility
of the circular permutation effect, and this mutant possesses four
cysteine residues (Cys3, Cys4, Cys552, Cys553) dispersed at both
ends of the polypeptide chain. The CP86-RW mutant is a
derivative of CP86 with a tryptophan residue in the apical domain,
in the position corresponding to Arg231 in the wild type sequence
(position 149 in the actual mutant sequence), and this mutant was
used in stopped-flow studies. Construction of the CP86-C4 and
CP86-RW mutants were performed using the Quikchange site
directed mutagenesis kit (Agilent Technologies) for point muta-
tions. Additionally for CP86-RW, the terminal amino acid
sequences were modified slightly in an attempt to improve
expression. Details of the amino acid sequences are summarized
in Table 1. The nucleotide sequences of the CP86, CP86-RW and
CP86-C4 GroEL genes have been deposited in the GenBank
database under GenBank Accession Number KC355805 (CP86),
GenBank Accession Number KC415072 (CP86-RW), and Gen-
Bank Accession Number KC355806 (CP86-C4).

The construction and characterization of GroEL SR-1 RW has
been previously published in Taniguchi et al [21]. GroEL D398A-
RW was constructed using Quikchange site directed mutagenesis.
Purification of GroEL SR-1 RW and D398A-RW were performed
as described previously for GroEL SR-1 RW [21]. Both of these
mutants were purified to sufficient purity for stopped-flow studies.
Characterization of D398A-RW showed that, as in the original
D398A mutant, the ATPase activity of this mutant was reduced

Table 2. Values of the kinetic constants derived from
analyses of FRET traces shown in Fig. 8.

Phase Phase
FRET FRET2

k k
Amplitude (sec’") Amplitude (sec™ ")

GroEL SR-1 0.0051%0.00021 4.1%0.29

GroEL 0.002+0.00024
D398A-RW

1.8+0.46

0.0024*0.000067 0.21+0.012
0.0016=0.00015 0.18+0.034

doi:10.1371/journal.pone.0078135.t002
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Figure 2. Functional assays of GroEL CP86 and oxidized
glutathione-treated GroEL CP86-C4. A. Refolding assays of pig
heart MDH. Closed circles denote refolding in the presence of wild type
GroEL and GroES, open circles denote spontaneous refolding. Closed
diamonds indicate refolding in the presence of CP86 and wild type
GroES, and closed triangles indicate refolding in the presence of CP86-
C4 pre-treated with oxidized glutathione in the presence of ATP. B.
Refolding assays of bovine rhodanese. Legends are identical to panel A.
C. ATPase activity of GroEL mutants. The concentration of inorganic
phosphate released after 60 min is given as values relative to the basal
ATPase activity seen for wild type GroEL in the absence of equimolar
GroES (leftmost solid bar).

doi:10.1371/journal.pone.0078135.9002

greatly compared to the wild type. Purification of CP86 GroEL
and derivatives was accomplished according to methods used to
purify wild type GroEL [23]. However, after the final stage of the
purification, an additional acetone precipitation step was added to
enhance the purity of the samples. Ice-cold acetone was added to a
final concentration of 40% v/v to GroEL samples (5 mg/ml)
incubated on ice with mixing. After a 30 min incubation on ice,
samples were centrifuged at 15,000xg for 30 min and the
supernatant was recovered and dialyzed at 4°C against 50 mM
Tris-HCI, pH 7.8 containing 2 mM EDTA overnight.

Preparation of Oxidized CP86-C4 Samples

Samples of GroEL CP86-C4 were mixed with 2 mM ATP in
oxidizing buffer (50 mM Tris-HCI, pH 7.8, containing 10 mM
magnesium acetate, 20 mM KCI1, 1 mM EDTA, 5 mM oxidized
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Figure 3. Characterization of CP86-C4 samples treated with
oxidized glutathione. CP86-C4 was treated with oxidized glutathione
as outlined in Materials and Methods. A. SDS-PAGE analysis of CP86-C4
samples in the absence of 2-mercaptoethanol, which shows a shift in
gel position caused by formation of an intramolecular disulfide bond. B.
Gdn-HCl unfolding profiles of wild type GroEL (open circles), GroEL CP86
(closed circles), and oxidized GroEL CP86-C4 (closed squares) monitored
by the CD signal at 222 nm. GroEL was incubated in HEPES-KOH buffer,
pH 7.8, containing 10 mM KCl, 5 mM magnesium acetate, and the
indicated concentration of Gdn-HCl for 2 h at 25°C prior to
measurement. A JASCO J-820 spectropolarimeter was used to measure
the CD signal.

doi:10.1371/journal.pone.0078135.g003

glutathione, and 1 mM reduced glutathione) and then incubated
at 37°C for 1 hr. After incubation, samples were dialyzed against
dialysis buffer (50 mM Tris-HCI, pH 7.8 and 2 mM EDTA),
quantitated, and used in various assays.

ATPase Assay
A'TPase assays of GroEL CP86 and derivatives were performed
colorimetrically as described in Kubo et al [24].

Refolding Assays

Refolding assays of bovine rhodanese and pig heart malate
dehydrogenase (MDH) were performed according to previously
published procedures [22,25]. Samples of MDH were obtained
commercially from Roche Diagnostics; recombinant rhodanese
expressed in E. coli was purified according to the purification
protocol described in Miller et al [26]. The expression vector for
rhodanese that we used contains an FE. coli codon-optimized
variant of the bovine rhodanese cDNA sequence, synthesized by
Gene-Art (Germany).

Proteinase K Protection Assays of Unfolded Proteins
Bound to Chaperonin
Proteinase K protection assays of beryllium fluoride (BeFx)-

stabilized chaperonin:substrate complexes were performed as
described in Mizobata et al [22].

Electron Microscopy

Electron microscopy of CP86 samples negatively-stained with
uranyl acetate were performed essentially as described in
Mizobata et al. [22], using a JEOL 1210 electron microscope at
80 kV.

Stopped-flow Fluorescence Analysis

Stopped-flow fluorescence analysis of GroEL mutants was
performed as described in Mizobata et al. [22], using an upgraded
Applied Photophysics SX17MV instrument at a photomultiplier
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voltage of 400 V. The oligomer concentration of GroEL during
measurement was set to 0.625 uM for all experiments, and
equimolar oligomeric concentrations of GroES were added to the
nucleotide-containing reagents where indicated. The concentra-
tion of nucleotide added was set to I mM during measurement in
the present study. In experiments that probed the effects of
prebound MDH, we first denatured MDH samples (5 mg/ml) for
30 min at 37°C in 3 M guanidinium hydrochloride (Gdn-HCI)
containing 6.25 mM dithiothreitol. This denatured MDH sample
was then added to aliquots of GroEL (1 mg/ml) so that the ratio of
MDH monomer to GroEL oligomer was 1:1 in SR-1 RW samples
and 1:2 in GroEL R231W samples. The higher concentration of
MDH concentration in the R231W samples was used in order to
achieve binding of MDH to both rings of the chaperonin. These
chaperonin-MDH samples were used after a 5 min pre-incubation
at 25°C in stopped-flow experiments.

Experiments involving FRET between the tryptophan residue
of GroEL mutants and chemically-labeled unfolded GroEL wild
type (GroELwt) have been previously described in Yoshimi et al
[20]. Briefly, 20 mg/ml GroELwt was incubated with 5 mM 5-
((2-Iodoacetyl)amino)ethyl)amino)naphthalene- 1-sulfonic acid
(TAEDANS) in 50 mM Tris-HCI buffer, pH 7.5, at 25°C for 30
min. After incubation, 10 mM 2-mercaptoethanol was added to
stop the reaction and the sample was dialyzed overnight against
50 mM Tris-HCI buffer, pH 7.5 containing 0.5 g/1 acid-washed
charcoal. The ratio of incorporated label to GroELwt subunit in
samples obtained by this procedure was generally between 0.2 to
0.5 (quantitated using the molar extinction coefficient of
5,700 cm™'M ™! for AEDANS at 336 nm). AEDANS-GroELwt
was denatured in 20 mM glycine-HCI buffer, pH 2.0, for 1h at
25°C and then mixed with an equimolar concentration of GroEL
mutants. Data were first obtained using GroEL mutants with
prebound AEDANS-GroELwt, and then data obtained in the
absence of AEDANS-GroELwt was subtracted from this trace to
obtain the FRET traces.

To facilitate comparison, raw fluorescence intensity traces in
cach figure have been shifted vertically so that the fluorescence
value for each trace at the earliest data point equals 1. Fits to the
raw data are displayed as white lines running through the trace in
cach panel; residuals are summarized in a sub panel below the
main panel of each figure. Amplitudes and apparent rate constants
derived from the fits are summarized in Table S1 (tryptophan
fluorescence) and Table 2 (FRET).

Results

In the present study, we introduced the GroEL R231W
mutation [21] into the corresponding site of three unrelated
GroEL mutants (Fig. 1). The results obtained from each mutant
addresses a specific section of the encapsulation mechanism that,
when combined, provide details regarding the rapid events that
follow immediately after ATP binding, culminating in the
formation of an encapsulation complex containing GroEL,
GroES, and unfolded protein. The stopped-flow fluorescence
results are interpreted in the context of the results of GroEL
R231W, which represents the kinetic behavior of wild type
chaperonin.

GroEL CP86: Protein Sequestering and Subunit Dynamics

We have recently incorporated circular permutation in our
research as a method to perturb the GroEL subunit and to induce
changes in its function. Circular permutation involves modifying
the amino acid sequence of the target protein so that N-terminal
and C-terminal amino acids are shifted to a different portion of the
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Figure 4. Analysis of the chaperonin cycle using CP86 variants. A. Stopped-flow analysis of GroEL CP86-RW upon addition of 1 mM ATP.
Black traces correspond to GroEL R231W and denote wild-type like behavior. Gray traces correspond to GroEL CP86-RW. In this and all subsequent
figures that involve fits of raw data to theoretical curves, the lower panel summarizes the residuals derived from each fit, with legends corresponding
to the upper panel. B. Stopped-flow analysis of GroEL CP86-RW upon addition of ATP and equimolar GroES. Legends are as in A. C. Proteinase K
protection assays of rhodanese molecule bound to oxidized and reduced GroEL CP86-C4. Samples shown are from solutions concentrated on an
Amicon Ultra-0.5 100K centrifugal filter unit after a 30 min digestion with 1 ug/ml Proteinase K at 25°C. The arrowhead denotes the position of
rhodanese. The asterisk at the bottom of the gel indicates the sample that was subsequently used to prepare negatively stained samples analyzed in
panel D. D. Electron micrographs of BeFx-stabilized, Proteinase K-treated samples of GroE-rhodanese ternary complexes prepared using reduced
GroEL CP86-C4. Scale bar denotes 100 nm.

doi:10.1371/journal.pone.0078135.9004

protein molecule [27]. Application of random circular permuta- polypeptide backbone, we reasoned that it might be possible to
tion to the E. coli GroEL subunit [22] produced a mutant (GroEL reverse these effects by inserting a disulfide bond to the mutation
CP376) that was used in a previous study to demonstrate that site. To this end we engineered another derivative of CP86 (CP86-

Phase C exclusively reflects localized movements of the GroEL C4), which contains tandem cysteine residues at both ends of the
apical domain. polypeptide chain (Table 1).

GroEL CP86 was a circularly permuted variant of GroEL that When we incubated CP86-C4 with oxidized glutathione in the
was also isolated in this initial effort, whose polypeptide ends were presence of ATP, we induced functional and structural alterations
relocated to a position between residues 85 and 86, in the to this mutant. Figs. 3A and B show experiments that demonstrate
immediate vicinity of the ATP binding site in the equatorial the effects of this treatment on the structural characteristics of

domain (Fig. 1 and Table 1). Figs. 2A and B show refolding assays CP86-C4, namely a shift in the gel mobility in non-reducing
of MDH and rhodanese in the presence of GroEL CP86. The denaturing electrophoresis gels and an increased stability toward
refolding assays showed that CP86 displayed differential effects denaturation by Gdn-HCIL Both of these results support the

toward the stringent refolding substrates rhodanese and MDH. formation of a disulfide bond between the polypeptide termini of
The effects were very clear-cut; the ability to facilitate folding of CP86-C4 via the introduced cysteine residues.

MDH was completely retained in CP86 (Fig. 2A, closed diamonds) Upon repeating the experiments performed on the original
whereas the ability to assist rhodanese was decreased almost to CP86 mutant, we now found that the oxidized CP86-C4

insignificance (Fig. 2B, closed diamonds). In addition to this striking recovered its ability to assist the folding of rhodanese (Fig. 2B,
characteristic, the functional activity of CGP86 was characterized by closed triangles). Additionally, ATPase activity assays showed that the

a decreased basal ATPase activity that remained sensitive to basal ATPase activity also increased to levels similar to the wild
inhibition by GroES (Fig. 2C). type chaperonin (Fig. 2C).

Our next step before proceeding further was to evaluate the The refolding reactions of MDH and rhodanese most likely
specificity of the effects caused by the circular permutation. Since contained previously undetected differences that become apparent
circular permutation in effect causes the disruption of the when folding in the presence of CP86. In order to probe this
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Figure 5. Stopped-flow analysis of GroEL D398A-RW. A. Analysis
of fluorescence intensity changes upon addition of 1 mM ATP. The
black trace indicates GroEL R231W, and the gray trace indicates D398A-
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trace indicates D398A-RW with ATP added (as in A), red trace indicates
fluorescence changes upon addition of 1T mM AMP-PNP.
doi:10.1371/journal.pone.0078135.g005

interesting finding in more detail, we next probed the dynamics of
this mutant by stopped-flow analysis using a fluorescent analog of
CP86, CP86-RW. Functional characteristics of the original CP86
mutant were retained in this new fluorescent variant. As shown in
Fig. 4A, we found that in this mutant, ATP-triggered kinetic
transitions involving the apical domain were greatly decreased,
and consisted of an initial increase in fluorescence reminiscent of
Phase A, followed by an extremely slow decrease in fluorescence,
which might represent a greatly attenuated Phase B. Upon
addition of GroES to the experiment (Fig. 4B), an increase in
fluorescence was observed that could be fitted to a double
exponential equation to yield two kinetic phases reminiscent of
Phases C and S in GroEL R231W. The values of the rate constant
and amplitude, when compared to the putatively corresponding
phases in GroEL R231W, were both significantly attenuated,
however (Table SI).

Next, we evaluated the ability of CP86 to encapsulate and
protect unfolded rhodanese, by adding ATP, GroES, and Belx to
GroEL:rhodanese binary complexes and digesting the stabilized
sample with Proteinase K. To our surprise, we found that GroEL
CP86-C4 in its reduced state was capable of protecting unfolded
rhodanese molecules even though it could not assist folding
(Fig. 4C). Electron microscopy of these Proteinase K-treated
chaperonin samples clearly showed CP86-C4 forming both typical
bullet-like and football-like structures (Fig. 4D). Taken together
with the stopped-flow results we conclude that CP86 is capable of
protein encapsulation and protection in a manner similar to wild
type GroEL, even when dynamic changes involving the apical
domain are greatly restricted by mutation.

PLOS ONE | www.plosone.org
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Figure 6. Stopped-flow analysis of GroEL R231W in the
presence of AMP-PNP. A. 5-sec assay. The black trace represents
fluorescence changes upon addition of ATP, the gray trace represents
fluorescence changes upon addition of AMP-PNP. B. 100-sec assay.
Legends are as in A.

doi:10.1371/journal.pone.0078135.g006

GroEL D398A: Domain Movement and ATP Hydrolysis

To obtain hints regarding the relationship between the kinetic
transitions detected by stopped-flow analysis and the ATPase
activity of GroEL, we next utilized the unique characteristics of
GroEL D398A, which displays an ATPase activity rate that is
~2% of wild-type [10,11].

As seen in Fig. 5A,; we found that in GroEL D398A-RW, the
kinetic profile observed upon ATP addition was altered, in a
manner similar to that seen for CP376 characterized previously
[22]. The effects of mutation were seen most strongly in Phase C,
while other transitions such as Phase B were relatively untouched.
When we extended our observations to ~100 sec after ATP
addition however, we found that Phase C was not in fact
suppressed in GroEL D398A-RW, but rather the rate was greatly
decreased (Fig. 5B). Analysis of the apparent rate constant of this
phase yielded a value that was decreased more than sixty-fold
(k=0.01920.00029 s compared to the wild-type analog
(k=2.1%20.11 5! for GroEL R231W; Fig. 4A, Table S1).

Since we found it revealing that such a drastic decrease in rate
could be observed in the ATPase-limited D398A mutant, we
probed further by performing similar stopped-flow experiments
using non-hydrolyzable AMP-PNP. We found that in the presence
of AMP-PNP, Phase C was now completely suppressed for the
duration of the experiment (Fig. 5B). A very gradual and ill-
defined fluorescence decrease was detected instead, after an initial
small fluorescence increase. From Fig. 5B it seemed possible a
dependency might exist between Phase C and scission of the B-y-
phosphoanhydride bond of ATP . e., Phase C may be triggered
only after bond scission. If this were true, however, this sequence
of events should also apply to the wild type chaperonin. Therefore,
to clarify this point we performed the same experiment as shown
in Fig. 5B, but now using GroEL R231W, which displays wild-
type behavior (Fig. 6). Interestingly, in the presence of AMP-PNP,
Phase C could be clearly detected in GroEL R231W, although
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with a greatly decreased rate (Fig. 6A and B). Binding of the non-
hydrolysable analog seemed to result in a decreased rate of
fluorescence change for all of the phases detected in the
experiment (k=25%4.4 s, 2.2+0.22 57", 0.29+0.084 s~ for
Phases A, B, and C, respectively, compare with corresponding
values for £ in [21], Fig. 6A and Table S1), and we could also
detect a decrease in the amplitude for Phase B as well. The
amplitude of Phase C, in contrast, scemed to be affected only
minimally by the substitution of ATP by AMP-PNP. These results
argued against a dependent relationship between ATP hydrolysis
and the initiation of Phase C.

GroEL SR-1; Substrate Protein Detachment and GroEL

Quaternary Structure

The third GroEL mutant that we chose for our experiments was
the single ring mutant SR-1, frequently used in many studies to
analyze the GroE mechanism. We have already characterized the
fluorescent derivative of SR-1 (SR-1 RW) to a certain extent in
Taniguchi et al. [21], and we confirmed that the basic kinetic
characteristics of SR-1 RW were similar to that of the original
R231W mutant, with the notable exception that in the absence of
GroES, Phase D, the slow fluorescence decrease seen in the final
segment of the kinetic trace, was missing in SR-1 RW (compare
the black traces in the lefi-side panels of Fig. 7A and 7B). This last
result was a new finding that suggested a dependence of this kinetic
phase to the characteristic double ring structure of GroEL. Here
we probed the effects of a prebound substrate protein, Gdn-HCI
unfolded MDH, on the kinetic profile of SR-1 RW (Fig. 7A, gray
traces). When we added ATP to a preformed binary complex of

PLOS ONE | www.plosone.org

GroEL SR-1 RW and MDH unfolded in Gdn-HCI, we found that
the amplitude of each transition was greatly decreased compared
to double ring GroEL R231W. The presence of MDH suppressed
the amplitude of both Phase B and Phase C, with the amplitude of
Phase C decreased to one fifth of that seen in the absence of bound
substrate (Fig. 7A, “-GroES”, compare black and gray traces; also see
Table S1 for values). In contrast, in the presence of unfolded
MDH in amounts sufficient to bind both rings of the GroEL 14-
mer, GroEL R231W displayed an analogous suppression in
amplitude, but in the case of GroEL this effect was specific to
Phases C and D, as noted previously [20]. Another difference
between the single ring and double ring forms of GroEL was that
this suppression of amplitude was also observed for Phase S,
observed when GroES was added to the reaction (Fig. 7A,
“+GroES™). Double-ring GroEL R231W did not display such
amplitude suppression (Fig. 7B, “+GroES™).

Release of Unfolded Proteins from GroEL Mutants

Do the changes in kinetic profiles seen in the D398A-RW and
SR-1 RW mutants translate to effects further downstream of the
chaperonin mechanism? To address this we used intermolecular
FRET to probe the rate at which unfolded protein molecules are
detached from the GroEL apical domain of these mutants upon
ATP and GroES addition. We used a protocol described in a
previous study [20] where we used acid-unfolded wild type GroEL
(GroELwt) labeled with IAEDANS as a model substrate protein
with fluorescence acceptor, and the tryptophan introduced to the
apical domain of each mutant as fluorescent donor (Fig. 8A, green
trace). We found that the rate of unfolded release was in fact slowed
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Figure 8. FRET analysis of subunit protein release triggered by
ATP and GroES. Fluorescence intensities at wavelengths greater than
420 nm were monitored using a filter to obtain FRET signals excited at
295 nm. A. FRET traces for GroEL R231W, original data from Yoshimi
et al [20]. Gray trace indicates changes in FRET fluorescence in the
presence of ATP only (no GroES), green trace indicates FRET changes in
the presence of ATP and equimolar GroES. B. FRET traces for mutants.
Black trace indicates SR-1, and Gray trace indicates D398A-RW. Note the
differences in time scale between panels A and B.
doi:10.1371/journal.pone.0078135.9g008
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significantly in both D398A-RW (Fig. 8B, gray traces) and single-
ring SR-1 RW (Fig. 8B, black trace), compared to the original
double ring chaperonin (Fig. 8A). Compared to GroEL R231W
(which displayed a biphasic decrease in FRET with rate constants
of k;=27.0 s 'and k,=1.16 s~ !, respectively, Fig. 8A [20]), upon
addition of ATP both D398A-RW and SR-1 RW showed
fluorescence decreases that were 4- to 15- fold slower (SR-1
RW, k=4.1%029s " and k=0.21%0.012 s~ '; D398A-RW,
k1 =1.8%0.46 s~ " and ko =0.18%+0.034 sfl, respectively, Table 2).
The FRET analysis suggested that in both cases, mutation caused
a deleterious effect on the smooth release of unfolded protein from
the apical domain of the GroEL ring.

Discussion

In a recent study, Clare and coworkers used cryo-EM to identify
numerous structural substates that were formed by GroEL D398A
upon ATP binding [13]. Their results showed that after binding of
ATP, GroEL forms a number of alternate conformations that
involve rearrangements of the apical domain and the formation of
alternate salt bridges that lead to the formation of the final open,
GroES bound structure determined by X-ray crystallography. The
four major asymmetrical configurations of GroEL, T, Rs;, Rso,
and R-open, represented a sequence of “click-stop” molecular
events that lead to the formation of the final encapsulation
complex.

In this study we were interested in constructing a kinetic view of
the same process immediately after ATP binding to GroEL that
would add upon the findings revealed in Clare et al [13]. Our
chosen method was to probe the dynamic behavior of a series of
mutants that have displayed interesting functional deviations from
wild type GroEL and, by comparing the kinetic behavior of these
mutants in stopped-flow studies, reconstruct a similar molecular
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trajectory that describes the encapsulation process. Our results are
in good agreement with the results of Clare et al. and support a
sequential mechanism that leads up to the formation of an open
GroEL conformation with bound GroES. We also found
additional hints indicating that the process of substrate protein
encapsulation involves interactions between multiple locations in
the GroEL subunit that interlock smoothly to ensure proper
function.

GroES Binding and Protection of Unfolded Substrate may
Proceed without Large-scale GroEL Conformational
Changes

Circular permutation has been used with great success to probe
various structural elements that are essential for correct folding of
protein targets [28,29], and has also proven to be an effective
method to introduce novel and useful functional abilities in a
number of proteins, a prominent example being the fluorescent
GFP protein [30]. A recently isolated circular permutation mutant
(CP86) of GroEL displayed curious characteristics that deviated
significantly from the behavior of wild type GroEL, so we selected
this mutant as our first candidate for analysis. The most interesting
functional difference that CP86 displayed was an apparent change
in specificity toward refolding proteins; GroEL CP86 could assist
the refolding of the stringent substrate MDH to levels indistin-
guishable from wild type (Fig. 2A), and yet almost completely lost
the ability to assist rhodanese refolding (Fig. 2B). This shift in
substrate specificity was apparently caused by the disruption of the
polypeptide backbone through permutation, as introduction of
cysteines to the polypeptide ends and subsequent oxidizing
treatment resulted in a recovery of the ability to assist rhodanese
(Fig. 2B).

When we probed the molecular basis of this change in substrate
specificity, we found that CP86 displayed a very restricted version
of the kinetic transitions that were detectable by stopped-flow
analysis in wild type (Figs. 4A, B), consisting of an initial rapid
fluorescence increase (Phase A) followed by a very slow decrease
(Phase B?). Nevertheless, CP86 was capable of binding GroES and
sequestering unfolded rhodanese molecules from Proteinase K
digestion (Figs. 4C and D). This result provided three additional
hints to the molecular puzzle: first, CP86 was capable of binding
and protecting rhodanese molecules from aggregation, but was
unable to release them for productive refolding, most likely due to
the inability to alter its structure for productive release. Second,
CP86 was still capable of assisting the productive folding of
another stringent protein, MDH, in spite of such restrictions in
structural dynamics (Fig. 2A). This result reflects a previously
undetected difference in the refolding mechanisms of two stringent
refolding proteins, and hint that there may be multiple routes
through the chaperonin mechanism that lead to productive
folding. And finally, since CP86 was capable of binding GroES
and sequestering unfolded rhodanese from Proteinase K in spite of
the near complete lack of detectable conformational changes,
there is a distinct possibility that GroES binding and subunit
sequestration precedes dynamic rearrangements of the GroEL
apical domain in the native chaperonin mechanism as well.

This last assertion must be qualified to avoid mistaken
interpretations. A simple explanation of the results seen in Fig. 4
may be that as a result of circular permutation, the configuration
of the apical domain ring may have changed relative to the
original wild type configuration, and as a consequence, GroES
binding may proceed without a specific conformational transition
such as the Rs; to Rs-open conversion proposed by Clare et al
[13]. This possibility needs to be clarified by performing actual
detailed structural studies on CP86, perhaps by using the cryo-EM
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methods used by these authors. We note, however, that the
original CP86 mutant displayed structural characteristics that were
similar to wild type GroEL in many experiments that we
performed, for example, denaturant stability (Fig. 3B), and
resistance to Proteinase K digestion (Fig. 4C). GroEL CP86 is
also largely unable to bind GroES in the absence of ATP
(confirmed during purification), unlike other mutations that we
have characterized such as GroEL G192W [31]. The fact that we
could engineer a disulfide bond into CP86 so that it mimics the
wild type chaperonin seems in itself evidence that steric
perturbation caused by this mutation was kept to a minimum,
and it is worthwhile to consider the possibility of an carly-stage
GroES binding event.

Another interesting, highly speculative possibility that we wish
to put forth related to the above discussion is that the two events,
GroES binding/protein sequestration and GroEL subunit rear-
rangement, are not arranged in a sequential manner in the
mechanism but instead proceed i parallel and are initiated by a
common trigger, the binding of ATP. In such a case, in CP86 the
mutation may have caused the loss of only one of these parallel
events while retaining the other. We see some evidence to support
this idea from the behavior of the GroES-dependent Phase S
throughout our experiments. As seen in Figs. 4B (for CP86) and
7A (for SR-1), as well as in experiments of a previous study using
CP376 [22], the detection of Phase S is reproducible in a variety of
mutants with altered structural characteristics, and this suggests
that binding of GroES proceeds regardless of various limitations
imposed on GroEL through mutation. This behavior is consistent
with a co-chaperonin binding event that is largely independent of
the kinetic transitions detected in the latter portion of our
experiments. An interesting experiment would be to perform
cryo-EM observations on GroEL in the presence of GroES, to see
if multiple substates similar to those elucidated by Clare e al. may
also be detected when GroES is bound to GroEL.

In wild type GroEL, Gly86 is located in the conserved
phosphate-binding loop, which is an essential structural element
in the ATP hydrolysis mechanism of GroEL. This region has been
highlighted in a previous stopped-flow study performed by Kovacs
and coworkers on a single-ring variant of GroEL [32], and we
observed a number of common characteristics between their
results and ours which merit comparison. The SR-A92T mutant
characterized by Kovacs et al. displayed a greatly restricted kinetic
profile compared to wild type when probed using a tryptophan
residue situated in the base of the equatorial domain (at position
485). Their characterization of SR-A92T was very similar to our
evaluation of the kinetic behavior of GroEL CP86; an initial very
rapid transition at the upper boundaries of stopped-flow analysis
was retained, and a single kinetic phase that was greatly attenuated
relative to the wild type was observed, as was a loss of all
subsequent phases. Although we should be careful of comparing
experimental results of different mutants using fluorescent probes
located a different positions of GroEL, we believe that the
similarities in kinetic characteristics between GroEL SR-A92T
and the circular permutant CP86 are not a coincidence. Perhaps
the phosphate loop and adjacent regions represent a point where
signals of ATP binding and hydrolysis propagate outward toward
the intermediate and apical domains to initiate domain rear-
rangements. Disruption of this region, either through point
mutations or circular permutation, would result in altering a
significant portion of this intra-subunit communication network,
with consequences to the overall dynamics and functional
characteristics of GroEL. We observe with interest that, apart
from the details seen in stopped-flow studies, many of the
functional aspects of GroEL differ between GroEL SR-A92T
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and CP86 (for example, binding of GroES stimulates the ATPase
activity of GroEL SR-A92T; the same event suppresses the
ATPase of CP86, Fig. 2C), hinting at the potential complexity of
the overall mechanism. Nevertheless, the relationship between the
GroEL phosphate loop region and the dynamic behavior of the
GroEL subunit is an interesting subject for further experiments.

Apical Domain Tilting and Orientation of Helix M in
GroEL

GroEL D398A has been used extensively in experiments to
probe GroE function, owing to the fact that the rate of ATPase
activity in this mutant is greatly reduced compared to wild type
[10,11]. This allows researchers to isolate and characterize GroEL
molecules in various intermediate states of the mechanism. In an
attempt to utilize these characteristics in stopped-flow studies, we
next turned to the characterization and analysis of GroEL D398A-
RW.

Our experiments showed that the effects of the D398A mutation
were reflected particularly strongly in a specific kinetic transition of
the apical domain, Phase C (Fig. 5A). This phase has been shown
in various previous experiments to display numerous unique
characteristics. For example, in Yoshimi ¢t al. we found that the
rate of Phase C decreases in the presence of prebound unfolded
MDH molecules, which indicated that this phase is sensitive to the
steric load of proteins bound to the apical site ([20], see also
Fig. 7B, “-GroES”). Also, in GroEL CP376, we found that shifting
the polypeptide ends of GroEL to the hinge that connects the
apical and intermediate domains resulted in a complete and highly
specific elimination of this phase from the kinetic profile [22].
These results are all consistent with the idea that Phase C
represents a large tilting movement centered in the apical domain
that presumably leads to the open configuration characterized in
the X-ray crystal structure of the GroEL-GroES-ADP; complex
[5].

Using GroEL D398A-RW, we now show that this transition
may be closely correlated with the rearrangement of Helix M in
the intermediate domain (colored in orange in the subunit model
shown in Fig. 1, center right). As shown in Fig. 5B, we found that in
GroEL D398A-RW, the rate of Phase C was decreased more than
one-hundredfold, to £=0.019+0.00029 s ', compared  to
k=2.1%0.11s"" for GroEL R231W. This drastic decrease in
apparent rate immediately suggested to us a possible correlation
with the strong decrease in steady-state ATP hydrolysis displayed
by this mutant. However, the rate of this phase was about tenfold
higher than the most conservative estimates of the steady-state
ATPase rate of GroEL D398A (based on an apparent rate of
£k=0.12 57" [33], a 50-fold decrease in ATPase rate would
correspond to an apparent steady state ATPase rate of
£=0.0024 s~"), which would argue against the notion that Phase
C represented the rate-limiting step of ATP hydrolysis. To clarify
this point, we performed stopped-flow experiments by substituting
AMP-PNP for ATP, and found that Phase C became undetectable
in the presence of this analog (Fig. 5B).

At first glance, this result seemed to support a mechanistic
dependence on the part of Phase C toward ATP hydrolysis.
However, since such a dependence should also apply to the wild
type chaperonin, we tried to confirm this relationship using GroEL
R231W and found that, although AMP-PNP caused a general
reduction in the apparent rate constants of all of the observable
phases (Fig. 6A and B), none of the phases were selectively affected
as seen for Phase C in GroEL D398A-RW. The substitution of
AMP-PNP for ATP scems to cause a general decrease in apparent
rates throughout the mechanism, which might be explained for
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example by an incomplete binding of this analog to the GroEL
ATP binding site.

In their characterization of the numerous substates formed after
ATP binding to GroEL, Clare e al. noted that a significant
molecular event in the T to Rs; transition was the reorientation of
Helix M, containing Asp398 within its structure, to a position close
to the ATP binding site. The side chain of Asp398 would interact
with the gamma phosphate group of ATP, and this interaction
would act to stabilize the orientation of Helix M in the latter
configuration. If we postulate that this reorientation of Helix M
acts as a “speed boost” mechanism for Phase C, it would nicely
explain the selective retardation of this phase shown in Fig. 5. This
mechanism is not strictly necessary for completion of the
chaperonin mechanism, since D398A is able to complete all of
the apparent molecular steps leading to encapsulation, albeit very
slowly. Probable additional factors that would propel the
chaperonin cycle along this trajectory would be multiple binding
events between the GroEL apical domains and GroES, and the
rearrangement of various intersubunit salt bridges. The orienta-
tion of Helix M to the GroEL ATP binding site seems to be
important specifically for the rapid rearrangement of the GroEL
apical domain represented by Phase C, which in turn is implicated
via previous experiments to be involved in the formation of the
final encapsulating form (R-ES in Clare et al. [13]).

This relationship between Phase C and Asp398 may act as an
important control mechanism that ensures efficient folding
assistance. Previous studies have indicated that under normal
conditions in the cell, ATP would be likely to bind to GroEL first,
rather than unfolded polypeptide [34]. A multi-stage mechanism
that links apical domain movement with molecular rearrange-
ments that follow ATP binding, instead of a simple mechanism
that triggers immediately upon ATP binding, would serve to
increase the time that ATP-bound forms of GroEL could acquire
unfolded protein in a productive state. The “speed boost” idea is
also consistent with the idea that the conformational substates
detected in GroEL D398A using cryo-EM precede the “power
stroke” transition that lifts the apical domain into the open
conformation [13].

The rearrangement of Helix M that is facilitated by Asp 398
may be important to an additional facet of the GroEL machinery
that has been highlighted in two very recent studies of GroEL. Fei
and coworkers have shown that a mutant GroEL (GroELP#4/R1974)
that lacks the ability to form a specific inter-subunit salt bridge
(R197-E386) displays a markedly asymmetric distribution of apical
domain configurations about the GroEL ring when ADP is bound
[35]. The functional implications of such asymmetry was
highlighted in experiments performed by Chen et al., who showed
in cryo-EM experiments that individual apical domains of a GroEL
ring may perform different functions such as GroES binding and
unfolded protein recognition, thereby breaking the seven-fold
symmetry implied in the basal GroEL structure [36]. These two
studies point toward the interesting notion that the arrangement of
apical domains about the GroEL heptameric ring may be
intrinsically asymmetric in nature. The R197-E386 salt bridge is
disrupted by rearrangement of Helix M during the T to Rs;
transition, and so the results of Fei e/ al. suggest that this transition
might be conductive to a more dynamic, asymmetric arrangement
of apical domains about the heptameric ring, which would facilitate
the functional heterogeneity of apical domains observed by Chen
and coworkers. Phase C, in this context, may be reflective of the
relative ease by which such asymmetry is achieved after ATP
binding.
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The Double-ring Structure of GroEL Aids Efficient Protein
Release from the Apical Domain

The third mutant used in this study (GroEL SR-1 RW) was
initially characterized along with GroEL R231W in Taniguchi
et al. [21]. Our new experiments indicated that in SR-1, the
presence of bound protein profoundly affected the dynamic
behavior of the apical domain. This effect of bound protein is seen
in R231W as well, but only for Phase C. In the case of SR-1, both
Phases B and C were affected, and the changes could be
characterized as large decreases in amplitude, rather than rate.
Also, in the case of GroEL R231W, GroES binding could offset
the decrease in rate of Phase C brought about by unfolded peptide
binding. However, in SR-1 RW a ~50% decrease in amplitude
was detected for the GroES-dependent Phase S as well (Fig. 7A,
right), indicating that GroES binding was also affected by the
absence of the second chaperonin ring in this mutant. We
conclude from this that the integrity of apical domain movement
in GroEL relies significantly on the presence of both rings of the
GroEL oligomer. A very naive mechanistic interpretation of this
result would be that the rings of GroEL interact with each other to
form a “base” by which GroEL can exert force on the unfolded
protein via apical domain movements. In SR-1, this base is absent,
and the consequence of this would be an inability to exert
sufficient force and complete the transition smoothly. Although
naive, this explanation fits nicely with an important functional
hypothesis of the chaperonin molecular mechanism, that of forced
unfolding of bound substrate proteins by apical domain rear-
rangement [37,38]. Application of mechanical force to molecules
may well require the presence of a stable “base” to allow transfer
of force to proteins that result in a net unfolding effect. We note
with interest that Clare ef al. viewed an expansion and rotation of
the GroEL heptameric ring in the structural transitions of GroEL
D398A triggered by ATP binding, that are centered around the
equatorial domain interface [13] which would of course be missing
in SR-1.

In light of our results regarding the effects of unfolded protein
on the apical domain movements of SR-1, we note with great
interest that active variants of single ring GroEL have been
derived through additional mutations to SR-1 that decrease the
affinity of GroES toward GroEL [32,39,40]. This indicates that
the arrest of the chaperonin cycle observed in SR-1 might be
attributable to a GroEL-GroES interaction that is too strong to be
overcome by the single ring form. This would agree very well with
our present idea that single ring forms of GroEL are inherently
sensitive to protein loads and are very slow to, and in some cases
incapable of, dislodging bound molecules (such as unfolded
polypeptide or GroES) from the apical domain.

Impaired Subunit Dynamics Affect Substrate Protein

Release from the Apical Domain

Using FRET between bound substrate protein and the apical
domain tryptophan, we found that in D398A and SR-1, the
release of bound proteins from the initial binding site were
hampered as a consequence of mutation. In each case the effects
brought about were similar; detachment of proteins from the
apical domain were slowed by a factor of 7 to 15 compared to
R231W. In the present experiments, we chose acid-denatured
wild-type GroEL as an unfolded protein substrate, and the
relatively large size of the substrate in this case allowed the
detection of a clear FRET signal. At the same time, this large size
likely precludes encapsulation of substrate protein after release, so
our present results should be interpreted to reflect early release
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events that take place as a consequence of GroEL domain
conformational change.

It was interesting that decreased ATPase activity (D398A) and
single-ring conversion (SR-1) both resulted in a decrease in the
rate of protein release from the GroEL apical domain ring. For
D398A, it is likely that the greatly decreased rate of Phase C is
contributing to a decrease in the rate of protein release, a
downstream event whose completion is likely required for the
formation of the open encapsulation complex. In the case of SR-1,
the increased sensitivity of GroEL domain movement toward
bound protein is likely restricting the completion of this same
complex, resulting in a similar decrease in release rate. These two
disparate factors, one structural, one functional, act on the
mechanism to ensure the rapid and smooth release of polypeptides
from the apical domain ring that is so crucial to the successful
completion of the chaperonin mechanism.

Conclusions

Summarizing our results, we propose a plausible sequence of
events that follow ATP binding to GroEL in Fig. 9. The basis for
our proposed sequence lies in our characterization of a series of
GroEL mutants that have lost specific portions of this sequence
while retaining others, which highlighted dependencies among
molecular events. Our results from the circularly permuted mutant
CP86 suggested that the GroEL mechanism may be separated into
two event blocks, with GroES binding and protection of the
unfolded protein occurring first, followed by large scale rear-
rangement of the GroEL apical domain and subunit orientation.
Regarding this second block, we have shown in a previous study
using GroEL CP376 that Phase B most likely precedes Phase C in
the mechanism [22]. The cooperative nature of this phase suggests
that it involves intersubunit interactions such as the rearrangement
of salt bridges seen by cryo-EM. With regard to Phase C, our
results from D398A-RW in the present study suggest that the rate
of this phase may be strongly dependent on the orientation of
Helix M to the ATP binding site. Clare and coworkers propose
that this rearrangement occurs very early in the chaperonin cycle.
Phase D, the slowest kinetic transition that was detected in our
experimental system, most likely follows after this second event
block is completed, along with the hydrolysis of ATP. In our most
recent experiments we have seen that Phase D is observed only in
double ringed forms of GroEL (Fig. 7A and B, compare the black
traces in the left panels), and so it may be that this phase is involved
in inter-ring communication, possibly leading to a second cycle on
the opposite ring of GroEL.

It is difficult to correlate the results of our experiments
completely with the detailed structural aspects of the GroEL
substates elucidated by Clare and coworkers [13]; nevertheless we
believe that some inferences may be made (Fig. 9, highlighted in
green text). Our results from CP86 indicate that GroES binding to
GroEL may be possible at a very early stage of the cycle. The
initial T to Rs; transition seen by Clare ef al. is the earliest
structural event of the cycle detected in cryo-EM experiments, and
from this we believe that this transition may represent the
conformational switch that allows GroES binding. In this case,
from stopped-flow experiments on CP86 in Fig. 4A, we see that
only Phase A, the initial rapid fluorescence increase that occurs in
the dead zone of our 5-sec assay, remains the single kinetic
transition that is detectable in this mutant, and so this phase might
represent the T to Rs; transition. Correlating Phase B with a
specific structural transition proves to be more difficult, since Clare
and coworkers have documented multiple structural transitions
that involve the rearrangement of salt bridges between adjacent
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subunits (the T to Rs; transition and the Rs, to Rs-open transition)
as well as a complex rearrangement of salt bridges between the two
GroEL rings [13]. Any of these rearrangements may conceivably
correspond to Phase B, and at present we lack the necessary details
to attribute this kinetic phase to a specific structural event. The
characteristics of Phase C suggest that this kinetic transition
involves a very large rearrangement of the apical domain that
would be conceptually sensitive to the presence of bound unfolded
protein, and this characteristic, compounded with the rate of this
phase compared to the other detected kinetic transitions, would
seem to suggest a relationship between Phase C and the Rs, to Rs-
open transition. Our results from the D398A-RW mutant suggest
that the rate of this transition differs depending on the stability or
the specific orientation of Helix M in the intermediate domain.
Our proposed mechanism does not have a clear-cut correlation
with the structural data that has been reported to date; specific
aspects of the mechanism remain mismatched or missing. Also,
our proposal disagrees with the mechanism proposed by Clare
et al. in one important aspect, the specific instance that GroES
binds to the GroEL ring. We believe that our data indicates that
GroES binding and subsequent protection of the unfolded protein
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may be accomplished surprisingly early in the mechanism. Such a
mechanism would provide advantages to the refolding protein
molecule, for example, improved chances of being successfully
incorporated into the chaperonin cavity, and the beneficial effects
of increased interactions between substrate and chaperonin that
may affect the refolding trajectory of the bound protein. The
merits of both of these concepts have been discussed in various
previous studies, and hopefully our result will aid in clarifying their
significance in the overall mechanism.
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