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Abstract

Type I chaperonins (Cpn60/Hsp60) are essential proteins that mediate the correct folding of
newly translated and stress-denatured proteins in bacteria, chloroplast and mitochondria. Despite
the high sequence homology among chaperonins, there are some critical differences at the
mechanistic level between the bacterial and the mitochondrial chaperonins with respect to their
oligomeric state and their ability to function with co-chaperonins from different sources. Asp®* and
Asp*® in Escherichia coli chaperonin GroEL are known as the critical residues on ATP hydrolysis
because GroELP32AD3%A mytant is severely deficient in ATP hydrolysis but not in ATP binding.
Here, yeast mitochondria Hsp60 (mHsp60) and Thermus thermophilus Hsp60 (TCpn60) were used
to investigate the functional commonality of these two well-conserved Asp in ATP hydrolysis. These
residues in GroEL correspond to Asp”® and Asp*?® in mHsp60 and to Asp’! and Asp**® in TCpn60,

0D73A 0D420A

respectively. We found that ATPase activity of mHsp6 and mHsp6 mutants were ~20%

and < 4% of wild type, respectively, indicating that functional commonality of two Asp was shown

27

in yeast mHsp60, despite suggesting different roles of Asp! in TCpn60, surprisingly.
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EOEAE O AR IS T DY v i =
(GroEL, Cpn60, Hsp60) 1%, EZAEMDOI = KUY 7,
T DIERKIR 72 EIZHFET 5 Hspb0 & & (1T T Blv p 2
n=_ 77 YIS, FOMREIX, = v Sin
=3 (GroES, Cpnl0, Hspl0) & & iz, FHAERY XTF
RS X B OEERTIE L, 1E LOSNLIRIE S
i (ZA—NT 7)) ONBETLHETHD,

I By o = o ORISR B 278D K
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B GroEL/GroES X, MBPNICAFTET X 37 2B
< KI2500 FRDO AIIRIE X L R 7 D 10~165% % HE &5
TSN MED X R T 5, GroBL 1% 57 kD D
Taz=y hTONBRDH Y TN 2 OERSTZZER 14
BIAEE (BFE~800 kD) % b, GroEL THEh /-
U > ZNERICIE TN EIVERK 46 A OZERARH 511,
GroEL 73 ATP DK 53 fif % {15 T GroES # 25D & 9 IThEA
T 5 & BB SN ZERNIZZEMER Y X7 F RHRH TiA
HOENT T +—NT 47T %5[2], ATP A3 ADP (2K Sy
iR S5 & GroES 1% GroEL 7> BfiREE L, ADP &R U ~7 5
Ry &, Zo—HOKEA 7B 2050 7
T IRSND, FOGFREEEIZIE 151 GroEL 2
L 431® GroES &4 L7z A AR (GroEL/GroES,)
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L 1%5FD GroEL |2 2 45D GroES MfEA L2 7 v bR
— WA (GroEL/GroES,) 7AW Hiv T Y (Fig. 14)

BNES R BIFAE T T v AR — VS RO
RESIND Z D, MINOEME Y X7 ER IS
CTHEWRIFTTND &R Siusd [3], GroEL/GroES JL
T GRORE MG X RIBE RS Thermus  thermophilus
(Fig. 1B) 72 E CIREZINTWND N, 7 v MAR— VA A
RITRTIZ 22 > TRIBE GroEL/GroES &b I b= R
U 7 Hsp60/Hspl0 THRE S 7= (Fig. 10) [4,5], EfEE
WD b= U T Hspb0/Hspl0 1%, SEARHETEIT RN
HkDbDELBTWAEN, AU Iv—RiECa T+
A = BIRPED ) S T ERUGHERE DOE W MR S 41T
WD,

X = U ORI TIL, ATP DN ke A3

1 RO A 7 v ORE 2 HE L TR0 B4R GroEL
(GroEL') TIFKI 8 B Toh 5, GroEL DO fltfiiE T ATP O
vy U BRI 3 D Asph2 & Asp398 % H: T Ala [CEHA L
77 GroELPs?V/D98) 25 LR 513 | GroEL/GroES A A0 =i
DI 6 FITHER S, ATP DMK EEIEILE T3 573,
ATP #& A, GroES fia L BB Z LRIV BED T +— VT 4~
IR SRR & AR FE L Q2 (6], GroEL @ 22
DT AT X FRFEFLD ATP NIRRT 2 EEMEA,
I B N = N2 R HHETH D ODRAET D 72912,
B b= KU 7 Hspb0 (mHsp60) B XL O T
thermophilus Hsp60 (TCpn60) DAHYT 25T I/ Fds BK
ERLL (FRFEND GroEL & OAHRIMEIT 53%FH L
60%) . Ly im = LR R BT LT,

2. MEBLUAHE

2.1 Hspb0 ZEARBEANI 2 —DEHLEZ VN EREER
FRE BAKOIERUC N -7 T A ~ — BB L OME
BT3B ¥ —% Table 1 TR LTz, v 7 VLS
(1~21 FH ET) &BRE LIcEER: mHspb0 DFBL~T Z
—pET21c (+)yeast mtCpn60(225-)% 8% L. Pfu Turbo
DNA Polymerase (Agilent) Z V> 7= QuikChange site—
directed mutagenesis {12 C Asp™ & Asp'™ % Ala [CZF 1
FEE L 23BN B — pET-mtCon60 (D734) B L. O}
DPET-mtCpn60 (D4204) % AERE UT=, pET-mtCpn60 (D734) % B
AL U CRAEIZ QuikChange site—directed mutagenesis
IEIZT Asp™ & Asp™ O ZHERIMKBOFBA Y X —pET-
mtCpn60 (D73A/D4204) Z VB L 7=, E coli Rosetta(DE3)
THRIASEEZT A v— b EFE»S, ZRA nlspe0 %
Butyl-Toyopearl (TOSOH) . SepharoseCL-4B (GE Healthcare)
NG 1 By
7. thermophilus M3 TCpnl0 i&fs+ & TCpn60 &+
Z &ty pRCC501 [T1 %8R DNA & LT, TCpn60 (D51A) For
& TCpn60(D396A)Rev ¥ XK Y TCpn60(D51A)Rev &
TCpn60 (D396A) For D 7T A =~ — D71 T PCR 4T
VN, EAEILL0 kbp & 6.2 kbp OEIENT A A7, In—
fusion 7 B@—=27%v k (TaKaRa) ZH T HD

IR 2 L, Asp™ & Asp™® 0 “EZE BURO R
Ry B —pET-TCpn10TCpn60 (D51A,/D3964) % VEBL LT, Kk
(2. PET-TCpnl0TCpn60 (D514,/D3964) & pRCC501 @ Xbal—
Kpnl I #1468 %2 T, Asp™ & Asp™ DR EZZEFNY
> pET-TCpnl0TCpn60 (D514) & pET-TCpnl0TCpn60 (D3964)
EER LT, 2O ORBIART ¥ —CHl#ax 7= £ coli
BL21 (DE3) % H e filehle L, RIVEMEMI 5y % 70°C ~C 30 47 fH
BULER L, w00 EE L 72 BT % DEAE-Toyopearl, Butyl-
Toyopearl ( & % {Z TOSOH) . Sephacryl S-300HR (GE
Healthcare) % HW\THHRIL 7=,

K2 R IT 65% fafn & 72D KO & INZ T
WS, ACTRIELT, FEHOBIE, thEkZ 20 mM
HEPES/KOH, 100 mM KC1. 5 mM MgCl, (HKM #ZfEi%. pH 7.5)
2V L. PD-10 Desalting Columns (GE Healthcare) T
M U CEBRIZHE L 72,

FEHRL L 7= TCpn60 % 55°C TA »FaX— L7z, 5
pg/L—r b8 9 13.5% 7T 7 UAT X RV (SDS-
PAGE) F721% 5% 7 27 VL7 X R4 (Native-PAGE) |2
THBELT-, CBB Yt L7=# V% Image] (2 CHEHT L. [A)
BRI BB AUKED L 7= B BEEN K58 TCpn60 & TCpnl0 DX
¥ RINBRDIMRERNS, X7 E&EFH LT,

2.2 ATP MK REMEDRIE

Hsp60 726 D ADP D%, ATP AR & HTot
FHNZIE L 7=, HKM FE B (20 mM HEPES-KOH (pH 7. 5) |
100 mM KC1, 5 mM MgCly) 12, 0.2 pM Hsp60., 0.2 mM NADH,
5 mM phosphoenolpyruvate, 100 ng/ml pyruvate kinase,
100 pg/ml lactate dehydrogenase, 5 mM DTT Nz, &
IS E Uiz, BVARVE OIRFE % mHsp60 (X 25°C, TCpn60
JZB5°CICRREL, B L CWDRISHETIZ 1 M ATP %
I LTRSS % Bildé U 72, NADH D8 12 ke [R5~
% 340 nm TOWSLEE DD % | 3R A v Tl
AOCIIE L. ROSBIE> B 150 #7412 0.6 pM Hspl0 &%
miiz,

2.3 Hsp60/Hsp10 BEREEX YV LA F FOEE

mHsp60 ZEFRIZHES LIZX 7 VAF REgthd 57
BHIZ, Hspb60/Hspl0 AR A T AL I R I 2y BERE B L 72,
3 1M mHsp60, 9 uM mHsplO, 5 mM DTT, 1 mM ATP % HKM
RSN 2, 5 4y 2R CffE L7=, TSK-GEL G3000SWy,
A — K717 4 (TOSOH) % 3 #ifE L= Al r o~ 75
7 ¢ —(25 mM HEPES/KOH (pH 7.0). 100 mM NaySO,, 5 mM
MgS0u) 1 TR IR A B I T o B L, #E AR 2 HEE L 72, 53
Eu L7z Hsp60/Hspl0 #H& AR %SOGBG b — R
EICHRERLD . 24% PCA Nz 7=, 1m0t L7z ik
0.5 M KyCOs THUFN L 7=, TSK-GEL 0DS-80Ts (TOSOH) jifi
Wru~h7Z774—0000 M U XS bY 7 A pH
6.9)) T ATP & ADP (Z/7HEL . Absgg Z itk L7z, X7
LAF PRI E— 7 BRI L > THE L, RO ATP
& ADP & W THERR L 7o s L - TER L7,
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Fig. 1 Crystal structures of chaperonin complexes and sequence alignment between bacterial and eukaryotic
Hsp60
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TKEIBEGY TVAKS IVLKDKFENMGAKLLQEVASKTNEAAGDGTTSATVLGRAIFTESVKNVAAGCNPMDLRRGSQVA
TKIPDRGY TVAKS IDLKDKYKNIGAKLVQDVANNTNEEAGDGTTTATVLARSIAKEGFEKISKGANPVEIRRGVMLA
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VTAAVEELKALSVPCSDSKA\AQVGTISANSDETVGKLIAEAMDKVGKEGVITVE&GTGLQDELDV&EGMQFDRG
VEAAVEKIKALAIPVEDRKAIEEVATISANDPE-VGKLIADAMEKVGKEGI ITVEESKSLETELKFVEGYQFDKG
VEKVIEFLSANKKEITTSEEIAQVATISANGDSHVGKLLASAMEKVGKEGV ITIREGRTLEDELEVTEGMRFDRG
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—
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AAVKAPGFGDRRKAMLQD IATLTGGTV ISEE- IGMELEKATLEDLGQAKRVVINKDTTTIIDGVGEEAAIQGRVA
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EIITEQLDVTTSE-YEKEKLNERLAKLSDGVAVLKVGGTSDVEVNEKKDRV ThEALNATRAAVEEGIVLGGGCALL

>
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Overall structure of Hsp60/Hspl0 complexes and enlarged monomer structure of Hsp60 from E. coli (PDB ID: 1AON and
3WVL)(A), T. thermophilus (4V40) (B), and Human mitochondria (4PJ1) (C). (D) Element of the secondary structure are indicated
above the amino acid sequence alignment of . coli GroEL (1), T. thermophilus Cpn60 (2), Yeast mitochondria Hsp60 (3), and Human

mitochondria Hsp60 (4). Arrows indicatef-sheets, and cylinders represent a-helices. Domains are colored in red (apical) , green

(intermediate), and blue (equatorial).
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Mutant Expression vector

Primer name

Primer sequence’

mHsp60 D73A pET-mtCpn60(D73A)
D420A pET-mtCpn60(D420A)

D73A/D420A  pET-mtCpn60(D73A/D420A)

TCpn60 D51A pET-TCpn10TCpn6O(D51A)
D396A pET-TCpn10TCpn6O(D396A)

D51A/D396A  pET-TCpn10TCpn60(D51A/D396A)

mtCpn60(D73A)For
mtCpn60(D73A)Rev

(

(
mtCpn60(D420A)For GGACCGTTACGATGCTGCTTTGAACGCT
mtCpn60(D420A)Rev  GTAGCGTTCAAAGCAGCATCGTAACGGT

TCpn60(D51A)For
TCpn60(D51A)Rev
(
(

TCpn60(D396A)For
TCpn60(D396A)Rev

CCAAAGATTACTAAGGCTGGTGTTACAG
CTGTAACACCAQCCTTAGTAATCTTTGG

CACCAAGGCcCGGGGTGACGaTcGCCAA(
CTTGGCgAtCGTCACCCCGgCCTTGGTG

GAAGCATCGaTTTGAGGcCGCCCTGAAC
GTTCAGGGCGgCCTCAAAICGATGCTTC

<1 Mutations are shown in lowercase.

2.4 5)LIEBIZ & B Hspb60 ~D Hsp10 #E& 5K ER

HKM #2@&12 0.5 uM Hsp60, Cy3 -1 L7-0.25 pM
Hspl0 (Hspl0®®), 5 mM DTT. 1 mM ATP ZJE& L C.
mHsp60/mHspl0 1% 25°C T 5 43[MEkE . TCpn60/TCpnl0 1%
60°C T 10 /A > F 2— h L7, # /LIS HPLC
7 2 (G3000SWy.., TOSOH) THHT L7z, 77 7 AR % mHsp60
1% 25°C. TCpn60 % 55°C IZFHE L. 20 mM HEPES/KOH (pH
7.4). 10 mM KC1, 5 mM MgCl,, 100 mM Na,SO, (FE#E7\&
EAE. 1 oM ATP 25 Te) CFH L L= 7 A6
WEEAL, Cy3 OEIEIE (Ex. 550 nm,/Em. 570 nm)
Z 508k LC. Hspb0 & HsplO OFE & Z it L7z,

2.5 FHBEREFEMRHE

0.5 pM mHsp60, 1 pM mHsplO, 1 mM ATP OISR % .
AAra—F— IB-2(2CT 7 XA~<MEL (1400 V, 3 mA,
30 ) L7cmmBlE 1 Bpes (TEM) M= w oA o SRk
2770 > RIZs uLiii F L7, 7Y » R BT 1A MREE,
AR T2 S L, 5 ub D 0.5% Yo X T AT Ui
/NaOH (pH 4.0) THEREL, 7 Uy KETvr—X
— T W HE A T BEE JEM2100 (H A T)
\ZCHLEEE 100 kV TEIE L=,

2.6 Hsp60 % FREIHEE VE R

Hsp60 & ATP F721% Hspl0 & %y EAE YT D
7-® . MHIRE /L (mHsp60 1% 25°C, TCpn60 14 55°C IZ3% i)
(2 2.5 uM Hsp60 DFx, F721% 2.5 uM Hsp60 & 1 mM ATP
R, WES Y P05 1 oM ATP, E£7201% 45 M
Hspl0 & 1 mM ATP DIRAIKEZ FHE4UE T L, MicroCal
PEAQ-ITC Automated (Malvern) THREAZEAERIE L7=,

3. #HR

3.1 Hsp60 & ATP fn/KAEEMEICEITE2 DD Asp DE
=i
E. coli GroEL @ Asp®® & Asp®® (%, T vy _Xm=1
WK RTFESNTWVWDET ANRT XU RTHD, BERE

mHsp60 @ Asp™ & Asp'™ LN 7. thermophilus TCpn60
D Asp™ & Asp™® 1T 95 Z L1 Fig. 1 O LIkHERS &
TIARA L LHLINTH -T2, 2 C, misp60”™,
mHSp60D420A\ mHSp60D73A/D/120A @%n%n%%@ L/\ ATP jj[]7k
IMRIEPEAIE L= & 25, mHsp60P™ Tl mHsp60™ 0D
20% DIEMEZ 7R L mHsp60™2* & mHsp60P™VP420% G134 4%
OIEEE /R LT (Fig. 2), 2O Z &0 5, misp60 (2R
TH Asp™ & Asp™ A% ATP MK RIEPEICEE CHh D 2 &
DVREI, Asp™ A Asp™ & HEARTIRMEORD IZ K& 205
HWA LR &b GroEL @ Asp® OfEHR & L < ELTW s,

WIT, K0 EREZRINAK S RIS 2 R E T 5 7212, ATP
Z N % C mHsp60/mHspl0 AR AT L (1=0) | iRk IZ S
NEBZ o~ 7T 7 4 —CHEAGEREZHEEEL T, #aL
TWDHX T LATF RERRFICOBELERE LT & 25,
ATP @ 50% 237K S0 5 H3IE. mHsp60™2 7% 2~
SHFRT (Fig. 3A) .mHsp60PMY200 2345 50 BRI T - 7= (Fig.
3B). ATP FRAERIZ K o THEM L7z mHsp60"™ DA 7
JUIERE] (7 mol of ATP/mol of mHsp60 7% ADP [T 7K 45 fiF
SHAHHER) 1320 B ToHh o722 & 55, mHsp60PP120% ¢
SOt A 27 VIR IE mHsp60"™ 0DF9 9000 fFIZHER: STV
770 mHsp60™* DR A 7 VHERT I, ATP A RIZ L - T
M2 pEREESh, EEEEEX 7 VAT RERETIE
FHATTRE R R TH B 20 HEITITEA LTV HIEIE
TRTOX7 LAF RIT AP Th o7z,

*jf\ Tcpn60D5lA\ TCpn60D396A\ Tcpn60D51A/D396A B \fﬂ
%, TCpn60" D) 20% DA 7R L, TCpn60 @ Asp®™ &
Asp® 28 ATP MK MRIZBED B 7 2 /iR TH D Z L
RENT (Fig. 2), F£72. Hspl0 12 X5 ATP MK figEE
P2 R MEDN > 72, mHsp60 & FIFEIC, ATP & TCpnl0 %
MATERLTZEEBITHEE L TWDH X7 LATF RDsy
*ﬁ%fﬁriﬁ o) HULL\ TCDH6OD51A\ TCpI’l60D3%A\ Tcpn6ol)51A/D396A i(l.}
HMCTHEELAEAX 7 LATF Fantilizb 25,
TCpn60™* & TCpn60™** | ADP 73 2 mol/mol of TCpn60,
TCpn60" /23964 |3 ADP 3 7 mol/mol of TCpn60 fiA LTI
D, 55°C T 6 BERIOSULHE b il L 722> 72, TCpnl0 0
FAHR 2 R T OIIEEL TCpn60"T D22 TE 2238 81 & i



Asp” & Asp™IXMERES 3> ) 7 Hsp60DATP IR 53 i | ST S22 e A& SR 79 (HAH - A8 - KT - /INith) 31

0.06
=

£

=

£

E

=

g 004}

=

2

=

g

@ 002}

(2]

©

o

—

<

0.00 U ‘ F@ O e B i S
Hsp10 -+ -4+ -+ -+ -4+ -+ -4+ -+
Hsp60 WT D73A D420A D73A/ WT D51A D396A D51A/

D420A D396A

mHsp60 TCpn60

Fig. 2 ATP hydrolysis activity of Hsp60 mutants.

A B

100 100

& &

Py < 80

hel il

3 8 60

[$) [}

2 2 40 .
2 2 U s B
3 3 20 Il

o m /

0 3 6 9 12 0 10
Time (h)

20 30
Time (h)

40 50

Fig. 3 Time course of ATP hydrolysis by the
isolated mHsp60/mHsp10 complexes.
The ratio of ATP or ADP to the total nucleotide bound to

the mHsp60/mHspl0 complexes is shown. (A)
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Fig. 4 Maintained binding of purified TCpn60
mutants with TCpn10.

SDS-PAGE (A) and Native-PAGE(B). Purified TCpn60
mutants were incubated for 0 h (lanes 1, 4, and 7) , 0.5 h
(lanes 2, 5, and 8), or 6 h (lanes 3, 6, and 9) at 55°C. Black
and white arrowheads indicate TCpn60 and TCpnlO

positions, respectively.

DIZEHDIZENTH LN, ERETITIHRRZ D
TCpn60/TCpn10/ADP #E K & L THES L7z E 417
AREPEDN RIE S 4L, & 2T, TCpn60O™™, TCpn6O™t
TCpn6OP VD394 Z- 55°C ¢ 0-6 BE[E] = Tt S BB A UKE) L
7o & 2 A, SDS-PAGE DR A5 TCpn60Y™, TCpnEOYSHA/P96A
N 2.1 mol/mol of TCpn60, TCpn60™** (% 1.7 mol/mol of
TCpn60 D TCpnl0 ZFEA Lz F R STV D Z 2 2vb
2o7- (Fig. 4A), Native—PAGE {2 V. TCpn60™* | %
TEHFIZ TCpnl0 23FEfEL TR D . TCpn60"'™* 1 55°C TR
XD L THEEEL - TCphnl0 %2 BLE T =08,
TCpn6OP V94 13 4°C TORIERR 55°C T 6 KD T
TCpnl0 OfiFEEIElE SN2 -7 (Fig. 4B),

3.2 HILIEBIZ & B Hsp60/Hsp10 #E & A2 B D 2R

GroELPPVD9sh 13 ATP JINZK B 1 ¥ 7 173 12 HIZ
PEHE U 72 B BARTZADS | ATP 5 G0 GroES i &7 K& G e %
DOMOTEMEIZEF AR L 25 597, Asp®™ & Asp™ 23 ATP I
KR IZB 5T B LB 2 bz [6,8], £ T, {ER
L 7= 40 Hspb0 ZEFLIRD ATP fEA & HsplO FEEDFERT
b HEAMWIERGREE ., HPLC Y VE# 7 a~ 7T 7 4 —
TRHT L7=, mHsp60" {2 ATP & Cy3-mHspl0 ZIRA L72/K
IS, TVIER 7 a~ N7 T 7 0 —TolfEL Cy3 Ot
WeamBHET 5 L, WEERIC ATP 2V ENRVEEITIE L
A D Cy3-mlspl0 (X7 L CIEET DA%, ATP f77E F T
1% mHsp60/mHspl0 #E-EIR DY HIRHE Td 5K 13 S DAL fE
12 Cy3 DEOLE — 7 R & iz, Ziud, BANHEA L
72 ATP & 2\ MIIK S5 fif S0 C T & 72 ADP 73 mHsp60 725
A< JEFRIZ ATP 372 AUEAE A LTz Cys-
mHspl0 [ 3fFBET 5 2 L &R LT 5 (Fig. 5A), —H,
mHsp60 2 B4R TIL, HHEE T O ATP OFHEIZE D 5,
mHsp60/mHspl0 EWA IS 32 13 43T Cy3 DALY &
HE—7 ZBlEICE 7= (Fig. 5B), L7=»> T, ZnbH 0
mHsp60 28 BRI ATP A & mispl0 #56 . A A ERIX
HFFLTEBY . MK EEN Z L1 X Y mHsp60/mHspl0
BERELEICHERF TE 5 Z EAVRB S L, TEMBIZTY
mHsp60PVM2% /mHsp10, O 7 v kAR — LA AR B2 T
7= (Fig.5F),

—J5, TCpn60" %, YARBEEZ > ATP OF IR BT,
TCpn60/TCpn10 EAEIKZHERF L, 12.5 4312 Cy3 OHEEE
— 7 sz (Fig. 50), Ziud, &I TCpn6O |2
fEf L7z ATP & D WK iR CAERK L7z ADP DFE &3
3 < TCpn60/TCpnl0 HEKRE L EITHEF TE 52 L &R
LTCW5, ZHITH L TCpn60"™ % | %, VEBIEHRIZ ATP 25 Ee
AT D H TCpn60/TCpn10 HAIRIZFYG 35 12. 5 43124
v —2 B3d bbbz (Fig. 5D), TCpn60"* % TCpn60"
F 0 ATP MK IRTEEAME < . Lo LEBHIZ ATP 2377
TEL720 & TCpnl0 DFEGZHERFCE RN Lvh, ATP
fEd & TCpnl0 fifr. BAETEEKBRIZRE L T A A, X
I VAT ROFEGREN NS ERE 2 bz, £,
TCpn60"™* & TCpn6OPSAP3954 |3 2 D 44T &, Cy3-TCpnl0 %
FEA Lo Tz, it T TIz220 U 7|2 TCpnl0
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Fig. 5 Binding of Hsp10 to Hsp60 mutants.

Binding of Cy3-mHspl0 to the mHsp60 mutant in the
absence (A) or presence (B) of 1 mM ATP. Binding of Cy3-
TCpn10 to the TCpn60 mutant in the absence (C) or presence
(D) of 1 mM ATP. mHsp60 mutants were mixed with Cy3-
labeled Hsp10 and ATP (1 mM) at the indicated case and
then separated by gel filtration HPLC with fluorescence
detection. a.u., arbitrary units.

Electron micrographs of the negatively stained mHsp60WV!/
mHsp10 (E) and mHsp60P734P420A /mHsp10 (F) complexes
in the presence of ATP. Arrowheads show the symmetrical
football complexes.

DA LB IENTWAID EEZ B (Fig. 4A) . D5IA
RN ATP IN/K S5 s S 7211 C 72 < TCpnl0 OOfigkfk | 2 288
LTWAHBEMNE 2 by,

3.3 ATP & U Hspl10 & Hsp60 M5 FREIAEE ¥ R4

PEREENLTZ 2 D0 Asp A3 ATP JIAKSSfETZ 1 T <
ATP #5&<° Hspl0 FEAICIEM T 2 ArREME A MGET 5720
| mHsp60 Z5 BRI I TN TCpn60 25 FfAiZ ATP 7= 13 Hspl0
Z R L. SR EMARNEIC X DA iTo 72,
mHsp60°™* ~> ATP FEAIE, ATP KR L 0 R4+ 5
BEOLENER ) MREEEER (K) R TERPo72h8,
mHsp60P2% & mHspBOP™AY24 13 2 24 Ky 28 5. TE-05 M
L L9E-05 M TH Y | 1437 @ mHsp60 (ZxF LTHI 10 431
D ATP DA LTz & RE S bz, $£72, 2T misp60
ZEFARA~D mHspl0 OFELIZOVT, 1 41O mHsp60 |25t
LT 2 45 7® mispl0 DfERT 5 & AFES HAL, R
mHspBOPVPN 513 £y A (2. 6E-10 M) 2ASEIRYICfh D ZE
BRI BT LTV, 2 S OREIE, ATP MK R
mEHELF VAR 7 e~ N7 77 40—k
mHsp60,/mHspl10 EA BT OFEF & b sEaic—&% L Twn
7= (Table 2) .

—J7. TCpn60 ZEFAKIZI VN TIE, 1 43+ TCpn6O"**
WZxF LT 3 01D ATP fEAMEE S, £, 13 1.98-07 M
THoTz, SFOLEFARDH T TCpn60™% 721F 235> /T
& %573 TCpnl0 OFER Z MR TE ., ZAUTF VIER 7 o
~ N T T 4 —OFER LTI L7eh o7z (Table 2) o

4 EE

BERAEMOI b3 RY T O Hsp0 1E, 2 har KU
TSN Z VNIV BED T +—IVTF 4 TRA L
A& DI hary RYUT X R EOEMEZR SHERED
7o, BRI RIRZ VRV ETh D, £lc, ZOZ
NIENE MBI AEERBEFORK Y 7 Th
HZEHL Do TETWD Y, HEEMATCHEREMAT 28
R SND R, # o 7BoREERERO L4 &)
O, BITMEICEDMEDIZTE AL ENKIBEO
GroEL/GroES [k F L C& /7, T ha v KU To
Hsp60/Hspl0 OFEEFEEMATIX, & NERO X V7T
7w RAR—AVEAR, o I AR (7 AR
— VEMEARDS Hspb0 D U > 7=V o 7 Fhif CiffE U 7= 1
ER) L CHESNEN, BRI P2 RU T
mHsp60/mHspl0 TIE & 7ZEN 72 [9], £ coli GroEL O
Asp™ @ HHYOT7 I /EOE I = KUY mHsp60 1233
% Ma ZEAED | ATP NIAKRSFEEEDIR T AR L, 7 v
NR— VB G IRE REICIERT 2 2 & Bl S n
[10], AU X9 ITRFESN TV D GroEL 0 Asp® FH 28R
RITHRE DR o To, AFRIZLY BRI b2 RU T
@ mHsp60 @D Asp™ & Asp™ X, £ coli GroEL @ Asp™ &
Asp*S [AIBEIZ ATP @ v U VROB| & EICEE LT I /
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mHsp60 TCpn60
D73A D420A  D73A/D420A D51A D396A  D51A/D396A
Nucleotide K (M) ND 5.7E-05 1.9E-05 1.0E-12 1.9E-07 9.6E-09
Binding sites  ND 10.0 10.0 1.1 3.1 5.5
Hsp10 K, (M) 3.4E-09 1.1E-09 2.6E-10 ND 2.7E-08 ND
Binding sites 2.1 1.9 ND 0.3 ND

ND : not detected

fRThHD I ENbhoT-, 2 DOFEIETMEHIZITZS
< LEZ 5B, mHspb0"™* & mHsp60"'?* D E s A 7 IV
] & Hei LT, mHspBOPA Y200 I BIRIC S i A 7 L HE

F%%ﬂ%ém‘_g L72xL., ATP f54 . mHsplO fifA. EAK
TERCREII TR T4 < | ATP /KR DIRIEZ K AR

mﬁ%k@@Hmﬁﬁfi7yk$wwﬂ@éwwg<
BlEs Nz, ZHET, MIE D GroEL LEAEMD I k=
¥ RU 7 mHsp60 [ IHEE L L TV D23, SOGHERE L5
RDODRMPEZNEBZZHNTE, LL, vy Xe=v0
FOGHA 7 VT2 ATP KRBV TR & ek
BEAR I, ITAE GroEL/GroES & mHsp60/mHspl0 CFH
RNTT v FAR— VSRR SEAEEI R S 7 2
ELED, FNENDORTHLNE Ip> TEI-—RAHE
T~ 5 FN LA H N O FER 72 SOGHERE D BRARIZ D72 53 5w hE
MWRndH 5,

—J7. T thermophilus ® TCpn60 (ZIWTH, Asp*®
X ATP K TSRS B BT 57 I /iR TH Y |
TCpn60™* |3 1 mM ATP f77E T TIL TCpnl0 DFEAIZ L D1
BRI ARETH 7= (Fig. 5D), [AIEEIZ, Asp’ & ATP
IR FRIRMEICRE G427 2 VBB L ZE 2 5N D0,
Z DR A - TCpn60™* & TCpn6OYWI¥0A 13 285 &5 ¢, |
TCpn10 OfFEEAIKNEET (Fig.4). 1 mM ATP f7(E F Tdh -
THHT7=7 Tepnl0 DFEG N R B2 o> 7= (Fig. 5D),
ZDZ LB, TCpn60 D Asp® IE ATP MK A fEEME N %
T, TCpnl0 DOfE#E, SFVRIGHA T NVDH— 1 F—
—IZb o TWB EE X LTz, GroEL 123V T, GroES
DR IISOHID U > 7~ ATP DFEERBETH Y |
V7= rMomREnsEET s EB 2 0oNn5, JRE
KA A NZALET D TCpnb0 D Asp® 28, ZDY 7= v
THOBFPEICT S LW D AREMER D 5,
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