1OAXFAFICIBTSHI-2 vy ROz > O

A 48T



i =
s

T OFE DM EEWIT DNA—mRNA—Y 2 X0 HEW S 2 b TI0 B0

WAL BEEAEFHET S, DNA. RNA S W OBEEIZE & L T2 | O ARKWENEN T

HHGIZHLT, ¥oN7EIZILELGWEIME LT & H0ENH H, BAMGEKR (&
EHD) USRI B A HEWAMEO | DTHHEB oL, BERDIL
AFEMICHE D EEAONTELA, THENDWLHT v X2 > NS —o
A NN R T D EMHOSMIIE TEZ, BTy X0 T
By RO AT LY N EOBEFRD MEBIZEENG T S5 BEERKRTTH
B, TIT, AMRTIEA Ly ROZ L AT AMTHERL, SSREIIBWTEDO 4K

RoOfW M & LT,

A RO AT LAFEEANE S BEEHIE £ T OB BIT R > Th o,

RO ATFAE RO (Cpn) -2 vy RO 2omEpksd, mbHE
DHEATHHDITKEED > v X =2 (GroEL) T®H 4. GroEL i 57kDa O % 2 /%
DET, FO 14 8RBT HEIROMSEESY ORI EOBREZRDDOD T

& 785, GroEL {d GroES &IFIEA1 D 10 kDa DFMETIRT-H 8 & L, 2Ok D A
KFIEa- v RO EHEEN T D, AIFRICENTIREYT, J-r ROz >
DWW TR ETT > 7=,

DO XFAF Oy RO REOTZREET 728, KEBEO GroES R K-Z
PHISRA YA ZFRET % cDNA 7 O0— 2 &L 7o, BN/ 00— 20310 kDa @ 2
—yROZ> (Cpnl0) HFELQZZI-RFL Tz, 8oz b2 RUT7O Cpnlo

2 S0%fREOEVWE—HERLAEZENS I RO RY Y Cpnlo OIRERY (ATI)




THhHETHEEN, Cpnlo (AT 12201 X I AT ooty BRI 25 5 i
RSO L I E 3 RSN A Y 11 A I 15 R Al AF L 1 (Pl ol N S SV SRR I Sl /N G 8
bH I EMEND ST,
RO D- 2y RO REQYTEHD Cpn20 1L Cpnl (GroES) fR R AA A7 2
DH T LIDRN o MEE S D, O XA F D Cpn20 O ¢DNA U O— 7 ij
HEL 7o gEE. RIS NARAY D VEBIRYL U Db0E 61%DFE— 1 E
AU e R RIEBIT A RERIR Y N O E I O I R D BRI R T S Z
EMMEMND ST, GrobES 13 7 SR THEET 5 &M SN T ZA%, Cpn20 (AT2)
D FARMEZ RIS 4 RTENT 2 2 Enthno7z, Cpn20 (AT2) O 4
TARIZIE GroES BE R A1 U8 & N5 T &0/ bH, Cpn20 (AT2) {4 GroES & Iikk
2. GroEL &SHIBEEML 3-2 xR0 &L THEGETE 5. GroEL & Cpn20 (AT2)
DELERICEFNSFNFNORIE 14 :3.6 TH 7O T, GroEL & 14 Fi{k & Cpn20
(AT2) D4 ARG L TnA I MR <R XN/, GroES LB/ N IL— 7 LI
I AL U B T GroEL 557 5, GroES & GroEL O#E G T, |+ DOEIN
AJIN—"TI"1 D0 GroEL EHBLTWAEEZS5NS, —H. Cpn20 (AT2) DE 4k
KIZ 8 HITOENA NI —TEFE D/, GroEL &OF5EE | R 1 Tidsa <K HANT
FHBMEERE L ThAHEEZSTD,
IS5, ESTTF =NV ERBTHIEICED, 72/ RKEFICEER N ZHD Cpnl0
REDY (AT3) R D -, MAOI-2 v ROZVREOQVOEREBEERL
ETA. Cpnlo (AT3) 3 EDFREOT EBMFEMMEHN T EMhh ol SN
AHT STV S GroES EDLELEMN S, Cpnl0 (AT3) 1)L — 7HEEIC 7z HEE)TR &

ST LED-y RO THarEHNENF, T4 77—20 -2+ RO 2KE



DY THS Gp3l L & O REBIETIET L7280 — T2 0K T BB L
L& o Tind, Cpnth (AT &b UGS 28 b LT T ah e,
K LA 2 S YT D HESE A S S Cpnl0 (AT3) 1 EF T 27 BEREICET S 41
et dH 0, EHREOFREEEE L 2Ry -2 2RT NS HF 721 FIBIC
Z<FENLHEBRICEH LY R EPEETH L0t nsE A sz,

AW TIE, 2O X T AHTH0T 3 ROI-oy "0 FERVZFEEL .
FORE, T RACED)TOL vy ROZ Y AT LT ARG GroEL-GroES 8 &~ £ <
T b, —HESRKIZITERO S y RO 2 2 A7 LMRERL

GroEL-GroES M &AL MA - Tnvic, BES JE /s 7 22 oK

THICEDUHTEIL TELZDIEAD EERX TN S,
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FABFE FHE « ¢ o o o o o v e e e e e e e e e e e

e

PO RXFAFOA- RO REODS - 0 - -
His-Cpn20 (AT2) O EAE - -« - - - - - - -

BEKITRETH -2 RO ¢ v v v 0 v v »

O AF0a-o ey RO FKREDTD
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BSA: bovine serum albumin

CCT: chaperbnin containing TCP1

Cpn: chaperonin

CS: citrate synthase

DSP: 3, 3’-dithiobis (succinimidyl propionate)

Hsp70: heat shock protein 70

MALDI-TOF: matrix-assisted laser desorption ionization-time-of-flight
RuBisCO: ribulose 1,5-bisphosphate carboxylase/oxygenase
PAGE£ polyacrylamide gel electrophoresis

PCR: polymerase chain reaction

TCPI: t-complex containing polypeptidel

TFSS: thermopbhilic factor 55



-

DR DE RN IIE DNAmRNA—= Y DX E WD T ROzt
DEDEIN, KL RIET B, DNA. RNA SV O REHI T ELTHED | K
WIEETHALDIHML T, FONVBEIIEL<BERLGERH 5, Flio
MR T, LU <ESRNGLY NI RTENARDEGRES LS 12T,
AR EICA ML AEE 25T EARENTWA, WA, BEY 2 RVED
HRMT I INA =W EOMFREORK TH LS ZEARENTETHD
COFDITE NI U DRARRNE & &4 D GBI QMR T T
HD. TOMMERET A EIZIERWICHEHETH 5,

275, BIRRO BRI AR RN 2B T 5 28I i 0. EMAIZIT
M7 hOER B, —H. ZROEHDEERD (GLXEEEER) ot
FNIEOT I I EBEEINIE S TR O R TWA, In vio TH /N7 E
DEIMEEE — B L 72, AHRICEDEMFIME K< T2 &5 XFON
MR TELLDNHLH, TOZEMSHEERDIZEIENIIB IS EF A 0N
(Anfinsen. 1973), LAAL7EAYS . in vio TEERONBEINLYETHE
ERODMNFELE LT L-DIBEZREDOFGEMRHTL208ERH 5, ¥ 29
DEOBERKIGHIEZ KT 2281 B FRIOEBEERE D TN TOHKE
ROABEIELIDENH S, in vivo THELWEZRDIZHELZINS DK

i, in vivo DIRMERBLUZBDEFWAT, AR TIN5 /0 DBERED T



PTHADEZEZA BN T,

MIANTOREZEDIZE, WHWLD Ty RO EIFENL — k05 /30
EHABLERIBENDH H T EBH M TN TES (Feldman & Frydman, 2000,
DTy ROVRY CRAVEOEERD, 26, RoOB@k SIcEET 575,
RBEHEERIIZTENBZ—FHOF O 7HICH L T s AniTH
% mms&vmcera.uwno5¥%§rdwrdiﬁm‘§MZFVXTﬁﬁ§é
N5 8278 (heat-shock protein, HSP) & L TiEH &/m, MDD EMAL
7‘;9 OB L THIANOEZEAMA 0, 2R LAY 2NN 7 EOW
B EEBAON, FOH, LT LHERAA L ATHEEINZHOEND
Tl &, Fir, FEINLSHOTH THBRBTFOEFREIIBWLTHL
FHTHDHIENRDMh- TE/ (Fayet B, 1989),

BT RO R, BRI RS L THEL THY . RENR b
S ROZ T AFLE Hpl0 DD, v N1 A5 Ald " Anfinsen
cage” EBIEEN., FEY OV EPRFOHRTELLEERESDO " A’
LD, 2O AT L in vito OBFEEFROERIZBWTGRITHEHHRL TW=4
%@wﬁﬁwmﬁém5%%%E$K%&?6%®T%otommomﬁﬁ$
DRUYRTFRBICHEEL . BETEREBEREICRFEL-EE vy RO >
CATLANZTETEOOREAERED, ZOXDI, 1y ROZ AT ALIE
F N EOEKEERR S WD BEERBBICE T S EEARIC, EEH
BE50FTHbH, TITRIEDFI»yXOCOPTHEIZ vy RO A
FALRZEEL., BEEMICBTLL v RO Y AF LOEEKBRORE % B

EL7z,




RO L AT LU KE

ANOZ AT A

Py ROZ2 (Cpm) 1F 1 REEFILASIE 2 DOV I —TI20HE N5 (Braig,
1998, X 1), ﬁwwflmk%%m&wﬁﬁm%aHMMMWS%:yPU?
RERMA. VIL— 7 2 I & AN ORI R & W D HE (L B U T
IZEFETET S (Braig, 1998), W& WZAEGEMICBIEEL S 1 KA 2 oIk
IEEEMNIE ORIz TR, AR T LABIEANEIC kT 5 &0

MR A BT 52D O ER S T2, 7= Lido v oz > (Cpne)

..M.

DBELEMMT 53-2 v ROZWEETHDITHL, -7 2 1 F3-2+
NROZEGLEE L0 b—27 2 13, BEEMOMREIZHEET S CCT
(chaperonin containing TCP1) . Wl O Ff DY —F"/ — LK TF55 (thermophilic
factor 55) #&F . DI+ RO SFITHAES CCT DR E LTI, Eh

FTAHHRIEDE VR RTF REE O L RET LT D &0 diigifonsd

TN —T 1D e XOZ AT /s

B DIEATWDLDERBEO v+ XDZ > (GroEL), J-2+ O
(GroES) Tdb %, GroEL. GroES D ki (Braig %, 1994, Hunt 5. 1996) .
GroEL -GroES #E&ROE (Xa &, 1997) HBLZESHEMIT AN TH 0,

RO AT LOEDHT "EERED QY JLE-F L UL TEHANIT A

53T %, GroEL 13 57 kDa % > /X E T, 7T RRNE EHE DT/ T 2

EBICFEA TR o2 14 BRE L THI< (Braig 5. 1994), GroEL & 14 BEDE



EMEHE =L
- ) e p

Thrmosome
TFS5S

\_ ), . Y,

GroEL/GroES

- * i A
1 N CCT
Cpno0Q/ (chaperonin
co-chaperonin containing

\\ // TCP‘1 )
ANARZ (ZER)

- J

B %A

K1 >vROZ IATFLAOREATRTETIVKE, .
2HEEOS vy RO AT LITER EREEREVWIGET THEEL Th 5,



A ROEIIRAIN T, PULCKEARRAR D, JOWP D7l 2Imn o R E R
DAL ETHEFETAN T T R ETS (22, (2EFR) A
TFREEA N N E N ET T SEOR o R UL B LT
DR ERED, FO7z8. HspT0 F5 E DO Lo RO /3BTRS S
T. GroEL ~NZFET EEL N TWD, —H. 10 kDa O/NEEY /N0 H
T&H %4 GroES 1L 7 FikD F— A Lo#ste 20, GroEL & 14 JHRD EH &0
DIRIZREE T D, RUARTF FEER UMNIC GroES 59 5 &, B a2 EN
(AL TRYARTF REEHU & D275, GroES D#EHIZ& D
GroEL O 14 BAOHEIZAZ<ELL . GroEL OO PRERLHTKI 4 BB/
SEUKMARREICENT S Braig S, 1994), 078, R U X7 F R & GroEL
DFGIEFEEO. RUATF RO TR TOESFONEESI NSO TR
WinEHZS5NTWS, 50, GroES OFSEITE DU/ ME B LI £ 45
B LTWERWRMNIZ HEH A5 2, 7 810D GroEL ¢ ATP MK 73§ 2 1 a1 -
FIEE T, T ATP UKD OFER. GroES & B EFR 724 2 /37 5 GroEL
SO ENS, BEREDICCORYRTF REE—EoH1 )L TSI
HBEFREST, B GroEL ICIRDAEN A E WO VIV EEO IR L THEER fF

ST NI EIZEERELENLD T EATRINT NS (Weissman 5, 1995),

S NE I AT AD invive TORET

FARWE Ly NOZ 2 AT LOERBEIIH S NI N/, invivo T4
BlcoWTizbhmoiknl &8 %0, Horwich & (1993) 1T ABE O GroEL (7

ZREGAL. RERZMOBIERMARERKERE Lz, ZOERKITIETFE



unfolded protein

membrane

F T ST
T 7ATP  7Pi E :l

chaperonin co-chaperonin

/’@
/- 7ATP

Y
V1775
] 7ADP+7Pi  7ATP @3
A P
Il |
7ADP
72

[ folded protein

M2 T+ NOZCOMETEYNN7EDRZRDBEZRITETIVK,
&Y NV EDBRIIRFIRL L,



WIEICET & 81 Mg O EE RN, BotEn s, wika T s
FTE L ERR MR U RTF RIE 2 0 Rk T A &L WA
THEOEN TH HSOICERRTIIELE L TLED 7 /U EPA: U Tz, G
WLTLEIY N UEIEEEFELEUI GroEL W ET L EEL5N5D, &
DX DT ORN. RS 2/ E O 30% O ZF 0 IC GroEL 725 L
TWH I EMREEN, £ RKIBEZE [5S] AFAZ 2 TV AT NIV,
GroEL DR TR X /HH. 2L NLF R0 D55 10~15%
78 GroEL &3k L7z (BEwalt 5.0 1997), TS OFRIEKEROEEALEDY
DO ER A RO VAT LUK EFR TEERL I ENTELEN D ESN
REDTH T,
R EDNEN AT IR E WL D8RI, o RO 2 AT ANOK
GO RO EICLBERDHEE AN D, MO O FU 7D
Yy RO AT ATy ROZ2 (Cpno0) ED-2 RO (Cpnl0)
SO THDHM, FNENDMILEZIE LR L, KO EHERL
FobkE W TR BN D ERVTHNT (Dubaquié 5. 1998), HF 4 BIEE
FFOHIRR N S L7z mRNA & [YS] AFAZ 2 FETFT in vio BERL. &
NN ENFR)ARTFREEMEENEINOERKIOMB U2 b2 R T A
BHEI /-, FOME, BREOI MO R T B WTER S GBI
A B ROEPE LA Dol TOEELY RO EE 2 KT
WEIRETHAT L7851, Cpn60, Cpnl0 Z3CpBis 455 2878, Cpnlo
CWIHRTFETZN Con60 N BTH LD EWD 2 HifANH -2, £7-. Cpn6o

HEODEEZREDIZWE Cpnl0 2B LT H IR RSN,

9



BRI L v RO T VAT L

A

BEHMMII BT, Py RO OFREOSEI 2 FUY (Prasad &
Stewart, 1992, Tsugeki 5. 1992) & HEERA (Martel &0 1990) [THHET %,
ShaCRUTOry RO (Cpno0. LIELE Hspot & HEFEIND) 7
A O EIEFITHEIE A O, A O v XToZ 2 (Cpnoy) FIr 4.
RuBisCO &% /808 &L TREE N7 (Hemmingsen 5. 1988) . HERR{ALZ
N EHER RS Y S L ATP KTFBYIZ Cpno0 SR E T % 2 &40 Rieske £
— Wi 7 /%7 B (Madueno 5., 1993) 2 7 = L B 2 > NADP S ILAEEE (Tsugeki
& Nishimura, 1993) 72 ETRINTWS, I AL RUTOFRETVN | M
FORYRTF FETHEET SO0 L. SERERORTO a5
o % 2 fEOR ) R TF RE (a&B) NEEREFENL THE0 (Zabalela 5,
1992}, Cpn6Oad Cpn6OBIENT TR ZEEBAEML THL I EAWREN TS
(Nishio . 1999), 2FEEH Cpn60 DIEWE D720, Brassica napus XL
> R @y Cpn6lod: CpnbOBIE KNGE TRUGARL Y /X0 - & L CRIBE B THET
T/ (Cleny 5. 1992, Dickson 5, 2000), Cpn60Bid Cpn60atKFET 14
BARTIERTHEMNTELOIZH L, Cpn60atd CpnoOBTEfE FTHANT O
7o 14 AREERTEL I &bz, ZOHL 51T Cpnodad CpnbOBIdHLC
T 2RISR AT TR, BENIZORISPDOEBNEH H T ENRSE

1

r\;

Wa,

10



Oy ROZ L

SR TOI-ey ANOZ 2RO (Cmo) KR Groks o EE &
WEidabos L THASTET AR D0 o7 (Lubben 5. 1990), AWNFYET
{4, GroES O HIEZ IR REAE N T 2 RO 2 R 7o Cpnlo &
DO—Z 9 H I ENTERE (Koumoto S, 1996},

F/-. GroEL &S4RIZY NN HOESEHE O AT HitkzieEs LT T2 B
U DBEREOII NS -2 v RO Z LR ROV OFEENRE AN (Bertsch

5,1992), Lo oa-e RO RELOTOEN T S EERY) 0T,

R L ) IIREO YD oDNA AVEEX /- (Bertsch 5, 1992), + DR
WA D- oy ROZFREQVIE N0y ERTFROEAIZ 2 DO

GroES (Cpnl0) ki R AA 29 > F AT DM SRS TH S T &b 1,
RIABID & 28 E DT BEIEH 20 kDa & GroES DfFOREFZTTHSH (ZD
728 Cpn20 EFEALENS), BREVE Cpn20, 7 I /KW GroES ¥ AT 2K
N IV F LA GroES £k B A A 4, KIFHIO GroES D2 HLkk % 4H
WTED ZENMNOOENTZA, | FAL OATRERITH AN KN T
EAURE N (Baneyx 5. 1995, Bertsch & Soll, 1995), F7/=. in vitro Tid&E
L0 RAALE GroEL 2L Ta-2 v O 2 EUTORSERT I &L
T&EEM->72 (Bertsch & Soll, 1995), AR TH I OA X+ A+ D Cpn20 &
¢cDNA ZHFEL ., kAR U TKIBMTRKEICHB IS ENTER, TO

EHBEM A MO THAT U7 FE 3, Cpn20 12 4 SR THGET B 2 & Sm s
27= (Koumoto 5. 1999),

WHAEDO -2 vy RO RETZIZE L TIL. Schlicher & Soll (1996) 74



Ry S EIZ 00T Cpn20 DFEH N7 RICx LT E N bk a1 u
T/t A 70y MM O LR Aad s n/z. Ao vihsisid
Cpn20 {ZHIH T % 20 kDa /N 2 BRI, S ICF 2 00 FINEERISMT
10 kDa O/ R E N2, ZO8H Mo, F 230 FINEZ Cpnl0 78
AL TWAHAIEM A REE I N/, R THL, 200 X X0 EST 57— %
N=ALEFEOT—RETH L0800, BEEERBH LG Cpnlo ¢ ¢DNA #hi
BES 42 EMTER (Koumoto 5, 3R . FEEMAO Cpnl0 ZBERID 3-2 +
NOZ 2 REOS EFHEEEAE RT3 TH o 7,

PLEOESIZAMR T O X2 HICBNTRAGONAES 3 D00-2 ¢ X
D2 REQVZRGELL. FHIERKRICRET 2RED i SRR 5

AR CSNFDOT, FOIEIIDWTESL,



MELE Tk

cDNA I 1 7 51 — s

204 RF AT D DNA T175U—1d, KIBBORHE Y 5 — pBluescript™
(Stratagene #1) ZMAWT, Mori 5 (1991) ORI F -~ 754 7 —iEITHEL
THEREIN-HOEMH L. Poly(AYRNA 127 BEIRSET TH Chrof X

T+ {(Arabidopsis thaliana, ecotype Landsberg erecta) /0 SaR% L 72,

E2AF YT EEDY I\ ORI SR

BY N ED cDNA ZFB A2 44— (pQE30,32, QIAGEN 1) OWwFhnmic
B I EDFAIRD D DAL, BEAF T 65K (BAFZ 2 -
7)) BB —ICHELTHD, SFERFNIEOY 3/ KimliZLE
LTWs, ERILAETISAI REMOTREE#REE% L, IPTG (isopropyl-
B-D-thiogalactopyranoside) %HWTH > /X BORBEFEL 1. KIHH I3
%ﬁwwb‘%@%m%%mwm(Mmmmm&mMuQmmmﬁ)ﬁﬁb
HLLKIE NI 2y S EE/ HiTrap FL—F 4 27 515 /5 (Pharmacia
) IThtr. BEXAF U TERDI VBB INS DN T LICRET S
DT, FWMERDETDBEOTLIE, A5/ -ILDTT 212 (0-05M,

20-30 ml) EMGIEE L.

HEY O E it

INA F ) =2 pBl12IHm DB-7 NI O F —VEETEEY N VED

13



cDNA CEML, 75 A3 REEH L7, pBII2IHm I pBli2] R T. FEAHK
MMBERFE2OEATVD (RARA L2 T3ARAT74 T 2AT5—F 1
BETENTSORA ST T RT 4 NI VAT 25— HRIET). (EBLT
TS5 A RGTZaNs T (Agrobacterium tumefaciens, strain EHA101)
WCEAL, EYEREEHRITAOICAWE, INDIZEEGRRT SHRICE) —
7F 4 A7 #F(Horsch 5,1985 Y& Wi, 04 X+ XF (Arabidop:vis thaliana,

ecotype Columbia) {3 in planta FHEHEF W T, BEEME%Z 17> 7= (Bechtold 5,1993),

ESkE LA L/ TOy T4 T

SDS-PAGE & Laemmli (1970) OHFEICHK Tz TN ETHEES NS XY
Bidt)O—ZEE /14 PVDF (polyvinylidene difluoride) EIZESHIIZEE L
7. FELFRIILBEIZIE ECL detection system  (Amersham £t) ZRW2/z, B
H#%. PVDF BId/KTHEL ThHh S CBB TRELE., ik3EhEThosy >N
DECEAF P T EDTRBATRESE LD ERR L TERL

60-80 kDa DY >N BE L BT 2720121F 015%DERAT ZUIIT I K
2EU 15%7 )RRV, EEMED PAGE 2175 HB 813, Laemmli DFENS
SDS DA EBRNTITV. THEE <20 4CTkEN L /-, iKkENf% BPB DB TY
IWEY-THS CBB TRELRZ, YV BOBEES BPB OBENE TEE
b L 7= #5872 #8 B)E (Relative mobility, Rm) Z #I5E L . Hedrick & Smith (1968)
DHEBOFXNVBECHLTITOy ML, Fr)TL—a VHREERT
5007 —h—EL T, FEMITL /=52 (25 kDa). BSA (67 kDa),

GroES (73kDa). ##¥ 55—+ (232kDa), 7x JF > (440kDa) Z=ERL /=,

14




HAe 7 &

MR B Tsugeki 5D HIEIZEL T2 (1992), BB EL TARF v DF
EXIEANT, 2O XFAFOFRELFERL, B | g ICH LNy 7
> — (150 mM Tricine-KOH, pH7.5, 13% (w/w) sucrose, | mM EDTA) % 3 ml I % .
MNHEODHTHN Fa v Py Lz, COWBERE 3 KIKEREA—ET
ZL. 1 mMEDTA &% 30-60% (ww)D aBEELOED HICEEL /-, &
LA 85500 x g T 25 B 4 CTiro 7z, @DLE&, ENEOKE, SiEZ 0.5 ml
TODOEMIATTER LA, S IR T7OY—h—BRELTF RO
— /I ¢ B{rB % (Hodges & Leonard, 1974) %, BERHEOY—H—EL TR
F—Z ) B ) AT —+t (Feierabend. 1975) %, XAV ORF 4 DI — 7
—&ELTHS I—F (Luck. 1965) ZRV, TENETNOHRESNTWSHIEK
MOEHEHELE, 70074 VOFHERIE Amon DFiE (1949) IZHEWA

ELT,

KAEEHIE

Nishimura 5 (1993) OFEICKE > T, BEEERAKZIT-/ZEE LRWhite L2
> (London Resin Co.4t) (C@EL 7=, RERBODH LD Kinoshita 5(1999)D7FH
B LU T o7z AWZ—RGREIL, AT I2XT 55045 500 EHR,
AT2 26T BHiKI3 200 (EFR. AT3 IS T 2HKIL 50 FF R, RuBisCO i
3 Bkl 5000 (EFWTH S, Protein A-gold (Amersham #) 1T T 30

BERFRTHW, 2E6 L AREHIEERE TEME (1200, JEOL) % A, 80kV

15




TEZL/-,

S fE

£ RNA |f ISOGEN (ZwR>T— %) THHL., HEUFULHLKIZLD
¥EBIL /-, £ RNAIO ng 4 (AT3 2T 28581320 ug ) ZHRIVLTINT
EREEL 197 H0-—XATXNTHEL., EEGEFREZANVTTI IO VE
(HibondN*. Amersham #L) (8B L7z, &FIZIT | N OFEEY > U L%E
Hu=, E5%, UV ULEIZE D RNA ZRBICEEL 7=, 7“[3—7“%{13%'%?67*:
DIZETIAI KD cDNA H45% PCR THIIEL. HEIEXN/~ DNA iR %
BcaBEST labelling kit (E#ifitt) £ BV Tle-"PldCTP THEHRERL 2. N1
T ALY — 3 i3 Church & Gilbert (1984) D HEIRE T, N1 T UH
A¥—2a % ETHEE 0.1% SDS 258 2 {FBED SSC #& (150 mM NaCl, 15
mM sodium citrate, pH7.0) T 427C30 Rk #H L. KT TO0.1% SDS 2T 0.1
{EIBE D SSC P T 65C (AT3 DA 55C) T1ERFELA e Lz, BEER
BARA=YT T L—hMNzary s kL. BEBED S ZF )% Bio-Imaging

Analyzer System (Fuji #) THHTL 7=,

PINABISAPOR T ST 40—

Superose12HR 10/30 775 % FPLC (Pharmacia ff) > AT A THERALZ, I 5
I3/Nw 77— A (100 mM Tris-HCI, pH 7.7, 10 mM MgCl,, 10 mM KCl) T¥i&
LU 7=, F#EiZ 0.5 ml/min TITVY, 280 nm ORAEE TS —L7=, hFF—

+ (232 kDa). BSA (67 kDa), UHRXZ L 7—1+ A (13.7 kDa). Y% 3B,

16




(1355 Da) 2R FEDIT—H—& L THNWE, HilLoad 16/60 Superdex 200pg 7J
Z /42 AKTA (Pharmacia #t) > A7 A THERALZ. 50 mM @ NaCl Z 58/
77— AERO, fiE 08 ml/min TIT->/-, B FEX-H—&LTHWZDE,
EEEO 4 BEICINA,. FASOEY (669 kDa), 7 ) F > (440 kDa). 7l

> (43kDa), FEMY T ) —4 2 (25kDa)

Iy

KZ—+t (158kDa). ANV 7
DEIBHETH S, BH/NTA—F¥D Kav EFFEOHEEHOL, F+1UTL
— 3 VHIBEER L. Kav BIZZENEFNOYNTEICHL, 2R Kav =
(VeVo)/(VIVOUZIEWGIE L7z, ZOB Ve 3FNENDY NNV BEOBEHICE
L7=WE. Vo ldHTLADRA RRY a—L Vi AT LDNy RRUa—54

Rl Thd,

DSP_(Dithiobis-succinimidyl propionate) Z Fj )= 38EHEx

FV) IV —BEEHTTA5720, DSPICEDBEBIN-F) OV -EH/HL /=,
DSP £ 50 mg/ml 12725 X DI DMSO IZIEMm L7c, T DSPIE#K%EZ | ml D%
SN BEWRIZRL S whmA ., 2NV EBRIIEAF O T EMAMLTE
AT2 7 2308 100ug & 0.1 MNaCl 228 50 mM ') > E /N 77— (pH
72) TH5H., ZOERBRE ACT—HRINESEL, 50D 10 MEFEEY > £
DLEMABEBEELSI SR, ¥ NI EIL 10%(w/v)D TCA (trichloroacetic
acid) TILHZt. SDS-PAGE FIOH > TN /Nw 77— THEML . SDS-PAGE
IZRWE. DSP WA FWIZZANT 4 FHEMN 1| DHSH7=o. 2ME (2-
mercaptoethanol) FHE T TIXE/ v—M, EAET TEEBIN AV T —

neHENs.
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HEON

RIF 1 744> MALDI-TOF EE7471id Voyager Elite XL time-of-flight H &
5347EF (Perseptive Biosystems 1) T Asahi & (1997) O HFEKIZH - TITo 7%,
WEINZ AT AV IS L7 O N ST —IZXKDBREL, &
BELE, dBEAT LAV — N EIZEYE, YR w7 ABK (UK
CEETRAMLEB% 7RO EE) SEBEL. B L THSAIEL .

AFEEEL Y — 337mm) TN ERLE,

e RO ENLEY NV EEEZFDER

eROZEHNLEY R EEERDERIT Schmidt 5 (1994) DFHIEIZ
WL TiTolm. VILOEEEREER (CS, 15uM) 6 MIBEE /7 =22 L 20mM
DTT2&8 100mM B R ANy 77— (pH7.7) THRL. iR T | FFRLL
EHRBIAHIEICRDEREER, BELZ CS W BENY 77— (10 mM
MgCl,, 10 mM KCl, 225 nM GroEL 14 B{£, 50 mM Tris-HCI, pH7.7) T 150 nM IZ
RAEELIICRBLFRL, 0CIZB W, REZE 35CITT 5 L EKIZ 2 mM ATP
&%ﬁﬂyv&mzyE%m%MMZtoEﬁwﬁmﬁﬁ&#%%ﬁomb;
CS OFEM % Srere (1969) D HFEICHENWEIE L 72, GroEL & GroES I3E#BEEH
M5 CS BFR—JH—#HrsBALEZ, a2y ROy NN VEEI

Protein assay kit (BioRad Laboratories &) Z W TIRE L 7=,

GroEL-AT2 B S5 DA

2.1 uM @ GroEL14 B{F (GroEL,,) & 13uM Qb AF I & T ELINL 7= AT2
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D 4 BIE(AT2,) /3y 7 7 — B(100 mM Tris-ClLpH7.7. 10 mM MgCl., 10mM KCl,
50 mM NaCl, | mM ADP) I TERT IS KRN E 5 Z £iTK D GroEL-AT2
WEEELRE 4/, GroEL-AT2 B RO EIEESHANLEIZEET S | mM
ADP 28 AFEABT TITo, 7. BEEII-> Tzl AT2, 25V 518
HILERONTERW, RICESEIZIZ > TWARW GroEL,, ZFR</z8%. Ni &
Hw T E T HiTrap FL—75 4 > 7715 L (Pharmacia ££) ZR W7z,

BEEITR - TWEW GroEL,, BREAF P& 7 Ei-An-oFEsniazn
/8. GroEL-AT2 EEIZEXAF O ¥ VaMmLz AT2 258D TRET 5.

EEEIT 500 mM DA 2 FYV N THEL LR, WAL/ OR NI ST«

— (Sephacil Protein C4 5mm ST 4.6/250, Pharmacia #£) {Z& D GroEL & AT2 O
HELTENETNERL, 7I /8o ET> k. 73 /ESNE 0227/
—)E2EE 6 N HEE TSARMAKS R L /2%, L-8500 A amino acid analyzer (H3L

) Kk okaEmoT I BESEEERL

EHEH PCR

§8A117/2 5 cDNA I Superscript™ preamplification system for first strand cDNA

synthesis kit (Gibco BRL #£) ZHl), £ RNA X O{ER Lz, #ERFEAU T
dT) 7oA X—E2RHWTiTo7, EFER PCR (& ABI Prism 7700 sequence

detection system (PE Biosystems k) Z#EHRL TiTo7/. ZOHEETILELTDOLD

BEEAZRFATSIEICED, EEMPCR 2175, HEMNLKREDOHIZ PCR

THIBXNZERICHBICES T 53T 0T 2ERLTHEL. 0K

To—7i2iE sERMIcINF LA CRoENBFE (VR—F—) &, 3KiF
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ICRO—FICROIRE (Vo Fr—) 2HMLTHEL. TO-TRE
DEEZORETIHHAKXBIFNF—R)R—F 057 22 F+—IBHT
AZOTYR—F—DOBAIAHE N TS, ENTSICHBNICKE LT O
—713. PCR OHERGOE DNA RY AT —EiIZXDB@REND. ZO7HE
CEDUR—F—RJ I o Fr— BT LizRD. UR—F—QEtH
Eﬂ%MT&Uﬁ~§—$%®ﬁ%ﬁ§éKR@%EE%EUT%:&—L
PCR E#OMIE 70y MEERMT S LK), PCR EYOBREZERBILT ST
EMTESD, PCR TR~ E#NTO—TE2ERMTIBICBI > Ea—F—
7’84 5 I\ Prime Express™ (PE Biosystems #£) % A\ 7z, PCR RGIZZEMEIL 95TC
TISH, 72— 7 E@mEIZ0CTIHEVNIRET A Y1 7IRDERET

TOT I LTI 7,
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ez

1O4XF+LFOaI -y RO FEDYS

AIBB GroES R EH WO - v RO REOS DR

FUNRTEBELWEREEEESZZEICEST, VIO TEFOEEEZRAET Z
EMNTED, BABERREBRT 2MORKOBEL, ¥/ VHOFTH
THRETIRERAM D TFRITHESLTLED 2OICEHRL, FH¥EmNI
EFMLTLEDIZETHD, TOBKEN SO, EHE Iy RO AT
LEWD 1 BFTEOBRBERRD "H E2F->Twa, PO +ROZ
PUAFARDWTEND 2D, £, TOHBARFTHSI-+RO0Z2D
T ET /. YOAMXFXFOA-2 v ROZFEOSD cDNA 70—
Z B3 %/, Functional cloning Z1T>7=. KIBE D YJ004 (KI471) #kid3
-y RO %23— RT% GroES IKRIEZERDS, 30CTIRIEFTEZ L0 £2C
THEFTTERVWBEBRZIHRARLERAKTHS. COKRERENI I —
pBluescript ™ THERIL /=304 X+ XF @ cDNA 51 75U —Z2RWTHEE
B, RQCTHEETEDLICRLEKRBEERA ) —Z20F L. 1 KA
J— 7 THEHOI/O-22AWTHEREERZTTH. 2 RAZ)—=2
FEfF-o7k. RI3TRTLIIT, BEK ) AT+ 722bo—)b (R
DH—DH, 3&4) BRNRCTIREFTERM 720, 2@OBEEI/O—2 5
& 6) IZEFAER (1) LRk 2CTHEFIRETH /. BEI/O—0oH
BEL A3 RICHAZIN TV cDNA Wi OBEEEFZRELFEODS —

21



M3 KB DOGroESRIBIREKZMRAERKEZMFM T HI- vy RO iR
E 4 OcDNAZY 10— > O Biji

AR DO KB E 2 2 DEEREMIC A MY —2 Lz, 181330C () T, ®
H1#1342°C (F8) THEE L7z, LIE4AR, 213GroESRIEIREEIKZ AR
KYJ004 (KI471) ¥k, 3&413R27 4 —pBSOHZEAL-ERAE, 5&61F
OA-T 4y ROZVHREOYDcDNAZFHFOERAKZRT,
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BMBEZToETA, 2T 10kDa DI~y RO (Cpnld) DFEOT %

I—RLTWhWaZ EMmbhoT,

ConlQ REDOY (AT OEEEFE 7 3 ) EBEF]
Cpnl0 FEOZS (ATI EMER) OEEEFEHEEINST I /BENZK 4a i

RU7z.cDNA 2K 64T HEMNT. 987 I /JEBEOF NV HEZI—-FLTW &,
3 HIROIEBIEREIR IS 340 FHETH V. Grellet 5 (1993) OWMEL D RN S
2. FOMOFETIE—HL Thiz, #EY I /EEFOTY I /R 17 Rk
SEBEEDaN) v IV RAEELZENTHEIN, T RO R TADEED
TFNELUTHEETSZ EMNRBENE (K 4b), 2720, 2D T FIVIGIE
REHTIER<, IR R0WEELX SN, £, KBEOI-vyROZ
> (GroES) & Rl—MAMEW (30%) DITXH L. BRCEHDOI IR
7 Cpnl0 IZ X OB WE— (ENEN39%E 50%) ZRl-ZENS5HI MO

YRUZCpnl0 BHREOTTHAHETHRIN.

Cpnl0 (ATD) DETEH
Cpnl0 (AT1) OREHEENDZD, O XFXFoaEy bEEZH WM

S EZE{T->7z. P aEEIRREOCCLDMBSEZTH. X—T—BEOD
EHEREL TANARSOMEHB L. 14/ 70y METEIT /8
B.Cpnl0 (ATH I b RUTOY—h—BRLRU2HEZRLE (K 5A).
X 5iZ. Cpnl0 (AT1) OREEZRGEERICEOEN DL, YO01 XA FXFORH

HEHD Cpnl0 (AT FBHT B ENTERM-/DOT, Cpnl0 (AT Zif
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(A)

gaagaattgagaa 13
ATGATGAAGCGTCTGATCCCAACGTTCAAC 43
M M X R L I 2 T F N 10
CGCATCTTGGTGCAGAGAGTCATCCAGCCC 73

R I L ¥ Q R V I Q P 20
GCTAAAACCGAAAGCGGCATTCTCCTACCT 103
A K TE $ G I L L P 30

GAGAAATCCTCCAAGCTGAACTCAGGCAAG 133
E K § S K L N S G K 40
GTGATAGCTGTTGGACCTGGATCAAGGGAT 163
vV I-A Vv GP G S R D 50
AAGGACGGGAAATTGATTCCGGTCTCTGTG 193

K D G K L I P V § V 60
AAGGAAGGCGACACTGTTCTTCTTCCAGAG 223
K E G D T V L L P E 70
PACGGTGGTACACAGGTCAAGCTCGGCGAG 253
Y 6 G T Q V KL G E 80
AACGAGTACCATCTCTTCCGGGACGAGGAT 283
N E Y H L F R D E D 90
GTTTTGGGAACTTTGCACGAGGATtgaaaa 313
V L 6 T L H E D * 98

ggctaagcttgccaacttaaccacgagggt 343
tcatgttggtgtttgtgttatgaggagaag 373
tcatttataaattagtttatcttgaagatg 403
tggttggactttgttgtogtttatcattga 433
atctacctttatgaacctgtctttgaattt 463
ttacaaatgggcatcaatcacatggataac 493
ccaagtgttgeatcttctcattttgtgett 523
ttcegtaatetgtggatgettttegtetac 533
gtttaggcagcaacttcaatagccaatgta 583
gacgatagcttagttgactttgettattca 613
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 643

aaaa 647
(8) 1
8 1 12
15\ T [
4 Q L 18
R R
11 R Fi9
M|2
4 y Vv I'L
4 K N Vi +]
3 10 17

B4 Cpnl0FEDOY (ATI) DIBIE (A) E7 3 /XM ITREDFAZNZaN) v 7 A% (B)

(A) Cpnld REQY (AT) OEERMEETINBTI /B LRMEER LA, HEL 5
KENSBEBEDI I, HEINDT I/ BOENEBRIOAF A= VBENSHAT
BEEDU, *ENIFIED K 2RT,

(B) FRIENZany v 2 A& (I 8 3.6 BE) SHARASRLA, BAMBEELAT
A}‘t\‘ﬁéﬂ
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(A) Fraction number (B) Fraction number
6 8 101214 16 18 20 22 24 6 8 1012 14 16 18 20 22 24
57 9 1113151719 21 28 57 9 1113151719 21 23

90 ¢ 3 60
80 E : AA

70 E_Cytcoxn. “A i _ 50,;
E60F {1 = 40 %
c E_ : = o
£ 50 AA 3 E 30
] @ S
1 £ 20 g
. 1109

0

(@mol/min =ml)

Chlorophyll Chlorophyll

=20

—~ 30 Catalase s Catalase
£
e | 15
g 20 E_
o 3 10
S §

10 .

0 il 0

1357 9111315171921232527 1 357 9111315171921232527

Fraction number Fraction number

K5 33 B ARG O T K SRR S i

(A) YoA XF+XFooty bEEBWTHIRS B Z{T> 7. &5 8 ZSDS-PAGEIZ/NICpnl0
(AT1) KT BHEEHWTA LA/ TOy Mg ZEfT->7 () . SR RUTOY—=H—
MFEELTF by O—AcEEEEE (Cytcoxi) . BREOIT—H—BEELTHRIUA—RAY >~
A AT—Y (TIM) . F5I314 RRO~Y—hA—&LTZO0874 )k Chlorophyll) . 12
ORTF 4 OT—H—FEELTHY T—F (Caulase) OFEHEXEISHAREZHELE (F) .
(B) Cpnl0 (AT1) ZBERBTHHHEERYNIOEEZHA N (A) SIS EZTT> 7.
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BRESTHMEGRY /NIEER L=, Cpnl0 (ATI) O ¢cDNA 2&%EZHU 7
F—EYA T TAINAD 358 FOE—F—DFRICDARE, FNIITEAL
7-. Cpnl0 (AT1) OFEBICLI2HEYNOEBIIFIIBOONABM o=, Cpnlo
(AT 12T BHRIESNIONERED Cpnl0 FEOSITIFIEEAERIGL
BMolDT. A5/ 70y MENIZBWTIZEA L Cpnl0 (AT1) OHMN
mEns (K o6a),

Cpnl0 RED S (AT1) Z@EFICHRBEL TWEI1 2 (& 6a D#2) ZHWNT
MRS ES L UV REEF T > /. MRS EORERN S, BEAL 7 Cpnlo (ATD)
BHEEERINIIBNWTHI MO RYTOR—h—BFLRUZMESRL.
FEL<E®EINTNDIEMNDN-2(E 5B). /o, B 6b ITRTHIIT. &
REBEHBIZPBVWTHI AL RUTEZRRFARET DI ENRENTZ, XY
H—DHEHEALLINIAEDICEWTESKFIREEN AWI EMS, &
BIFIZBA L Cpnlo (AT1) OREZRLTWA I ENEND LN, I
S5ORERED, Cpnl0 (AT1) B FIRUTZRRETAHSIENHLS N LR

s
S D

ERGBERI -y RO0- S REDS, Cpn20

WEHOI RO RYU 7Oy RAZC Y AF LR, BHOI NI RUTOL
DREFEMBEN LD EFEFEITHEL TV I EAthh o7z, HEMAgIcIdtE
WWE2THELREZEALGNDHD | DOFNHERT, BREDVEFEET 5. Ef
HEDI-¥RNOAZHRERSTTHS Cpn20 &, FU LU DIlBWTHDT

¢cDNA 7 O— VA BBt XN /= (Bertsch . 1992), Cpn20 {3 Cpnl0 (GroES) kk
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(a) Transformant
WT1 2 3 5 67

(kDa)
28.6
2074
(b)
=5 :

K6 Cpnl0 (AT1) ZBFEFBTZHEEBRS/NIDA L/ 7Oy MEsT

(a) EHRIEBIH (b)

(1) JEIGHyY NI ETFERINIOEOHMEY ZELL., EHEDOY >~
NBRERE LUE. ENFNI0ugD Y > /N7 E %ZSDS-PAGE {25
. His- Cpnl0 (AT1) KT BHUEZERNTA L/ 70Oy MEiZ
o7z HTRY—H—DOMEEZEIIRLE.

(b) Cpnl0 (AT1) ZBEFEHRTHHEEMINT (B) EXTIT—DH
EEALEYINT () &, 163N S AT B OREE A WREE
BiafFol. N—OEX1305umT, MIZI ha 2> RU 7, ClI%ER
KERLTWVWDS,
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DRAA IR 2 DI TFARTDRMHEEEZ DD, KU/ udra—2
OWBERFZ LIS O XFXFTDEST F—=IN O ERBLIEET A, A
RF IVERMICEH WHEHE ZE79 EST 7/ O— > (accession number EMBL
Z18060) MRDOM o, £IT. ZOEST 7 O— 2 OEERINCETNTT S
A —&/EHML, PCR THIBLAEKAFZ7O0-T7LELT, Y1 XFXTO
¢cDNA S14751)—%D Cpn20 @ cDNA 70— OBBARHT, BEEL /-
cDNA [958 EEMDEEI T, 253 7 I /EEI—FLTWEz (K7, AT2 &IF
N eERIL VIO Cpn20 EDHEED .72 /EKMD S T I/ BAERE ~
DBFITFIINELTEBMS NS Dy hRTFRTHLEFHREIN, FHES
NDRBY NV BERYOFI LV TE O XRFTAFEDOR—HE 61%T
Holt. YOAXFAFDI IR TO Cpnl0 EDLETIE, 73 /K
@ Cpnl0 (GroES) H®D KA > (60-154 FRE) A% 30%. HINEFILKRED
RAA > (158-253 BE) N31%DF—ERLZ, 2200 RAA DR

B THoT=,

Cpn20 (AT2) OEEH

Cpn20 (AT2) OREEZRLBBHICEDENDZ, Cpnl0o (AT1) DO &[E4k,
Cpn20 (AT2) #@ARBHT HHEERY /NI EER L 7. K 8a T Cpn20 (AT2)
FEALULREGRE 6 51 ERIVI—DHBEBALILOODOA L/ TOY
MEFTORRZRUTZ. XY —DHEEALTZHEYEIZH T, Cpn20 (AT2)
KHTHRBICKIET S, ERWITEELE 2 FOoNY ERREENE, 2D

EWFFNDTIZ Cpn20 DR ED 2BEETHILEEZTRRLTNDEEZXS
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aatttttagggttttatcctoccgaaagtctcaacectttttcttatectcaacaaggagaa 60
ATGGCGGCGACTCAACTTACAGCGTCACCAGTGACTATGTCAGCAAGGAGCTTAGCCTCG 120
(M A A 7 Q0 L T A S PV ™M S AR S L A S
CTGGATGGTCTCAGAGCTTCGAGTGTCAAGTTTTCATCTTTGAAACCAGGGACCCTTAGA 180
L D 6 L R A S SV EKF S S L E P G T L RENU
CAGAGCCAGTTCCGTCGTTTGGTTGTCARAGCTGCTTCTGTTGTTGCCCCTARGTATACT 240
(0 s o F rR R 1 v v r 2 FUNCEREZE N SO L)
TCAATTAAGCCATTGGGAGATCGAGTTTTGGTGAAGATCAAGGAGGCAGAGGAGAAGACT 300

s I K p L G DRV L V K I K E & E E K T 80
TTAGGTGGTATCTTACTTCCATCCACTGCTCAATCAAAACCTCAAGGAGGTGAAGTCGTT 360
L 6 G I L L P S T AOQ S K P Q@ G G E V V 100
GCCGTGGGTGAAGGAAGAACTATTGGGAAGAACAAAATTGATATCACTGTCCCTACTGGA 420
AV G E GG R TI1I G KNK I D I TV P T G 120
GCACAAATTATCTACTCCAAATACGCAGGAACTGAGGTGGAGTTCAATGATGTGAAGCAT 480
A Q I I ¥ §8 K ¥ A G T E V E F N D V K H 140
CTTATCCTCAAGGAAGATGATATTGTTGGCATTCTTGAGACAGAGGACATCAARAGATCTC 540
L I L K E D D I VvV G I L E T E D I K D L 160
AAACCTTTGAATGACCGAGTCTTTATTAAGGTTGCTGAGGCGGAGGAGAAAACAGCTGGA 600
K p L N D R V F I K V A E A E E K T A G 180

GGGTTGTTGTTAACCGAGACTACCAAAGAGAAGCCTTCTATTGGCACGGTGATAGCAGTT 660
G L L L. T”TETTIKEZ KPS I G TV I AV 200
GGACCGGGTTCCCTAGACGAGGAAGGTAAAATTACGCCTCTACCAGTATCAACCGGAAGC 720

G P G §S L D E E G K I T P L P V S8 T G § 220
ACAGTACTTTACTCCAAGTATGCTGGTAACGACTTCAAGGGCAAAGATGGTTCCAACTAC 780
T v L ¥ § K ¥ A G N D F K G K D G 8§ N Y 2490
ATTGCCCTCAGAGCTTCAGATGTGATGGCTATACTTTCTTAGEtatgttatatctttgta 840
I A L R A & D V M A I L &5 * 253
atctgcaacttgtatcccaattgtggaaattttttcecgtaaacggecctgaacataatcecty 500
gaataaagacttgagtttgaaaaaaaaaaaasaaaaaaaaaaaasaaaaaasaaaaaaaa 958

Lt
|
_[‘

=

D1 TsIKPLEDRV LKk KEAEEK TLGGK dT ko b vGEGRTIC 109
D2 XDUKPLNDRV FIKVAEAEEK TRGG AT Itk I VG $LDE 207
Kip-1 TGhQIIVSKY ACGIPEVEF kurffbxkeoor RFhIiver 154
EGKI[PL TGETVLYSKY AGNDFKG s LRASD LS 253

B

7 Cpn20 (AT2) O#5E

(a) Cpn20 (AT2) OEERFNEHEINSTI /B 1 RESERLE, B
SEMMSEZTEDN ., HEShET I/ BEORIIFZEANDOAFFZ D BRENS
BATESEDUE, STV 7OCMODEEEMSTFRENSEFT Py PR
TF R EAKRETRUE, *ENIFEIED R 2RT,

(b) T2 /KRImDCpnlOk& K AA 2 (RE 60-154) EHIVKRF I IVERED CpnlOkE B
AA 2 (5% 158-253) #HBL/z, F—O7 I /EE2HATHATRL .



AT2
1-3 3-3 51 6-1 81 82 V

(@)

(kDa)

(c)

€8 Cpn20AT2)ZBEFEERTABHIEBRLNIDAS L TOy MMEFT ()
ERFEEUHDb, ©

(1) BREERINNIOEOHMEMZEROL, L0 B2 HEL,

FRENIOueD ¥ > /%37 B ESDS-PAGEIZ /T, His-Cpn20(AT2)ITxd

ABHEEHWTA L/ 70y MR ZETo /2. HERFIPEIERSINID T4

CERLTBD, VIR ¥ —OHEEA LM EERT. S TrEY—A—
DA %R, NIEEOCPN20Dfi 2= AT, AL Oq XFZF
GOCpn20% AN TaRLIz.

(b, ¢) His-Cpn20AT2I KT 2Hifk % MWz F@aEBiIcid, EREHNTH
T BRI O N 2 FNENH T DN L7z, Cpn20(AT2) % i i 5 51
T 5B RIEHRY NIOREEIRZEDLIC, X F¥—DHEHALELINDZ
(OIZFRLE. N—0EXEIpmT, MIEI Fa > RU 7, CldiEkkk, Mbid
A7 ORF 4, NI, VIdEh, EMiZMBA~ b)) v 2 A8RLTWA,
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N5, BALEIOA4XFTZXFD Cpn20 BANTONEHDO D ELTMICE
EENRIZ - TWE, BEREEBIEIS T LD ENRRSNLM, Cpn20 (AT2) @
RIVICLHSEY\OREBIIFITERD NN -T2,

Cpn20 (AT2) ZRFIRRITL2HEERINIOREEBRBRZR 8b ITRLL.
SR FRERGBIZOAR N, MOFINARIITER NNz, XNTF—
DAEZEALUHEDETEISHFIRIEIICBBREINAEN SO T (1 8,
K8 TRONZSRFIIEALLIOAXFXFD Cpn20 (AT2) DREZER
LTWwa I ERbhof, SOOI EMS, Cpnlo (AT1) &Kk, Cpn20 (AT2)

BYNIEYEOP TEREANEL <EESNTVD I EAEND SN,

EiRDEHiz, O XFXFICBWT, T I RUF Cpnlo (AT1) &%
R Cpn20 (AT2) DOEEEFIEZRETHILMNTEZ, 2 DOI- vy XOZ
ORI NI ERFDT X ) BEESNERAVWTEST 7— 9NV ERELIZ
ETZA, EELIHBVHEREERT /0 -2 REELTWE, EST 70—
(GenBank accession number T44192) DEERFIZRELEZA, WHBATF

ZUREATVIZ, cDNA IF2K 603 HEMT 139 7 I /BEMNSKDY /8
JBEEI—-FLTWE (F 92), FFRENICI -2 v ROZ2DT I/ K
KRONBREEF— 7. PXXONYKR)NSHETHE, Zonrno— 37
I RBICEREANERED Conl0 REOSV THHEEFEZ SN, O Cpnl0
FOY (AT3 EIER) LD I—+ROZ L E2EBTLHED,. ZHE (K

10) =R L7z, Cpnl0 (AT3) 137 I /KD 9 EREZHID. 73X /KmdD

31




(a) ceccacgcogtocyggaagaagaagatctgcbbctgcaaaaaaccttatectger
ATGGCTTCCACTTTCGTCTGCTCTCTACCAAATCCTTTCTTTGCTTTTCCGGTCAAAGCA
M A §S T F v ¢ § L P N P F F A F P V K A
ACTACTCCTTCGACGGCTAACTATACGCTTCTCGGAAGTCGAAGAGGTTGTCTTAGAATC
T T P S T A N ¥ T L L G 858 R R G C L R I
AAAGCGATTTCCACTAAATGGGAACCGACAAAGGTTGTT?QEQAQGQAQACAQAGTTCTT
XK A I 5 T K W E P T K V V|IP ¢ A D RV L
GTTCGTCTTGAAGATCTTCCTATTAAATCCTCAGGTGGAGTATTGTTGCCTAAAGCAGCT
vV R L E D L P I K S 8 GG G V L L P K A A
GTGAAGTTTGAGAGATACCTAACAGGAGAGATTATATCTGTTGGTTCTGAGGTTGGACAA
v K F E R Y L T G E I I 8 V.G 8§ E V G Q
CAAGTTGGACCTGGAAAGAGGGTTTTGTTCTCTGATGTGAGCGCTTATGAGGTCGATTTG
¢ v G P G K R VL F 8§ D V 8§ A Y E V D L
GGAACCGATGCTAGGCATTGCTTCTGTAAAGAGAGTGACTTGTTGGCCCTCGTTGAGTGA
G T D A R H C F ¢ K E 5§ DL L A L VvV E =*
agtcttgtccaagagggagagatttgaagatbttacaagttttctgtaattttcagacag
caattgttgtttctagttaatccttcaatttaatatcaattgagatcactitcagaaaaa

aaaaaaaaaa

(b)

GroES  MNIRPLHDRV[IVKRKEVE K --AKST IGRT

AT3 TKVVPRADR LEDLPIKS- G L KFERYL EVG
»

2 l

o <

Mobile Loop

53
113

20
173

40
233

60
293

80
353
100
413
124
473
140
533
591
603

48

GroES LDVKVGD YGVKSEKIDNEEVLIMSY D ll
AT3  QvepPq-------- SAYEVDLGTDARHC FC 139

Roof 7 8

9 Cpnl0 (AT3) D¥HE

(a) Cpal0 (AT3) OHEEEFELHEEINLSTI /B 1 RERLE, BE
WS RN SBZEDN L, ESNST X/ BOENISFADAFF
ZUVBEMSBATESED -, xHBFIEI R E2RT, 7R /E

MICASNAREEF—7. PXX(DNYKR)IIMEATEATRLE,

(b) Cpnl0 (AT3) DEEEINBIAY O NIEHTERBEDCTD -T v
ROZYTHAHGroESEHEL-, HREEERITIZDEBEIN/ GroES

OEE L OB Hunt S OHE (1996) M55IHL. 73/ BEEFOT
ICRL7. REEBA ST RERT, A—0O7 I /EEINATHAT

L7,

(W]
Q]



Pseudomonas-GroES

0.112

o Escherichia-GroES

0.026

Staphylococcus-GroES

L% BacillusGroES

oz Rickettsia-GroES

Agrobacterium-GroES

oo Synechococcus-GroES

—21%____ Spinach-Cpn20-C

L Arabidopsis-Cpn20-C

o gpimach-Cpn20-N
0.234
L .22 Arabidopsis-Cpn20-N
0.082
0 Brassica-Cpn10
0.327
e Arabidopsis-Cpn10

0.068

°’°°°[Rat-Cpn10

0.342

0.167

= Human-Cpn10

0.415

Saccharomyces-Cpn10

™ Arabidopsis-Cpn10(AT3)

M10 -3 v ROZ2REDS ORG

DNAfEHF = 0 7 5 1 GeneWorksil OUPGMA 7 11 &7 5 LT & 1 SRl &
ERLE. TRENOF—F X—2AHHHF S, Pseudomonas-GroES,
P30720; Escherichia-GroES, X07850; Staphylococcus-GroES, Q08841; Bacillus-
GroES, P28599; Rickettsia-GroES, P80469; Agrobacterium-GroES, X68263;
Synechococcus-GroES, M58751; Spinach-Cpn20, M87646; Brassica-Cpn10,
1U65890; Arabidopsis-Cpnl0, D88314; Rat-Cpn10,P26772; Human-Cpn10,
X75821; Saccharomyces-Cpnl0, P38910Td %. CpnlO(AT3) & Cpn20iT D
T R % fl V7=, Cpnl0 (AT3), %#:50-139; Spinach-Cpn20-N,
62-157; Spinach-Cpn20-C, 160-255; Arabidopsis-Cpn20-N, 60-154; Arabidopsis -
Cpn20-C, 158-253.
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BEEF—T7OMBAERENRI- RO THLAKBED GroES &—H
X, K I0ITRUAEED, Cpnlo (AT3) BEHMOI-2 v RO > OFITHE

BOHAEERT OO, EETHFTLOLOTHS I ERDAS I,

Cpnl0 (AT3) DOFTEYH

Cpnl0 (AT3) OREMHZMRDS/D, £T PSORT YOS LhzHnwa 2 Ea
—HIZEBFRET o7z, TOBR, 7T I KBRS (1-82 RE) MR
HEAPOIANDNT Iy "RTFRTHLZEMNFRIZNSE. LML, Cpnlo
(AT3) OFEEND -T2y MRTFRORSIIN0~50T7I /BETHS
J2, W DONOERHTHETFAIZT/z, £O/R, HIVKRF VKRG ZHE]
LRSI Yy RRTFRERMY DNV BDT 2/ Kl —E O % & OED
PlERWEEE, 73K 20 BENTFT I 21 RREAOBIT T FIEL
TE < ZEMNFRIESNE,

Riz, ERIZ> O XFAFooty bEZH OGS BEZIT /2. > a88%
BARGR I EANAXTEHBL, 1L 70y MEFE{To 2. N
D Cpnl0 (AT3) FEMVDRNWI EEMBEINTTNHED D, N RE
LTRIBT B EMTER Mo/, £IT. Cpol0 (AT3) #BERERITZHE
RO XFAFEERL. FAROERZT /2. AFRRENZRVWTD
R ER O SEMIBEIE< 2> TUEW, Cpnl0 (AT3) DO/ REER
T BEDITIIZLBOY > )% SDS-PAGE iZhF 20 ENH 7=, T FINE
FERICHSNRATS . Cpnl0 (AT3) DN RILEEREBOES S EKENBNTAE

ClFoa1 FEZIGVEDICRONT (BREW). THOITENS. Cpnio
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(AT3) DNERBIIEETTIHZLEEMD SN, TOFINHRINORE
WOWTHLNTAZEBIOFETHELWEEZ SN,

ZZ T, Cpnl0 (AT3) ZBREBRTHEEGEHR I DA XFTATZANWTRESR
BEfTol. RALEETEIESENE2ICRELTED., F531 REMNEZ
FERESBIENDT T OEEBRS NS, TOLIRERETIA
O OFEBIIWMD TAEL, TIAXRTHRNOREREZFTARL Z LTEHLNHERE
b T, FWFEEZRAWTT . YO XFAFTOHFEAEZE 4 OHEKERT
TET/R%E. HEATT 1| BHEW:, | HOXRSICKD, FEIRE2IIRIL
L, EBEENL00F 01 REEKESES (@ 1la). Cpnl0 (AT3) D
BREZRTEAFIIENIERENICEEEIN., oI TR TIZEE SR
Mmof. 7z, @K FREETTFIIM RRIZELTWS I EMEESINZ. 3
>hO—J)LELTAMORSY NI ETH S RuBisCO IZDWTHRBRICEEL
7= & Z A, RuBisCO ORTELZRT SR FIIERBENIC—HRIZHML Tz (K
11b)y ZNSDDADBNIZLD Cpnl0 (AT3) WEFF a4 RABICEETET S
AIREMEAVRIB I N,

POARFAFIIBT LIS eROZ > OBIETHE

POARXFTAFEORBEORRZZ -y RO FEDS D cDNA WEEET
Xl-DOT, TNTNORCFRELEKR L, £7, 83->» O 0EY
FERICBIT2BREBENOBETFREZ /HOBAICKDITo/, S bORUY
BERD Cpnl0 (AT1) 3R, %, BEOLWTHOBRBEIBVWTHRESR SN

7= (X 12a), Cpn20 (AT2) HHRTILEFITREBRENDH DOENTZE£T D
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K11 Cpnl0 (AT3) ZWREFEHTZPHEEM:S O XX OREETH

RGN S O X X F 2 Wi, SR L TRFESE, WArTe4dFH, €D
B T TIAT Tleo SRS TBICIE T8 2 MWW /2, His-Cpnl0 (AT3) XY
LHARERNTH2bD% @) 1T, 7L >V 7 ORuBisCOICHT 55k %E
HWTH-27=50% (b) IRLE, N—OEXIF05umT, MZI a3 K
7. ClEskil, NiZB:, VIidERL TWVS,
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(A) © & &

Q‘Oofé‘e K.
0.7kb | == e wem
(B) B
S
Q@ O o A g

i

M2 JOA4XFZXFIeBIF5HCpnI0 (ATI) mRNAZHEEDORERRME

(a) EEFEITHT BEHE (b)

() B, %, ZBX0HHBLELRNAIO ue ZEBRKE L. BEHE TN

)b L7=Cpnl0 (AT1) cDNAZTO—T7 LT/ YU #ifzfro/.
rRNAOBRIZIZIFERTH-o Iz,

(b) > 0OA XFXFOEYEICISCTOEIE 27> 7z, —ERFE I &I

AP VRO ERNAZHH L., () EEERIC/ YU efroi.

BB RNIE S L — @O EITR U Tz,
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BTRELTWSE (X 13a), —4. Cpnl0 (AT3) FIELEOATRENES
N, BTORBIEIRSNanh-7= (K 14a), 2D I &N E Cpnll (AT1) & Cpn20
(AT2) BBHFEDRIFICRUTETIAF RIZBWTHIROMAFLEERIC
EEANRBEZRLLTVWADEEZL N/, £72 Cpnl0 (AT3) FEDPEL
VO EREBBEECBVTOARERNALND I NG, FICERBIZBHTH
BT DRIEHRNBZ 5 ND,

RIZ, -2y ROZDBRA ML ANOREEEFBR D012, 22CTH
1 # AEE T 040 XF AT OEMEE 35CDA 2 Fan—F—ITB L TH
PEET o, —EREC L CRUBEZMAZEE2YDERD, £OEL D 2 RNA
AL TRI- A ROZORERBEHARL, T bICRUTRERND
Cpnl0 (AT1) IZZLER 30 4> THEIZ mRNA OFEHEARR S NMhD, 1 REE TR
LRENMAL. TOERM~@EOMBETRERBIIE R < BOLREHH
T EMbhol, (K 12b), Cpn20 (AT2) HEYLIE 30 T mRNA OEREH
RoNhdTWA, ANREINTIREHERIIBRLET (K 13b), Ih
5iZx L. Cpnl0 (AT3) @O mRNA OEREIIHNBICEDIEEAEERTLR
Mol (B 14b), E 61T, T/ P URIFTOKREEND S DFERN PCR
HfTo/m. £F. Sug @2 RNA 24 TN T IM <X —Z2HVWTHEEESH
Jzo 32 b O—)L & LT APETARA2AP) DEHEB O HFE L 72 B 14¢c IZIdAP2 T
RELL 7 Cpnl0 (AT3) OEREEZRLE. TEH Pcﬁ DOHRS /F O

HiIFK 8B EOERBOTHN VW EERL TN,
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(a)

Root
Stem
Leaf

1.0kb— [Re—

(b) e £ £
£ c:E: g s £ £
O v~ M = N <

me~dpﬂrqw§1|ii

K13 oA XFZXFICBIFBCpn20 (AT2) mRNAZBTRE O ERRME
(a) EBUEITHT HIEE (b)
(a) . ¥ FEIoHHELAZERNAIO D ZERIKEIL. BTN
VL 72Cpn20 (AT2) cDNAZTO—T &L T/ ¥ Ui EfTo7z.
RNADORIZIZIZFRTHH =
SO X+ X F OHEPRIZISC OB AT o7z, — @R T &
ICEAG DIV ERNAZHI L. () ERERIC/ U EihEfT->

foo BMLERFHEIZE L — 2O EITRLUTZ.

(b)
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w £ v
@ o O
Qo < O
4 v
AT3 mMRBNA | &= o €+ (0.7 kb
C
(b) E g _ _L_g
SSCE ST
AT3 mRNA | # & ¢ ‘
(c)
100
%)
S 80 F
g B
trj60:
S 40 E
© B
o 20 F
[I: L
ok

0O 1 2 4 24
Time (hour)

M4 0O XFZXFIcBITFBCpnl0 (AT3) mRNAZTHE O ERFRM

(a) EBQIITHT B0 (b)

(1) M, Z. ZXOHHB LUAEERNA2 nep ZELKIKEIL, BRI X
JLU7=Cpnl0 (AT3) cDNAZTO—TE LT/ Y U fEhEfroTz.
rRNAORIZIFIIHFERTHH 2,

(b.c) 04 XFXFOEPEKIZISTORUIEZFT> 2, —ERHEZ
SIZERYIVED SRNAZHIH L, /Y@ (b) XITEREAIPCR
(€) Zfrolz. AP2OmMRNAR THEEHE(L L7=Cpnl0 (AT3) mRNAD®R
2857 TCmUT, BLEERENIZS L — 2O LI FITRLTZ,
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Invitro IZHIT ATy RO U EHOEN

FI-r RO OBRERNREBERARL-DIZ, e Q2N LEST Y
NOBEZFRVERET R, §3- v ROZCET I /KB AF T F
% (His-tag) ZMLUTARBETRHIELODOERRICHW:, ERESZ
£ Cpn20 (AT2). Cpnl0 (AT3) Ik FAER ST D A % R & H 7=, His-Cpnl0 (AT1)
& His-Cpn20 (AT2) I3 RKIBENTRRICUENSY NI BELTRELEZDT,
TNTIBEFEBERLUEKBEDOLEE NI 26382774274 —H5
L (NI B L) KT THRILU, His-Cpnl0 (AT3) IARBEHOFHAGERS
2OT, £ 8MRETHBELL TS NI AT LICHRESHE, €O®%, &
HBEORFBEZOMMNS IMICNF373 21 bEMT. 15 ALT His-
Cpnl0 (AT3) OF4E (BERD) ZfTo/. LLOBEICTX D a]E{E L 7 His-
Cpnl0 (AT3) % I ¥/ — IV THEH L TERICA W, RIEHLES % SDS-PAGE
iz CBB EZ{TH/-HR, L0I-2 vy RO bBE-NRERL., +
GREHEINTVWSZ &b -7 (K 15a),

HBEROEBRIIEEE L T T VB EKEER (Citrate synthase, CS) & Wy,
HMFEHFD+ RO ELTIEKBRED GroEL ZRW:, R"YF 722 bO
— )& LT GroEL OAERDI-2 v RO TH S GroES TRIBRDEREIT-
FrEZA, BHIECS DR 15%DEMEEEIELIENTEL (K 15b).
His-Cpnl0 (AT1) i% GroES ERIEEDEHERL . CHITKD T I /KD
CEAF OO TEEEBIIIEAERNWI EDM 5. His-Cpn20 (AT2) 13
FEEOEKRETT CS DK 45%DEHEZEEIEL I EMNTERL, His-Cpn20

(AT2) OBZFICLTHELREF AN -ZOT, 2-vy X0 2>08BELTIE
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AT1 AT2 AT3 70
TE TE TE __ 60
7 ‘ 5 2
» - ~ 50

50-—-. 2

30-! * § i 8

20 = |
IS : w' __v

]k

(kDa) ' 0 20 40 60 80

Time (min)

15 GroELZEHWiin vitroEZ RO EBRICBI S04 X+ XF0O-2%

RO OEHE

(a) BI->v_OZVRT7I/KMCEAF T YT EH4MUERETREBE
TREHIBAELOERAVE, £2-y RO EEBH L TWLIRBEOSE
FNIE (T) &MY NN7E (E) #SDS-PAGEIZMTCBBRAL /-
ERL

(b) ZERVERBROEBLELTI/I VEGHEBE (CS) . v+ &LT
GroELZ W=, £ X H7/-CSIZ0C TGroELM 14k (GroEL14) %45
TR TIS0 nMIZR A LD ICHF R L=, 0%, 2mMATPE -2 v RO
ZEMABCTHEEIEZZ EiC&D, GroELZ ML TCSEEEZRE L/,
CSOEMOMBEEI- ¥ RO > OEHROBRELTHEL 2. A I-
e RO OB EEEITI300 nM GroES7TRM&E (H) . 300 nM His-
Cpnl0 (AT1) 7 &%k ([J) . 300 nM His-Cpn20 (AT2) 4B (A) .
600 nM His—Cpnl0 (AT3) 7 #&& (O) . 300 nM His-Cpnl0 (AT3) 7
Bix (@ . Ny 77—DHh (¥) THbH, '
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THEBRFENTWASEEZA NS, > T, MFAELTHWE GroEL IZH L
T His-Cpn20 (AT2) DEEMEIMEWL Z EWRM I N7z, His-Cpnl0 (AT3) T
& SICHIEEIE <725 Z &t o /-, His-Cpnl0 (AT3) 25 UV E%
WRTHBICHEREEZB IR TVAEOEL NEREEE & > Thiahd
REMENH D, izl B EEEICRRENTN/ZO GroEL & DI EER L

Ko TWhamahdb LR,
His-Cpn20 (AT2) DZEBEREE

PNWNABHS L2057 4 =17 L B84

GroES 14 7 B THEAET S Z &AM S NTNSAY, Cpn20 (AT2) (X GroES £k
RAA & 2DFDEDRIROEBEREE L5 I LI TER N, Cpn20 (AT2)
DEBERIEETN B2, His-Cpn20 (AT2) ZHWVWTHIVAEH L5707
N5 4 —%{To7, His-Cpn20 (AT2) DHEBEDHPBE S < GroES OEEE
FRIBER—LROBEEEZETFPREIN, FIINAHBN T L TOEHIRKS >
NIVEERBRBAIENMZBLAONS, TOLEDUTIERTHES TRIZHE
THBEOOORMEEL THED,

Ni BT ALICKDERL - His-Cpn20 (AT2) &, 32 ha—J& LT His-Cpnl0
(AT1) Z5NAEH T LITNT, 280 nm ORFEEZREL /- (K 16a), WF
DINOEOBETOT 7 AIND 34 HHEDICHREIIRONS -V, RH#
MELTEENLRBEHRROBSTFEOY N IEERTEEALN D,

His-Cpn20 (AT2) ZAZALIZMTAE. ERE-IVRHHZDIT. I 1
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QQ
@ %%(%OQQ \’g\go \'56)6
"} 66.3 Wwov v
1ok | 434 — 6XHis Cpn10
o F [ 300 —— 6XHis Cpn20
& —20.1
.g o
< - 14.4
(kDa)
0'5 10 20 30 40

Time (min)

Fraction number

(b) 6

=

=

=]

@ [

o
41{-I1111{;=l,.-1{-
O 02 04 06 08 1

Kav

Mi1e YILAMHILIOTRT ST 01245 His-Cpn20 (AT2) O GUA® (1 LBl
(a) Superose 12 712 LT O His-Cpn20 (AT2) & His-Cpnl0 (AT1) YL AEH 4L 0
T RT DT 4 =T T 280 nm DB %W L7 (DL (6 L 7= His-Cpn20(AT2) & SDS-PAGE
L. CBB Q{0 L7z Hli A L Tdh %, AR His-Cpn20 (AT2) % fll# S His-Cpnt0 (AT1)
ERT . TR — A= ORI E T E & BICKAITR L. 800 ko il
FONRTEERBICHZ LM, TOmMELE W, B L -, Glis % SDS-PAGE ({T/hit
His-Cpn20 (AT2) IZMT HH®KERWTT L 7Oy M ZIT-7 (). Sidosy
PARR 1 = QR B (YIS NETN U A

(b) HiLoad Superdex 200pg 12 LZMWEBEO N TRV—N—DF )T L —1 g A%
mlle FrUTlb—a L fh# (y=-281x+623) 13/ bR EE O THRL 2, His-Cpn20
(AT2) @ Kav {ti (0.461 & 0.705) WRAITHRLI .
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DOE—IMN 30 HHEDIZRON, NS TR 75000 & 16000 (ZHHE
LTWwh, SSIHELARSGED, 2 GOREOTINABH T LERNWTT
o TekEH, 5 FE 86000 & 18000 ICHENTHE— AR SNL (K 16b). Zh
SDERNS, EBE50A T LIZBVWTDH His-Cpn20 (AT2) 1d4 BEEES
BAETHD EHRINS~, 2> O— &L TITo7 His-Cpnl0 (AT1) Z2DW
T F& 84000 & 12000 ICHY T2 E— AR SN, FHED TRETHS
EVWDHRER/DIEMNTE

NTEE®D Cpn20 (AT2) IZDWTHNRZLH., ¥NTXLDERBEHERLI N
ABAT LT, BEBEESEL TERRLA L/ T0y MERETT S /2
L. His-Cpn20 (AT2) OZEEOBFEMMEBLFRIL &I AT FRAGHEI N
(K 16a), ZDZ&ED, KIBETHE S/ His-Cpn20 (AT2) DREIEIT,

HNEHED Cpn20 (AT2) LRBODBDTHD I ENRBINI -,

SRR < ¥/ His-Cpn20 (AT2) % E{5DARET
His-Cpn20 (AT2) 754 BiED 5 RENEHSNIIT 228, DSP % AW TRE
L7-%B&E%HB L SDS-PAGE T#H~/= (K 17a), DSP {34 > /37 BOKRH
Da-7 I ) HEEVT DT I/ BEITHEREEGT S, DSP Z& 500 205 1000 fFD
BELTHNASD . BESNZKERZRENVBRIN. BRINZEE
DI BRADDH DL His-Cpn20 (AT2) Tt 4 BE 57, 48 S 1172 His-Cpn20
(AT2) 4 BfED SDS-PAGE L TOBEIEIL His-Cpnl0 (AT1) 7 BEAEDBEE
SRR KREL, FINABHTLIOR NS T4 — LK BBITOHRE LK

LTWe. GEETDSPEMAAZEICE0FZ XV ENEGELTLEODT,
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2
(@) x102 o 1 Cpn10  6xH Cpn20

molar
excess 0 1 510 01510
of DSP 7
R | SR
- o -
50— -~-@0ke
40 -ofiie
'Y |
30 —
IJ‘ p .
~88 < o0~
20 — ‘
(kDa) | po = - =

(b)

Relative Abundance

2 4 6 8 10
m/z (x10-4)

17 ZR4&%) DSP % Fi\ /= His-Cpn20 (AT2) D% RikihiE D&

() RL2O@ED DSP & RIGIH/- His-Cpn20 (AT2) #HIZ, His-Cpnlo
(AT1) 22" L 7z, SDS-PAGE 387Kl (2ME) ZFR\TiT4y, CBB
RELE, HERELZBAONBERKEITRLE. D TFRY—H—0Of
B AEIZRU.

(b) 1000 f5#8/E ¢ DSP TLHME X H /- His-Cpn20 (AT2) #=H8NHH L7, #l
ESNpTRIIEhEThOE— D LEICRLTE,
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BBEIN4BBEOAZRUTLIEETERM ST

RiZ, BELEE4OZRBENEET A RETEESHETo /2. K 17b IR
L7z 94811.9, 70980.2, 47229.6, 23526.3 Da D ' — 7 HEIE = 1, SDS-PAGE
LTRoN 4 FOND RRENENHEEN S 4 BEICHETLZHDTH S
CENMREIN, 4 BREITHY TSIV FIEEEITAI V. ZhidaF
BOREZENWHDIEEA A ALDENE NS TH S, His-Cpn20 (AT2) DI
ERFEZDFTE I N4 FR 22031 Da S HBHEDOBR I /-7 F8& 235263 Da
Ot L 0, BEAED His-Cpn20 (AT2) | 2F 70D DSP 7% 4 TS L

ThaEEX N5,

Z:t4 PAGE 124 % His-Cpn20 (AT2 )14

His-Cpn20 (AT2) M4 BATH LI L EZHERTH-0IT. LM PAGEIZLD
His-Cpn20 (AT2) ZBUEOHFRERE LIz, REEDSY NI &% SDS %
SERVWBEORRLT VLTI RFN (6~10%) ZRWT 4CTIKEL.
Hedrick & Smith D% (1968) XV IVBEOELIZES ¥ /I EOBE)
EOEMZEIOFTFRERE L, £7. BPB OBEHEICHTLEY /U HE
DI B ENE (Relative mobility, Rm) %R, TOMEESTIVBEICSL
T70y b3BHI&ICED, BNV HEICERFOREZFDEMRESICZ &
MTED, TORERY N VHEDGFREAMERFEZRT (3 18). His-Cpn20
(AT2) BEBAEDEZ L 8.6x10°TH D, TDOHEEN SHFHE I N/ 43 FRIZ 90 kDa
THo7z. TDE (90) % His-Cpn20 (AT2) DEIESFE 22 kDa THS & 4.1

EVNIHEBESH. TOFEENS D His-Cpn20 (AT2) Z2EENIBETHZ Z
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w
o

- NN
o w;m

Slope (x102)
o 6. o

o

0O 10 20 30 40 50
Molecular mass ( x104)

K18 JEZE PAGE 1T & 5 His-Cpn20 (AT2) ZEBEDHTEOE|E

SDTEEY—H—ELT.FE2N) T ) =452 (5F& 25kDa), BSA (67 kDa}.
GroES (73 kDa). h#¥ 55—+ (232 kDa). 7z UF > (440 kDa) & S5 ug ¢
DHW/E, ELMEPAGE L 6~10%FET 1% D7V UNT I FREEREZTIT
o7z, {BZE (Slope) 3. Y NBEIIHNTHESFEI - —OMHEMALBEE
270y bLEELE. A FRICHLTHEZEZTOy ML, FrTL—23
CHBAEERLE, Fry U T L—3 3 ViR (y=0438x+4.66) RN _FEE
FWTEE L7, His-Cpn20 (AT2) DEZE (8.6) IXKEITRL=.
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MR I N,

His-Cpn20 (AT2) & GroEL OiHEBEER

His-Cpn20 (AT2) N4 BETHDE GroES R R AL & SESFTLT &IT/RD,
AR D GroES @ 7 BibiE & 13 R 5, L L7gAl 5, His-Cpn20 (AT2) 13 GroES
ERIBEIZ. GroEL SFAEFRL I-+ RO L THRETE A2 Z EMbho
TWwa (®15), £IT. EEEIZEENS His-Cpn20 (AT2) & GroEL DEN
FNOELFHH /-, His-Cpn20 (AT2) & GroEL OES#IT | mM ADP T
BECHETSDT, ADP RETFTTHEHZHAKL -, AROZAEZR 18
{2 L7, His-Cpn20 (AT2) & GroEL OES®E (K 19adlL— 1) 2705
BRI LIMTBHIEICELED, BEEOSENSHEHS (K 19aDL—23 & 4)
EEEEB L TR His-Cpn20 (K 19a DL—2 7~9) IZ7#ET 5. SREIOKE
S TIZHEE LU TW R His-Cpn20 (AT2) ZIFEAEBRHL Tl K
CEEEROESENIESE Ni 1T LM, His-Cpn20 (AT2) &E#EL T
V3% GroEL OHMHKEFEL 1 24V — I THEHEN/ (B 19a DL — 2 a~¢),
W& L72h o7z GroEL I3IEEEERRL TR (K 192 DL —> F). #&
EITEHEA T LTENENOY O NAEITEICERL (K 19b). 7 I /B3
Eirole, EMRL7=4 /)X ED 5%, His-Cpn20 (AT2) {3 20%. GroEL 3 2%
DESICAW:., EBEOBV I BEHOY I /BRIZIDWTH 19 IZHERZETR
Liz. BEIN/7 I /EE (Amount) 287 2 /BOZHE (Residue number)
TEID, #>1VEE (Protein) ZFR L7, HEEIIETEN T/ His-Cpn20

(AT2) & GroEL OEIZFHNEN 032 nmol & 1.26 nmol &72 0, O 36
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(a)
123456789 MFWabcde

p— !L—W-
4 -

(b) . 100
180 || | 6xHis GroEL [
(| |Cpn20 — 80
140
100 : R
60 E 40
20 | / 20
-20 Y | YO INTPTIYITY FTVIVOTOT IYTIVHTIT] FIVITVIT: 0
0 10 20 30 40 50
ml
(c) GroEL 6xHis Cpn20
Amino Amount Residue Protein Amino Amount Residue Protein
acid (nmol) number (nmol) acid (nmol) number (nmol)
Ala 92.95 74 1.26 Ala 4.33 13 0.33
Leu 52.55 42 1.25 Leu 5.72 18 0.32
Phe 8.90 7 1.27 Phe 0.94 3 0.31

419 GroEL & His-Cpn20 (AT2) #GHKRICEENLSEY 2 /87 HORILODIGE

(a)

(b)

(c)

GroEL & His-Cpn20 (AT2) # & {412 | mM ADP 15 F T M L /2. GroEL O (i % HLAL T, His-Cpn20
(AT2) OALRZERAITRLAE (L—> a). WENOESK (L—2> 1) &5VH8hILv70v
757 ¢ —tRDmlisy (L—>2 2~9) KX, #MEAHZZOm) (L—2> 3 & 4) & Ni hILEh
== D e 5 (L— > F). deipilisy (L—> W) ErEthlisy (L — > a~e) % SDS-PAGE
(2 CBB B4l 7=, 10 kDa O ¥~V —Nh—%L—>2 MIZgilLl, ¥Y—H—O—FFON E
{2 20 kDa ICHIM 4 5.
GroEL & His-Cpn20 (AT2) (ZWWL =8 SHEWHA LIS THMEL 72, 220 nm OWRICIE
(mAU220), FEHHICHAWAETY R RV O#E (AN) Z2iL7, GroEL & His-Cpn20 (AT2)
TNENOERMIRIEBRTRL 72,
T2 043, 72T I IZD0WTT 2 /B ORERER L2 247 L7 ki3 GroEL
78 2%, His-Cpn20 (AT2) (X 20%7Z-7-DT, €N HR L2 (Amoun) Z 2 PIHIZHRL 72,
JEILEL (Residue number) (37 3 /RERCHID SR LIZ, CHhoOEDHRNLAEY 2NV HOD
% —®AHITR L.
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14 Eixofz. ZORERMS GroELI4 Bk & His-Cpn20 (AT2) 4 BEVEHEE

EEHRL TWB I ENHLNER T,

ERBICRETAI-y RO

2REFEOO- e RO

EREIZIE Cpn20 (AT2) & Cpnl0 (AT3) @ 2 FIFEOI- v ROZ VNFE
LTHED (K8 & 10), #iZ Cpnl0 (AT3) IHEREICREBNTSHS I EMNHER
N —hERBENE (K 14), ZH6 2BHEOO- vy RO DN TE
SIERL7=0IT. FEORFLRBLITHEDI F NI BEHBOEH ZH N,
XY, YOARFXTOBTFEHFTRISE L, TREBHTEREL TS
@HEET%%ﬂ,@ﬁ%%IH%%Lt&?ﬁ%étﬁkbfméo%%%
2k D, 128 Fu Y SRR EORFRS DAV BIEREICHRI N, LHCI /& &E
DHAERDEFRZCHOLY N VENERENS (K 20). RuBisCO DK
HINRBEEICED Y NV BIIEATD 5 HETE5 L EHNBERENS
&DiThB, £, BHSA (K20 L—>25) CEFR4EHR 1A (K20 1
—> 4DIL) QBN S, KL 2RBFEGHAIN. 1L/ 70y ME
Bz O Cpn20 (AT2) & Cpnl0 (AT3) OEEEBEZFA SR, Cpn20 (AT2)
HRFEOTHNASTEENBSN-DIZHL, Cpnl0 (AT3) 3K 5 BTIEHT
MCERBROSNAIEETH- (K 20). Cpnl0 (AT3) DERIIMMD Bk
DY NI BEEREKR ARHFICEOBEMUE. BLEOBEREIE. Cpn20 (AT2) A
79 AF ROESEZHEEEIZ. Cpnl0 (AT3) MERMEOHEICMSNOBEZE
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Dark 4D
1 3 57 91L

AT3

AT2 m..-.—-w|

[ <¢ LHCII

12S
globulin

20304 X+ A FFEICBITDREBIVORICED ¥ NI BERR
DAL

A DEETETIR-TFEIOMHLESY 2 NVHE (20ug) %SDS-
PAGEIZNT A A/ 70w MEW#{To 7. His-Cpnl0 (AT3) X9 51
EEBAWESES% T, His-Cpn20 (AT2) ICH§ 2HfZERAVWELREAZE
AR UZ. b= D RIGRUERFIEEFI TOEFTHEZRT . 4DIL
VARG TR T8, 1HERZBN LU-FEERT. 14/ 70y
MR L /PVDFEZCBBRE L /=B D& FITR LT,

o2



HODIEEZHTADDER ST,
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# R

ym{;fjf@&&v&m:yﬁ%mﬁwdmAQDH:Qﬁ

Y RNOZVEZERTRERHBEOBEERER L. TORNIEY 08
DOEZROO ' EUTRHBELTNS (Braig 5. 1994) 3+ RO = 13 H
ROWE, HIFICHERYONIETHO, BEMEL S EEARE TRL O
EMPBEBIZHEDY RNV ETH S, | REFEMSITZ I yROZF 2 DD
IN—FHESI N, TNTNE(L EBEERCEIICEET S (Braig, 1998).
HEEYOMBNTES >+ X0 02E&EBHT I, £/ —7
| D ROZVORBEEFTHAI-> v ROZAZDNT, YO XFXF
ZHRWTERL =,

-y NBZ2D DNA JO—Z2 707z, RBEDI- v ROZ 2R
EOTTHD GroES DIREBZMHLERFEELMHMT L DNAZZA I U —Z 2T L
(&3, o7 a—23 10kDa D I-2+ RO REDQ S (Cpnlo, AT
&W&)T~Eh:yFUfKEE¢5$%DﬁT59t°Mﬁﬁ@ﬁ(mw&
5\m%)%&ﬁﬁ(mmle.w%)®3b3>FU7(mmotﬁﬁtﬂE
B ZR > Tz ([F4), FOOKBETHERBREELUTHEEL, GroES @
BREZHETE/oEBA5NS, ERIC invio TOFERZF/ER. AT
GroES & [FIERDERZHR DI &N DH SNz (/15 EST  0— > % H|H
THIEWED, EREDFRETO /D cDNA % 2 BT 2 AT (K

7 & 9). 1 DT Cpnl0 (AT3 EMER) THoHAEHOFRED S SI3IERITHE
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FEtEAE <. © D | DI Cpnl0 (GroES) Bk R A1 2% 2 DD Cpn20 (AT2
EIER) ThHholze EB5HH S0 BEDEERFIZFFDAEREE L TERE S
NEZZ &N o, BRBEOT I /KRS AFAZ 2 2 F > T g,
ERDAZ ) —Z 2 TIZBNVTEHIENIRBE L (DNA Y O— > #B@TE 2
AEEMHEZSND., LihL. AT2. AT3 EBFOREEFHLTEST, I
EBRFIZ/F DI EMERD AL ) —Z O Y THETERASERD 1| D&E
AOND. EL RKBEDL y RO REOS THS GroEL 2 FE T 5 in vitro
TOEHRZATFE L&A, GroES IZELR AT2 T 80%. AT3 T 40% &KW T &
Nhmolz (K15, ZOMEHDZEIT GroEL EDOHEERH DR ICEEBEL TW
5EEZSNS, Yy NOZOFKIZEE L TABED GroEL. GroES 12D
WTITOHNTWASA, ERECFEOVIENS LR ZEKRFEVERNSH

HEEZOSND,

ERGo2 B8RO -y RO

ERED 2 BEOI- vy ROZCORN, BICHEHINIHHIET 2 BRI
v ANOZ 2 (Cpn20. AT2) DEZEEEETH S, BERS. GroES M7 BIET
%6:&1%%1’%&%%?)\6%%675#573? (Hunt &, 1996). AT2 BEhBEH
2EBETHLZAOT GroES O 7 BIKLFAIFDORELZ L DEBRLASTHS, AT2
DERDEFHDL v ROZA 7 BT, 6 X 8 BEEFERL TV
AEEDSEZSNS, 277, AT2 IX GroEL & BHEERTE S Z EAURENT

B0 (K 15. Baneyx ©. 1995, Bertsch & Soll. 1995), v+ RO=> 1.3
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TROZVOEZBHREBENLT LD —HL TOWDIREIRWEHAIZNS, £
IT. AT2? ZKBRTEAF D 2H7&T7 I/ RKmIZMHMU-RTREZ &,
T OAEBEY) (His-AT2) ZFWT Cpn20 DL EEEE &ML 7=,

X7, SAA@ATLAIOARNT T T4 —EITOTHER., EEEAZTHATIO
AFREBELE (” 16); MELAMERMICOVELTHADE, 30 cm @
$15 1 (Superose 12, HEHE 1X10°~3X 10°) 2B Tl 75/16=4.7. 60 cm
‘®ﬁ5A(&WMmzm%\ﬁ@ﬁ@le“ﬁXW)EBMT@$WWﬂB&
7207z, FREM SDS-PAGE IZLAHHIETIL, ZEFEDKEZIZ90kDa &720,
HEEDFHESFR 22 kDa Th3 & 41 307 (K 18), BEL-ZEEAD
¢tm5§¢ﬁﬁ§émm@ot®f(ﬁlﬂ.mMﬂ2m4§¢T%%&%
sl 7c. 7o, GroEL & His-AT2 DFEEHEZMAEL. HEKICSENS &%
BRI ETA, 14:36 EWDETH-72 (K 19), 2 GroEL O 14 gk &
His-AT2 D 4 BEFAEG L TWA Z L8R R T 2R 257,

T, 2o ROZDET- 29 RO EDEIIHE L TNEDES S 7,
GroEL & GroES MBS . GroES DFFDENA NI —T EEENZPAT V2 H
&7 GroEL & OMHEERICED > Tn5 (Landry 5. 1993, Xu 5. 1997), &
DENANIN—T & GoEL DREEAEAETHDEETLRY RTF KL
GroEL DEEERZAML, RURTFROEZRDEZRESIEZIEEZSN
‘UN&E$WKGM$@%N%WW—ftGMﬂ@%%Mlﬁrf%nﬁmﬁ
& GroEL OB GKIZIE 7 AT TRERDEEMNRONZI3TTH S, Biff. GroEL
D7TRBEE | FORIRTFREELUTREASHLIET, FEOERE LT

BEOMBIZEATARANENS (Farr 5, 20000, ZOEEICLED. 7 7
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DHEEPEEOHESHMATE ThuL, +OMAERR/-TZ LRI N,
ZOFF, B4R GroEL IdBTET A LD | AMMICE E - TEET 2 HEN
MEWIELRINe, TOIEMNS, AT2 B 8 KOENA NI —TLEM
GroEL &AL THTRICHERFE U TESER DI ENTESLEER
505,

ERAETO AT2 OXFDHEFHIL RuBisCO 57 >/ 7EE LU TRIESI NS
ey XOZ (Cpn6Oa& Cpn60B) TdHDH, ZD 2 DY /7 EIZHEEHEMN
S0BBETHY, NTUORZBEEFZHKL TS (Nishio 5. 1999), Cpn60a
M TEIZERBE R TET, ConcOBRHET TOANT ORLRIES
T HZEMMTES (Clony 5. 1992, Dickson 5, 2000), —7. Cpn60pld
BHETOLLZERERR TSI ENTE, Cpn6OPpDFELEEIII RO RYF
CpnlOE BRI L THEREL 18 5745, ZEFRK Cpn20 % GroES &S 3GRIL THEBET =
BN ENRENT (Dickson 5. 2000). ZDXIIEKEDO Ly ROZ >
ATLE - v ROZET TRy ROZCAROANTORMEEH >
THD. GroEL & GroES DWIFN 57150 TIHEAITE R WE AN H 5, 1277,
Cpn60o & Cpn60PD % BAHEIL GroEL D BEEE S L < UTWB I EM S,
BTy I GroEL ERIL 14 THBEEZSND, vy RO & AT2

LDHEHRAIDVTHSTRESITBITNLETH 3,

EREICEETAHS 1 D0a->yRa= >

TRACRITDOI Yy RO AFLWKBED GroEL & GroES E3FEIC
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BURLTWEDIZH L BERED AT LAY NA7EOEME L TIEB TN
6%@@,m<9@@@?k%%@%@&@imofm5:awb#oto%
BEOEFEEENSST /NI T7IZid Cpn20 DREO Y372 <. GroEL.
GroES FHENDREOVOANASNDE T ENS. ERAKD v RO
ii’rlﬂi#&?&c:ké%zfeﬂ:bf:é:.%bnéo Schlicher & Soll (1996) Ix3-3
P AROZCHTHARTFERBFICE D16/ 7oy MERE D, £E&RIEDOTF
Z 341 RAKEIZ GroES (Cpnl0) B -2 v ROZUMNFEET A EETHEL
7zo EST F—FX—ZADERIZL D, EHFEITITHEMNIZ GroES (Cpnio) o
0L e RO AHEET A ENbAS (B9 & 100, ZOKREDY (AT3
EIESR) ORERIIDLTHEHEISIIRANLETH SN, REEHEKNSITF
a4 FBHGERSRTARSNBZ EMSF 54 RRBICHET 52 &
FEENB, ATI OREY—ZEREORE. BIF 501 FEBEOR
FELEEL TSI EMNS, F7O1 RREIZE<EFENDIHAERICHDDY
NIEVRBEETHLAREMEDEALSNS, P+ ROZIZDVWTH EST 7—%
R=—ZERELTHBE, BHO Cpn60ad Cpn6OPLASMIzH RS>y kRS
?FE%O&VND:yﬁM<OmﬁE?5:tﬁ%@éhtoin%m
Cpn60ad O Cpn6OBIZlTWNA Z &S AT3 OFELH Cpn60pkky > /7Y
T%%ﬂ%ﬁﬁﬁéo@m%@ﬁﬁ?é%%%ﬁﬁﬂ%@:&@B\@m%ﬁ
FONTHOEHMTHETELSEEZAOGND, 2T, EREICIIATORE
BEZEMTS v RO AT LA, AT3 & Cpn60 (y?) &S KRE
WEBRAFAT THEREIN TS v ROV ATFABEFEET BO TR LA

LHERENS,
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BAOI-2 vy NOZKREOJORBBAEERLIZE A, AT3 HEDKED
FEOHEMENENWI EA Do (K 1), FEMICERS -0, HEMER
OENTS GroES &Eb#:L7- (| 9b), GroES (& 9 DD — b & E/NA
Wiv—=TEOBREIN TS (Hunt 5. 1996). 4 HHE 5 FHOR— Mok
DTN =7 EFENSMEAEREEIN TS, GroES @ 7 Bikiz K— A LD
BEEDSDEN. BAGAD ., BIE (K) 147228 %) — 7EEEIEL,
AT3 D1 22106 E7IVF 2 107 ORI 8 BEDOF v v T#EAL. GroES
DENAIN—TR2EZEDF vy TEBATHIEICED, 3.6, 9 FBBDP
Y= OE—HENEMLE (J %), COLEIRKEETSTAHSE, AT3 T
W—TBEICE2R/ENKESEMLEZD- Ly RO THLHEHAZNS,
W—THBENTERICROLZIAITO2-2+ O LTI T4 77—5D
| FNTETHSD Gp3l MHASN TS, Gp3l T FED GroES KD D0 KE
<73 /EEFDOHEEME VWD, SEEERITLID - v RO E3EEIC
KB EEEEH>TNAS T EMRENA (Hunt 5, 1997), T4 77— 0%
g@*?f&FﬁyﬂﬁgT%éGﬂ3@%ﬂ%ﬁ%ﬂﬁm,9f&Di?&
LTEED GroEL ZFIAT 2 D708, Gp3l dRIEL7- T4 77— TidEhn
I 5T GroES TRMAAMNEALY (Laemmli 5, 1970), TN &M, Gp3l
DIN—TBENRIMLTND END Z EH GroEL T Gp23 DEZERD &E&i
LI-DICEETHDLEEZ 5N, Gp23 A1 55 kDa SR ENY VG
THHIENS, IVRERBEIIHIST2EDICELLLZERETH S EBE
SNTWD, AT3 BEKGEBRICE DN —TBEIIERNRONSET S L,

AT3 DR EENTEET A TEMEAE N EEZ N5, AT ORESIZ
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tﬁ%%%ﬁﬂ?éitt&U\%@&5@%%&%%?%%@?@@“@&

EZ T3,

TOMDIry ROV ATF A

YAARFAFTDA-y ROZVERANSIEIZLD, ERECEET SO v
NOZP AT LADERBRREAZTE, B THEHI NI RUTOY %Y
EﬂibﬂyFUYMﬂm%ﬁT%%T%&miﬁ%ﬂM<oﬂ£U(%ms
& Gupta, 1999), >+ RO (Hsp60) DHIREBICBITAHIEORE L H 5,
7. IHIEIRKET (Early pregnancy factor) & LTI WY > /N7 HDEREK
ﬂih:>PU7Cmm%@%@T&ot&m5ﬁ<ﬁé%ﬁﬁﬁ%éﬂto
FRNEFNOL Yy ROy, - ROZUHEEBHBEELT R TR NRES
NENnZ 5,

Bit., =720+ RO EBRAL THESIFEDY /NI E (GimC
X377 40T 1 >, PFD) OFEMHES MR- TE (Vainberg 5. 1998),
GmGWDujewxuzitﬁﬁ§%¢%%ﬁb1%%¢éoLﬁb\%h
ﬁ%t&i%Ft%é?é%ﬁ%%%&vND:ytmﬁé%—ﬁ%m%m%
DTHBIH, -y NHZ P TRIES Hsp?0 ZRTREZRT Z b
9toﬁE®&:5\Eﬂﬁxummta1%%\ﬁﬁ(&maEx1%ﬂ‘ﬁ'
%%%(mege\9%)?E9@ofm5°$%my~ﬁ$éﬁ5¢‘9
DA XFXFDNED EST F—F R—RCREQTHNHEEL THD. EHD Y

W=7 2 Dy ROZVIAFLIIMOEREYOH D EBEENITZN
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A5LERENSD, ZOLDIT. EYHIRIZBFSL v+ ROZ D P AF LI,
D EREY & Fik. BEMBEHKD GroEL-GroES & & Sl E fsk O 4Bk & &Y
D2DTHBH I ENHEND LN 772 EFAEIZB N TIL. %D GroEL-GroES
MERTIFEYERL, BLOKEHERLY RV EOREBEIZEOETE
MLTEEDRESS EEZSNE, ZAMD in vivo TOBE £~ T &1z &
DYy ROZDIVATLORBMBERB RS Y ONIEMREINE E

BREICBTSyNOZ AT LOERENHAS MRS LI NS,
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Summary

Chaperonin (Cpn) is one of the molecular chaperones.
Cpn10 is a co-factor of Cpn60, which regulates Cpn60-
mediated protein folding. It is known that Cpn10 is located
in mitochondria and chloroplasts in plant cells. The
Escherichia coli homologue of Cpn10 is called GroES.
A ¢DNA for the Cpn10 homologue was isolated from
Arabidopsis thaliana by functional complementation of
the E. coli groES mutant. The cDNA was 647 bp long and
encoded a polypeptide of 98 amino acids. The deduced
amino acid sequence showed approximately 50% identity
to mammalian mitochondrial Cpn10s and 30% identity to
GroES. A Northern blot analysis revealed that the mRNA
for the Cpn10 homologue was expressed uniformly in
various organs and was markedly induced by heat-shock
treatment. The Cpn10 homologue was constitutively
expressed in transgenic tobaccos. Immunogold and immu-
noblot analyses following the subcellular fractionation of
leaves from transgenic tobaccos revealed that the Cpn10
homologue was localized in mitochondria and accumu-
lated at a high level in transgenic tobaccos.

Introduction

Molecular chaperones mediate protein folding, assembly
 and protein translocation in eukaryotic and prokaryotic
cells. One class of the molecular chaperones, the chap-
eronin (Cpn) family, consists of Cpn60 and Cpn10. Cpn60
and Cpn10 of Escherichia coli, namely, GroEL and_GroES,
respectively, have been characterized in detail. GroEL and
GroES are heat-shock proteins that are also required for
viability under normal conditions (Fayet et al., 1989). It is
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thought that these molecular chaperones are induced by
heat-denatured proteins and help them to regenerate. For
many proteins, folding in vivo may not be a spontaneous
process. Chaperonins particularly play a vital role in protein
folding by their oligomeric structure; chaperonins construct
protein-folding machinery (Gatenby and Viitanen, 1994).
Cpn60 subunits form two stacked rings of the heptamer.
This cylinder has a large cavity that captures incompletely
folded proteins. Incompletely folded polypeptides expose
their hydrophobic domains which are the interior regions of
folded proteins. These polypeptides easily form aggregates
under the high-concentration conditions in cells. These
aggregations are prevented by binding of the polypeptides
with Cpn60. Bound polypeptides are released from Cpn60
to yield biologically active proteins. This process is driven
by the ATPase activity of Cpn60. As the Cpn60 ATPase
activity is inhibited by binding with Cpn10, it is thought
that Cpn10 is a regulator of this protein-folding machinery.

In plants, Cpn60 homologues are detected in mitochon-
dria (Prasad and Stewart, 1992; Tsugeki et al., 1992) and
chloroplasts (Martel et al., 1990). Mitochondrial Cpn60s
show a high sequence similarity to bacterial Cpn60. A
G-G-M motif is conserved at the carboxyl terminus of
these Cpn60s. In chloroplasts, it has been reported that
equal amounts of two distinct Cpn60 polypeptides (o. and
B) are present. Chloroplast Cpn10 has been reported to be
comprised of two GroES-like domains following a transit
peptide (Bertsch et al., 1992). Grellet et al. {1993} reported
the nucleotide sequence for a Cpn10 homologue of
Arabidopsis, which is a single type with no transit peptide.
However, its intracellular localization is not clear.

The bovine and rat mitochondrial Cpn10s were identified
through experiments that showed that they could act as
functional substitutes for GroES (Lubben et al., 1990). It has
been shown that the partially purified Cpn10 homologue in
pea chloroplasts can also form a stable complex with
GroEL and mediate protein folding with it (Bertsch et al.,
1992). In this paper, we tried functional cloning of cDNA
for Cpn10 homologues using a library of cDNA from
Arabidopsis and the E. coli groES mutant. As a result, a
cDNA for the Cpn10 homologue was obtained. It is shown
that the Cpn10 homologue could be transported into mito-
chondria when this cDNA was expressed in tobacco plant,
indicating that the homologue is mitochondrial Cpn10 in
Arabidopsis.

119



1120 Yasuko Koumoto et al.
Results

Functional cloning of cDNA for the Cpn10 homologue

The temperature-sensitive mutant strain of E. coli, YJ004
(KI471), can grow at 30°C but not at 42°C, because of a
defect in groES, the Cpn10 homologue gene. An expression
library was constructed with poly(A)* RNA from
Arabidopsis using the expression vector pBluescript™
{pBS) and transformed into the temperature-sensitive
groES mutant of E. coli. The transformed mutants har-
bouring the cDNA of Cpn10 homologues must complement
the defective function of GroES to grow at 42°C. Each
plasmid was prepared from the positive clones and was
used to transform the groES mutant again. As shown in
Figure 1, wild-type (1) and two positive clones {5 and 6)
can grow at both 30°C and 42°C, whereas the groES mutant
(2) and the mutants with pBS (3 and 4) can grow only at
30°C. The plasmid DNAs were isolated from the positive
clones and their partial sequences were determined. A
homology search revealed that cDNA inserts of the positive
clones encoded the same Cpn10 homologue.

42°C

30°C

Figure 1. Functional complementation of temperature-sensitive groES E.
coli mutant using the cDNA library from Arabidopsis.

Four kinds of E. coli cells were streaked on two plates, One plate was
incubated at 30°C {right) and the other at 42°C (left). 1, Wild-type; 2, groES
mutant; 3 and 4, mutants harbouring pBS; 5 and 6, mutants harbouring
the cDNA of the Cpn10 homologue.

Figure 2. The nucleotide and deduced amino acid sequences of cDNA
encoding the homologue of Cpn10 (a) and o-helical projection of the first
17 residues (b).

(a) Nucleotides are numbered from the 5' to the 3' region. The deduced
amino acid sequence is numbered from the first methionine residue. Star
indicates a termination codon.

(b) Helical wheel axial projection with 3.6 residues per turn. Hydrophobic
residues are boxed.

Sequence analysis of cDNA for the Cpn10 homologue

The complete nucleotide sequence of Arabidopsis Cpn10
homologue was determined for both strands. The nucleot-
ide and deduced amino acid sequences are shown in

(a)
gaagaattgagaa 13
ATGATGAAGCGTCTGATCCCAACGTTCARAC 43
M M K R L I P T F N 10
CGCATCTTGGTGCAGAGAGTCATCCAGCCC 73
- R I L V Q R V I Q P 20
GCTAAAACCGAAAGCGGCATTCTCCTACCT 103
A K T E S G I L L P 30
GAGAAATCCTCCAAGCTGAACTCAGGCAAG 133
E K § 8§ K L N S8 G K 40
GTGATAGCTGTTGGACCTGGATCAAGGGAT 163
v I A vV G P G S R D 50
AAGGACGGGAAATTGATTCCGGTCTCTGTG 193
K D G K L I P V S V 60
AAGGAAGGCGACACTGTTCTTCTTCCAGAG 223
K E G D T vV L L P E 70
TACGGTGGTACACAGGTCAAGCTCGGCGAG 253
Y G G T Q V K L G E 80
AACGAGTACCATCTCTTCCGGGACGAGGAT 283

N E Y H L F R D E D 90
GTTTTGGGAACTTTGCACGAGGATtgaaaa 313
VL GT UL HE D * 98

ggctaagcttgccaacttaaccacgagggt 343
tcatgttggtgtttgtgttatgaggagaag 373
tcatttataaattagtttatcttgaagatg 403
tggttggactttgttgtcgtttatcattga 433
atctacctttatgaacctgtctttgaattt 463
ttacaaatgggcatcaatcacatggataac 493
ccaagtgttgcatcttctcattttgtgett 523
ttccgtaatctgtggatgecttttegtttac 553
gtttaggcagcaacttcaatagccaatgta 583
gacgatagcttagttgactttgcttattca 613
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 643

aaaa 647
(b) 7
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0.433 7
E.coli Figure 3. Relationships among the
0.080 homologues of Cpn10.
: 0.433 H _ The UPGMA  program  (GeneWorks;
0.079 SpmaCh D1 Intelligenetics, Mountain View, CA, USA) was
used to calculate the relative lengths of the
0.493 Spinach-D2 branches. The numbers indicate the validity of
the branch point. The sequences represented
the following studies: rat, Ryan et al. {1994);
0.009R 4t bovine, Pilkington and Walker (1993); spinach,
0.333 r Bertsch et al. (1992); yeast, Rospert et al.
0 Ohg {1993); E. coli, Hemmingsen et al. (1988).
0.141 “=Bovine
0.090 0.342 Arabidopsis
0.483 YeaSt
Figure 2{a). The cDNA is 647 bp long and encodes a ‘T F123 4568
polypeptide of 98 amino acids with the calculated molecular 94 = .
mass of 10 787 Da. The 3' untranslated sequence consists 67— o8 —
of 340 nt, and a putative polyadenylation signal, TATAA, is s .
located 235 nt upstream of the poly(A) tail. The nucleotide 43" -
sequence is consistent with that reported by Grellet et al. -
{1993), but has an extra portion to the 3’ untranslated 30 ﬁt
region. Figure 2(b) shows that the first 17 residues of the
deduced amino acid sequence can form an amphiphilic 20
o-helix. A phylogenic tree is established from amino acid 14 ) )
sequences of Cpn10 homologues (Figure 3). As the spinach '"';“ “
chloroplast Cpn10 has two GroES-like domains, the :
N-terminal portion (amino acids 9-104) and the C-terminal (kDa)
portion (amino acids 107-202) are designated D1 and D2,

respectively, in accordance with an original paper (Bertsh
et al., 1992). The amino acid sequence shows a relatively
high homology to Cpn10s of bovine and rat (49% and 48%
identities, respectively), but low homology with those of
yeast and E. coli (39% and 30%).

Expression of the His-tagged Cpn10 homologue in E. coli

c¢DNA for the Cpn10 homologue was expressed in E. coli
in a His-tagged form. As shown in Figure 4, the His-tagged
Cpn10 homologue was expressed in E. coli (lane T) and
purified by column chromatography on Ni-NTA (lanes 3
and 4). Many other soluble proteins in E. coli did not.bind
to the Ni-NTA resin and appeared in the flow-through
fraction {lane F). The purified His-tagged Cpn10 homologue
showed slightly smaller mobility on SDS-PAGE, probably
due to a His-tag and was used for preparation of the
monospecific antibody. The His-tagged Cpn10 homologue
behaved as an oligomer on gel-filtration column chromato-
graphy (data not shown). The molecular mass was estim-
ated to be 70 000 Da from the elution profile, suggesting
that the His-tagged Cpn10 homologue forms a heptameric
structure.

Figure 4. SDS-PAGE gel showing expression of the His-tagged Cpn10
homologue in E. coli.

The His-tagged Cpn10 homologue was expressed in E. coli and purified by
column chromatography on Ni-NTA resin. The total proteins of extracts
from E. coli that expressed the His-tagged Cpn10 homologue (lane T), the
flow-through fraction (lane F) and fractions eluted with 0-0.5 M imidazole
{lanes 1-6) were subjected to SDS-PAGE and subsequent staining with
Coomassie Brilliant Blue.

Subcellular localization

To determine the localization of the Cpn10 homologue,
subcellular fractionation of Arabidopsis leaves was per-
formed. Organelles in leaf cells were separated on linear
sucrose gradients and the distribution of each organelle
was determined from those of marker enzyme activities.
An immunoreactive band with an antiserum against the
His-tagged Cpn10 homologue was detected at the peak
density of 1.40 g cm™ and co-fractionated with the mito-
chondrial marker, cytochrome ¢ oxidase (data not shown).
However, the activity of the chloroplastidal marker, triose
phosphate isomerase, overlapped with that of cytochrome
¢ oxidase. The chlorophyll profile revealed that there was
no good separation between mitochondria and chloro-
plasts. Therefore, the fractionation experiments do not
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Figure 5. Immunoblotting (a) and immunogold fabelling (b) of the transgenic
tobacco that overproduces the Cpn10 homologue.

(a) The extracts of leaves of transformed and wild-type tobaccos were
centrifuged and the protein concentrations of the supernatants were
determined. Each proteins (10 pg) was subjected to SDS-PAGE and
subsequent immunoblotting with an antiserum against the His-tagged
Cpn10 homologue. Size markers are indicated at left.

(b) The transgenic tobaccos overproducing Cpn10 (left) and harbouring
vectors (right) were grown in kanamycin- and hygromycin-containing media
and transferred to soil. The sixth leaf from each flower bud was used for
immunogold labelling with an antiserum against the His-tagged Cpn10
homologue. Bar, 0.5 pm; M, mitochondrion; C, chloroplast; SG, starch
granule.

provide information on the subceltular localization of the
Cpn10 homologue in Arabidopsis.

To clarify the localization of the Cpn10 homologue, trans-
genic tobacco plants harbouring the Cpn10 cDNA of Arabi-
dopsis were prepared. The full length of the ¢cDNA for the
Cpn10 homologue was introduced into tobacco plants and
expressed under regulation of the 35S promoter from
cauliflower mosaic virus. All transformants were pheno-
typically normal. Since an antiserum against the Cpn10
homologue shows very little reactivity with endogenous
Cpn10 in tobacco, only the introduced Cpn10 homologue
was detected by immunoblotting. The Cpn10 homologue
accumulated to a high level in most of the transformants
(Figure 5a).

One of the transformants that overproduced the Cpn10
homologue {number 2 in Figure 5a) was subjected to
subceliular fractionation and subsequent analysis as above.
The Cpn10 homologue introduced into tobacco plant also
co-fractionated with cytochrome ¢ oxidase but not with
triose phosphate isomerase (data not shown). This resuit
suggested that the Cpn10 homologue was localized in
mitochondria in the transgenic tobacco. Moreover, immun-
ogold labelling of the leaves of the transformants confirmed

D ~
(kb) T,
2120 B
52—
4.3 *
ey
2.0~

Figure 6. Genomic Southern blot analysis of the mitochondrial Cpn10 in
Arabidopsis.

Restriction fragments were separated on an agarose-gel and subjected to
subsequent Southern blotting using radio-labelled mit-Cpn10 cDNA as a
probe. The restriction enzymes that were used are indicated above each
lane. Size markers are indicated at the left,

that the expressed Cpn10 homologue was exclusively
localized in mitochondria but not in chloroplasts and other
organelles. An example of one such transformant {(number
2) is shown in Figure 5(b). These results clearly show that
the Cpn10 homologue is mitochondrial Cpn10 {(mit-Cpn10)
and is transported in mitochondria in tobacco plant.

Southern and Northern blot analyses

Genomic Southern blotting of Arabidopsis DNA was per-
formed with radio-labelled mit-Cpn10 c¢cDNA (Figure 6).
After high stringent washing, a single band was observed
in the EcoRl digest and two bands in the Pstl digest. In the
BamHl digest, there is one clear and one faint band. These
results suggested that there is one or a few genes related
to the mit-Cpn10 gene in the Arabidopsis genome. In the
EST data base, there are a few cDNAs of the mit-Cpn10.
We also found a cDNA sequence which is not identical but
shows high sequence similarity to the mit-Cpn10 cDNA
reported here. These observations suggest that there are
at least two genes related to the mit-Cpn10 in Arabidopsis.

Figure 7(a) shows a Northern blot analysis of RNA
extracted from roots, stems and leaves of Arabidopsis
mature plants. The mRNA for mit-Cpn10 was expressed
uniformly in various organs. Heat-responsive accumulation
of the mRNA was investigated in Arabidopsis. The
Arabidopsis plant was grown on soil at 22°C for 4 weeks
and then transferred to 35°C for various times. RNA was
extracted from the excised leaves. As shown in Figure 7(b),
mRNA increased in the first hour after transfer and then
high levels of mRNA continued to accumulate at least until
4 h after the temperature shift.

Discussion

We isolated a cDNA clone that functionally complemented
the E. coli groES temperature-sensitive mutant from the
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Figure 7. The organ specificity (a) and heat response (b) of mRNA for the
mitochondrial Cpn10 in Arabidopsis.

(a) Total RNAs from roots, stems and leaves were subjected to Northern
blotting using radio-labelled mit-Cpn10 cDNA as a probe. rRNA was used
as an internal standard.

(b) Arabidopsis plants grown on soil were shifted from a normal growth
temperature of 22°C up to 35°C (heat treatment). The total RNA from heat-
treated leaves was subjected to Northern blotting as in {a). The heat-
treatment time is shown above each lane.

Arabidopsis cDNA library. Sequence analysis revealed that
this clone encoded a ¢cDNA for a Cpn10 homologue. The
amino acid sequence of the Arabidopsis Cpn10 homologue
is more similar to that of mammalian mitochondrial Cpn10s
than to that of the chloroplast Cpn10 of spinach. Further-
more, the amino acid sequence from Val66 to Val76 is
completely identical with the partial sequence of potato
mitochondrial Cpn10 (Burt and Leaver, 1994). From the
analyses of subcellular fractionation and immunogold
labelling of transgenic tobacco that expressed the Cpn10
homologue, it was confirmed that the Cpn10 homologue
was localized in mitochondria. The deduced N-terminal
amino acid sequence, from Met1 to GIn15, was expected
to form an amphiphilic o-helix (Figure 2b), which has the
potential to function as a target signal for mitochondria.
This feature is also observed in mitochondrial Cpn10s of
yeast (Rospert et al., 1993) and a mammal (Ryan et al.,
1994).

A chioroplast Cpn10 homologue could not be isolated
by the functional complementation of the groES mutant in
this study. One possible reason for the inability to isolate
it is the presence of a transit peptide in Chloroplast Cpn10,
which may interfere with its function in E. coli. The spinach
chloroplast Cpn10 homologue has been shown to have a
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transit peptide followed by two GroES-like domains fused
together in tandem (Bertsch et al., 1992). It has been shown
that mature chloroplast Cpn10 of spinach is expressed in
E. coli and complements the function of GroES (Baneyx
et al., 1995}.

In order to prepare antibodies, the Cpn10 homologue
was expressed in E. cofi. Six histidine and some additional
residues were fused to the N-terminus of the Cpn10 homo-
fogue to make it easier to purify. It was confirmed that this
His-tagged Cpn10 homologue could form an oligomer on
gel-filtration column chromatography. This result suggests
that the His-tagged Cpn10 homologue represents its activ-
ity in E. coli. Antibodies prepared for this study were able
to recognize Arabidopsis mitochondrial Cpn10, but not
chloroplast Cpn10. It was reported that the antibodies
against GroES cannot recognize mitochondrial Cpn10 in
beef liver (Lubben et al., 1990). In addition, our antibodies
could not detect the mitochondrial Cpn10 homologue of
tobacco. The former two cases show that Cpn10 homo-
logues which have low identity to each other are hardly
detected with same antibody.

In this study, the Cpn10 homologue gene was introduced
in the sense orientation into tobacco plants and overexpres-
sion of the transgene was shown. From the results of
subcellular fractionation and immunoelectron microscopy,
it was confirmed that the Cpn10 homologue was also
imported to mitochondria in transgenic tobacco leaves.
These mitochondria containing the Cpn10 homologue were
morphologically indistinguishable from mitochondria in
control cells. The band of the introduced Cpn10 homologue
on the immunoblot was 10 times as dense as that of wild-
type Arabidopsis. The expression of the introduced Cpn10
homologue was constitutive and could not be induced by
stress. This suggests that transgenic tobacco plants always
have more mitochondrial Cpn10 than wild-type tobacco
plants. In general, stress tolerance is acquired by mild
stress pretreatment, because the pretreatment increases
the quantity of molecular chaperones in cells {Lin et al,
1984). As Cpn10 plays an important role in the regulation
of Cpn60 which helps protein folding, overproduced Cpn10
might be effective in stress conditions that often cause
refolding of proteins. We are now trying to determine the
conditions where overproduced Cpn10 is most effective.

Experimental procedures

Construction of cDNA library

The Arabidopsis cDNA library in the E. coli expression vector
pBluescript™ (Stratagene, La Jolla, CA, USA) was constructed by
the modified vector-primer method of Mori et al. (1991). Poly(A)*
RNA was prepared from 7-day-old dark-grown seedlings of Arabi-
dopsis thaliana, ecotype Landsberg erecta.
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Sequence analysis

Sequencing of cDNA encoding the homologue of Cpn10 was
performed with a DNA sequencer {model 373A; Applied Biosys-
tems Inc., Foster City, CA, USA) using M13 and Reverse fluorescent
primers in accordance with the manufacturer’s directions.

Expression and purification of the His-tagged Cpn10
homologue in Escherichia coli

The cDNA for the Cpn10 homologue was inserted into the expres-
sion vector pQE30 (QIAGEN, Chatsworth, CA, USA). Six histidine
residues (His-tagged) located at the N-terminus of Cpn10 were
derived from this vector. Escherichia coli were transformed with
the constructs and the expression of proteins was induced with
isopropyl-g-p-thiogalacto-pyranoside (IPTG). The extracts of
sonicated E. coli cells were loaded on to a Ni-nitrilo-triacetic acid
(Ni-NTA) column. The His-tagged Cpn10 homologue absorbed to
the resin and eluted with a 30 mi gradient of 0-0.5 M imidazole
after washing.

Plant transformation

The B-glucuronidase gene of a binary vector pBI121Hm was
replaced by a Xbal-EcoRV cDNA fragment containing the Cpn10
gene. The pBI121Hm is a derivative of pBI121 and contains two
drug resistance genes, the neomycin phosphotransferase 1l gene
and the hygromycin phosphotransferase gene. The resulting con-
struct was introduced into Agrobacterium tumefaciens (strain
EHA101) and used to transform Nicotiana tabacum var. SR1 plants
by the leaf disc method {Horsch et al., 1985).

Subcellular fractionation and enzyme assays

Subcellular fractionations were performed as described by Tsugeki
et al. (1992). In this case, the volumes of the gradient and the
homogenate were 14 and 1.5 ml, respectively, and the centrifuga-
tion was performed at 85 500 g for 2.5 h with a Beckman Sw28.1
rotor. Fractions were collected from the bottom of the gradient.

All assays of enzymatic activity were performed at room temper-
ature. Enzymes were assayed as described in the cited references:
cytochrome ¢ oxidase (EC 1.9.3.1), Hodges and Leonard (1974);
triose phosphate isomerase (EC 5.3.1.1), Feierabend (1975); cata-
lase (EC 1.11.1.6), Luck (1965). Chlorophyll contents were deter-
mined by the method of Arnon (1949).

Electrophoresis and immunoblotting

SDS-PAGE {17.5% acrylamide) was performed by the method
of Laemmli (1970). The separated proteins on the gels were
electrophoretically blotted on to cellulose nitrate membranes.
Immunochemical detection with monospecific antibody against
the Cpn10 homologue was carried out with an ECL detection
system (Amersham Japan, Tokyo, Japan).

Genomic Southern blotting

Total DNA was isolated from Arabidopsis by the cetyltrimethy!
ammonium-bromide method. Total DNA (2 pg) was digested with
restriction enzymes. The digests were fractionated on a 0.8%
agarose gel and transferred to a nylon membrane under vacuum

with 0.25 M NaOH and 1.5 M NaCl. Probes were prepared by the
random-primer method with Cpn10 cDNA inserts as templates.
Hybridization was performed as described by Church and Gilbert
{1984). After hybridization, the membrane was sequentially
washed in 2X SSC and 0.1% SDS at 42°C for 30 min and in 0.1X
SSC and 0.1% SDS at 65°C for 30 min. The washed membrane
was exposed to an imaging plate and the radioactivities of the
signals were detected with the Analyzer system (Fuji Film,

. Tokyo, Japan).

Northern blotting

Total RNA was purified by LiCl precipitation following the extrac-
tion of RNA with ISOGEN (Nippongene, Tokyo, Japan). Total RNA
(10 pg) was electrophoresed on a 1% agarose/formaldehyde gel
and transferred to a nylon membrane under vacuum with 1 M
ammonium acetate. Hybridization was performed as described
above. After hybridization, the membrane was washed in 0.1X
SSC and 0.1% SDS at 65°C for 3 h and the radioactivities of the
signals were detected as described above.

Immunogold localization

Tobacco leaves were fixed, dehydrated and embedded in LR White
resin {London Resin Co., Basingstoke, UK) as described previously
(Nishimura et al., 1993). Immunogold procedures were essentially
the same as those described by Kato et al. (1996), except for the
use of antiserum against the His-tagged Cpn10 homologue (diluted
500-fold) and 30-fold diluted protein A-gold (Amersham Japan,
Tokyo, Japan). The sections were examined with a transmission
electron microscope (1200EX; JEOL, Tokyo, Japan) at 80 kV.
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Summary

Chloroplast chaperonin 20 (Cpn20) in higher plants is a
functional homologue of the Escherichia coli GroES, which
is a critical regulator of chaperonin-mediated protein fold-
ing. The cDNA for a Cpn20 homologue of Arabidopsis
thaliana was isolated. It was 958 bp long, encoding a
protein of 253 amino acids. The protein was composed of
an N-terminal chloroplast transit peptide, and the pre-
dicted mature region comprised two distinct GroES
domains that showed 42% amino acid identity to each
other. The isolated cDNA was constitutively expressed in
transgenic tobacco. Immunogold labelling showed that
Cpn20 is accumulated in chloroplasts of transgenic
tobacco. A Northern blot analysis revealed that mRNA for
the chloroplast Cpn20 is abundant in leaves and is
increased by heat treatment. To examine the oligomeric
structure of Cpn20, a histidine-tagged construct lacking
the transit peptide was expressed in E. coli and purified
by affinity chromatography. Gel-filtration and cross-linking
analyses showed that the expressed products formed a
tetramer. The expressed products could substitute for
GroES to assist the refolding of citrate synthase under
non-permissive conditions. The analysis on the subunit
stoichiometry of the GroEL-Cpn20 complex also revealed
that the functional complex is composed of a GroEL
tetradecamer and a Cpn20 tetramer.

Introduction

Chaperonins are proteins that play a vital role in protein
folding in eukaryotic and prokaryotic cells. The best studied
chaperonin system is the GroEL-GroES complex from
Escherichia coli. These proteins are stress-inducible and
referred to as heat shock proteins. GroEL is composed of
two heptameric rings, each consisting of seven 57 kDa
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subunits. Two stacked rings of the GroEL heptamer form
a central cavity that captures incompletely folded proteins.
The co-chaperonin GroES forms an asymmetric complex
with the GroEL in which a single heptameric ring of GroES
binds to the end of the GroEL cylinder. When both a
polypeptide and GroES bind to the same end of GroEL,
the ATP-dependent release of the polypeptide promotes
the folding to its native form (Weissman et al., 1995). GroES
has been shown to increase the co-operativity of the
ATPase activity of GroEL (Todd et al., 1994). The crystal
structures of the GroEL tetradecamer (Braig et al., 1994),
the GroES heptamer (Hunt et al., 1996) and the GroEL-
GroES complex (Xu et al., 1997) are also documented in
the literature. The structure of the complex shows that the
mutationally identified residues responsible for peptide
binding are removed from the surface of a cavity by binding
of GroES, so that the central cavity becomes polar to favour
the native protein. It has also been shown that GroES
binding causes the steric block to ADP release (Xu et al.,
1997). Thus, the molecular mechanism of GroEL-GroES-
assisted protein folding becomes increasingly elucidated.

In higher plants, chaperonin 60s (Cpn60s), which are
closely related GroEL homologues, are found in mitochon-
dria and chloroplasts. Chloroplast Cpn60 was originally
identified as the ribulose bisphosphate carboxylase
(Rubisco) subunit binding protein. Cpn60s can form stable
complexes in an ATP-dependent manner with proteins
imported into isolated chloroplasts, e.g. the Rieske iron-
sulfur protein or ferredoxin-NADP* reductase {Maduefo
etal., 1993; Tsugeki and Nishimura, 1993). In contrast
to the single-type Cpn60 polypeptide in mitochondria,
chloroplasts contain equal amounts of two distinct Cpn60
polypeptides (o and B). Their cDNAs have been cloned and
sequence analyses indicated that Cpn60a and Cpn60f are
very divergent (Hemmingsen etal, 1988; Martel etal.,
1990; Zabaleta et al., 1992). It is not known whether the o
and B polypeptides form homo- or hetero-tetradecamers.
Cpn60a and Cpn60f cDNAs of Brassica napus have been
expressed separately or in combination in E. coli (Clony
et al., 1992). Cpn608 is efficiently assembled into a tetrade-
camer in E. coli both in the presence and absence of
Cpn60a. In contrast, with Cpn60a such efficient assembly
occurs only when Cpn60f is co-expressed. Thus, it is
suggested that certain functions of Cpn60a and Cpn60f
are not interchangeable.

Cpn10s, which are GroES homologues, have also been
detected in both mitochondria and chloroplasts of higher
plants. The cDNA for mitochondrial Cpn10 of Arabidopsis
thaliana has been cloned by complementation of a GroES-
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deficient E. coli {Koumoto et al., 1996). Mitochondrial Cpn10
has no cleavable presequence. Instead, the N-terminal
amino acid sequence forms an amphiphilic a-helix that
has the potential to function as a targeting signal for
mitochondria. This feature is also observed in the homo-
logues of yeast (Rospert et al., 1993) and rat (Ryan et al.,
1994). The chloroplast Cpn20, a functional homologue of
Cpn10, has been partially purified from pea, and the cDNA
of the spinach homologue has been cloned (Bertsch et al.,
1992). Interestingly, the chloroplast Cpn20 comprises two
GroES-like domains following a transit peptide and has
twice the size of GroES and mitochondrial Cpn10s; hence
its designatation as Cpn20s (Hartl, 1996). Recently, some
aspects of the roles of the different domains in chloroplast
Cpn20 have been characterized (Baneyx et al., 1995; Bertsch
and Soll, 1995). The cDNAs carrying (i) the mature Cpn20,
i.e. the complete sequence with tandem GroES-like
domains; (ii) the N-terminal GroES domain by itself; and
{iii) the C-terminal GroES-domain by itself, were expressed
in GroES-deficient strain of E. coli. The double-domain
Cpn20 was shown to be functional in E. coli and each of
the N- and C-terminal GroES domains were also shown to
be functional, although they were less effective than the
double-domain Cpn20. However, in vitro experiments with
GroEL, namely experiments involving assisted protein fold-
ing and ATPase inhibition, showed that both the N- and
C-terminal GroES domains by themselves are defective
(Bertsch and Soll, 1995).

Here we report the cDNA sequence for the Cpn20 homo-
logue of A. thaliana. As expected this clone encoding the
double-domain Cpn20 and its products was transported to
chloroplasts in leaves of transgenic tobacco plants. As
two kinds of chloroplast Cpn60, namely a and f, form a
tetradecamer, the oligomeric structure of Cpn20 with the
tandem GroES-like domain was of interest. Although the
function of Cpn20 in the assembly of the protein has
already been characterized, the structural information of
its oligomer is as yet unknown. Cpn20 cDNA was expressed
in E. coli and the oligomeric structure of the expressed
products was studied.

Results and discussion

Cloning of a cDNA for the Cpn20 homologue

As described in the Experimental procedures, the Arabi-
dopsis cDNA library was screened for the Cpn20 homo-
logue using DIG-labelled 185 bp PCR products. The isolated
cDNA was 958 bp long encoding a protein of 2563 amino
acids. A comparison of the amino acid sequence with that
of a spinach chloroplast Cpn20 suggested that the N-
terminal region of 51 amino acids is a chloroplast transit
peptide. As in the case of spinach Cpn20, Arabidopsis
Cpn20 was composed of two GroES-like domains fused in

tandem. The predicted mature region of the Arabidopsis
Cpn20 homologue was 61% identical to that of spinach
Cpn20. The amino acid sequences of the N-terminal domain
(residues 60-154) and the C-terminal domain {(residues
158-253) showed 30% and 37% identities to a mitochondrial
homologue of Arabidopsis. The two domains of the Arabi-
dopsis Cpn20 homologue showed 42% amino acid identity
to each other.

The deduced amino acid sequence of the mature regions
of a mitochondrial Cpn60 (Cole et al, 1994) and of two
chloroplast Cpn60s (Cpn60a and Cpn60B) (Martel et al.,
1990) from B. napus were compared with each other. The
identities between the mitochondrial Cpn60 and Cpn60a,
the mitochondrial Cpn60 and Cpn60f, and Cpn60a and
Cpn60p were 41%, 42% and 50%, respectively. This sug-
gests that the degrees of divergence between the mitochon-
drial Cpn10 and the two domains of Cpn20 are similar to
the degrees of divergence between the three isoforms
of Cpn60.

Localization of Arabidopsis Cpn20

We have previously revealed by immunogold labelling that
the Arabidopsis Cpn10 expressed in transgenic tobaccos
is localized in mitochondria (Koumoto et al, 1996). As
tobacco endogenous chloroplast Cpn20 was hardly detect-
able by immunogold labelling, transgenic tobacco plants
that overproduced Cpn20 were prepared to confirm the
localization of the Cpn20. The full length of the cDNA for
a chloroplast Cpn20 was introduced into tobacco plants
and expressed under regulation of the 35S promoter from
cauliflower mosaic virus. An immunoblot analysis of six
transformants and the tobacco carrying the vector is shown
in Figure 1(a). Two immunoreactive bands of closely related
size were detected in a control plant (lane labelled V'),
which indicated that the tobacco plant might have at least
two isoforms of Cpn20. Some transformants accumulated
the Arabidopsis Cpn20 in larger amounts (Figure 1a; lanes
1-3, 5-1, 6-1, 8-1 and 8-2).

In one of the transformants that overproduced the Arabi-
dopsis Cpn20, the gold particles for a chloroplast Cpn20
were exclusively restricted to chloroplasts and were not
detected in other organelles such as mitochondria or
microbodies (Figure 1b). Since the gold particles were
not specifically detected in any other organelle in the
transformant that carried the vector (Figure 1c), it was
concluded that the Arabidopsis Cpn20 introduced into
tobacco plants accumulated in the chloroplasts. No differ-
ences were observed morphologically between the trans-
formants and non-transformants. Recently, it has been
shown that chloroplasts contain two types of co-chaperonin
with different suborganellar localization: one is localized
in the stroma and the other is localized in the thylakoid
lumen (Schlicher and Soll, 1996). Schlicher and Soll (1996)

© Blackwell Science Ltd, The Plant Journal, {(1999), 17, 467-477
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Figure 1. Inmunoblotting {(a) and immunogold labelling (b and ¢} of the
transgenic tobacco plants.

(a) The extracts of leaves of transgenic tobacco plants were centrifuged
and the protein concentrations of the supernatants were determined. Each
protein fraction (10 ug) was subjected to SDS-PAGE and subsequent
immunoblotting with an antiserum against the His-tagged Cpn20. The
numbers denote the transgenic lines and ‘V’ indicates the transgenic
tobacco carrying the vector only. Size markers are indicated at the left.
The positions of migration of endogenous Cpn20 (closed triangle) and
introduced Arabidopsis Cpn20 (open triangle) are also shown at the left.
(b and c) The transgenic tobacco plants were grown in kanamycin- and
hygromycin-containing medium. One leaf was used for immunogold
labelling with an antiserum against the His-tagged Cpn20. Immunogold
labelling of the transgenic tobacco plant that overproduces chloroplast
Cpn20 is shown in (b} and that of the control plant is shown in (c).

Bar, 1 um: C, chloroplast; M, mitochondrion; Mb, microbody; N, nucleolus;
V, vacuole; EM, extracellular matrix.

© Blackwell Science Ltd, The Plant Journal, (1999), 17, 467477
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reported that the stromal co-chaperonin is a double-domain
Cpn20 and the thylakoid lumenal one is of ‘normal’ size
Cpn10. Immunogold labelling of the Arabidopsis Cpn20
revealed that the chloroplast Cpn20 is localized in the
stroma, which matches the finding that the chloroplast co-
chaperonin with a double-domain is a stromal protein.

Southern and Northern analyses

To investigate the number of related genes in Arabidopsis,
genomic Southern blotting of Arabidopsis DNA was per-
formed with a radiolabelled chloroplast Cpn20 cDNA
(Figure 2a). After high stringent washing, a few bands were
observed. Each of the digests, except for the Pstl digest,
gave both strong and faint bands. These results suggest
that there is one or a few genes in the Arabidopsis genome
that is related to the Cpn20 gene. However, in the EST
database we were unable to find a cDNA sequence that
was very similar but not identical to the Cpn20 sequence.

The patterns of expression of the Cpn20 gene in plants
were also examined. Figure 2(b) shows Northern biotting
of RNA extracted from roots, stems and leaves of mature
Arabidopsis plants. The mRNA for chloroplast Cpn20 was
abundant in leaves and was also present in roots and
stems. These results indicate that Cpn20 exists not only in
chloroplasts but also in etioplasts. The effect of heat
treatment on the accumulation of Cpn20 mRNA is shown
in Figure 2{c). Arabidopsis plants that had been grown on
soil at 22°C were transferred to 35°C for various lengths of
time and then RNA was extracted from the excised leaves.
Heat treatment resulted in a rapid increase in the amounts
of Cpn20 mRNA accumulation, which lasted for at least
4 h. Although the mRNA content of the mitochondrial
Cpn10 also increased by heat treatment, the level of Cpn10
mRNA remained constant from 1to 4 h after the beginning
of the temperature shift (Koumoto et al., 1996).

Analysis of the oligomeric structure of the His-tagged
chloroplast Cpn20

It is known that Cpn10 (GroES) functions as a heptamer.
However, the chloroplast Cpn20 has two domains, so it is
unlikely that it forms the same oligomeric structure by itself.
For examination of the oligomeric structure of Arabidopsis
Cpn20, the mature region of Cpn20 was expressed in
E. coli. The transit peptide and the seven N-terminal amino
acids of the predicted mature region (ASVVAPK) were
truncated and a segment containing the histidine tag
(MRGSHHHHHHG) was fused to the N-terminus. The
expressed products had the residues PLXD (residues 64—
67), which were highly conserved at the N-terminal region
and were almost the same length as the predicted mature
Cpn20. His-tagged Cpn20 was expressed in a soluble form
and purified by Ni-NTA column chromatography. This



470 Yasuko Koumoto et al.

@ S >
& &Q‘*‘ &

(kb) | _
21.2— ww o

52— - o
43
3.5—

2.0—

16— m
1.4—

Figure 2. Genomic Southern blot analysis (a) and Northern blot analysis (b, c).
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(a) Hindlll, BamHl, Pstl and EcoRl restriction fragments were separated on an agarose gel and subjected to subsequent Southern blotting probed with a

radiolabelled chloroplast Cpn20 cDNA.

{b) The total RNA from roots, stems and leaves was subjected to Northern blotting probed with a radiolabelled chloroplast Cpn20 cDNA.
{c) Arabidopsis plants grown on soil were transferred from a normal growth temperature of 22°C to 35°C (heat treatment). The total RNA from heat-treated
leaves was subjected to Northern blotting as in (a). The heat-treatment time is shown above each lane.

eluent mainly contained His-tagged Cpn20, as judged from
the Coomassie Brilliant Blue (CBB) staining pattern
(Figure 3a, insert), and was used for further analyses.

To analyse the oligomeric structure of the His-tagged
Cpn20, gel-filtration column chromatography was per-
formed. It was expected that the Cpn20 oligomer might not
have a globular shape and thus would behave differently
compared with the standard proteins. Therefore, the calcu-
lated molecular masses discussed below were simply used
for comparison. The His-tagged chioroplast Cpn20 eluted
from the Ni-NTA column was loaded and the absorbance
at 280 nm was monitored (Figure 3a, top). A common peak
in the two traces appearing at = 34 min might be due to
soluble proteins from E. coli, a contaminant during the
fractionation on the Ni-NTA column. The main peak
appeared at = 25 min and the second peak appeared at
=~ 30 min, corresponding to molecular masses of 75 kDa
and 16 kDa, respectively. As the protein with the molecular
mass of 16 kDa seemed to be a monomer, the oligomeric
form of the His-tagged Cpn20 was calculated to be a
tetramer or a pentamer. For further confirmation, the same
analysis was performed with a longer column. As shown
in Figure 3(b), two peaks corresponding to molecular

masses of 86 kDa and 18 kDa were observed. This result
also indicates that the oligomeric form of the His-tagged
Cpn20 is a tetramer or a pentamer. The His-tagged mito-
chondrial Cpn10 that had been prepared previously was
also analysed as a control. Two peaks corresponding to
molecular masses of 84 kDa and 12 kDa were observed
(Figure 3a, top). This indicates that His-tagged Cpn10 forms
a heptameric structure identical to that of GroES (Hunt
et al., 1996).

For determination of the oligomerization state, a cross-
linking method was employed. To remove imidazole, His-
tagged Cpn20 and Cpn10 were subjected to a desalting
column. The desalted fraction was cross-linked with various
concentrations of cross-linker (DSP) in 50 mm phosphate
buffer, pH 7.2, containing 0.1 m NaCl, and analysed by SDS-
PAGE (Figure 4a). DSP preferentially reacts with primary
amines, including a terminal a-amino group and the -
amino group of lysine. At high concentrations of DSP the
larger oligomers of His-tagged Cpn20 and Cpn10 were
observed. The largest oligomer seemed to be a tetramer
in the case of Cpn20 and a heptamer for Cpn10. The relative
mobility of a Cpn10 heptamer was slightly slower than
that of a Cpn20tetramer, which is consistent with the results

© Blackwell Science Ltd, The Plant Journal, (1999), 17, 467-477
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Figure 3. Molecular masses of oligomers of co-chaperonin homologues.
{a) His-tagged Cpn20 and Cpn10 were analysed by gel-filtration column
chromatography (top). SDS-PAGE of the preparation used for the
experiment was performed and stained with CBB. The CBB stained gel is
inserted. The bold line indicates the absorbance monitored at 280 nm of
His-tagged Cpn20 and a normal line indicates His-tagged Cpn10. Peak
positions of standards (see the Experimental procedures) with their
molecular masses are shown by the arrows. A common peak in the two
lines appearing at ~ 34 min might be due to a soluble protein from E.
coli, a contaminant from the fractionation on the Ni-NTA column. After
separation of the soluble proteins of tobacco chloroplasts, fractions with
odd numbers were subjected to SDS-PAGE and subsequent immuno-
blotting with an antiserum against the His-tagged Cpn20 (bottom). The
immunoblot of the total soluble proteins is shown at the left (T).

(b) The calibration curve using molecular mass standards (circle, see the
Experimental procedures) on a HiLaod Superdex 200 pg column is shown.
The calibration curve {y = - 2.81x + 6.23) was calculated by the method of
least squares. The Kav values of His-tagged Cpn20 (0.461 and 0.705) are
shown by arrows.

obtained with gel-filtration column chromatography. Even
at a DSP concentration corresponding to a 1000-fold molar
excess over the protein concentration smaller oligomers
were still present. Because higher concentrations of DSP
caused protein aggregation, we could not obtain complete
cross-linkage. It has been reported that an equilibrium
exists between a tetramer and heptamer of the M. tubercu-

© Blackwell Science Ltd, The Plant Journal, (1999), 17, 467477
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Figure 4. Oligomer structures of co-chaperonin homologues.

(a) His-tagged Cpn20 (right) and Cpn10 (left) were incubated with various
concentrations of DSP omitting the reducing agent, 2ME, and analysed by
SDS-PAGE followed by CBB staining. Arrowheads show positions of
monomer and oligomer bands. Size markers are given at the left.

(b) The His-tagged Cpn20 oligomers were cross-linked at a 1000-fold molar
excess of DSP and analysed by mass spectrometry. Numbers represent
the molecular mass of the peak signals.

losis Cpn10 protein that can be modulated by the addition
of divalent cations (Fossati et al, 1995). To analyse such
an effect on the oligomerization, we performed cross-
linking analysis in the presence of magnesium ions. The
data clearly showed that His-tagged Cpn20 formed a tetra-
mer in the presence of 10 mm magnesium ions with the
same efficiency as in the absence of magnesium ions (data
not shown).
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Figure 5. The slope-molecular mass relationship of standard proteins and
the molecular mass determination of His-tagged Cpn20.

The slopes were calculated from the plots of the log of protein mobilities
versus acrylamide gel concentration. Standard marker proteins (circle, see
the Experimental procedures) were used for calibration. The calibration
curve {y = 0.438x + 4.66) was calculated by the method of least squares.
The slope of His-tagged Cpn20 (8.6) is shown by arrow.

Mass spectrometry analysis of a mixture of various
Cpn20 oligomers revealed four bands with molecular
masses of 94811.9, 70980.2, 47229.6 and 23526.3 Da
(Figure 4b). The signal corresponding to a tetramer was
observed only at low intensity, because ionization efficiency
of large molecules is low. These data provide additional
strong evidence that His-tagged Cpn20 forms a tetramer.
Based on the comparison of the calculated mass of the
His-tagged Cpn20 (22031 Da) to that of the monomer
(23527 Da), it was suggested that four DSP molecules
attach to each monomeric His-tagged Cpn20.

For further confirmation of the oligomer structure of the
His-tagged Cpn20, the molecular mass was also deter-
mined by native PAGE (Hedrick and Smith, 1968). Proteins
were separated on 6-10% acrylamide gels at 4°C and the
relative mobilities (Rm) of proteins in reference to the dye
were measured. Rm varies exponentially as a function of
gel concentration, and a plot of a log Rm data versus the
gel concentration results in a straight line. In addition, the
slope of such a plot is correlated with the molecular mass
of the proteins applied (Hedrick and Smith, 1968; Figure 5).
When His-tagged Cpn20 was resolved by this method, the
slope was 8.6 X 1072, corresponding to a molecular mass
of 90 kDa. The calculated value {90) divided by 22 (the
molecular mass of the His-tagged Cpn20 monomer) gives
4.1, supporting that the His-tagged Cpn20 forms a tetra-
meric structure.

Functional analysis of a Cpn20 tetramer

Based on these experiments using the His-tagged chloro-
plast Cpn20 expressed in E. coli, we concluded that a
chloroplast Cpn20 forms a tetramer. In order to study
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Figure 6. Time—course of folding of citrate synthase in the presence of His-
tagged co-chaperonins.

Unfolded citrate synthase (CS) was diluted to a concentration of 150 nm
with a solution containing GroEL4 at 0°C. The temperature was immediately
adjusted to 35°C and the following additions were made: square, 2 mm
ATP; open triangle, 2mm ATP and 300 nm His-tagged Cpn20,; closed
triangle, 2 mm ATP and 600 nm His-tagged Cpn20,; open circle, 2 mm ATP
and His-tagged Cpn10;; closed circle, 2 mm ATP and GroES;.

the function of such a tetramer the chaperonin-assisted
protein-folding assay was performed. Denatured citrate
synthase (CS) was refolded at 35°C in the presence of ATP
and chaperonins. CS is not permissive for spontaneous
folding at 35°C and unfolded polypeptides rapidly partition
to aggregates. In this condition the recovery of CS activity
depends on chaperonins (Schmidt et al., 1994). GroEL was
used in our assay as a partner because previous studies
had suggested that Cpn20 can substitute for GroES to
assist protein folding (Baneyx et al., 1995). As shown in
Figure 6, nearly 75% of the CS activity was recovered with
GroES and His-tagged Cpn10, and 45% was recovered with
His-tagged Cpn20. Doubling the amounts of Cpn20 did not
change the time—course of CS folding. This indicates that
the assay was run under saturating conditions for Cpn20.
The sample of Cpn20 protein employed for this assay was
also used for gel-filtration and native PAGE. Although there
was a small peak obviously representing the monomeric
form of Cpn20 (Figure 3a, top), it was not detected by CBB
staining after native PAGE. Therefore, we conciuded that
His-tagged Cpn20 preferentially forms a tetramer under all
conditions used in the experiments presented in this paper.
These results also suggest that the Cpn20 tetramer can
substitute for GroES and is able to function as a co-
chaperonin.

The rate of CS folding with Cpn20 was slightly slower.
than with single-type co-chaperonins. It has been shown
that spinach Cpn20 inhibits ATP hydrolysis by GroEL less
effectively than GroES (Baneyx et al, 1995). In our assay
there were two important steps: GroEL and CS formed the
binary complex and CS was released from the binary
complex to exhibit its activity. This releasing step was
related to inhibition of the ATPase activity of co-chap-
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eronins. Therefore, it is suggested that slower folding of
CS could be due to a slower release of CS from the
binary complex, indicating that the formation of a complex
between GroEL and Cpn20 was less efficient.

From these results the question arose whether the native
chloroplast Cpn20 also forms a tetramer. The soluble
fraction of chloroplasts of a tobacco wild type was analysed
by gel-filtration column chromatography. Fractions of
0.5 ml were collected 14 min after the start and fractions
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Amino Amount Residue Protein

acid (nmol) number (nmol)
Ala 92.95 74 1.26
Leu 52.55 42 1.25
Phe 8.90 7 1.27
6xHis Cpn20

Amino Amount Residue Protein
acid (nmol) number (nmol)
Ala 4.33 13 0.33
Leu 5.72 18 0.32
Phe 0.94 3 0.31
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with odd numbers were subjected to SDS-PAGE and sub-
sequent immunoblotting with an antiserum against the
His-tagged Cpn20 (Figure 3a, bottom). The protein immu-
noreacting with the antiserum against His-tagged Cpn20
was detected in the fractions that were eluted at 22-26
min, which is similar to the elution time for the His-
tagged Cpn20 expressed in E. coli. These results clearly
demonstrate that the native chloroplast Cpn20 has a
molecular mass similar to that of the expressed Cpn20 and
also forms a tetrameric structure. Moreover, Bertsch et al.
(1992) have applied the soluble fraction of pea chloroplasts
to a gel-filtration column and identified the fractions having
the ability to assist GroEL in the ATP-dependent reconstitu-
tion of bacterial Rubisco (assisted protein folding assay).
The native molecular mass of the protein in these fractions
is about 55kDa. As this value is similar to ours, it is
suggested that the native chloroplast Cpn20 functions as
a tetramer.

Interaction between Cpn20 and Cpn60

To determine the subunit stoichiometry of the GroEL-
Cpn20 complex, we prepared the GroEL-Cpn20 complex in
the presence of 1 mm ADP, as described in the Experimental
procedures. SDS-PAGE of fractions after gel-filtration chro-
matography was performed, and a CBB-stained gel is
shown in Figure 7(a). Free Cpn20 molecules were hardly
detected (lanes 7, 8 and 9) in this condition. The fractions
containing the complex (lanes 3 and 4) were applied to an
Ni-conjugated affinity column. The Cpn20-bound GroEL
only absorbed to the column and was eluted by 0.5Mm
imidazole (lanes a, b and c), whereas free GroEL could not
absorb to the column and was then detected in the flow-
through fraction (lane F). The complex was applied to a
reverse-phase column, GroEL and His-tagged Cpn20 were
fractionated separately (Figure 7b), and each fraction was

Figure 7. The stoichiometry of the GroEL-Cpn20 complex.

(a) The GroEL-Cpn20 complex was prepared in the presence of 1 mm ADP.
The positions of GroEL and His-tagged Cpn20 are shown by a closed circle
and an arrowhead, respectively {lane a). Total (lane 1) and fractions (lanes
2-9) after gel-filtration column chromatography were subjected to SDS-
PAGE and subsequent staining with CBB. The fractions containing the
complex (lanes 3 and 4) were applied to Ni-conjugating affinity column.
The flow-through fraction (lane F), washing fraction (lane W) and fractions
eluted with 0.5 M imidazole (lanes a-e) were subjected to SDS-PAGE and
CBB staining. A 10-kDa protein ladder (Life Technologies, Rockville, MD)
marker is shown in lane M. The lowest band corresponds to 20 kDa.

{b) Purified complex was separated by reverse-phase column
chromatography. The elution profile represents the absorbance monitored
at 220 nm (mAU220) and acetonitrile concentration (AN). His-tagged Cpn20
and GroEL fractions are shown by bars.

{c} The results of amino acid analysis about alanine, leucine and
phenylalanine are shown. The amounts in a total fraction are indicated in
the second column. The analysed volume was 2% and 20% of GroEL and
Cpn20 fractions, respectively. Residue numbers were calculated from the
amino acid sequence. The protein amounts were calculated from these
values and are represented in the right-hand column.



474 Yasuko Koumoto et al.

subjected to amino acid analysis. The volume of GroEL
and His-tagged Cpn20 used for analysis was 2% and 20%
of the total fraction volume, respectively. The results of
three amino acids that were recovered quantitatively well
are shown in Figure 7(c). The observed amounts of amino
acids were calculated from peak areas and are shown as
the total amounts in each original fraction (Figure 7c,
‘Amount’). These values were divided by a theoretical
residue number (Figure 7c, ‘Residue number’) to calculate
the protein amounts (Figure 7c, ‘Protein’). Finally, the total
amounts of GroEL and Cpn20 derived from the complex
were 1.26 and 0.32 nmol, respectively, and their ratio was
14 : 3.6. These results strongly indicate that the complex
contains a GroEL tetradecamer and Cpn20 tetramer.

Cpn60c and Cpn60B seem to form tetradecamers in
the stroma of chloroplasts, as do GroEL. This raises the
question of how the tetrameric Cpn20 is assembled with
the tetradecameric Cpn60c and Cpn60g. It has been shown
previously that the mobile loop region of GroES (residue
17-32) interacts with GroEL directly (Landry et al, 1993).
The mobile loop is a B-hairpin that extends to the interface
in the GroEL-GroES complex (Xu et al., 1997). Two helices
of GroEL that contain mutationally identified residues
responsible for peptide binding also move towards the
interface and interact with a mobile loop instead of a
polypeptide. Thus, it is important for GroES to shield all
of the peptide binding site of GroEL. The irregular packing
of the GroES heptamer suggests that its structure is flexible
{Hunt etal., 1996). The relative mobility of the Cpn20
tetramer was almost the same as that of the mitochondrial
Cpn10 heptamer in their natural form in gel-filtration col-
umn chromatography and after artificial cross-linkage in
SDS-PAGE (Figures 3 and 4a). These results strongly indi-
cate that the rings of the Cpn10 and Cpn20 oligomer are
of similar sizes. The chloroplast Cpn20 tetramer seems to
be packed irregularly so that at a time seven of the eight
mobile loops of the Cpn20 tetramer interact with the seven
GroES binding domains of Cpn60.

Experimental procedures

Construction of a cDNA library and screening of the
¢DNA for the chioroplast Cpn20

The Arabidopsis cDNA library in E. coli using expression vector
pBluescript™ (Stratagene, La Jolla, CA, USA) was constructed by
the modified vector-primer method of Mori et al. (1991). Poly(A)+
RNA was prepared from 7-day-old dark-grown seedlings of A.
thaliana, ecotype Landsberg erecta. Two degenerated primers,
AA(A/G) CC(T/C/AIG) TC(T/C/A/G) (T/C/A/GITT GGI(T/C/A/G) AC,
and A{A/G)(T/C/A/G) A(T/CHT/C/A/G) GCC AT(T/C/A/G) ACIA/G) TC,
were synthesized. Their sequences were based on that from a
region of an Arabidopsis EST clone (accession number EMBL
Z18060). The polypeptide encoded by this partial EST clone is
highly homologous with the C-terminal 78 amino acids sequence
of the chloroplast Cpn20 of spinach. Amplification by PCR was

performed. The amplified PCR products (185 bp in length) were
labelled with digoxigenin (DIG)-UTP by the random primer method
and were then used as a probe for colony hybridization. Labelling
and colony hybridization were performed as recommended by
the supplier (Boehringer Mannheim, Tokyo, Japan).

Expression and purification of the His-tagged Cpn20 in E.
coli

The cDNA fragment for Cpn20 was inserted into the expression
vector pQE30 (QIAGEN, Chatsworth, CA, USA). Six histidine res-
idues (His-tagged) located at the N-terminal of Cpn20 were derived
from this vector. Escherichia coli cells were transformed with
the construct and the expression of proteins was induced with
isopropyl-B-o-thiogalacto-pyranoside (IPTG). The extracts of the
sonicated E. coli cells were loaded onto an Ni-nitrilo-triacetic acid
(Ni-NTA) column. The His-tagged Cpn20 absorbed to the resin and
eluted with a 30-ml gradient of 0-0.5 M imidazole after washing.

Electrophoresis and immunoblotting

SDS-PAGE (12% acrylamide) was performed by the method of
Laemmli (1970). The separated proteins on the gels were electro-
phoretically blotted onto cellulose nitrate membranes. Immuno-
chemical detection was carried out by using the ECL detection
system (Amersham Japan, Tokyo, Japan). An antiserum was
raised in a rabbit against the His-tagged Cpn20 expressed in
E. coli. In addition, 15% gels containing 0.15% N,N’-methylenebis
acrylamide were used to separate 60-80 kDa proteins well. Native
PAGE was carried out at 4°C according to Laemmli omitting SDS.
After protein separation, the gel was cut at the dye-front line and
stained with CBB. The relative mobilities (Rm) of proteins in
reference to the dye (BPB) were measured and plotted according
to the method of Hedrick and Smith (1968). The following protein
markers were used to make the calibration curve: chymotrypsin-
ogen (25 kDa), BSA (67 kDa), GroES (73 kDa), catalase (232 kDa)
and ferritin (440 kDa).

Plant transformation

The B-glucuronidase gene of a binary vector pBI121Hm was
replaced by a Xbal-EcoRV cDNA fragment containing the chloro-
plast Cpn20 cDNA. The pBl121Hm is a derivative of pBI121 and
contains two drug-resistance genes, the neomycin phospho-
transferase Il gene and the hygromycin phosphotransferase gene.
The resulting construct was introduced into Agrobacterium tume-
faciens (strain EHA101) and used to transform Nicotiana tobacum
var. SR1 plants by the leaf disc method (Horsch et al., 1985).

Immunogold localization

Transgenic tobacco leaves were fixed, dehydrated and embedded
in LR White resin (London Resin Co., Basingstoke, UK) as described
previously (Nishimura et al., 1993). Inmunogold procedures were
essentially the same as those described by Kato etal. (1996)
except for the use of an antiserum against the His-tagged Cpn20,
diluted 200-fold, and a 30-fold diluted protein A-gold {Amersham
Japan, Tokyo, Japan). The sections were examined with a trans-
mission electron microscope (1200EX; JEOL, Tokyo, Japan) at
80 kV.
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Genomic Southern blotting

Total DNA was isolated from Arabidopsis by the cetyltrimethyl
ammonium-bromide method. Two micrograms of total DNA were
digested with restriction enzymes. The digests were fractionated
- on a0.8% agarose gel and transferred to a nylon membrane under
vacuum with 0.25 N NaOH and 1.5 m NaCl. The chloroplast Cpn20
cDNA insert was labelled with [0-32P]JdCTP (Amersham Japan,
Tokyo, Japan) using a BcaBEST labelling kit {Takara Shuzo, Tokyo,
Japan). Hybridization was performed as described by Church and
Gilbert (1984). After hybridization, the membrane was sequentially
washed in 2 X sodium chloride-sodium citrate buffer (SSC) and
0.1% (w/v) SDS at 42°C for 30 min, and in 0.1 X SSC and 0.1% (w/
v) SDS at 65°C for 30 min. The washed membrane was exposed
to an imaging plate and the radioactivity of the signals was
recorded with an Analyser system (Fuiji film, Tokyo, Japan).

Northern blotting

Total RNA was purified by LiCl precipitation following the extrac-
tion of RNA with ISOGEN (Nippongene, Tokyo, Japan). Ten micro-
grams of total RNA were electrophoresed in a 1% agarose/
formaldehyde gel and transferred to a nylon membrane under
vacuum with 1N ammonium acetate. Hybridization was performed
as described above for genomic Southern blotting. After hybridiza-
tion the membrane was washed in 0.1 X SSC and 0.1% {w/v) SDS
at 65°C for 3 h and the radioactivity of the signals was recorded
as described above for genomic Southern blotting.

Gel-filtration column chromatography

The FPLC system equipped with a Superose 12 HR 10/30 column
(Pharmacia Biotech, Uppsala, Sweden) was used. The column
was equilibrated with 100 mm Tris-HCI, pH 7.7/10 mm MgCl,/10 mm
KCI (buffer A). The flow rate was 0.5 ml min~' and absorbance
at 280 nm was monitored. Catalase tetramer (molecular mass
232 kDa), BSA (67 kDa), RNaseA (13.7 Da) and Vitamin B
(1355 Da) were used as molecular mass standards. A Hi Load
16/60 Superdex 200 pg column (Pharmacia Biotech, Uppsala,
Sweden) was also used. This column was equilibrated with buffer
A containing 50 mm NaCl. The flow rate was 0.8 ml min~'. Thyro-
globulin (669 kDa), ferritin (440 kDa), catalase, aldolase (158 kDa),
BSA, ovalbumin (43 kDa), chymotrypsinogen (25 kDa) and RNaseA
were used as molecular mass standards. A calibration curve
defines the relationship between the elution parameter (Kav) and
the log of molecular mass. The Kav values for each protein were
calculated using the equation Kav = (Ve - Vo)/(Vt - Vo), where
Ve = elution volume for the protein, Vo = column void volume
and Vt = total bed volume.

Cross-linking with dithiobissuccinimidylpropionate (DSP)

Expressed proteins were covalently bound by a cross-linker, DSP,
to analyse the oligomeric structures. DSP was dissolved in DMSO
to prepare a 50-mg mli~! solution. Five microlitres of DSP solution
were added to 1 m! of protein solution (containing = 100 ug of
His-tagged Cpn20 in 0.1 M NaCl, 50 mm phosphate buffer, pH 7.2).
Mixtures were incubated overnight at 4°C. Cross-linking was
stopped by addition of 5ul of 10 M ammonium acetate. The
proteins were precipitated with 10% (w/v) trichloroacetic acid
{TCA) and then solubilized in SDS-PAGE sample buffer. Samples
were analysed by SDS-PAGE, followed by CBB staining. Because

© Blackwell Science Ltd, The Plant Journal, (1999), 17, 467-477

Chloroplast Cpn20 in Arabidopsis 475

of the presence of one disulphide bond in DSP, monomers
appeared after treatment with 2-mercaptoethanol (2ME).

Mass spectrometry

Positive ion MALDI-TOF-MS was performed using a Voyager Elite
XL time-of-flight mass spectrometer equipped with a delayed-
extraction system (PerSeptive Biosystems, Framingham, MA,
USA), as described previously (Asahi et al., 1997). Solutions that
contained the cross-linked Cpn20 fractionated by reverse phase
column chromatography were ptaced on the flat surface of a
stainless steel plate and mixed with the matrix solution, the
supernatant of a 33% acetonitrile solution saturated with sinapinic
acid, and air-dried. The ions were generated by irradiating the
sample area with the output of a nitrogen laser (337 nm).

Preparation of chloroplasts

Intact chloroplasts were prepared from homogenates of mature
tobacco leaves by modification of the procedure described by
Cline et al. (1985). Twenty grams of the leaves were homogenized
with 150 ml of extraction medium (330 mm sorbitol/50 mm HEPES-
KOH, pH 8.0/2 mm EDTA/1 mm MgCl;) and filtered through three
layers of cheesecloth. A crude chloroplast preparation was
obtained by centrifugation at 2200 g for 30 sec. The pellet was
suspended in 2 ml of extraction medium and then layered onto a
discontinuous gradient of Percoll. The gradient was composed of
90% (8 ml), 40% (12 ml), 30% {6 ml) and 10% (6 ml) Percoll {v/v) in
extraction medium. The fraction that contained intact chloroplasts
was located between 90% and 40% Percoll after centrifugation for
20 min at 8800 g. This fraction was diluted fourfold with extraction
medium and centrifuged at 2200 g for 30 sec. The chloroplast
pellet was resuspended in 0.01% Triton X-100 and sonicated to
obtain the soluble extracts. The soluble extracts of chloroplasts
was then applied to a gel-filtration column.

Chaperonin-assisted protein folding assay

A chaperonin-assisted protein assay was performed as described
by Schmidt et al. (1994). Citrate synthase (CS, 15 uM) was dena-
tured in a solution containing 6 M GuHCI/100 mm Tris-HCI, pH 8.0/
20 mMm dithiothreitol for at least 1 h at room temperature. Dena-
tured CS was rapidly diluted to a concentration of 150 nm into a
solution containing 50 mm Tris-HCI, pH 7.7/10 mm MgCl,/10 mm
KClI/225 nm GroEL tetradecamer at 0°C. The temperature was
adjusted to 35°C and 2 mm ATP and 300 nMm co-chaperonin oligomer
were added. After various times of incubation aliquots were
removed and assayed for CS activity, essentially as described by
Srere (1969). GroEL and GroES were purchased from Takara Shuzo
(Tokyo, Japan). The amount of co-chaperonin was determined by
a protein assay (BioRad Laboratories, Hercules, CA, USA).

Preparation of GroEL-Cpn20 complexes

The GroEL-Cpn20 complex was formed by incubating GroEL;,
(2.1 um) and His-tagged Cpn20,4 (1.3 um) in 100 mm Tris-Cl, pH 7.7/
10 mm MgCl5/10 mm KCI/50 mm NaCl/1 mm ADP (buffer B) at room
temperature for 1.5 h. First, the complex and free GroEL were
separated from free His-tagged Cpn20 by gel-filtration column
chromatography in the presence of 1 mm ADP. Second, this fraction
was applied onto an Ni-conjugated affinity column (HiTrap Chelat-
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ing column; Pharmacia Biotech, Uppsala, Sweden) in the presence
of 1 mm ADP. Free GroEL was washed out and the complex was
eluted with 500 mm imidazole. GroEL and His-tagged Cpn20 were
fractionated separately by reverse phase column chromatography
(Sephasil Protein C4 5 um ST 4.6/250 column; Pharmacia Biotech,
Uppsala, Sweden) for amino acid analysis.

Amino acid analysis

Gas-phase hydrolysis with 200 ul of 6 N HCI containing 0.2%
phenol was carried out at 110°C for 24 h. The hydrolysates were
analysed in an Hitachi L-8500 A amino acid analyser.
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Summary

Previously, we characterized a mitochondrial (Cpnl0) and a chloroplast co-
chaperonins (Cpn20) from Arabidopsis thaliana [Koumoto et al. (1996) Plant J. 10,
1119-1125; Koumoto et al. (1999) PlantJ. 17, 467-477]. Here, we report a third co-
chaperonin. The cDNA was 603 bp long encoding a protein of 139 amino acids. From a
sequence analysis, the protein was predicted to have one Cpnl0 domain with an amino-
terminal extension that might work as a chloroplast transit peptide. This novel Cpnl0
was confirmed to be localized in chloroplasts, and we refer to it as chloroplast Cpnl0
(chl-Cpn10). The phylogenic tree that was generated with amino acid sequencés of
other co-chaperonins, indicates that chl-Cpnl0 is highly divergent from the others. In
the GroEL-assisted protein-folding assay, about 30% of the substrate were refolded
with chl-Cpn10, indicating that chl-Cpnl0 works as a co-chaperonin. A Northern blot
analysis revealed that mRNA for chl-Cpn10 is accumulated in leaves and stems, but not
in roots. In germinating cotyledons, the accumulation of chl-Cpnl0 was similar to that
of chloroplastic proteins and accelerated by light. It was proposed that two kinds of co-

chaperonins, Cpn20 and chl-Cpn10 work in the chloroplast independently.




Introduction

Chaperonins are proteins that play a vital role in protein folding in eukaryotic
and prokaryotic cells. They are generally divided into two groups (1). Group I
chaperonins are localized in the stroma of chloroplasts, the matrix of mitochondria and
eubacteria, and group II chaperonins are found in the eukaryotic cytosol and
archaebacteria. One of the differences between the two groups is the necessity of co-
chaperonins for their function. Group I chaperonins work together with co-chaperonins,
while group II chaperonins work alone.

The Chaperonin (GroEL) and co-chaperonin (GroES) of Escherichia colihave
been characterized in detail. They are heat-shock proteins that are also required for
viability under normal condition (2). GroEL is composed of two heptameric rings, each
consisting of séven 57 kDa subunits. Two stacked rings of the GroEL heptamer form a
central cavity that captures incompletely folded proteins. The co-chaperonin GroES, a
dome-shaped ring consisting of seven 10 kDa subunits, binds to GroEL. GroES has
been shown to increase the co-operativity of the ATPase activity of GroEL (3). The
crystal structures of the GroEL tetradecamer (4), the GroES heptamer (5), the GroEL-
GroES complex (6) and GroEL-peptide complex (7) have been characterized.

While the structures and basic mechanism of reaction have been well defined,
little is known about the roles of the chaperonins in vivo. From the analysis of a
temperature-sensitive GroEL mutant strain of E. coli, it has been shown that about 30%
of newly translated polypeptides fold via GroEL (8). Moreover, it has been shown that
about 10-15% of cytoplasmic proteins of E. coli cells interact with GroEL (9). These
results suggested that the majority of proteins fold without the help of chaperonins in
vivo. However, it is a fact that the folding of some proteins severely depends on
chaperonins (10). From import experiments of temperature-sensitive mutants of yeast
mitochondrial chaperonin (Cpn60) and co-chaperonin (Cpnl0), it was shown that some
proteins form aggregates in the absence of either Cpn60 or CpnlO. Especially, the
folding of a newly imported Cpn60 itself severely depends on Cpnl0.

The chaperonin system in the chloroplast stroma of higher plants is unique.



The stromal chaperonin oligomer consists of two isoforms, Cpn60a and Cpn60f (11)
and stromal co-chaperonin (Cpn20) is comprised of two GroES-like tandem domains
(12). Schlicher and Soll (13) showed that the thylakoid lumen contains a CpnlO
homologue that is recognized by a peptide specific antiserum raised against a peptide of
the stromal Cpn20. The reported size of the lumenal homologue on SDS-PAGE is
about 10-12 kDa. On the other hand, in a proteomics study on the chloroplast of pea
performed recently, Peltier et al. (14) identified Hsp70, Cpn60a and Cpn20, on the
two-dimensional electrophoresis map with thylakoid lumenal proteins. The explanation
for the presence of stromal chaperones in the lumenal fraction was that they are bound
to the stromal side of the thylakoid membrane. They supposed that the 10-12 kDa
protein recognized by the antiserum against Cpn20 was a degradative product of Cpn20
and not a Cpnl0 homologue. Thus, we performed studies to examine whether a Cpnl0
homologue exists in the chloroplast or not. In this paper, we report the existence of a
novel Cpnl0 homologue in the chloroplast. Sequence analysis showed that chloroplast
CpnlO was divergent from the other co-chaperonins, suggesting that it might have

evolved to have a special function.
Experimental procedures

Expression and purification of the His-tagged Cpnl0 homologue in E. coli

The cDNA fragment for the deduced mature region of chl-Cpn10, residues 50-
139, was inserted into the expression vector pQE30 (QIAGEN, Chatsworth, CA, U.S.A.).
Six histidine residues (His-tagged) located at the N-terminal of chl-CpnlO were derived
from this vector. E. coli was transformed with the construct and the expression of proteins

was induced with isopropyl-p-D-thiogalactopyranoside (IPTG).

Chaperonin-assisted protein folding assay

The chaperonin-assisted protein folding assay was performed as described by
Schmidt et al. (15). Citrate synthase (CS) was denatured at a concentration of 15 uMina
solution containing 6 M GuHCI / 100 mM Tris-Cl, pH8.0 / 20 mM dithiothreitol for at



least 1 hour at room temperature. Denatured CS was rapidly diluted to a concentration of

150 nM into a solution containing SO mM Tris-Cl, pH7.7 / 10 mM MgCly / 10 mM KCl1/

225 nM GroEL tetradecamer at OUC. The temperature was adjusted to 35UC and 2 mM
ATP and 300 nM co-chaperonin oligomer was added. After various lengths of incubation,
aliquots were removed and assayed for CS activity. The assay for CS was essentially as
described (16). GroEL and GroES were purchased from Takara (Tokyo, Japan). The
content of co-chaperonin was determined by a protein assay (BioRad Laboratories,

Hercules, CA, U.S.A.).

Immunogold localization
Transgenic Arabidopsis cotyledons were fixed, dehydrated and embedded in LR

White resin (London Resin Co., Basingstoke, UK) as described previously (17).
Immunogold procedures were essentially the same as those described by Kinoshita et al.
(18), except for the use of antiserum against the His-tagged chl-Cpnl0 diluted 50-fold.
15 nm protein A-gold (Amersham Japan, Tokyo, Japan) was diluted 100-fold to use. An
antiserum was raised in a rabbit against the His-tagged chl-Cpnl0 expressed in E. coli.
The sections were examined with a transmission electron microscope (1200EX; JEOL,

Tokyo, Japan) at 80 kV.

Preparation of chloroplasts

Intact chloroplasts were prepared from homogenates of mature tobacéo leaves as
described in previous paper (19). The chloroplast pellets equivalent to 130 ug chlorophyll
were lysed in 150 ul of 10 mM Hepes-KOH, pH6.0 / 10 mM MgCly. After S minutes on

ice, the membrane and the soluble fractions were separated by centrifugation at 4000 x g

for 10 minutes.

Northern blotting
Total RNA was purified by LiCl precipitation following the extraction of RNA
with ISOGEN (Nippongene, Tokyo, Japan). Twenty microgram of total RNA was

electrophoresed on a 1% agarose/formaldehyde gel and transferred to a nylon membrane




under vacuum with 1 N ammonium acetate. Hybridization was performed as described by
Church and Gilbert (20). After hybridization, the membrane was sequentially washed in 2
x sodium chloride-sodium citrate buffer (SSC) and 0.1% (w/v) SDS at room temperature
for 30 minutes twice and in 0.1 x SSC and 0.1% (w/v) SDS at 60UC for 30 minutes twice.
The washed membrane was exposed to an imaging plate and radioactivity of signals were

detected with an analyzer system (Fuji Film, Tokyo, Japan).

Electrophoresis and immunoblotting

SDS-PAGE (15% acrylamide) was performed by the method of Laemmli (21).
The separated proteins on the gels were electrophoretically blotted onto polyvinylidene
difluoride membranes (Nihon Millipore Ltd., Tokyo, Japan). Immunochemical detection
was performed by the ECL detection system (Amersham Japan, Tokyo, Japan). After
detection, the blotted membrane was rinsed once in water and stained in 0.25%
Coomassie Brilliant Blue (CBB) solution for lminutes The stained membrane was washed

once in 50% methanol until the protein bands appeared and were dried.

Plant transformation

To generate overproducing transgenic plants, The B-glucuronidase gene of a
binary vector pBI121Hm was replaced by a Sall-Xbal cDNA fragment derived from an
Arabidopsis EST clone (GenBank accession no. T44192). The pBI121Hm is a derivative
of pBI121 and contains two drug resistance genes, the neomycin phosphotransferase 11
gene and the hygromycin phosphotransferase gene. The resulting construct was
introduced into Agrobacterium tumefaciens (strain EHA101) and used to transform

Arabidopsis thaliana ecotype Columbia plants by the in planta method (22).

Quantitative RT-PCR

First strand cDNA was synthesized using a SuperscriptTM preamplification
system for first strand cDNA synthesis kit (Gibco BRL, Rockville, MD) from total RNA.
The oligo (dT) primer was used for reverse transcription. Quantitative PCR assays were

performed by an ABI Prism 7700 sequence detection system (PE Biosystems Japan,



Tokyo, Japan). This system is capable of detecting PCR products as they accumulate
during PCR. For detection, it is necessary to prepare the fluorescent DNA probe that is

specific to the PCR target sequence flanked by PCR primers. To select the PCR primers

and the fluorescent probes, we used the program, Prime ExpressIM (PE Biosystems
Japan, Tokyo, Japan). All PCR procedures were carried out with 40 cycles of denaturation
at 95UC for 15 seconds with annealing and extension at 60 UC for 1 minute according to

the supplier.

Results & Discussion

Sequence analysis

In Arabidopsis thaliana, cDNAs for mitochondrial Cpnl0 and chloroplast
Cpn20 have already been cloned (19, 23, 24). Using amino acid sequences of the full-
length of the former and the mature region of the latter, we searched the EST database
for another homologous cDNA. As a result, some EST clones were found to have the
amino-terminal conserved motif of Cpnl0, PXX(D/N)(K/R) (Figure la), but showed
low similarity to the above two clones as a whole. The sequence of the longest EST
clone (GenBank accession no. T44192) was determined. The cDNA was 603 bp long
encoding a protein of 139 amino acids (Figure la). The protein was predicted to be a
homologue of CpnlO containing an amino terminal extension from sequence analysis.
This extension was predicted to be a chloroplast transit peptide using PSORT program
(http://www.nibb.ac.jp/). Therefore, the Cpn10 homologue is referred to as chloroplast
Cpnl0 (chl-Cpnl10). Moreover, we found tomato and soybean EST clones that exhibit
high sequence homology with chl-CpnlO of Arabidopsis (Figure 1b). This indicates
that chl-Cpnl0 exists in various plants. Genome sequencing revealed another clone of
chl-Cpnl0 in Arabidopsis (25). The amino acid sequences of the two Arabidopsis
clones showed 72% identity.

The phylogenic tree was generated with amino acid sequences of other co-
chaperonins including bacterial GroES (Figure 2). The amino-terminal conserved motif
of GroES starts from the Sth proline. Because it is expected that sequences with similar

length were aligned more accurately, the amino acid sequence from Thr50 to Glu139 of




chl-Cpnl0, in which the conserved motif also starts from the Sth proline same as
GroES, was used for alignment. As shown in Figure 2, at chl-Cpn10 is highly divergent
from other co-chaperonins. For more detailed analysis, chl-Cpnl0 was compared with
GroES (Figure 1c). The crystal structure of GroES has 9 f-sheets and the mobile loop
(5). The mobile loop is the region that interacts with GroEL. The fourth and fifth B-
sheets compose the roof structure of the GroES heptameric dome. When both the
8residue gap between Lys106 and ArglO7 of chl-CpnlQO and 2-residue gap in the
mobile loop region of GroES were inserted, identical residues were found in the
corresponding regions of third, sixth and ninth B-sheet of GroES (Figure Ic). Thus,
chl-Cpn10 might lack one domain and the oligomer of chl-Cpn10 might have a smaller
or no roof structure.

Gp31 is a co-chaperonin encoded by bacteriophage T4 and mediates the
folding and assembly of the T4 major capsid protein, Gp23, with GroEL. Because T4
cannot propagate in the absence of Gp31, GroES cannot substitute for Gp31 (21). From
its crystal structure, the roof structure of Gp31 was found to be completely absent,
leaving a cavity at least 16 A in diameter (26). Due to the absence of the roof structure
of Gp31, the complexes between GroEL and Gp3l might have a bigger substrate-
binding cavity than GroEL and GroES. The molecular mass of Gp23, 55 kDa, is almost
the limit of size to interact with GroEL. It has been speculated that Gp31 evolved to
expand the substrate-binding cavity of GroEL and in order to mediate the folding of
Gp23 more easily. It is an exciting speculation that chl-Cpnl0 has its own specific
substrates and evolved with a specialized function. in fact, chl-CpnlO has a different
activity from Cpn20 as a co-chaperonin of GroEL on the refolding of denatured protein

as follows.

Activity of chl-Cpnl0 as a co-chaperonin

The chaperonin-assisted protein-folding assay was performed to study
whether chl-Cpn10 works as a co-chaperonin. The polypeptide containing residues 50-
139 of chl-Cpnl0 was expressed in E. coli. The segment containing the 6-histidine

residues (His-tag) was fused to the N-terminus. Since the expressed His-tagged chl-



Cpnl0 was insoluble, it was immobilized on a Ni-coupling column after being
solubilized with 8 M urea and renaturated by a gradual decrease of urea from 6 M to 1
M, then eluted by imidazole. The purified His-tagged chl-Cpn10, judged from the CBB
staining pattern (Figure 3a), was used for assays. As a substrate, citrate synthase (CS)
was used. At 35UC, denatured CS is not permissive for spontaneous folding and the
recovery of CS activity depends on chaperonins (15). GroEL was used as a chaperonin.
As shown in Figure 3b, about 30% of the CS activity were recovered with the His-
tagged chl-Cpn10. By doubling the amounts of chl-Cpnl0, the recovery of CS activity
was increased slightly. These results confirmed that the His-tagged Cpn10 homologue
could interact with GroEL and work as a co-chaperonin

In this assay, the authentic co-chaperonin, GroES, recovered about 70%
activity. The previous study showed that the activity of mitochondrial Cpnl0 containing
His-tag at its N-terminus was the same as that of GroES (19). This indicates that the
N-terminal His-tag has no effect on His-tagged mitochondrial CpnlO in this assay, and
His-tag seemed not to prevent co-chaperonins from binding to GroEL. It was shown
that about 55% of the CS activity were recovered with His-tagged Cpn20 (Figure 3).
The activity of Cpn20 was higher than that of chl-CpnlO0, although chl-CpnlO is the
same single-type co-chaperonin as GroES. It was suggested that the low activity of
chl-Cpnl0 was caused by the sequence specificity. As the length of the mobile loop of
chl-Cpn10 is expected to be longer than that of GroES, it seems that chl-Cpnl0 is not
able to bind GroEL efficiently.

Localization of chl-Cpnl0

To confirm the localization of chl-CpnlO, immunogold labeling was
performed. We have previously revealed by immunogold labeling that mitochondrial
CpnlO, which was expressed in a transgenic plant, is exclusively localized in
mitochondria (23). As endogenous chl-CpnlQ was hardly detectable by immunogold
labeling, the transgenic Arabidopsis harboring chl-Cpnl0 cDNA was prepared. The
chl-Cpnl0 was expressed under regulation of the 35S promoter from cauliflower

mosaic virus. An immunoblot analysis of wild-type and transgenic Arabidopsis using



rosette leaves was shown in Figure 4a. Because the immunoreactive bands in both lanes
showed almost the same size, it is expected that the overexpressed chl-CpnlO was
imported into chloroplasts and processed correctly.

Seedlings of transgenic Arabidopsis, which were grown in the dark for 4 days,
were transferred and kept in continuous light for 1 day. Cotyledons became green within
1 day of illumination and their chloroplasts had stacked thylakoid membranes. The gold
particles for chl-Cpnl0O were exclusively restricted to a chloroplast (Figure 4b) and
most of them were in contact with thylakoid membranes (Figure 4c). Fractionation
analysis was performed to examine whether chl-Cpnl0 was associated with thylakoid
membrane. Because it was difficult to isolate chloroplasts from Arabidopsis, intact
chloroplasts were isolated from mature tobacco leaves. After disruption by osmotic
shock, the insoluble precipitates containing thylakoid membrane and the soluble
fraction were separated. Immunoblot analysis of these two fractions was shown in
Figure 5. The immunoreactive band for chl-Cpnl0 was detected in the soluble fraction.
Cpn20, which was used as a stromal control, was concentrated in the soluble fraction.

These results indicated that chl-Cpn10 was not associated with thylakoid membrane.

Analysis of expression patterns

The expression pattern of chl-Cpnl0 gene was also examined. Figure 6a shows
the Northern blotting of RNA extracted from roots, stems and leaves of mature
Arabidopsis plants. Because of the weak signal of chl-Cpnl0, 20 ug of total RNA was
used. The amount of ribosomal RNA in each lane was almost the same. The mRNA for
chl-Cpnl0 was present in leaves and stems, but the signal was not detected in roots.
Cpn20 was observed in these three organs (19). These results suggested that chl-Cpnl0
and Cpn20 work independently.

Next, the effect of heat treatment on the accumulation of chl-Cpnl0 mRNA
was examined. For detailed study, we performed quantitative RT-PCR with a
fluorescent probe, which is specific to the target PCR product. First, the total RNA was
prepared from Arabidopsis plants incubated at 35UC for various lengths of time. Five

ug of RNA was used for reverse transcription with an oligo (dT) primer. Because almost
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the same results were observed with duplicates, it seems to be unnecessary that the
efficiency of reverse transcription was taken into consideration. One gene, APETARA 2
(AP2, 27) was used as a control, because the amount of AP2 mRNA was constant
during heat treatment. Figure 6b shows the amount of chl-Cpnl0 mRNA that was
normalized by the amount of AP2 mRNA. Heat treatment did not change the amount of
chl-Cpn10 mRNA drastically. This result was distinct from those of both mitochondrial
Cpnl0 and chloroplast Cpn20 whose mRNAs showed nearly tenfold and fivefold
increases by heat treatment, respectively. This also indicated that chl-Cpnl0 belongs to

a divergent class of co-chaperonin.

Chaperones in chloroplasts

To investigate the differences between chl-CpnlO and Cpn20, the
accumulation pattern of chl-CpnlO protein during germination and greening was
examined. Arabidopsis seeds were germinated in the dark. Cotyledons were yellow
during the incubation in the dark and became fully green within 1 day of exposure to
light. In cells exposed to light, proteins involved in photosynthetic electron transfer,
such as LHCII, were rapidly accumulated (Figure 7, bottom). One of the major stromal
proteins involved in photosynthetic carbon metabolism, RuBisCO, was accumulated
gradually in the dark, especially after a 5-day incubation. A comparison of the amounts
of RuBisCO in the lane ’5’ and that in 4D1L.’, indicated that the accumulation was also
accelerated by light. Accumulation of chl-Cpnl0 was observed after a 5-day incubation
in the dark and accelerated by light similar to RuBisCO (Figure 7, top). The amount of
chl-Cpnl0 in a 7-day dark-grown (7D) cotyledon was comparable to that in a light-
exposed cotyledon. Transgenic Arabidopsis that overexpresses chl-Cpnl0O was also
germinated and grown for 7 days in the dark. Immunogold labeling of transgenic
Arabidopsis showed that chl-Cpnl0 was localized in etioplasts of a 7D-cotyledon
(Figure 4d).

In contrast to chl-Cpnl0, accumulation of Cpn20 was observed at an early
stage of germination. This also suggested that chl-Cpnl0 and Cpn20 work
independently. Cpn60a and Cpn60f had been shown to bind to immobilized Cpn20
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(28). As these Cpn60s were originally referred to as RuBisCO binding proteins, it is
known that one of their substrates is RuBisCO. Therefore, it is thought that Cpn20
facilitates the folding of RuBisCO with Cpn60a and Cpn60p. It might be reasonable
that Cpn20 protein seemed to accumulate slightly faster than RuBisCO. By analogy,
chl-Cpn10 might mediate the folding of the protein that accumulates later.

From a search of Arabidopsis genomic sequence, we found two Cpn60o. genes
and four Cpn60§ genes. One of the two Cpn60a and three of four Cpn60f may actually
be expressed, judging from the presence of EST clones. As chl-Cpnl0 and Cpn20 are
thought to work independently, there is a possibility that they regulate a specific partner,
Cpn60. It had been reported that Cpn60a and Cpn60f were expressed in E. coli and
were characterized (29). This report indicated that Cpn60f could form oligomer by
itself, although Cpn60a could not. Moreover, it also indicated that a homo-oligomer of
Cpn60p works with only mitochondrial Cpnl0, in contrast to a hetero-oligomer that is
compatible with various co-chaperonins. These results suggested the possibility that
one Cpn60f3 homologue could form its homo-oligomer and function with its specific
co-chaperonin. It is possible that a chaperonin system containing chl-CpnlO and a
Cpn60f homologue exists in chloroplasts in addition to one containing Cpn20, Cpn60a
and Cpn60p.
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Figure legends

Figurel. Nucleotide and deduced amino acid sequences of a cDNA for the chl-Cpnl0 in
Arabidopsis.

(a) Nucleotides are numbered from the 5’ to the 3’ region. The deduced amino acid
sequence is numbered from the first methionine residue. The asterisk indicates a
termination codon. The amino-terminal PXX(D/N)(K/R) motif is boxed.

(b) Chl-Cpnl0 identified in this paper was aligned with other plant homologues. The
accession numbers are: Arabidopsisi, AL139659 (88880-90146); tomato, AW455289;
soybean, AW733561.

(c¢) The amino acid sequence of deduced mature region of chl-Cpnl0 was compared with

that of E. coli GroES. Structural features of GroES, which have been observed

15



crystallographically, are cited from the reference (5) and shown below sequences. Arrows

indicate B-strands. Identical residues are boxed.

Figure 2. Relationship among amino acid sequences of co-chaperonins

The UPGMA program (GeneWorks; Intelligenetics, Moutain View, CA) was used to
calculate the relative lengths of branches. The numbers indicate the validity of the branch
point. A mitochondrial homologue was referred to as mCpnl0. The accession numbers
are: Pseudomonas-GroES, P30720; Escherichia-GroES, U00096; Staphylococcus-
GroES, Q08841; Bacillus-GroES, P28599; Rickettsia-GroES, P80469; Agrobacterium-
GroES, X68263; Synechococcus-GroES, M58751; Spinach-Cpn20, M87646; Brassica-
mCpnl0, U65890; Arabidopsis-mCpnl0, D88314; Rat-mCpnl0O, P26772; Human-
mCpnl0, X75821; Saccharomyces-mCpnl0, P38910. With respect to chl-Cpnl0 and
Cpn20, following regions were used for an alignment: chl-CpnlO, residues 50-139;
Spinach-Cpn20-N, 62-157; Spinach-Cpn20-C, 160-255; Arabidopsis-Cpn20-N, 60-
154; Spinach-Cpn20-C, 158-253.

Figure3. Time-course of folding of citrate synthase in the presence of His-tagged co-
chaperonins.

(a) The total extract of E. coli expressing His-tagged chl-Cpnl0 (T) and the preparation
used for the experiment (E) were subjected to SDS-PAGE. The CBB stained gel is
shown. (b) Unfolded citrate synthase (CS) was diluted to a concentration of 150 nM with

a solution containing GroEL |4 at 0UC. The temperature was immediately adjusted to

350C and both 2 mM ATP and the following additions were made: closed squares, 300
nM GroES7; rhombi, 300 nM His-tagged Cpn204; open triangles, 600 nM His-tagged

Cpn107; closed triangles, 300 nM His-tagged Cpn107; circles, none.

Figure 4. Immunogold labeling of the transgenic Arabidopsis overproducing chl-Cpn10.
(a) Transgenic Arabidopsis overproducing chl-CpnlO was prepared. The extracts of

leaves of transgenic and wild-type Arabidopsis were subjected to SDS-PAGE and
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subsequent immunoblotting.

(b, ¢, d) The transgenic Arabidopsis seedlings were germinated on agar medium in the
- dark. 4-day dark-grown and 1-day light-grown (b, ¢) and 7-day dark-grown (d)
cotyledons were used for immunogold analysis. The left chloroplast shown in (b) is
enlarged in (c). Immunogold labeling was performed with the antiserum against the His-
tagged chl-Cpnl0. Bar, 500 pum: C, chloroplast; E, etioplast, M, mitochondrion; V,

vacuole; EM, extracellular matrix.

Figure 5. Immunoblot analysis of the membrane and the soluble fractions of chloroplasts
for chl-Cpn10 and Cpn20.

The chloroplasts were disrupted by osmotic shock and separated by centrifugation. Total
chloroplast protein (lane T), the membrane fraction (lane P) and the soluble fraction (lane
S) that contained 3 pug, 10 pug and 21 pg of chlorophyll, respectively, were subjected to

immunoblotting. Prestained size markers are given at the left.

Figure 6. Accumulation of mRNA for chl-Cpn10 in Arabidopsis.

(a) The total RNAs from leaves, stems and roots were subjected to Northern blotting
probed with a radiolabeled chl-Cpn10 cDNA.

(b, c) Arabidopsis plants grown on soil were transferred from a normal growth
temperature of 22UC to 35UC (heat treatment). The total RNAs from heat-treated leaves
were subjected to Northern blotting (b) and quantitative RT-PCR (c). The heat-treatment

time is shown.

Figure 7. Accumulation of chl-Cpnl0 and Cpn20 in Arabidopsis seedlings during
germination and greening.

Total protein (20 pg) extracted from seedlings grown under various conditions were
subjected to SDS-PAGE and subsequent immunoblotting, respectively. Immunoblotting
with the antiserum against the His-tagged chl-CpnlO is shown (top). The antiserum
against Arabidopsis Cpn20 was used as a control (middle). The number above each lane

represents the day after germination in the dark: “4D1L” means that seedlings grown in
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the dark for 4 days (4D) were transferred and kept in continuous light for a day (1L). The

blotted membrane was stained with CBB (bottom).
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Four derivatives of hen lysozyme, each lacking one native disulfide bond of the four in authentic lysozyme, were produced in Escherichia coli by

expressing synthetic mutant genes. In the reoxidation reaction of the reduced derivatives purified from inclusion bodies, the addition of glycerol

significantly enhanced the efficiency of folding and ‘correct’ disulfide bond formation. This enabled simple chromatographical purification of

refolded materials. Purified 3SS-derivatives all showed lytic activities and secondary structures comparable to authentic lysozyme, which dicectly
showed that none of the four native disulfide bonds is a prerequisite for ‘correct’ in vitro folding.

Protein folding; Disulfide bond; Lysozyme; Renaturation; Glycerol

1. INTRODUCTION

The contribution of individual disulfide bonds to the
folding and stability of proteins which have multiple
disulfide bonds has only been examined in a few pro-
teins [1-5]. The detailed pathway of folding has been
presented only for BPTI [1]. We have synthesized, and
expressed in E. coli, the genes for all the four 3SS-
derivatives of hen lysozymes, 41, 42, 43 and 44, in
which one of the four native disulfide bonds, Cys®-
Cys'?, Cys®-Cys'’, Cys*-Cys*® and Cys’*-Cys™
(hereafter referred to as disulfide bonds 1, 2, 3 and 4,
respectively), was opened by substitution of Ser for Cys
residues (Fig. la,b). We show efficient conditions for
the folding and ‘correct’ disulfide bond formation of the
reduced 3SS-derivatives, and the enzymatic acitivity
and secondary structure of the refolded 3SS-derivatives.

2. MATERIALS AND METHODS

2.1. Materials

A direct expression vector, pYKI, has been described [6]. E. coli
strain ADI8 (4 (luc-proAB), lon-100, tsx::TnS/F'[lacl®, lacZAM15,
lacY*, proA*, proB*]) was used for expression.

2.2. DNA synthesis

Oligodeoxyribonucleotides were synthsized on an Applied Biosys-
tems 381A DNA synthesizer at the Research Center for Molecular
Biology, Kobe University. Two sets, coding and non-coding, of 14

Abbreviations: 3SS-, three disulfide bond-.
Correspondence address: H. Tachibana, Department of Biology, Fac-

ulty of Science, Kobe University, Rokkodai, Nada-ku, Kobe 657,
Japan. Fax: (81) (78) 881-7593.

Published by Elsevier Science Publishers B.V.

oligomers constitute the total gene (Fig. lc). For two sets of 8 oligo-
mers among them which contained the codon or anticodon sequence
for a Cys residue, oligomers with the codon (or anticodon) sequence
of Ser substituted for Cys were also synthesized. Manipulations of
DNAs were carried out as described (7). The 5-end of the gene had
a HindIIl cohesive sequence. It also had a Dral site (TTT'AAA)
incorporated to facilitate excision of the gene from the cloning plasmid
with the codon AAA, coding for the N-terminal lysine residue, ex-
posed as a blunt end for its insertion to pYK1. The 3™-end contained
a TAA termination codon and a BamHI cohesive sequence.

2.3. Expression of mutant genes and purification of the polypeptides

Expression was carried out as described [8] except that we used E.
coli strain AD 18 and LB-medium containing ampicillin (25 ug/ml) and
kanamycin (50 ug/ml). Harvested cells were disrupted by sonication
and inclusion bodies were prepared as described [9). They were solubil-
ized in 8 M urea and 50 mM DTT, and reduced 3SS-derivatives were
purified with cation-exchange (Mono-S) and gel-permeation (Se-
phadex G-75) chromatographies, freeze-dried and stored frozen under
nitrogen. '

2.4, Peptide analysis

Reduced and carboxamidomethylated [10] protein in 100 mM Tris-
HCI, pH 8.0, was digested with TPCK-trypsin (E:S=1:100 by weight)
at 30°C for 3 h or moce. Tryptic peptides were separated with re-
versed-phase HPLC. The amino acid composition of each peptide was
determined as described [11}.

2.5. Reoxidation of reduced protein

Reoxidation and formation of disulfide bonds were carried out
essentially as described [12], in 100 mM Tris-acetate, | mM EDTA,
pH 7.8, 6 mM GSH and 0.6 mM GSSG, at the protein concentration
of 3.3 #M, with the modification that the indicated amounts of glyc-
erol were added and the indicated temperature was used. After 2 h of
reoxidation the remaining (if any) thiol groups were carboxamido-
methylated, and the reoxidation reaction was terminated by acidifying
to below pH 5. The oxidized protein was purified by RPHPLC on a
TSK TMS-250 column (4.6 mm x 7.5 cm; Tosca) with a linear gradi-
et of acetonitrile from 5 to 35% in 0.05% TFA.
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2.6. Other methods

Lytic activity against Micrococcus luteus cells was measured as de-
scribed [12]. Concentrations of the 3SS-derivatives were estimated as
described [13]. CD spectra were measured using a J-600 spectropolari-
meter (Japan Spectroscopic Co.) equipped with a thermostatically
controlled cell holder.

3. RESULTS

We employed total gene synthesis because we also
planned to synthesize 2SS- and 1SS-derivatives as well
as fragments of hen lysozyme for future studies. The
genes (Fig. 1) were synthesized in two steps of ligation.
The recovered full-length gene was ligated to HindlIII-
and BamHI-digested pUCI18, with which E. coli IM109
was transformed, and the genes for 41 through 44 were
cloned. Their nucleotide sequences were confirmed.
Each gene was then excised by digestion with Dral and
BamHI, gel-purified, and ligated to pYK1 which had
been digested with Ncol, filled-in and digested with
BamHI. The expressed products were found mostly in
inclusion bodies. The yield of the purified polypeptides
were 1.0 to 6.2 mg per liter of culture. Tryptic peptide
mapping of the reduced and carboxamidomethylated
polypeptides confirmed correct substitution of Ser for
Cys residues in all the four derivatives.

Reoxidation and formation of disulfide bonds under
the conditions previously described for authentic ly-
sozyme [12] gave materials with a low lytic activity
(Table I) and a broad elution profile on RPHPLC (Fig.
2), probably due to a low stability of the folded state of
these derivatives. When we lowered the temperature for
the reoxidation reaction to 15°C, the activity values for
the reoxidized materials increased and their elution pro-
files became sharp (not shown). Further decrease in
reoxidation temperature, however, gave a lower activity
and a broad profile again. Next, we added glycerol,
which has been known to increase the stability of the
native state of proteins [14] to the reoxidation solution,

"and found that the elution profile of the reoxidized

materials became very sharp (Fig. 2). The elution time
of the main peak for 41 through 44 nearly coincided
with that for authentic lysozyme. Rechromatography of
the main-peak fraction with RPHPLC or cation-ex-

Table [
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Fig. 1. (a) Eight cysteine residues (‘C’) and four disulfide bridges (SS1

to SS4) in hen lysozyme. (b) The four 3SS-derivatives. Filled circles

represent substitutions of Ser for Cys residues. (c) Nucleotide regions

covered by the 28 oligomers (rectangular blocks) which make up a

synthetic gene. Open and filled circles represent the codon and anti-
codon sequences for Cys residues.

change HPLC gave an apparently single peak for all the
four derivatives (not shown). The tryptic-peptide maps
for the reoxidized and purified derivatives, and the re-
sults of the amino acid analysis for the peptide peaks
which newly appeared on the reoxidation reaction, were
consistent with the formation of the three ‘correct’ disul-
fide bonds in each of the four derivatives (not shown).

The activity of the purified 3SS-derivatives was com-
parable to that of authentic lysozyme (Table I). Circular
dichroism spectra (Fig. 3) showed that they had second-
ary structures comparable to that of authentic ly-
sozyme. The mean residue ellipticity values were inde-
pendent of the protein concentration (from 4 to 20 uM)
indicating that the observed secondary structure was
intramolecularly formed. Their spectral shapes were dif-
ferent from each other. In particular, 42 showed a
marked difference from the rest.

4. DISCUSSION

We have shown that none of the four disulfide bridges
of native lysozyme is obligatory for correct in vitro

Lytic activities of the 3SS-derivatives of lysozyme

3SS-species Recombinant synthesized in E. coli® Partial oxidation or Recombinant secreted
reduction from' yeast [16]
Refolded at 37°C, no: Refolded at 15°C, in
glycerol® 20% glycerol®

al 9 (%) 68 + 2° (%) 40-50 [15], 58 [18] (%)* ND' (%)*

a2 10 (%)* 76+ 7 (%) ND 28

a3 13 (%) 88+ 4 (%) 40-50 [15] 23

44 19 (%)° 142 + 11 (%)° 40-50 [15] 94

*This study, Preoxidized materials, not purified, ‘purified main peak fraction, “values relative to authentic hen lysozyme, ‘mean and SD for three
measurements, ‘not determined, ®values relative to authentic human lysozyme.
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Fig. 2. Elution profiles of the 3SS-derivatives reoxidized at 37°C without glycerol (dotted lines) and those at 15°C with 20% glycerol (full lines).
The gradients in acetonitrile are in broken lines. The amount of protein reoxidized was about 4 ug, the filtrate of which was subjected to RPHPLC.
A and R indicate the elution positions of authentic and reduced lysozymes, respectively.

folding of hen lysozyme to enzymatically active forms.
The same conclusion has been drawn [4] using the mate-
rials obtained through reoxidation of reduced and par-
tially, randomly, carboxymethylated hen lysozyme. Our
approach was more direct, and since all the four 3SS-
derivatives were obtained in significant amounts due to

— Al 3
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_____ A4 _
= e AUthentic
9]
E
5 i
E
o
o
[}
kel
3 - _
b3
> S,
T |
/s
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Fig. 3. Circular dichroism spectra for purified 41 (thick line), 42 (thin

line), 43 (thick broken line), 44 (thin broken line) and authentic ly-

sozyme (dotted line) in 20 mM phosphate adjusted to pH 3.9 with

sodium hydroxide and at 25°C. Protein concentrations were 4.0, 3.4,
3.6, 3.7 and 3.5 uM, respectively.

efficient folding in the presence of glycerol, we could
also examine their secondary structures, which turned
out not to be identical. Previously, except for the 3SS-
derivative corresponding to 41, it was difficult to obtain
other 3SS-derivatives in sufficient amounts. In particu-
lar, the derivative corresponding to 42 could not be
obtained [15]. In recent studies on human lysozyme,
although the derivative corresponding to 44 was syn-
thesized in large amounts, the derivative corresponding
to 41 was not secreted in the yeast expression system,
and those corresponding to 42 and 43 were secreted
inefficiently [16,17]. Detailed analyses of the structural
differences among the 3SS-derivatives constructed here
will help to understand the interactions inducing and
stabilizing intramolecular structures in the folding of
hen lysozyme.
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Relationship between the Optimal Temperature for Oxidative Refolding and the
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ABSTRACT: The temperature dependence of the efficiency of oxidative refolding was examined for hen
lysozyme three-disulfide derivatives produced in Escherichia coli. Each derivative was designed to lack
one of the four disulfide bridges in authentic lysozyme: Al (Cys6—Ser, Cys127—Ser), A2 (Cys30—Ser,
Cys115—Ser), A3 (Cys64—Ser, Cys80—Ser), A4 (Cys76—Ser, Cys94—Ser), A2Ala (Cys30—Ala,
Cys115—Ala), and AdAla (Cys76—Ala, Cys94—Ala). The optimal refolding temperature was lowest
for Al (19 °C) and highest for A4Ala (30 °C). The chromatographically purified, completely refolded
three-disulfide species were not stable above the optimal refolding temperature in the presence of
glutathione. The stability of each of them was determined from the far-UV CD thermal denaturation
measurement at pH 3.9 in the absence of glutathione, where the denaturation was reversible. The transition
temperature was lowest for Al and highest for A4Ala. Precise values of difference in the transition
temperature among the three-disulfide derivatives were found to correlate with those in the optimal refolding
temperature. Next, the effect of glycerol, which has been shown to increase the refolding efficiency
[Sawano et al. (1992) FEBS Lett. 303, 11—14}, was examined for Al in detail. The optimal temperature
for refolding increased by 3—4 °C with the increase in glycerol concentration by 10%. The amount of
increase in the optimal refolding temperature was nearly equal to the amount of the increase in thermal
stability in the presence of glycerol of refolded and purified Al. Taken together, there exists a parallel
relationship for the three-disulfide derivatives between the optimal refolding temperature and the thermal
stability of the correctly refolded state. The observation provides the basis for the optimization of the

refolding temperature of engineered proteins of low stability.

Expression of recombinant, foreign genes in Escherichia
coli often leads to the formation of inclusion bodies in which
recombinant proteins are produced as insoluble aggregates
(Mitraki & King, 1989). The polypeptides solubilized and
purified from inclusion bodies under denaturing and reducing
conditions should be renatured into functional proteins of
defined tertiary structure. It is therefore needed to develop
efficient methods of renaturation. For the proteins which
contain disulfide bridges, the refolding conditions which
utilize reduced and oxidized forms of glutathione (Saxena
& Wetlaufer, 1970) are widely used. The detailed reaction
conditions, however, such as temperature, pH, salt concentra-
tion, and redox potential have to be optimized empirically.

Hen lysozyme contains four disulfide bridges. In spite
of a number of studies on the folding reaction of.lysozyme,
it has not fully been clarified how these bridges are involved
in the reaction process (Ristow & Wetlaufer, 1973; Anderson
& Wetlaufer, 1976; Acharya & Taniuchi, 1976, 1977, 1982;
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Taniyama et al., 1988; Radford et al., 1991). To study the
role of each bridge in the folding as well as in the
stabilization of this protein, we have undertaken the con-
struction of all the four molecular species of hen lysozyme
three-disulfide derivatives in which Cys residues that form
a disulfide bridge in authentic lysozyme were replaced by
Ser: Al! (Cys6—Ser, Cys 127—Ser), A2 (Cys30—Ser,
Cysl15—Ser), A3 (Cys64—Ser, Cys80—Ser), and A4
(Cys76—Ser, Cys94—Ser) (Sawano et al., 1992). The 3SS
derivatives purified from inclusion bodies under denaturing
and reducing conditions did not efficiently refold under the
conditions which have been reported by Saxena and Wet-
laufer (1970) to be optimal for the oxidative refolding (i.e.,
regeneration of correct disulfide bridges and of nearly full
enzymatic activity) of authentic lysozyme. We showed,
however, that they refolded at low temperatures and/or in
the presence of glycerol.

In this study, to examine the factors which influence the
refolding efficiency, we determined the optimal refolding
temperatures for the four 3SS derivatives as well as two

! Abbreviations: 3SS, three-disulfide; A1, a 3SS derivative of hen
lysozyme in which Cys residues 6 and 127 are replaced by Ser residues;
(for other 3SS derivatives, the amino acid substitutions are as follows:
A2 (Cys30—Ser, Cys115—Ser), A3 (Cys64—Ser, Cys80—Ser), A4
(Cys76—Ser, Cys94—Ser), A2Ala (Cys30—Ala, Cysl15—Ala), and
AdAla (Cys76—Ala, Cys94—Ala)); T,y, optimal temperature for the
oxidative refolding from reduced state; T, midpoint temperature for
the unfolding reaction (without the opening of disulfide bridges);
RPHPLC, reversed-phase high-performance liquid chromatography;
GSH, reduced glutathione; GSSG, oxidized glutathione; RNase A,
bovine pancreatic ribonuclease A; o-ILA, a-lactalbumin.

0006-2960/94/0433-15008%04.50/0  © 1994 American Chemical Society
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Cys—Ala 3SS derivatives: A2Ala (Cys30—Ala, Cys115—Ala)
and A4Ala (Cys76—Ala, Cys94—Ala). The optimal tem-
peratures were related with the thermal stability of the
derivatives correctly refolded.

MATERIALS AND METHODS

Hen Lysozyme 3SS Derivatives. Construction of the
synthetic genes for A1—A4 and their direct expression in E.
coli, based on the reported method (Miki et al., 1987), have
been described (Sawano et al., 1992). The genes for A2Ala
and A4Ala were constructed by using the synthetic oligo-
nucleotides, which contained the codons for Ala residues in
place of the respective Cys residues. The nucleotide
sequence of each recombinant gene cloned in plasmid was
confirmed. The genes were then incorporated to the direct
expression vector pYK1 (Tachibana et al., 1990), and
expressed in a similar way as for A1—A4.

Purification of the polypeptides under reducing (and
denaturing) conditions was carried out as follows. Harvested
cells (from 5.4-L culture) were disrupted by sonication in
200 mL of 50 mM Tris-HCl, pH 8.0, | mM EDTA, and 0.1
mM phenylmethanesulfonyl fluoride. Inclusion bodies were
prepared as described (Nagai et al., 1987). They were then
solubilized in 24 mL of 8 M urea, 10 mM sodium phosphate,
1 mM EDTA, and 50 mM DTT, pH 7.9, at 37 °C for 2 h.
After the pH was lowered to 5.0 with acetic acid, the solution
was filtered through a 0.8-um filter and subjected to cation-
exchange chromatography on a SE column (Productive, bps
Separations Ltd.) which had been equilibrated with 8 M urea,
10 mM sodium acetate, ] mM EDTA, and 10 mM DTT, pH
5.0, and eluted with step gradients in NaCl concentration.
Fractions containing polypeptides of 14 kDa, as monitored
with SDS—PAGE, were subjected to gel permeation chro-
matography on a Sephadex G-75 column (2.5 x 50 cm),
and reduced polypeptides were eluted with 0.1 M acetic acid,
freeze-dried, and stored frozen under nitrogen. The con-
centration of the purified, reduced 3SS derivatives were
estimated by using Azg = 2.64 for 1 mg/mL protein, which
was deduced based on the content of tryptophan and tyrosine
residues (Gill & von Hippel, 1989). The yield of purified
polypeptide was 7—10 mg/L of culture.

The substitutions of Ser or Ala for Cys residues in the
purified, reduced 3SS derivatives were confirmed by tryptic
peptide mapping. Briefly, the polypeptides were carboxa-
midomethylated (Hirs, 1967) and digested with N-tosyl-L-
phenylalanyl chloromethyl ketone-treated trypsin (Seikagaku
Kogyo) (E:S = 1:100 in weight) in 100 mM Tris-HCl, pH
8.0, at 30 °C for 3 h. The tryptic peptides were separated
with reversed-phase HPLC on TSK-ODS120T column (7.8
mm x 30 c¢m; Tosoh) with a 50-min gradient of acetonitrile
from 1 to 50% in 0.1% TFA at 40 °C. The polypeptides in
each peak were hydrolyzed with 6 N HCI containing 0.01%
phenol, and the amino acids were derivatized with phenyl
isothiocyanate (sequencing-grade, Wako Pure Chemical
Industries, Ltd.) as described by Heinrikson and Meredith
(1984). Phenylthiocarbamyl amino acids were separated and
quantitated with reversed-phase chromatography on a TSK-
ODS80TM column (4.6 mm x 25 cm; Tosoh) with a 20-
min gradient from 3% acetonitrile, SO0 mM sodium phosphate
(pH 7.0), and 100 mM sodium perchlorate to 33% acetoni-
trile, 10 mM sodium phosphate (pH 7.0), and 20 mM sodium
perchlorate.
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Reoxidation of Reduced Protein and Purification of
Refolded Protein. Reoxidation and formation of disulfide
bonds were carried out in 100 mM Tris—acetate, 1 mM
EDTA, pH 7.8, 6 mM GSH, and 0.6 mM GSSG as described
(Saxena & Wetlaufer, 1970), except that various temperatures
and, when specified, glycerol concentration (v/v %) were
used. The protein concentration was 3.3 uM. For the
measurement of the refolding efficiency at each temperature
and glycerol concentration, 6—12 ug of protein was used.
The temperature dependence of the pH of the refolding buffer
was not corrected for. The shift in pH value due to the
presence of glycerol was not more than 0.2. Before being
mixed to start refolding, both the refolding buffer and the
reduced protein in 0.1 N acetic acid were equilibrated at the
reaction temperature. The refolding reaction was stopped
by adding acetic acid to bring the solution pH below 5, and
the solution was passed to activity measurement.

As the control in the reoxidation experiment, reduced
authentic lysozyme was also prepared. Hen egg-white
lysozyme (6% crystallized, Seikagaku Kogyo) was reduced
in 0.2 M Tris-HCl, 1 mM EDTA, 8 M urea, pH 8.0, and
50-fold molar excess of DTT over the content of disulfide
in the protein at 40 °C for 3 h; subjected to gel permeation
chromatography in 0.1 N acetic acid on Sephadex G25; and
freeze-dried.

To know the extent of conformational heterogeneity in
the reoxidized proteins, the reoxidized protein solution was
subjected to reversed-phase HPLC after being acidified below
pH 5 or after the remaining, if any, thiol groups were
carboxamidomethylated on a TSK TMS-250 column (4.6
mm x 7.5 cm, Tosoh) at 40 °C with a linear gradient of
acetonitrile from 28 to 40% in 0.05% TFA. Native and
reduced authentic lysozymes were used as references for
elution position.

Reduced 3SS derivatives were reoxidized in a larger scale
(300—900 pg) at the temperature and the glycerol concentra-
tion, which were determined to be optimal in the preceding
experiments. The main peak fraction on the reversed-phase
HPLC described above was recovered, freeze-dried, and used
for stability measurement. The protein in the main peak
fraction eluted as a single peak when rechromatographed on
reversed-phase or cation-exchange (Asahipak ES-502C, 7.6
mm i.d. x 100 mm, Asahi Kasei Kogyo) HPLC.

Activity Measurement. The efficiency of refolding was
expressed by the lytic activity observed for the reoxidized
material. A portion of the solution that contained 3.3 ug of
the reoxidized 3SS derivative protein was mixed with the
solution of Micrococcal luteus cells (Seikagaku Kogyo) in
50 mM phosphate buffer, pH 6.20, which had been equili-
brated at 25 °C, to the total volume of 1.10 mL and the final
cellular concentration of 0.35 mg/mL. The time derivative
of the 660-nm absorbance decreases 30 s after the mixing
was taken as the lytic activity value and shown as a value
relative to that for an equal amount of authentic lysozyme.
When necessary, the reaction scale was increased for a better
reproducibility. The relative activity values varied from one
experiment to another by less than 4% (A1, A2, A3) or 7%
(A2Ala, A4, Ad4Ala). (Here, 100% corresponds to the
activity of authentic lysozyme.) The resultant deviation in
each Top value was not more than 2 °C. The presence of
glycerol, GSSG, or GSH to the amount which was expected
to be carried over to the assay solution did not decrease or
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FIGURE 1: Lytic activity of the solution of each 3SS derivative
refolded at various temperatures. Symbols and T,y values are (O)
Al, 19 °C; (A) A2, 22 °C; (A) A2Ala, 27 °C; (V) A3, 235 °C;
() A4, 25 °C; (H) Ad4Ala, 30 °C.

increase in a control experiment the activity of authentic
lysozyme.

Stability Measurement. The stability of chromatographi-
cally purified, completely refolded 3SS derivatives in the
presence of reducing reagent and at a temperature higher
than T, was examined as follows: The protein solution in
0.1 N acetic acid and the buffer containing Tris—acetate,
EDTA, and reduced and oxidized glutathione both equili-
brated at the temperature were mixed, resulting in the same
solution conditions and protein concentration as used in the
refolding experiment. After various intervals, the solution
was acidified to pH < 5, filtered through a 0.2-um filter,
and analyzed with RPHPLC on a TSK TMS-250 column as
described above. As a control, the buffer lacking the thiol
reagents was also used.

CD thermal transition curves were obtained from the far-
UV region CD spectra measured at various temperatures
using a J-600 spectropolarimeter (Japan Spectroscopic Co.)
equipped with a thermostatically controlled cell holder. The
solvent was 20 mM phosphate, with or without glycerol,
adjusted to pH 3.90 (at room temperature) with sodium
hydroxide. Protein concentration was 3.0—6.4 uM. The
temperature of the solution was directly measured using a
thermistor thermometer.

RESULTS

Optimal Temperatures for the Refolding Reaction of 35S
Derivatives. The temperature dependence of the refolding
reaction for the 3SS derivatives is shown in Figure 1. The
ordinate shows the bacteriolytic activity of the reoxidized
protein solution, in which a mixture of refolded proteins of
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FIGURE 2: Elution profiles of the refolded Al on RPHPLC. Each
profile is labeled with the temperature, Trg, at which the refolding
reaction was carried out. 8.2 ug of reduced Al was refolded,
filtered through a 0.2-um filter, and subjected to RPHPLC as
described in Materials and Methods. Arrows A and R indicate the
elution positions for authentic and reduced lysozymes, respectively.

various tertiary structure or disulfide pairing was expected
to be contained. The temperature dependence for each
derivative was qualitatively similar to the typical temperature
profile of the enzyme activity: gradual increase to the
maximal level and steep decrease with the increase in
temperature. The optimal refolding temperatures were 19,
22,27,23.5, 25, and 30 °C for Al, A2, A2Ala, A3, A4, and
AdAla, respectively. Among the Cys—Ser derivatives, the
result was Al < A2 < A3 < A4 in the increasing order of
Top. It was about 5 °C higher for the Cys—Ala derivative
than for its counterpart Cys—Ser derivative. The observed
bacteriolytic activity was much higher for A2Ala, A4, and
A4Ala than for Al, A2, and A3. Under the same refolding
conditions as above, T for reduced authentic lysozyme was
about 35 °C, and the relative bacteriolytic activity of its
refolded solution amounted to 90% (not shown) in agreement
with a previous paper (Saxena & Wetlaufer, 1970). These
data were obtained in the reoxidation experiments of 50-
min incubation time. Although kinetic experiments showed
that in this time interval the reaction did not reach equilibrium
for lower reaction temperatures, the experiments employing
an incubation time of 200 min showed that qualitative as
well as quantitative features described above were con-
served: the newly estimated T,p’s agreed with the original
one within £1 °C (not shown).

To examine the conformational heterogeneity among the
reoxidized proteins, the reoxidized solution was subjected
to reversed-phase HPLC. The result for Al is shown in
Figure 2. A peak on a broad background was observed for
each refolding condition of different temperature. The
elution time for the peak was common among the profiles
shown and nearly coincided with that of authentic lysozyme
(position “A” in the figure). There existed a correlation
between the height of the peak and the apparent lytic activity
value shown for various temperatures in Figure 1. A similar
result was obtained for other 3SS derivatives (not shown).
Each temperature profile in Figure 1 therefore can be taken
as to approximately represent the change with temperature
in the fraction of correctly refolded 3SS derivative. (For a
comparison of the fractions of correctly refolded molecule
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between the profiles, however, it is necessary to take the
specific activity of each 3SS derivative into consideration.)
This point was supported by the following observations:
First, the refolded 3SS derivatives isolated in a large scale
from the peak fraction showed the far-UV CD spectra that
indicated the presence of secondary structure of nearly the
same amount as authentic lysozyme [the spectra of the
Cys—Ser derivatives have been reported (Sawano et al.,
1992); the spectra of A2Ala and A4Ala had the same
characteristics as those for their respective, counterpart
Cys—Ser derivatives (not shown)]. Second, the tryptic map
of each of the purified, refolded derivatives was consistent
with the formation of each set of the three, out of four, native
disulfide bridges in them (not shown). Third, the purified
refolded derivatives showed lytic activities which were
comparable (60—140%) to authentic lysozyme (Sawano et
al., 1992, for the Cys—Ser derivatives; the relative activities
at 25 °C for A2Ala and A4Ala were 72 and 90%, respec-
tively). Furthermore, when we calculated the expected lytic
activity of the crude, refolded protein solution by using the
estimated amount of the “correctly” refolded protein of the
peak fraction in the chromatogram shown in Figure 2 and
the activity value of the purified derivatives described above,
it nearly agreed with the observed lytic activity value shown
in Figure 1.

Thermal Stability of the Refolded and Purified 3SS
Derivatives and Its Relationship with T,,. The decrease in
the refolding efficiency in the temperature range above Top
is considered to be due to thermal instability of intermediate
species and/or the completely refolded species in the folding
pathway. We examined the stability of the completely
refolded and chromatographically purified Al, which was
subjected to the same solution conditions as those in the
refolding experiment, by monitoring the RPHPLC elution
profiles (Figure 3). A reaction temperature of 30 °C was
chosen, where the recovered activity in the refolding experi-
ment had been shown to decrease to about 25% of the
optimal one (Figure 1). After 90-s incubation, the height of
the peak for the completely and correctly refolded Al
decreased to 80%, and a broad background, which was
indicative of disulfide-reshuffled proteins of nonnative
structure, appeared. After 15 min, the peak height decreased
to 29%, and after 50 min it decreased to 22%, with the
elution profile becoming very similar to the one shown for
a refolding temperature (Trr) of 30 °C in Figure 2. The
fraction of the intact Al remaining after the 50-min incuba-
tion roughly agreed with the above-mentioned fraction of
the recovered activity at 30 °C to the optimal one. In a
control experiment in which the redox reagents were omitted,
the sharp peak was completely conserved after 50-min
incubation. Similar results were obtained for the other 3SS
derivatives (not shown). The results indicate that the
correctly refolded 3SS derivatives are instable at the tem-
perature above T,y in the present conditions used for
refolding.

It was difficult with spectrophotometric methods to ac-
curately determine the denaturation temperature of the
completely refolded and chromatographically purified 3SS
derivatives under the conditions used for refolding, i.e., in
the presence of the redox reagents and at the dilute protein
concentration. Even in the absence of the redox reagents,
the solution of the refolded and purified derivatives showed
aggregation at neutral pH regions. Therefore, we carried
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FIGURE 3: Stability of the completely refolded and chromatographi-
cally purified Al under the refolding solution conditions and at 30
°C. The label to each RPHPLC elution profile indicates the
presence (+) or absence (—) (as a control) of thiol reagents (6 mM
GSH and 0.6 mM GSSG) and the incubation time. The amount of
protein for each chromatogram was 7.5 ug (including a possible
loss during filtration). Arrow A indicates the elution position for
authentic lysozyme. It is not the same as the one in Figure 2 due
to the aging of the column.

out far-UV CD thermal denaturation measurement at pH 3.9
without the redox reagents, although the denaturation tem-
perature under this condition is expected to be higher than
that under the refolding condition. At pH 3.9, reversible
transition curves were obtained for all the derivatives (Figure
4). The transition midpoints (7,,) were 39.2, 42.8, 48.2,45.2,
44.9, and 51.6 °C (£0.6 °C) for Al, A2, A2Ala, A3, A4,
and A4Ala, respectively. Among the Cys—Ser derivatives,
the result was Al < A2 < A3 < A4 in the increasing order
of Tm, and the Cys—Ala derivatives had the T, which was
higher than that of the counterpart Cys—Ser derivative by
about 6 °C. Furthermore, the T, data obtained in our
preliminary differential scanning calorimetry measurements
(not shown) agreed with these results.

Top and T, for each 3SS derivative were plotted in Figure
5. A nearly parallel relationship between the two quantities
was evident. The difference between them, which was
almost constant among the derivatives, was 20.9 + 0.7 °C.

Effect of Glycerol on Ty, and T, of Al. It has been known
that glycerol stabilizes the native state of protein through
the mechanism of “preferential hydration” (Gekko & Ti-
masheff, 1981a,b). We have shown that the presence of
glycerol increased the refolding efficiency of the Cys—Ser
3SS derivatives (Sawano et al., 1992). To study the effect
of glycerol on the temperature dependence of refolding
reaction, the efficiency of refolding at various glycerol
concentration and temperatures was examined for Al (Figure
6). With the increase in glycerol concentration up to 30%,
the temperature—activity profile shifted to the higher tem-
perature side with a concomitant increase in the maximal
activity at Top. With a further increase in glycerol concen-
tration, the profile further shifted to the higher temperature
side, but the maximal activity did not increase. The optimal
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FIGURE 4: Thermal denaturation—renaturation transition curves for the 3SS derivatives. The ordinate shows fractional changes in the
mean residue ellipticity at 222 nm. Symbols are as follows (the first ones are for the data obtained on increasing temperature changes, and
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FIGURE 5: Relationship between Ty (cross-hatched) and T, (dotted)
for the 3SS derivatives.

temperatures were 19.0, 23.3, 27.0, 30.5, 33.8, and 36.8 °C
for the glycerol concentrations of 0, 10, 20, 30, 40, and 50%,
respectively. The increment in T, was 3—4 °C for the
increment of 10% in glycerol concentration.

The qualitative features described above can be expressed
in a different way if, in Figure 6, we follow the data points
for a common temperature value and different glycerol
concentrations: at moderately high temperature, say at 37.5
°C, the refolding efficiency was markedly enhanced from
nearly zero to 30% by the addition of glycerol while at lower
temperature, say at 0 °C, it decreased with the increase in
glycerol concentration. Overall, the optimal conditions for
the refolding of A1 were 30—35 °C in temperature and 30—
45% in glycerol concentration.

Al; (A, A) A2; (A, &) A2Ala; (v, ¥) A3; (O, W) A4; (@, D) AdAla.
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FIGURE 6: Lytic activity of the solution of Al refolded at various
temperatures in the absence or presence of glycerol: 0 (O), 10 (a),
20 (v), 30 (©), 40 (O), and 50% (+) glycerol (v/v).

The HPLC elution profiles of the derivatives reoxidized
in the presence of glycerol showed the main peak, whose
retention time nearly coincided with that- of authentic
lysozyme and whose height correlated with the lytic activity
of the refolded, crude protein solution (not shown) in a
similar way as described before for the case without glycerol.

Then, the refolded and purified Al was subjected to the
CD thermal denaturation experiments in the presence of
glycerol (Figure 7). Reversible transition curves were
obtained in the presence of glycerol, and the transition
temperature shifted to the higher side with increasing
concentration of glycerol. Ty's were 39.2 (Figure 4), 45.6,
and 51.6 & 0.6 °C for glycerol concentrations of 0, 20, and
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FIGURE 8: Relatlonshlp between Top (lower line) and T, (upper
line) of Al for various concentration of glycerol. The same symbols
as in Figures 5 and 6 are used for each glycerol concentration.

40%, respectively. The increment in Tp, was 3.2—3.0 °C
per 10% increment in glycerol concentration. This value
was nearly equal to the increment in Ty described before,
and a nearly parallel relationship between Tr, and Ton was
evident as shown in Figure 8. The differences between Tp,
and Top, were 20.2, 18.6, and 17.8 °C for glycerol concentra-
tions of 0, 20, and 40%, respectively.

DISCUSSION

Parallelism between T,y and T, In this study, it was
shown for hen lysozyme 3SS derivatives that there exists a

parallel relationship between the optimal temperature for
oxidative refolding and the denaturation temperature of the
completely refolded state. A set of disulfide bridge-
engineered proteins used here was suitable for the demon-
stration of the relationship with sufficient accuracy: none
of the four disulfide bridges is necessary for the refolding
of hen lysozyme (Acharya & Taniuchi, 1977; Sawano et al.,
1992), and the 3SS derivatives all refolded, although with
different efficiencies, into the state that had enough enzymatic
activity for the determination of refolding optima as well as
the secondary and tertiary structure, which could undergo
reversible thermal transition. Such a relationship as dem-
onstrated here will be potentially useful in the optimization
of the refolding temperature for expressed, engineered
proteins.

The existence of Toy in the “recovered activity”—“refold-
ing temperature” profile and a sharp decrease in the recovered
activity with an increase in the refolding temperature are
phenomenologically similar to the existence of Ty in the
activity—temperature profile of enzymes and probably result
from the two factors which have mutually opposing tem-
perature dependence: one is the increase in the rates of
elementary reaction steps of oxidative refolding with the
increase in temperature, and the other is the destabilization,
with the increase in temperature, of the species on the
refolding pathway. Here, depending on the stability of the
completely refolded state, two cases can be considered: In
the first case, the completely refolded species is sufficiently
stable, and the reverse reaction through the rate-determining
step from the completely refolded species to (an) intermediate
species is negligible. In this case, the temperature depen-
dence of the refolding rate will be governed by the stability
of the intermediate species. In the second case, the
completely oxidized and correctly refolded species is not
sufficiently stable, and its reduction, coupled with denatur-
ation, is not negligible. Then, the temperature dependence
of the refolding rate as well as the yield will be affected by
the stability of the completely oxidized and refolded species.

The oxidative refolding reaction of the hen lysozyme 3SS

“derivatives studied here was in accord with the second case

as described in the Results section. The reaction step leading
to the completely refolded Al was shown to be reversible
under the present refolding conditions. The rough agreement
between the fraction of the recovered activity at 30 °C to
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the optimal one (Figure 1) and the fraction of the intact Al
remaining after the 50-min incubation at 30 °C (Figure 3)
suggests that the major determinant of the temperature
dependence of the refolding of Al is the stability of the
completely refolded state. The existence of a parallel
relationship between Ty and the Tn for the completely
refolded states of the 3SS derivatives is therefore considered
to be characteristic of the refolded proteins, which have low
stability against thermal as well as reduction-coupled dena-
turation. (Here, we must also note that Ty as well as Top is
generally a function of the concentration of thiol reagents.)

On the other hand, the former case has been clearly
demonstrated for the regeneration, i.e., oxidative refolding,
of RNase A by Rothwarf and Scheraga (1993a). They
showed that RNase A rengerated through multiple pathways
and that the rate-determining step involved a rearrangement
of 3SS species (Rothwarf & Scheraga, 1993b). They also
showed that the regeneration pathways of RNase A depended
on the nature of the redox reagent used (Rothwarf &
Scheraga, 1993c), and observed correspondingly different
temperature dependence of the regeneration rates (Rothwarf
& Scheraga, 1993d), which indicated that the temperature
dependence is governed by the stability of an intermediate
species. It was identified as the 3SS species that was
markedly populated at 15 °C. For the oxidative refolding
of bovine pancreatic trypsin inhibitor (Creighton, 1977) and
that of a-LA (Ewbank & Creighton, 1993a,b), the rate-
determining steps have been shown to be an intramolecular
two-disulfide rearrangement and that of a two- and three-
disulfide rearrangement, respectively.

For authentic (i.e., 4SS) hen lysozyme, it has been shown
that the oxidative refolding proceeds through a limited search
of intermediates (Ristow & Wetlaufer, 1973; Anderson &
Wetlaufer, 1976): two disulfide bonds involving Cys64,
Cys76, Cys80, and Cys94 being formed rapidly, followed
by the disulfide bond between Cys30 and Cysll5, and
presumably finally, the disulfide bond between Cys6 and
Cys127. This outline of oxidative refolding is nearly the
reverse of the reduction pathway for a-LA reported by
Ewbank and Creighton (1993a) when the correspondence of
the homologous disulfide bridges between the two proteins
is taken into consideration, and it may be suggested that the
oxidative refolding pathways of the two proteins are roughly
similar. However, there also exist differences: In the
oxidative refolding of a-LA, multiple one-, two-, and three-
disulfide intermediates were generated in contrast to the case
for lysozyme; R®12%am 3 reduced a-LA in_which Cys
residues 6 and 120 were blocked with iodoacetamide, did
not refold into native (i.e., the remaining three disulfide
bridges being in native combinations) state (Ewbank &
Creighton, 1993a), whereas in lysozyme, none of the four
disulfide bridges is obligatory for the correct folding
(Acharya & Taniuchi, 1977; Sawano et al,, 1992). At
present, unlike in the cases for RNase A, bovine pancreatic
trypsin inhibitor, and a-LA due to the lack of the studies
for lysozyme that extensively deal in a quantitative way with
the kinetic progress of the intermediates in the oxidative
refolding pathway, we have little information about either
the species involved in a rate-determining step for the
oxidative refolding of lysozyme or for that of the refolding
of lysozyme 3SS derivatives. It should be noted, however,
that the Ty, for authentic lysozyme at pH 4 is about 78 °C
(Pfeil & Privalov, 1976) while the Toy for its oxidative
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refolding is 37 °C (Saxena & Wetlaufer, 1970) or 35 °C
(this study), resulting in the difference of about 40 °C
between T, and Ton. This value is much larger than the
difference of about 20 °C between them for the lysozyme
3SS derivatives studied here. The stability of some inter-
mediate species, most likely 2SS or 3SS, which is much
lower than that of the completely refolded authentic lysozyme
(=4SS), probably governs the Ton. In other words, the
species produced immediately after the rate-determining step
will be rapidly stabilized by the formation of the third and/
or fourth disulfide bridge(s), making the reduction-coupled
denaturation of the completely oxidized and refolded 4SS
species almost negligible in the temperature range around,
and moderately higher than, Ty

Stability Differences among the 3SS Derivatives. A simple
explanation for the destabilization of protein due to the loss
of a disulfide bridge is the increase in the entropy of the
denatured state, which is brought about by the change in
the organization of covalently closed loops formed by main
chain and disulfide bridges. In accordance with this notion,
Cooper et al. (1992) have shown that the reduction in Tp
resulting from the removal of the 6—127 disulfide bond in
hen lysozyme 3SS derivative CM®!?’ is attributed totally to
an increase in the entropy difference between the native and
denatured states. In the present case, the entropy increase
in the denatured state of each 3SS derivative compared to
that of the 4SS form was estimated, based on the equation
derived by Lin et al. (1984), to be 17.6, 16.1, 14.5, and 14.8
cal/K'mol for A1—A4, respectively. If there is no change
between 3SS and 4SS forms in the enthalpy as well as the
entropy difference for the unfolding reaction except for this
entropy increase, the amount of the decrease in T, with the
removal of a single disulfide bridge is predicted to be Al >
A2 > A4 2 A3. The present result of CD T, measurement
agreed with this prediction. However, the change between
the 3SS and the 4SS forms in the enthalpy difference as well
as in the entropy difference for the denaturation reaction was
observed in our preliminary differential scanning calorimetry
experiment (Tachibana, Oka, Fukada, Takahashi, Sorai,
unpublished results). Also, Kuroki et al. (1992) have
reported that the destabilization of the disulfide-engineered
human lysozyme, which corresponds to A4 studied here, is
not explained by the change in entropy difference but rather
by the change in enthalpy difference. Complete interpreta-
tion of the stability change among the 3SS derivatives in

terms of the structural features of the lysozyme molecule

awaits the result of a detailed thermodynamic investigation.

The Cys—Ala 3SS derivatives (A2Ala, A4Ala) had higher
T., than their counterpart Cys—Ser derivatives (A2, A4). The
environment of the residue positions in authentic lysozyme
where Cys residues are replaced in these 3SS derivatives
(30, 115, 76, 94) is inside the molecule (Shrake & Rupley,
1973). Therefore, the stabilization of the Ala derivatives
relative to the Ser derivatives can be qualitatively explained
by the relationship between the stability of the engineered
protein and the hydrophobicity of substituted residues (Yutani
et al., 1987). The difference in T, observed in this study,
about 6 °C, however is much smaller than that (27 °C)
reported for a single disulfide bond derivative of the bovine
pancreatic trypsin inhibitor with the remaining Cys residues
replaced by either Ser or Ala (Darby et al,, 1991; van Mierlo
et al., 1991; Staley & Kim, 1992; the value was corrected
for the effect of the substitution or the addition of residues
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other than Cys—Ser/Ala replacement according to the
description in Staley and Kim). We must note that, in the
case of human lysozyme 3SS derivatives, a Cys77,95—Ser
mutant has been reported to be more stable by 2.3 °C in Ty,
than a Cys77,95—Ala mutant, probably due to a hydrogen
bond between the two Ser residues (Yamada et al., 1994).

Refolding Efficiency and the Effect of Glycerol. The
maximal refolding efficiency shown in Figure 1, evaluated
by apparent lytic activity of the reoxidized (i.e., not purified)
protein solution, was significantly higher for A4, A2Ala, and
AdAla than for Al, A2, and A3. The same situation is
observed for the refolding efficiency at almost any refolding
temperature. The reason of the high apparent activity for
A4 is partly explained by the high activity of purified A4
(Sawano et al., 1992). Although the activities of the purified
A1, A2, and A3 were 60—90% of the authentic lysozyme,
the activity of the purified A4 was 130—140% of authentic
lysozyme. [This high activity may be related with the
proximity of the disulfide bridge Cys76—Cys94, which is
removed in A4, to Trp62. The replacement of Trp62 with
Tyr, Phe, or His has been shown to exhibit enhanced
bacteriolytic activity (Kumagai & Miura, 1989), and it was
suggested that the smaller size of the aromatic ring at the
62nd position may favor the lytic process.] In the case of
A2Ala, the activity of the purified protein (about 72% of
authentic lysozyme) was similar to that of A2 (60—76%).
Therefore, the apparently higher activity of the reoxidized
solution of A2Ala must be related with an increased number
of correctly refolded protein molecules compared to A2.
Likewise, the similar level of refolding efficiency between
A4 and A4Ala combined with the lower activity of the
purified A4Ala compared to that of the purified A4 indicates
an increased number of correctly refolded A4Ala compared
to A4. Altogether, the Cys—Ala derivatives studied in this
study had a higher refolding efficiency as well as a higher
stability than their counterpart Cys—Ser derivatives.

The appearance of significant refolding yield at a progres-
sively higher temperature side with increasing glycerol
concentration in the reoxidation reaction of Al (Figure 5)
can be explained by the stabilization, during reoxidation
reaction, of a completely refolded state with glycerol. The
observed amount of stabilization by glycerol of the refolded
and purified A1 (3.2—3.0 °C per 10% increment in glycerol
concentration) as well as the increase in T, With the increase
in glycerol concentration (4—3 °C per 10% increment in
glycerol concentration) were significantly higher than that
reported for chymotrypsinogen (1.1—-0.5 °C), RNase (2.4—
1.7 °C) (Gekko & Timasheff, 1981b), and authentic lysozyme
(0.7—1.5 °C) (Gekko, 1982). We also carried out the control
refolding experiment for authentic lysozyme in the presence
of glycerol (not shown). The increase in T, was about 2
°C per 10% increment in glycerol concentration and was
significantly lower than that for A1. The enhanced amount
of stabilization for Al can be explained as follows: It has
been shown that the folded state of protein is stabilized by
glycerol with the mechanism of preferential hydration (Gekko
& Timasheff, 1981a). In the mechanism, the unfavorable
interaction between glycerol and protein tends to minimize
the surface of contact between them, thereby stabilizing the
compact, folded state relative to the extended, unfolded state.
In the present case, the compactness of the folded state of
A1 is considered to be nearly the same as that of authentic
lysozyme since the amount of secondary structures, that of
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enzymatic activity, and the elution position on RPHPLC were
nearly the same with those of authentic lysozyme. On the
other hand, the unfolded state of Al, which has three
disulfide bridges, is naturally expected to be less compact
compared to that of authentic lysozyme, which has four
disulfide bridges. Therefore, the amount of free energy
increase for the unfolded state due to the unfavorable
interaction with glycerol is expected to be higher for Al than
for authentic lysozyme, resulting in an increased amount of
stabilization of the folded state of A1 compared to that of
authentic lysozyme.
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The effects of lacking a specific disulfide bridge on the transition state in
folding were examined in order to explore the folding-unfolding mechan-
ism of lysozyme. Four species of three-disulfide variant of hen lysozyme
(355-lysozyme) were prepared by replacing two Cys residues with Ala or
Ser: C65/C127A, C30A/C115A, C64A/C80A and C76A/C94A. The
recombinant hen lysozyme was studied as the standard reference con-
taining four authentic-disulfide bridges and the extra N-terminal Met the
recombinant hen lysozyme containing the extra N-terminal. Folding rates
were measured by monitoring the change in fluorescence intensity associ-
ated with tri-N-acetyl-D-glucosamine binding to the active site of refolded
lysozyme. It was confirmed that the folding rate of the recombinant hen
lysozyme containing the extra N-terminal was the same as that of wild-
type lysozyme, and that the folding rate was little affected by the pre-
sence of tri-N-acetyl-D-glucosamine. The folding rate of C64A/C80A was
found to be the fastest and almost the same as that of the recombinant
hen lysozyme containing the extra N-terminal, and that of C30A/C115A
the second, and that of C6S/C127A the third. The folding rate of C76A/
C94A was particularly slow. On the other hand, the unfolding rates
which were measured in the presence of tri-N-acetyl-D-glucosamine
showed the dependence on the concentration of tri-N-acetyl-D-glucosa-
mine. The intrinsic unfolding rate in the absence of tri-N-acetyl-D-glucosa-
mine was determined by extrapolation. Also in the unfolding rate,
C76A/C94A was markedly slower than the others. It was found from
the analysis of binding constants of tri-N-acetyl-D-glucosamine to C64A/
C80A during the unfolding process that the active site of C64A/C80A
partly unfolds already prior to the unfolding transition. On the basis of
these kinetic data, we suggest that C64A/CB0A folding transition can
occur with leaving the loop region around SS3 (C64-C80) flexible, while
cross-linking by S54 (C76-C94) is important for the promotion of folding,
because it is an indispensable constraint on the way towards the folding
transition state.
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introduction

Understanding protein folding-unfolding tran-
sition is the key to elucidating how tertiary struc-
tures of protein are determined from physical and
chemical properties of molecules. Recent investi-
gations suggest that the collapse to a relatively
compact globule occurs before the formation of
native structure when a fully unfolded polypeptide
chain is placed in a solution of very low denatur-
ant concentration (Kuwajima, 1989; Ptitisyn, 1995;
Rodder & Colon, 1997). Extensive secondary struc-
ture and some tertiary contacts exist within the col-
lapsed state, but the majority of tertiary
interactions are not persistent. Experimental stu-
dies on a-lactalbumin have suggested that such a
molten globule has a native-like secondary struc-
ture and a native-like topology in the a-domain,
but no significant structure in the f-domain (Baum
et al., 1989; Wu et al., 1995). However, some recent
studies indicate that the molten globule state is a
disordered compact globule (Sali et al., 1993;
Creighton, 1997; Qi et al., 1998). In the early folding
of lysozyme, it was recently proposed that the
transiently accumulating partially folded state with
the a-domain already formed is not located on the
direct folding pathway, but rather on an alterna-
tive slow-side pathway (Wildegger & Kiefhaber,
1997). Thus, the role of the molten globule in pro-
tein folding is still controversial. Kinetic studies
with NMR spectroscopy that monitor individual
residues demonstrated that the close packing
characteristic of the native state emerges in a
highly cooperative manner following the rapid for-
mation of the molten globule (Balbach et al., 1995).
Folding of this type occurs at the late stage of the
transition. Although much effort has been
expended to characterize the molten globule state,
not much attention has been paid to the late stage
of folding. We focus our attention on this rate-
determining step in the folding transition of
lysozyme.

A computer simulation study of island model
protein demonstrated that transient intermediate
states between the fully folded and unfolded states
are inherently unstable and undergo a transition to
either of two final states, and that there exists a
predominant folding pathway (Segawa, & Kawai,
1986). The ensemble of such transient states along
the pathway may be represented by the hypotheti-
cal transition state. Characterization of the tran-
sition state is an essential step in understanding
the mechanism of protein folding. The most effec-
tive way is based on protein engineering (Fersht,
1995). Previously, the transition state of lysozyme
folding-unfolding process was characterized by
effects of protein-solvent interactions and substrate
analogue binding on folding and unfolding rate
constants (Segawa & Sugihara, 1984a,b). This time,
effects of the removal of a specific-disulfide bridge
were examined. In the absence of such a disulfide
bridge, if the two segments connected by the disul-
fide bridge interact with each other in the tran-

sition state, the folding rate would be diminished
by the entropic cost of bringing the two ends into
proximity. If the two segments were not fixed in
the transition state, little influence on the folding
rate would be expected; instead the unfolding rate
would be significantly increased due to the loss of
disulfide constraint in the transition state. Thus,
kinetic data can give information about the local
structure around the disulfide bridge in the tran-
sition state.

We constructed four species of the three-disul-
fide variant of hen lysozyme (CSS-lysozyme) by
replacing two Cys residues with Ser or Ala resi-
dues (Sawano et al., 1992; Tachibana et al., 1994),
and showed that none of the four native-disulfide
bridges is obligatory for the attainment, in vitro, of
higher-order structures and bacteriolytic activity.
Here, circular dichroism (CD) spectra show that
the tertiary structure of 355-lysozyme is almost the
same as that of wild-type lysozyme (WtLYZ).
When the folding reaction of 35S-lysozyme was
initiated by rapidly diluting the guanidine hydro-
chloride (GuHCI) concentration, the far-UV CD
and fluorescence signals quickly recovered the
intensity characteristic of the native state during
the early folding towards the collapsed molten glo-
bule, so that the signal associated with the late
folding transition was hardly observed. The key to
the late folding of lysozyme is the appearance of
the active site to bind tri-N-acety-D-glucosamine
(triNAG). Here, lysozyme folding was followed
by monitoring the change in fluorescence intensity
associated with triNAG binding to refolded
protein. ,

Folding and unfolding rate constants were deter-
mined for all the species of 35S-lysozyme. Contrary
to our expectation, the contribution of SS1(Cé-
C127), SS2(C30-C115) and SS3 to increasing the
folding rate was only a little, while only S54 sig-
nificantly increased the folding rate. In general, the
38S-lysozyme with a slow folding rate had a slow
unfolding rate. In particular, C76A/C94A had the
slowest folding rate and the slowest unfolding
rate, while C64A/C80A the fastest folding and
unfolding rates in the presence of 0.24 mM tri-
NAG. C30A/C115A and C65/C127A had inter-
mediate folding and unfolding rates. On the basis
of these kinetic data, the details of the transition
state are discussed with respect to the local struc-
ture around an individual-disulfide bridge.

Results

Four species of lysozyme variant lacking a
specific-disulfide bridge

Hen lysozyme contains four disulfide bridges;
GS1 between C6 and C127, SS2 between C30 and
C115, SS3 between C64 and C80 and S$4 between
C76 and C94. Figure 1 shows the ribbon diagram
of hen lysozyme illustrating the positions of four
disulfide bridges, SS1 to S54, which are rep-
resented by yellow sticks. The active site is formed
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Figure 1. Ribbon diagram of hen lysozyme, produced
by Insight II based on the X-ray crystallographic struc-
ture (PDB 6LYZ). Four a-helices are colored magenta.
Yellow sticks -represent four disulfide bridges, SS1 to
SS4. SS1 links C-terminal region with A-helix, and SS52
links B-helix with D-helix. The 3,p-helix is connected
with the triple-stranded b-sheet (colored blue) by SS3.
S54 is located between the loop region and C-helix. The
tertiary structure is comprised of two folding domains,
one of which is formed from four a-helices (a-domain),
and the second from the friple-stranded B-sheet and the
3,0-helix (B-domain). The active site is formed at the
interface between two domains including three trypto-
phan residues (colored green, W62, 63 and 108). The
other three (W28, 111 and 123) are included in the
hydrophobic core region in the a-domain.

at the interface between o and B-domains. Four
species 35S-lysozyme were prepared by means of
oxidative-refolding of the reduced form of the var-
iants, each of which lacks a specific pair of cystei-
nyl residues corresponding to each of the four
native-disulfide bridges. Respective Cys residues
were replaced by Ala residues, except that Cys6
was replaced by a Ser residue. The variant C6S/
C127A lacks SS1. In a similar manner, C30A/
C115A, C64A/C80A and C76A/C94A lack SS2,
SS3 and SS4, respectively. The peptide maps of
these variants were consistent with the attainment
of native-disulfide pairings in each of them. Since
these 3SS-lysozymes expressed in Escherichia coli
contain an extra N-terminal Met residue, the
recombinant hen lysozyme was prepared and stu-
died as the standard reference containing four
authentic disulfide bridges and the extra Met
(metLYZ). In addition, another type of 35S-lyso-
zyme was prepared by the chemical modification
of wtLYZ, in which C6 and C127 were replaced by
carboxy-methylated Cys residues (remLY2). This
variant, remLYZ, is different from C6S/C127A in
the respect of the absence of the N-terminal Met.
The amino acid compositions of these lysozyme
variants were confirmed by ion-spray mass spec-
trometry. Obtained masses for C30A/C115A and

remLYZ were 14374.4 and 144229. These values
were exactly the same as those calculated from
their respective amino acid sequences.

Characterization of the tertiary structures
of 3SS-lysozyme

The far-UV CD spectra of metLYZ, remLYZ and
four species of 35S-variants were almost equal to
those of wtLYZ in the magnitude of major band
ellipticities with slight differences in detailed spec-
tral shapes (data not shown). Figure 2 shows near-
UVCDs a for these 35S-lysozymes measured
at pH 4.0 and 4.0°C. The spectra of wtLYZ and
remLYZ were almost the same as those of metLYZ
shown in Figure 2. For 3SS-variants, the shape of
spectra is basically similar to that of metLYZ, but
they vary in the magnitude of molecular ellipticity
[6]; for example, the spectrum of C30A/C115A or
C76A/C94A is significantly smaller than that of
metLYZ in the magnitude of [0] near 290 nm. Since
W28, W11l and W123 surround SS2 (C30-C115),
the removal of SS2 seems to alter the environment
of these tryptophan residues, especially in respect
of local structural flexibility. In a similar manner,
W108 is located near SS4 (C76-C94), therefore the
near-UV CD spectrum may be reduced remarkably
in C76A/C94A. These CD spectra show that each
of 3SS-lysozyme has a rigid folded structure
besides the native-like secondary structure. Indeed,
the near-UV CD spectra disappeared with the
unfolding induced by the addition of GuHCI as
described later. NMR spectroscopy is more effec-
tive to get detailed information about the structure
of protein. Homonuclear Hartmann-Hohn (HOHA-
HA) spectra were measured for all the species of
3SS-variants. Although the details of NMR data
will be published elsewhere, they suggest that all
the species of 355-lysozyme retain the rigid tertiary
structure quite similar to the native one on the
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Figure 2. Near-UV CD spectra of 3SS-lysozymes.
Spectra were measured in 50 mM sodium acetate buffer
(pH 40) and 4.0°C. 1, (---) C6S/C127A; 2, (---)
C30A/C115A; 3, (---) C64A/CB80A; 4, (—) C76A/C94A;
5, (—) metLYZ.
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whole, while the local structure around the site of
mutation becomes flexible in terms of the protec-
tion factor against the amide hydrogen exchange
reaction.

The thermal unfolding of these 3SS-lysozymes
had been studied by monitoring the change in CD
signal at 222 nm (Tachibana ef al., 1994). Further,
we have carried out the differential scanning
calorimetric (DSC) experiments. The van’t Hoff
enthalpy of unfolding, AH,y, is obtained from the
DSC curve; AHy = 4RT4:AC,,/Q, where Ty is the
transition temperature, AC,, is the height of the
heat absorption peak at T Q is the area of the
peak. The ratio of calorimetric enthalpy to the
van’t Hoff enthalpy (y = AH.,/ AH.) were deter-
mined (Table 1). They clearly indicate the two-state
transition for the thermal unfolding of 3SS-lyso-
zymes. The thermal stability of metLYZ is con-
siderably decreased compared with that of wtLYZ:
the decrease in T, of about 8 deg. C. The difference
between two species of lysozyme is only the pre-
sence of the N-terminal Met in metLYZ. For the
same reason, C6S/C127A is also less stable than
remLYZ by about 11°C in Ty. Among all the 3SS-
variants, C76A/C94A is the most stable and C65/
C127A the most unstable.

Calorimetric titration of triNAG into
3SS-lysozyme

In order to explore whether the detailed struc-
ture of the active site of lysozyme is restored or
not in 3SS-variants, binding of a substrate analogue
(triNAG) to lysozyme variants was studied using
isothermal titration calorimetry (ITC). Titration
experiments were performed in 0.1 M sodium acet-
ate buffer (pH 4.0). The titration data were ana-
lyzed based on a simple 1:1 binding reaction
between lysozyme and triNAG. The stoichiometry
(n) was introduced as a curve fitting parameter.
Three adjustable parameters, AH,, K{ and n, were
determined by non-linear least-squares fittin
using an iterative Marquardt algorithm, where Kj
and AH, represent the binding constant and
enthalpy. Thermodynamic parameters obtained are
listed in Table 2. The fact that n is nearly equal to
1.0 is really an indication of good purification of
35S-varianfs. The binding constant to C65/C127A
is the largest, while that to C76A/C94A is signifi-
cantly smaller than the others. Binding enthalpies

of 355-lysozymes except for C76A/C94A are sub-
stantially the same as those of wtLYZ. Although
the binding ability of C76A/C94A is somewhat
weak in both K and AH,, all the species of 355-
lysozyme can strongly bind the substrate analogue.
This indicates that the active site structure of 355-
lysozyme is quite similar to that of wtLYZ. It
should be noted that the lack of a disulfide bridge
except for 554 has little effect on K and AH,
nevertheless the tertiary structure itself is greatly
destabilized. In other words, as far as lysozyme
variants are completely folded, the active site struc-
ture is quite similar to that of wtLYZ, but the ther-
mal stability vary among them. The binding ability
of C76A/C94A is the weakest but its thermal stab-
ility is the highest among all the 3SS-variants.
Since S54 is locatéd at the interface between a and
B-domains of lysozyme, the active site of C76A/
C94A is likely to deform a little.

Unfolding transition curves of four species
of 3SS-lysozyme

The unfolding transition of lysozyme induced by
GuHCl was observed monitoring the far-UV CD
signal. Figure 3 shows the change in molecular
ellipticity at 222 nm ([8]zz) measured at pH 3.0
and 4.0°C. Transition curves for wtLYZ and
metLYZ are shown in Figure 3(a). They were ana-
lyzed on the basis of the two-state transition. We
assumed the linear relationship between the
unfolding free energy [AGyun] and the concen-
tration of GuHCl [c]:

AGU-N = —RTIn Kuf = m(c1/2 - C) (1)

where ¢;,; is the concentration of GuHCl at the
midpoint of the transition curve, K the equili-
brium constant of unfolding. In the analysis of
these transition curves, the fitting parameters were
¢1/2, m and the baselines of [6]y,, in the folded and
unfolded states, where m is an indicator of the
sharpness of unfolding transition (cooperativity).
Curve fitting was carried out on the assumption
that the baseline of [0],0, is a linear functions of ¢
with two fitting parameters (the slope and inter-
cept). In the folded state, the slope of the baseline
was fixed zero. The best fitting values for m and
¢1/, are listed in Table 3. The transition curve of
remLYZ monitored by the change in [0 is

Table 1. Transition temperatures and the ratio of AH,/ AHy for lysozyme unfolding

T, Q) pH Y Ty (°C) pH Y
wtLYZ 68.2 3.1 0.98 75.9 37 1.02
metLYZ 59.5 3.0 1.01 68.7 40 1.01
remLYZ 39.6 30 0.98 48.8 4.0 0.98
C65/C127A 28.1 30 1.03 36.4 35 1.00
C30A/C115A 385 3.0 0.99 479 39 1.01
Cé64A/C80A 375 3.0 1.01 472 3.9 0.99
C76A/C94A 415 29 0.95 513 39 0.97

T= AHcal/AHvl{'
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Table 2. riNAG binding to 3SS-variants of lysozyme

T (-C) K¢ x 1075 (M™1) n AH, (kj/mol)

witLYZ 9.7 15 1.00 -45

197 13 1.06 49
metLYZ 197 0.94 101 —44
remLYZ 9.1 24 1.08 -45
C6S/C127A 9.1 30 096 —44
C30A/CI115A 95 13 098 -50
C64A/C80A 91 16 099 —45
C76A/CHA 9.0 0.64 097 -2

ITC experiments were carried out at pH 4.1

shown in Figure 3b. It is noted that the baseline  to confirm that the tertiary structure of remLYZ
[qlxa of the unfolded state of rcmLYZ markedly  fully unfolds at 20 M GuHCI, the near-UV CD
slants upward from 2 M to 4 M of GuHCl concen-  spectra were observed at various GuHCl concen-
trations. This characteristic is common to all the trations. Figure 3(b) shows the change in [0]s
species of 35S-lysozyme as shown in Figure 3(c)  measured at pH 3.0 and 4.0°C. The unfolding tran-
and (d). Probably, this means that there remain  sition of the tertiary structure of remLYZ is indeed
secondary structures to a considerable extent inthe observed near 1.0M GuHCL The analysis of
unfolded state of these 35S-lysozymes, because the  this transition curve was carried out in a similar
concentration of GUHCI is relatively low. In order  manner. Obtained best fitting parameters were
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Figure 3. Unfolding transition curves of lysozyme induced by GuHCL. The change in [6],5, or [M)ags Was monitored.
(a) Unfolding transition curves of wtLYZ, (@); metLYZ (0J). (b) The unfolding transition curve of rcmLYZ based on
the change in [8},5, (O) [8],45 () Unfolding transition curves of C65/C127A, (O); C30A/C115A, (0J). (d) Unfolding
transition curves of C64A /C80A, (A); C76A/CH4A, ($). The baselines of [8],,, were assumed as a linear function of
GuHC] concentration in both folded and unfolded states. The best-fitting curves obtained by non-linear least-squares
fitting are shown in each panel.
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Table 3. Unfolding transition of lysozyme derivatives induced by GuHCI

¢z (M) m (k) mol"*M™) 1t ¢, ;o (kj/mol)
witLYZ 3.22 13 42
metLYZ 2.58 97 25
remlYZ 1.10 13 14
C6S/C127A 0.51 92 47
C30A/C115A ) 0.77 8.3 6.4
C64A/C80A 0.83 8.7 7.2
C76A/CHA 1.12 11 12

The best fitting baselines are shown in Figure 3.

m=14k mol"'™M™! and ¢;,,=109M, which
were quite close to those obtained from the tran-
sition curve of [0],2.

Figure 3(c) and (d) show transition curves for
35S-lysozymes. In these cases, the analysis of the
transition curve was somewhat difficult because
C6S/C127A or C30A/C115A unfolds though a
slight at 0 M GuHCL The baseline was assumed to
be flat in the folded state. The best fitting par-
ameters, m and ¢, ,,, are listed in Table 3. Accord-
ing to the unfolding-free energy at 0 M GuHCl
(m ¢/, C76A/C94A is the most stable and
C6S/C127A the most unstable among all the
species of 35S-lysozyme. This is consistent with the
result for their thermal stability.

The concentrationjump of GuHCl was carried
out in order to observe kinetics of refolding and
unfolding of lysozyme variants. In most cases,
folding processes may be followed monitoring the
change in CD or fluorescence signal. However, the
signal amplitude associated with folding generally
diminishes rapidly with decreasing GuHCl concen-
trations under the folding condition. Particularly,
the signal amplitude associated with folding of
3SS-variants was extremely small, because folding
experiments had to be performed at GuHCl con-
centrations below 0.8 M. In order to follow the
folding process, therefore, we observed the change
in fluorescence intensity due to triNAG binding to
refolded lysozyme. The fluorescence intensity of
tryptophan residues in lysozyme is quenched by
the protonation of certain carboxyl groups (prob-
ably E35, D101 and D52) in the complex with tri-
NAG, that is to say, the complex formation causes
the loss of fluorescence in the acidic pH region
(Lehrer & Fasman, 1967). Indeed, a marked change
in fluorescence intensity could be observed associ-
ated with refolding of 3SS-variants in the presence
of triNAG. But it was necessary for us to examine
the effect of triNAG binding on refolding kinetics
of lysozyme. In the absence of triNAG, fortunately
the change in fluorescence intensity was still obser-
vable in the folding processes of wtLYZ, metLYZ,
remLYZ and C76A/C94A, although it was quite
small. For these species, therefore, folding rates
were able to be determined both in the absence
and presence of triNAG. As described below, both
rate constants were confirmed to coincide with
each other.

Folding of wtLYZ, metLYZ and remLYZ

Figure 4 shows the time course of fluorescence
intensity during the refolding process of metLYZ
(pH 3.0 and 4.0°C) caused by the concentration-
jump from 4.0 M to 1.3 M GuHC], in the absence
and presence of triNAG. Line (a) represents fluor-
escence intensity in an initial unfolded state at
4.0 M GuHCL Curve (b) shows the refolding pro-
cess in the absence of triNAG, and Curve (c) in the
presence of 0.24 mM triNAG. The signal amplitude
associated with folding in the absence of triNAG
was very small under the folding condition. The
presence of triNAG greatly increased the signal
amplitude, but the time constant was almost the
same. When a drop of concentrated triNAG sol-
ution was added to a solution containing metLYZ
fully refolded at 1.3 M GuHC], the fluorescence
intensity rapidly decreased due to triNAG binding
to metLYZ, but no detectable relaxation process
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Figure 4. The time course of fluorescence intensity of
metLYZ upon the GuHCl concentration jump from
40 M to 1.3 M. Refolding condition was pH 3.0 and
4.0°C. The excitation wavelength was 282 nm (a band-
width of 1.5 nm) and the emission wavelength 370 nm
(a bandwidth of 20 nm). The protein concentration was
1.7 uM in all experiments shown in this figure. (@) An
initial fluorescence intensity of unfolded metLYZ. (b)
Refolding process observed in the absence of riNAG.
The signal amplitude was very small (the time constant
about 29 seconds). () Refolding process in the presence
of 0.24 mM triNAG (the time constant 31 seconds). (d)
triNAG binding to metLYZ refolded beforehand at
1.3 M GuHCL
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was observed as shown by the line (d). This indi-
cates that the binding process is rapid enough
to finish in the dead time of mixing. Therefore,
triNAG binding observed under the refolding
condition certainly reflects the time course of
increasing population of fully folded lysozyme.
The time constant of folding was little affected by
the presence of triNAG; it was 29 seconds in the
absence of triNAG and 31 seconds in the presence
of 0.24 mM triNAG in Figure 4. In addition, the
agreement between two folding rates was con-
firmed at other concentrations of GUHCI, and also
in cases of wtLYZ and remLYZ, as shown in
Figure 5(a). This result suggests that building the
active site of lysozyme is later than the rate-deter-
mining step in lysozyme folding. This is consistent
with our previous conclusion for wtLYZ (Segawa
& Sugihara, 1984b). Further, the change in CD sig-
nal at 222 nm or 288 nm was monitored associated
with refolding in the absence of triNAG. As shown
in Figure 5(a), the folding rates agree well with
those determined from the time course of fluor-
escence, although the ratio of signal to noise was
much worse in the CD signal change. -

The folding rates of metLYZ were identical with
those of wtLYZ, as shown in Figure 5(a). The pre-
sence of N-terminal Met has little effect on the fold-
ing rate. On the other hand, the folding rate of
remLYZ was found to be slower by a factor of 1/5
than that of wtLYZ or metLYZ at concentrations of
GuHCI around 1.0 M. However, two other groups
have reported that the former is rather twice faster
at pH 6.7, 0.5 M GuHCI (Denton et al., 1994) or
comparable to the latter at pH 45 and 0.27 M
GuHC! (Eyles et al., 1994). These results seem to
contradict our result, but these refolding exper-
iments were performed under strongly native con-
ditions. The final concentrations of GuHCl were
varied in our experiments. The folding rates of
remLYZ come close to those of metLYZ, as GuHCl
concentrations decrease. Therefore, our result does
not necessarily conflict with previous ones.

Folding of 3SS-variants of lysozyme

Folding processes of 3SS-variants of lysozyme
were followed monitoring the change in fluor-
escence after the concentration jump from 2.0 M
GuHCl to a desired final concentration. For
example, Figure 6 shows the refolding process of
C64A/C80A at 0.24 M GuHC], pH 3.0 and 4.0°C.
In the absence of triNAG, a rapid decrease in fluor-
escence intensity was observed within a dead time
of mixing, after that only a slight change was
observed associated with protein folding as shown
by curve (b) of Figure 6. Curve (c) represents the
refolding process in the presence of 0.24 mM tri-
NAG, and curve (d) triNAG binding to C64A/
C80A fully refolded beforehand at 0.24 M GuHCIl.
This shows that triNAG binding to folded C64A/
CB80A is much faster than C64A /C80A folding. The
small decay in curve (d) is likely to reflect the
slight increase in population of folded protein
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Figure 5. (a) Folding rates of wtLYZ, metLYZ and
remLYZ. Rate constants were determined from the
change in fluorescence intensity or CD signal. witLYZ
fluorescence, (O, @); [ A Lz (&) [0lgs (A). metLYZ,
fluorescence, (], M). rcmLYZ: fluorescence, (O, @),
[6las2r (M), [6l2ss (A). In cases of fluorescence, open
symbols represent the folding rates in the absence of tri-
NAG, and filled symbols those in the presence of
024 mM triNAG. (b) Unfolding rates of wtLYZ,
metLYZ and rcmLYZ. Filled symbols represent the
unfolding rates: wtLYZ, (@); metLYZ, (m); remLYZ,
(#). Open symbols represent the folding rates shown in
the upper panel.

induced by the addition of triNAG. It was difficult
to determine precisely the time constant of curve
(b). In the cases of 3SS-variants, therefore, it was
indispensable to perform refolding experiments in
the presence of triNAG. In the same manner,
refolding rates were determined for all the 355-var-
iants at various GuHCI concentrations. In order to
confirm that the folding rate is independent of the
concentration of triNAG, folding rates were deter-
mined in the presence of various concentrations of
triNAG. For example, the folding rates of C64A/
C80A were also determined in the presence of
10 mM triNAG, and found to be almost the same
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Figure 6. The time-course of fluorescence intensity of
C64A/C80A upon the GuHCl concentration jump from
2.0M to 0.24 M. Refolding condition was pH 3.0 and
4.0°C. The excitation wavelength was 282 nm (a band-
width of 1.5 nm) and the emission wavelength 350 nm
(a bandwidth of 20 nm). The protein concentration was
1.4 uM in all experiments shown in this figure. (a) An
initial fluorescence intensity of unfolded C64A/C80A.
(b) Refolding process observed in the absence of tri-
NAG. (c) Refolding process in the presence of 0.24 mM
riNAG (the time constant 3.5 seconds). (d) triNAG
binding to C64A/C80A refolded beforehand at 0.24 M
GuHCL

as those in the presence of 0.24 mM triNAG. The
results are shown in Figure 7. The folding rate of
C64A/C80A is the fastest among all the species of
3SS-lysozyme and nearly equal to that of metLYZ.
Second to C64A/C80A, the folding rate of C30A/
C115A is the fastest, and C6S/C127A is after
C30A/C115A. The folding rate of rcmLYZ is
nearly equal to that of C65/C127A. The N-terminal
Met residue of C6S/C127A has little influence on
the folding rate of 35S-lysozyme, as well as in fold-
ing kinetics of metLYZ. The folding rate of C76A/
C94A is remarkably slowed down. The variants
C64A/C80A and C76A/C94A are in a marked
contrast, in spite of the fact that SS3 and 554 are
located close to each other.

-

Unfolding of 3SS-lysozyme

Unfolding rates for wtLYZ, metLYZ and
remLYZ were determined in the absence of tri-
NAG. They were measured by monitoring the
change in fluorescence intensity. The results are
shown in Figure 5(b). The unfolding rate of
metLYZ is faster than that of wtLYZ by a factor of
about 30. The N-terminal Met residue significantly
increases the unfolding rate. For the same reason,
C65/C127A unfolds faster than remLYZ by a fac-
tor of about 50 (Figure 7). Probably, in the folded
state, the antiparallel p-sheet between residues 1-3
and 38-40 may be strongly affected by the extra
Met residue. On the other hand, 3SS-variants of
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Figure 7. Folding and unfolding rates of 35S-variants
of lysozyme which were determined in the presence of
024 mM triNAG. Open symbols represent the folding
rates of each 3SS-lysozyme: C6S/C127A, (O); C30A/
C115A, ([); C64A/C80A, (A); C76A/C4A, (). Two
broken lines represent the best-fitting curves for folding
rates of metLYZ and rcmLYZ shown in Figure 5.
Unfolding rates of each 3SS-lysozyme were determined
in the presence of 0.24 mM trNAG and are shown by
filled symbols (the same as those of the folding rates).
Unfolding rates of C76A/C94A could be determined in
the absence of triNAG, and are shown in this figure ($).

lysozyme unfold at GUHCI concentrations around
1.0 M, and unfolding rates were too fast for kinetic
measurements by manual mixing. Therefore,
unfolding rates of 35S-lysozymes except for C76A/
C94A could not be observed in the absence of tri-
NAG; the time constants were less than 2.0
seconds. Since the unfolding rate of C76A/C94A
was slow enough to follow kinetics by manual
mixing, it was observed both in the absence and
presence of triNAG (Figure 7). In the presence of
triNAG, the unfolding reaction generally proceeds
through two pathways: unfolding of free lysozyme
dissociated from triNAG (k) and unfolding of
lysozyme associated with triNAG (k). The appar-
ent unfolding rate constant, k,, is represented by:

ky =ko/(x + 1)+ okr/(x+1), a=KLy (2)

where K¢ is the triNAG binding constant to lyso-
zyme remaining transiently in the folded state
during the unfolding process, and L, the analytical
concentration of triNAG. Apparent rate constants
were determined from unfolding experiments in
the presence of various concentrations of triNAG.
Unfolding rates observed in the presence of
0.24 mM triNAG are plotted in Figure 7 together
with folding rates at the same concentration of tri-
NAG. These data clearly indicate that C64A/C80A
is the fastest in the unfolding rate, C6S/C127A or
C30A/C115A the second and C76A/C94A the
slowest. Unfolding rates of C76A/C94A were
markedly slower than the others.




oS ey

i e

e .
e~

-
O v e

S Ty s ey

ot or

e INE e

Pt ey, T

i

S

PV A e SR

s
el It

e

rav«, it
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Since k, is strongly affected by L,, the intrinsic
unfolding rate (k;) should be compared with each
other to consider the unfolding process of 355-lyso-
zyme. For the determination of k, and KS, the reci-
procals of apparent unfolding rates (t,=1/k,)
were plotted against L

ta = [1/ko + (KTko)Lol/[1 + (ki K /ko)La]  (3)

When (k, KS/k;) Ly<1, the relationship between t,
and L, is linear, as shown in Figure 8. This con-
dition is satisfied in most cases of low concen-
trations of L, because k; is much less than k.
Therefore, Ki/k, is easily determined from the
slope of the straight line in Figure 8, and 1/k, from
the intercept at L,=0. The unfolding rates of
C76A/C94A and remLYZ could be determined
also in the absence of triNAG. In these cases, the
good linear relationship between t, and L, was
confirmed in the vicinity of L;=0. Non-linear
least-squares fitting for t, was required for the
determination of another parameter k,. The values
of best fitting parameters are listed in Table 4.

From kinetic data at 1.46 M GuHC], k, of C30A/
C115A is the fastest. Next to it, k, of C64A/C80A
and C6S/C127A are similar to each other. Also in
the intrinsic unfolding rate, C76A/C94A was much
slower than the others.

Here we mention the values of Ki. They are
smaller than K listed in Table 2 by a factor of
about 1/10. This is not surprising because K§ is
the binding constant measured at a high concen-
tration of GuHCl (1.46 M) during unfolding. But it
should be noted that the ratio of KG/K, for C64A/
C80A is extremely small compared with the others.
Probably, this means that the active site of C64A/
C80A partly unfolds already in the folded state
during the unfolding process. This may be a kind
of intermediate observed on the way of C64A/
C80A unfolding. The loop region around SS3 is
rich in hydrophilic residues. In the absence of SS3,
it is likely that guanidinium ions permeate this
region to destroy the local structure prior to the
unfolding transition.
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Figure 8. The dependence of 1, on triNAG concentrations. (a) remLYZ: (b) C30A/C115A, c: C64A/C80A: and (d)
C76A/C94A. A lot of data of T, was obtained at lower concentrations of L. The linear relationship exits between t,
and L, The inset of each figure shows the dependence of t, on higher concentrations of L. The best-fitting curves
were obtained by non-linear least-squares fitting with parameters ko, k; and K§. In the cases of remLYZ and C76A/
C94A, 1, were determined in the absence of triNAG and are plotted in (a) and (d). The best fitling parameters are

listed in Table 4.
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Table 4. Unfolding process of 35S-lysozymes

K§x 107 (M) K§/K, ko (%) ky ™)
C6S/C127A 29 0.10 0.99 0.004
C30A/C115A 38 0.29 1.5 0.002
C64A /CB0A 0.21 0.01 091 0.005
C76A/CHA 0.63 0.10 0.022 0.002
remlLYZ? 32 0.13 0.054 0.0004

Unfolding condition: pH 3.0, 4.0°C, 1.46 M GuHCL
* 1.95 M GuHCl only in remLYZ unfolding.

Discussion

The heterogeneity in the compact
disordered state

In the case of wtLYZ folding (four disulfide
bridges intact), the formation of a partially folded
intermediate state was observed within about
30 ms following an initial hydrophobic collapse.
This state was investigated in detail using the
pulsed hydrogen exchange method (Radford ef al.,
1992). The experiments revealed that the a-domain
of lysozyme is partly folded in this state, while the
Bf-domain remains unstructured. However, this
intermediate state was not detected in remLYZ
refolding (Eyles et al,, 1994; Denton et al., 1994).
These data suggest that the early intermediate with
non-native tertiary interactions is destabilized in
the refolding process of remLYZ. In our kinetic
experiments on 35S-lysozyme folding, therefore,
the early intermediate state appears to be destabi-
lized in the compact disordered state following the
burst change in fluorescence. However, in general,
the partially folded intermediate state and fully
disordered state may coexist through kinetic parti-
tioning in the compact disordered state. Indeed, in
the early stage of wtLYZ folding, the triangular
folding mechanism was proposed among the inter-
mediate (I), unfolded (U) and native (N) states
(Wildegger & Kiefhaber, 1997). According to this
model, there are two folding pathways, and it was
found that the partially folded intermediate state is
not located on the direct folding pathway, but
rather on an alternative slow side pathway.
Further this analysis pointed out that the absolute
free energy of the transition state in the rate-deter-
mining step is identical on both folding pathways.
These results imply that there are some alternative
pathways to acquire the final tertiary structure, but
the nature of the rate-determining step leading to
the final state is unaltered; different pathways
might merge into a single transition state just near
the native state. It was proposed that the transition
state of lysozyme folding is quite close to the
native one from the fact that the change in heat
capacity associated with the unfolding process is
nearly equal to zero (Segawa & Sugihara, 1984a).
Our experiments on the late stage of 355-lysozyme
folding were discussed on the hypothesis that the
folding of 3SS-lysozymes occurs going through a

single transition state from the compact disordered
state.

The ¢-value in the transition state

Figure 9 shows the free energy diagram of lyso-
zyme folding. N-state, U-state and T-state rep-
resent the native, unfolded and transition states of
lysozyme, respectively. I-state denotes the meta-
stable compact disordered state rapidly formed
during the refolding process. AGy.; represents the
difference in free energy between N and U-states;
AGyy = Gy — Gy In a similar manner, AGr; and
AG,y are the difference in free energy between
two states. In order to examine the effect of the
removal of a disulfide bridge on the reaction dia-
gram, the ¢-value is introduced (Matouschek et al.,
1989):

¢r =3AGr-u/0AGNU
=1 — (RT/8AGN-u) In(kys /kyf) 4

¢; = 8AG1-u/8AGN-u = b + (RT/SAGN-y) Inlke/kf)
5)

Where 8AGry; is the difference in AGypyy between
3SS-variant:

metLYZ and a 3AGr.y = AGL.

Figure 9. Free energy diagram of 35S-lysozyme fold-
ing. T-state denotes the transition state, I-state the com-
pact disordered state, N-state the native state and U-
state the unfolded state. AG represents the difference in
Gibbs free energy between two states.
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u— AGry. Hereafter, 8 means the difference
between wild-type and mutant proteins, and A
means the difference between two states, and a
prime indicates a quantity of 3SS-variants. 8AGy.y
is also given by the change in free energy of each
state caused by the mutation:

3AGN-uy = 8GN — 8Gy

where

3Gn = Gy -GN, 8Gu =G} - Gy

In the unfolded state, the removal of a disulfide
bridge greatly increase the conformational entropy
of polypeptide chain, accompanying the change in
solvation energy of the amino acid side-chain. On
the other hand, in the folded state, the overall
structure of 3SS-variants is preserved, but the local
structure around the site of mutation is likely to
become more flexible. Such an increase in entropy
tends to be compensated by the loss of internal
interaction energy. It is likely that 3G is a large
negative value, and that 3Gy is a small positive or
negative value. The ¢-value is always 1.0 in the
folded state and zero in the unfolded state. If
¢r = 0, then 3G = 8Gy. This indicates that the con-
formational multiplicity of the local structure
around the site of mutation significantly increases
in the transition state as well as in the unfolded
state. On the other hand, if ¢;=10, then
3Gy = 8Gy. In this case, the effect of mutation on
the transition state is quite similar to that on the
native state. This indicates that the transition state
is located near the native state between the native
and the unfolded states.

In order to determine the ¢-value, both k,rand k¢
must be known. Unfortunately, in our experiments,
both rate constants could not be determined at the
same GuHC! concentration. Unfolding rates for
3SS-variants were obtained only at 1.46 M GuHCL
Therefore, only the ¢;-value was determined at
1.46 M GuHCI. Under this unfolding condition, I-
state is not really observed because U-state is more
stable than metastable I-state. The unfolding rate
constant of metLYZ at 146 M GuHCl was esti-
mated from Figure 5(b), and the value for AGy.y
was given by equation (1). According to equation
(4), the ¢r-values were obtained for all the. species
of 3SS-variants. The results are shown in Table 5.
The ¢-value in the transition state is nearly equal
to zero for three variants: C6S/C127A, C30A/
C115A and C64A/C80A, while the ¢y for C76A/
C94A is markedly large. The polypeptide confor-
mation is expected to become close to the native
one in the transition state, paying a large amount
of entropy cost. Nevertheless, the magnitude of
3Gy is nearly equal to 8Gy in the case of the
removal of S51, SS2 or SS3. This indicates that the
removal of these disulfide bridges significantly
increases the multiplicity of the local conformation
around the site of mutation in the transition state
as well as in the unfolded state. Only in the case of

Table 5. ¢-values for 355-lysozymes

&y ot
C6S/C127A 0.087 0.078
C30A/C115A -0.13 0.027
C64A /C80A —0.08 0.0
C76A/CY4A 0.37 043

¢r-values were obtained at 1.46 M GuHClL
&r* = &y — &y, dy*-values were obtained at 0.25 M GuHCL

the removal of S54, ¢ is about 0.37. It is not
straightforward to interpret the intermediate ¢-
value. When ¢p = 0.37, 3Gy = 0.373Gy + 0.633Gy,.
Apart from the term of 0.375Gy, roughly speaking,
the conformational multiplicity released by the
removal of 554 is limited to 63 % of that released in
the unfolded state. But this estimation is too rough,
because the value of 3Gy is unknown. The ¢
value of 0.37 indicates that the effect of the
removal of S54 on the transition state is close to
that on the native state though in part, and that the
local structure around the site of mutation is not
relaxed so much as in the unfolded state.

. Under the strongly folding condition, I-state
should be considered, because the fast folding pro-
cess towards the compact disordered state exists.
However, unfolding rate constants could not be
determined under this condition. Since folding rate
constants could be observed for all the species of
3SS-variants and metLYZ at 0.25 M GuHCl, the
difference of ¢ from ¢, can be obtained according
to equation (5). Although the ¢-value is unknown
in the compact disordered state, we tried to obtain
the value of ¢1* = ¢r — ¢, in order to examine the
position of the transition state between I-state and
N-state. The results are shown in Table 5. Also
under this folding condition, ¢;*-value is nearly
equal to zero for 3SS-variants except for C76A/
C94A. Only in the case of C76A/C94A, the ¢.*-
value is markedly large. If ¢1* = 0, then 3Gy = 8Gy.
This means that the effect of mutation on the tran-
sition state is quite similar to that on the compact
disordered state. Under both folding and unfolding
conditions, consequently, the removal of 551, SS52
or SS3 significantly increases the multiplicity of the
local conformation around the site of mutation in
the transition state as well as in the unfolded or
compact disordered state. Only in the case of the
removal of S54, the effect of mutation on the tran-
sition state is close to that on the native state
though in part.

The role of each disulfide bridge

As mentioned above, the ¢-value in the tran-
sition state of 3SS-variants except for C76A/C94A
is nearly equal to zero. This indicates that the local
disordered  conformations around the site of
mutation still persist in the transition state as well
as in the unfolded state. That is to say, the folding
transition can occur with leaving the region flex-
ible, and the ordered structure around the site of
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mutation (SS1, S52 or 5$53) may be recovered after
passing through the transition state. On the other
hand, in the folding process of C76A/C94A lack-
ing SS4, the conformational multiplicity released
by the removal of S54 is lost in part during the
process towards the transition state. Since S54 is
located at the interface between o and B-domains
unlike SS1, SS2 (a-domain) and SS3 (B-domain),
the interface region may be required to close for
the folding transition even in the absence of SS4.
Let us consider the role of each disulfide bridge
in an authentic lysozyme. Cross-linking by SS3
introduced to metLYZ is favorable for folding due
to the reduction of the conformational multiplicity
in the compact disordered state, but rather
unnecessary for folding to restrict the rearrange-
ment of polypeptide chain in the transition state.
This is the reason why the contribution of SS3
cross-linkirtg towards the promotion of folding is
small. The contribution of S52 or SS1 to increasing
the folding rate is also a little. Particularly at lower
concentrations of GuHC], the folding rates of 355
variants lacking SS1 or SS2 are quite similar to
those of metLYZ. The role of SS51 and SS2 in the
folding process is rather close to that of 5S3. On
the other hand, only SS4 significantly contributes
towards the promotion of folding. It may be indis-
pensable for the folding transition to close the
interface region around S54 even in the absence of
S54. This means that SS4 cross-linking is an indis-
pensable constraint on the way towards the tran-
siion state, unlike SS3 cross-linking is an
unnecessary constraint in the transition state.
Unfolding rates are greatly increased by the
removal of a specific disulfide bridge. But a signifi-
cant difference is found in the unfolding rate
among four species of 35S-variants. In particular,
C76A/C94A has the slowest unfolding rate, while
C64A/CB0A the fastest unfolding rate in the pre-
sence of 024 mM triNAG. The barrier of free
energy is greatly diminished for C64A /C80A
unfolding. This is entirely consistent with the
above-mentioned interpretation that the folding
transition of C64A/C80A occurs with leaving the
local structure around SS3 disordered. In other
words, the role of SS3 introduced to metLYZ is to
prevent lysozyme from unfolding due to restric-
tions on the transition state. The internal inter-
actions among amino acid residues around S53
may be insufficient to preserve the local structure
in the absence of SS3, therefore the covalent con-
straints on the transition state are required. On the
other hand, in the case of C76A/C9%A folding, it
was suggested that the interface region around S54
between a and f-domains seems to close in the
transition state, even in the absence of SS4. The
multiplicity of the local conformation around the
site of mutation may be restricted in the transition
state of C76A/C94A unfolding. This is the reason
why the increase in unfolding rate by the removal
of 554 is relatively small. The unfolding transition
of C76A/C94A must occur with leaving the inter-

face region between two domains around S54
relatively ordered.

Effects of the slow proline
cis-trans isomerization

Here we need to mention the slow phase of
refolding process. Folding kinetics of protein
including proline residues are generally compli-
cated by the slow interconversion of proline cis-
trans isomers in the unfolded state. In the case of
lysozyme, the time constant of the slow phase is
supposed to be nearly equal to 70 seconds, and its
signal amplitude is approximately 10% of the total
one (Kato et al., 1982). Actually, it is quite difficult
to distinguish the slow phase from the major
refolding process whose signal amplitude is 10
times larger, as shown in Figure 4. Fortunately,
however, folding kinetics of lysozyme is little
affected by the presence of the slow phase of
refolding, because the fraction of incorrect proline
isomers is approximately 10% (the details were
discussed by Segawa & Sigihura, 1984a). Therefore,
we analyzed folding kinetics as a single exponen-
tial function, and did not try to distinguish the
slow phase from the major process.

Materials and Methods

Hen egg white lysozyme recrystallized six times, tri-
NAG was purchased from Seikagaku Kogyo Co. Ltd.
IPTG, glutathione oxidized and reduced form (GSSG,
GSH), reduced DTT, GuHCl were purchased from Wako
Pure Chemicals Industries Ltd.

Three-disulfide variants of hen lysozyme

The expression and purification of three-disulfide var-
iants of hen lysozyme have been published (Tachibana
et al, 1994). Four species of 3SS-lysozyme used in the
present experiments were C6S/C127A, C30A/C115A,
C64A/C80A and C76A/C94A, among which for C6S/
C127A and C64A/CB80A the variant genes were con-
structed anew in this study in a similar way as described
for C30A/C115A and C76A /C94A. Peptide map and N-
terminal analyses for the purified, reduced form of these
variants showed that they all retained the N-terminal
Met residue unexcised in E. coli. The recombinant hen
lysozyme (metLYZ) was prepared, which is the same as
the wild-type hen lysozyme except for containing an
extra N-terminal Met. Reoxidized C6S/C127A, C30A/
C115A, C64A/C80A and metLYZ were purified by
reversed-phase HPLC on a p-bondashpere C4 column
(19 mm x 150 mm, Waters) with a linear gradient of
acetonitrile from 28% to 40% in 0.05% (v/v) TFA at the
flow rate of 3.0 ml/minute. Purified protein in the main
peak fraction eluted as a single peak when rechromato-
graphed on the same column for analytical use. The
purification of C76A/C94A was carried out on a TSK
TMS-250 column (4.6 mm x 75 mm, Tosoh). The eluted
35S-lysozyme was concentrated on Sep-pak plus CN
cartridge column (Waters), and freeze-dried. Concen-
trations of the 35S-lysozymes were estimated by using
Ango = 2.64 per mg/ml protein.

C6/C127-reduced and carboxymethylated lysozyme
(remLYZ) was prepared essentially according to the
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method of Acharya & Taniuchi (1980). Hen egg white
lysozyme (3 mg/ml in 0.125M Tris-acetate buffer
(pH 8.1)) was incubated with 5 mM DTT at 23°C.
Reduction was quenched by the addition of fivefold
molar excess of iodoacetic acid. The soluble fraction was
collected by centrifugation, then applied to the gel fil-
tration column (Sephadex (25, Pharmacia) and eluted in
the 0.1 N acetic acid, and freeze-dried. Chemically modi-
fied lysozyme was further purified by ion exchange
chromatography (Hitrap SP prepacked column, Pharma-
cia) in 0.05M sodium phosphate buffer (pH 7.0).
remLYZ and unmodified lysozyme were separated with
a linear gradient of NaCl from 0 Mto 1.0 M. The eluted
remLYZ was dialyzed at 4°C against water adjusted to
pH 3.8 with HCl and freeze-dried.

Mass spectrometry

The ion-spray mass spectra of C30A/C115A and
remLYZ were measured on a PE Sciex API 300 triple
quadrupole mass spectrometer. Protein in 50% (v/v)
aqueous acetonitrile containing 0.05% (v/v) formic acid
was infused at 2 pl/minute through the ion-spray inter-
face. The obtained masses for C30A/C115A and remLYZ
were 14374.4 and 14422.9. These value were exactly the
same as those calculated from their respective amino
acid sequences.

Isothermal titration calorimetry

Calorimetric experiments were performed with an
OMEGA titration calorimeter from MicroCal, Inc., North-
ampton, MA. Lysozyme variants dissolved in 0.1 M
sodium acetate buffer (pH 4.0) was contained in the reac-
tion cell and stirred at 400 rpm. A 250-pl injection
syringe was filled with triNAG dissolved in the same
buffer. Typically, initial concentrations of lysozyme
variants and triNAG were 30 uM and 1.5 mM. 4.0 ul of
triNAG solution was regularly injected into reaction cell.
The heat effects associated with dilution of triNAG
solution into buffer were negligibly small.

CD and fluorescence spectroscopy

CD spectra of 35S-lysozyme were obtained on a Jasco
J-600 spectropolarimeter (Japan Spectroscopic Co. Ltd.)
with a thermostatically controled cell holder. Fluor-
escence spectra were measured with a Shimadzu
RF5300PC fluorescence spectrophotometer. The cell was
defrosted with the flow of dry nitrogen gas below the
room temperature. Protein concentration for near-UV
CD spectra was 30-50 uM, that for far-UV CD 2.5-
5.0 uM, and that for fluorescence 1.5-3.0 pM. ~

Kinetics of folding and unfolding

To monitor folding kinetics of 355-lysozyme, the fluor-
escence and CD measurements were carried out using
spectrometers mentioned above. Samples were initially
dissolved to a protein concentration of 60-80 M (fluor-
escence measurements) or 25-45 uM (CD measurements)
in 50 mM glycine-HCl buffer (pH 3.0) containing 2.0 M
GuHCl. Refolding was initiated by a manual dilution
into the final refolding buffer contained in the cell ther-
mostated at 4.0°C. The temperature of the initial sample
solution was carefully controlled beforehand in another
thermostat not to change the temperature of refolding
buffer upon the dilution. The dilution into the final

buffer was 1:40 for fluorescence measurements and 1:10
for CD measurements. The dead times of refolding kin-
etics were about 2.0 seconds (fluorescence measure-
ments) and 4.0 seconds (CD measurements). The final
refolding condition was 50 mM glycine (pH 3.0), and the
final GUHC] concentrations from 0.05 M to (.70 M. In
the refolding experiments in the presence of triNAG, the
desired concentrations of triNAG were contained in a
final buffer solution. The folding rates were quite inde-
pendent of the concentration of triNAG. For the refold-
ing of wtLYZ and metLYZ, the initial unfolding buffer
was 4.0 M in GUHCL The excitation wavelength for flu-
orescence measurements was 282 nm with a bandwidth
of 1.5 nm. The emission wavelength to monitor refolding
kinetics was 370 nm (wtLYZ, metLYZ, rcmLYZ), 360 nm
(C6S/C127A), 320 nm (C30A/C115A), 350 nm (C64A/
C80A) and 360 nm (C76A/C94A) with a bandwidth of
20 nm. To monitor refolding kinetics of wtLYZ, metLYZ,
remLYZ and C76A/C94A in the absence of triNAG, the
ellipticity at 222 nm or at 288 nm was measured with a
bandwidth of 2 nm.

Unfolding kinetics were also monitored by the change
in fluorescence and CD signals in the similar manner.
The initial condition of sample solution was 50 mM
glycine buffer (pH 3.0), 0 M GuHClL Small amount of the
solution was quickly diluted into the final unfolding
buffer contained in the observation cell; thus the final
unfolding condition was the desired GuHCl concen-
trations (1.0-20 M for 3SS-lysozyme, 4.0-6.0M for
metLYZ, 6.0 -8.0 M for wtLYZ) in 50 mM glycine buffer
(pH 3.0) and 4.0°C. In unfolding experiments in the pre-
sence of triNAG, the initial sample solution typically
contained 10 mM triNAG.

Acknowledgments

We thank Mr H. Sawano for the construction of C65/
C127A and C64A/C80A genes. We are indebted to Bio-
technology Research Laboratories, Takara Shuzo Co.,
Ltd, Otsu, Shiga for the use of the jon-spray mass spec-
trometer, and thank Masaru Miyagi for performing the
mass spectrometry.

References

Acharya, A. S. & Taniuchi, H. (1980). Preparation of a
two-disulfide bonded enzymically active derivative
from hen egg lysozyme. Int. |. Peptide Protein Res.
15, 503-509.

Balbach, ]., Forge, V., van Nuland, N. A. J., Winder,
S. L., Hore, P. J. & Dobson, C. M. (1995). Following
protein folding in real time using NMR  spec-
troscopy. Nature Struct. Biol. 2, 865-870.

Baum, J., Dobson, C. M., Evans, P. A. & Hanley, C.
(1989). Characterization of a partly-folded protein
by NMR methods: studies of the molten globule
state of guinea pig a-lactalbumin. Biochemistry, 28,
7-13.

Bax, A. (1989). Two-dimensional NMR and protein
structure. Ann. Rev. Biochem. 58, 223-256.

Cavanagh, ], Fairbrother, W. ]., Palmer, A. G., Il &
Skelton, N. J. (1996). Protein NMR Spectroscopy: Prin-
ciples and Practice, Academic Press, San Diego, CA.

Creighton, T. E. (1997). How important is the molten
globule for correct protein folding? Trends Biochent.
Sci. 22, 6-10.




14

Refolding of Four Species of 3S8S-lysozyme

Denton, M. E., Rothwarf, D. M. & Sheraga, H. A. (1994).
Kinetics of folding of guanidine-denatured hen egg
white lysozyme and carboxymethyl (Cysb, Cys127)-
lysozyme: a stopped-flow absorbance and fluor-
escence study. Biochemistry, 33, 11225-11236.

Eyles, S. J., Radford, S. E., Robinson, C. V. & Dobson,
C. M. (1994). Kinetic consequences of the removal
of a disufide bridge on the folding of hen lysozyme.
Biochemistry, 33, 13038-13048.

Fersht, A. R. (1995). Characterizing transition states in
protein folding: an essential step in the puzzle.
Curr. Opin. Struct. Biol. 5, 79-84.

Kato, S., Shimamoto, N. & Uchiyama, H. (1982). Identifi-
cation and characterization of the direct folding pro-
cess of hen egg-white lysozyme. Biochemistry, 21,
38-43.

Kuwajima, K. (1989). The molten globule state as a clue
for understanding the folding and cooperativity of
globular-protein structure. Proteins:  Struct. Funct.
Genet. 6, 8-103.

Lehrer, S. 5. & Fasman, G. D. (1967). Fluorescence of
lysozyme and lysozyme substrate complexes. |. Biol.
Chem. 242, 4644-4651.

Matouschek, A., Kellis, J. T., Jr, Serrano, L. & Fersht,
A. R. (1989). Mapping the transition state and path-
way of protein folding by protein engineering.
Nature, 340, 122-126.

Ptitsyn, O. B. (1995). Molten globule and protein folding.
Aduvan. Protein Chent. 47, 83-229.

Qi, P. X., Sosnick, T. R. & Englander, 5. W. (1998). The
burst phase in ribonuclease A folding and solvent
dependence of the unfolded state. Nature Struct.
Biol. 5, 882-884.

Radford, S. E., Dobson, C. M. & Evans, P. A. (1992). The
folding of hen lysozyme involves partially struc-

tured intermediates and multiple pathways. Natire,
358, 302-307.

Roder, H. & Colon, W. (1997). Kinetic role of early inter-
mediates in protein folding. Curr. Opin. Struct. Biol.
7, 15-28.

Sali, A., Shakhnovich, E. & Karplus, M. (1994). How
does a protein fold? Nature, 369, 248-251.

Sawano, H., Koumoto, Y., Ohta, K., Sasaki, Y., Segawa,
S. & Tachibana, F. (1992). Efficient in vitro. folding
of the three-disulfide derivatives of hen lysozyme in
the presence of glycerol. FEBS Letters, 303, 11-14.

Segawa, 5. & Kawai, T. (1986). Computer simulation of
the folding-unfolding transition of island-model
proteins-folding pathways, transition process and
fluctuations. Biopolymers, 25, 1815-1835.

Segawa, S. & Sugihara, M. (1984a). Characterization of
the transition state of lysozyme unfolding. 1. Effect
of protein-solvent interactions on the transition
state. Biopolymers, 23, 2473-2488.

Segawa, S. & Sugihara, M. (1984b). Characterization of
the transition state of lysozyme unfolding 1. Effects
of the intrachain crosslinking and the inhibitor
binding on the transition state. Biopolymers, 23,
2489-2498.

Tachibana, H., Ohta, K., Sawano, H,, Koumoto, Y. &
Segawa, S. (1994). Relationship between the optimal
temperature for oxidative refolding and the thermal
stability of refolded state of hen lysozyme three-dis-
ulfide derivatives. Biochemistry, 33, 15008-15016.

Wildegger, G. & Kiefhaber, T. (1997). Three-state model
for lysozyme folding: triangular folding mechanism
with an energetically trapped intermediate. J. Mol.
Biol. 270, 294-304.

Wu, L. C., Peng, Z. Y. & Kim, P. S. (1995). Bipartite
structure of the a-lactalbumin molten globule.
Nature Struct. Biol. 2, 281-286.

Edited by C. R. Matthews

(Received 16 August 1999; received in revised forn 2 December 1999; accepted 2 December 1999)




