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ABSTRACT

We have isolated a large cylindrical protein complex from hyperthermophile archaeon Thermococcus
profundus. Structural analysis by image processing of electron micrographs suggests that the complex is
composed of two stacked rings of eight subunits each; the ring enclose a central channel. The purified protein
was shown to be a homomultimer of 60 kDa subunit (P60 complex). It exhibits an extremely thermostable
ATPase activity with a temperature optimum of 80°C. This protein complex may play an important role in the

adaptation of thermophile archaeon to life at high temperature.
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AEA L R RE det AEHAE WS
heat shock protein (HSP)oj2t:= A sl A (cellular
protein)$] WH& Z7AAZIch ol HSPEE AE
g ols A" ZEjsle| =9 YA (refolding)S
$]3t molecular chaperone & 2419 7]%ol}, £4kg

B4 Al Sl A-g 7hA3 B3] (degradation) A 7} protease

9] 7)%-& 7AE Aoz vrezlth(Goldberg, 1992;
Parsell & Lindquist, 1993; Hayes & Dice, 1996).
Molecular chaperone-2 =7 HSP70 family$} cha-
peronin family 2. +}3-o}2lc}. Chaperoning £ Ex3}
o Wi wibilzs WAEs Ao ¥ A
PYmoFo] HAAA Hez BeAA W, JEA ] wet
14~1870¢] FU3l7 vt vl3t 60kDag] A=z o
Zo] A}, Chaperonin family: ohA] H|BAH o2 group
I, 12 ¥R Group I vl &E3} mitochondria,
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chloroplastell Z)3b% GroEL So] of7]e] 28},
Group II chaperonine ZI3A| 2] A xAo|} arc-
haeonol|A] Zzl 8l TRiC/CCT, TF55, thermosome ¢)

AF7kA Bel= 1z ol hAle] assembly2} fold-
ingg =%+ molecular chaperonin2 1979 Hen-
drixol] ¢35 HSP60 Aldql 5 3el2] oligomeric pro-
tein & 60kDa GroEL#} 10kDa GroESE Aol A
FE|stH A AIZE Qv HSP 60 Al g 9] chiale o
¥ 7|49 FolAE 23 glon, 58] X-rays} A
Ago)ge) wde 72 a7 Ages Fao
717ke] Zhgel] dia w2 Ag olHEA Held &
3] AAEn]73/3 A 7] (image processing), S o]
(mutation)e} YA Aoz wAA kil o]
cylinder3j e GroEL9] ¢}E: woA] 4244 Aoz
SRS Aol BaA %, 24714 (refolding
mechanism)el] i3t v]d AHZeo)| & AL }o}r}HA
Aot 2 AR e A/ 42 E o]4-3te] GroEL
#} GroEL-GroES complex %2} GroES/ATPLY} ATP
o] &4 selM AALE wHFE HER FvL
S 9ic}. HSP60A &-2] ©}& Ad Z Group 1141 ther-
mosome, TRIC/CCT2] 7% group I (GroEL)el| A
GroES$} 7+2 co-chaperoneel] 3w3l= 72 ¢l1,
1641 2) B8] (GroEL : 14heA 9] %A E o
*1&te] B 1% 9t} Thermosome-2 1991del] =112
AEA Q] Pyrodictium occultume| 4 Z3& F&
] JAEE AREAL ATPase complex3 4 w7 =]
o} (Phipps et al., 1991). 384 |z AAHe|A
glelEell 7]zs|A 2 A2 ebgle] chaperonin
oz walx o] GroEL3} FH3}7] 95| group II
chaperoninz} # 2] = i},

Hyperthermophilic archaeca: A} 2 %o
25 QEF7] dFol oJgA WAL A3}
Aoz EAT 4 A g ARem,
w2 oke] HSP7} EAE 7lolet A=Az it
AlA| 2 Sulfolobuss}: archaear= HSP2] 429
thermosome Tt &thif 212 o & wko oko] ula g o]
HZ el FH HSPR EXFAE Zlo] #w3izla
ol & dREY AEAY A Ee] A3
At wbHel]l 238 thermosomed &l 3
gt} AlAd o] B % 3 9 v} (Trent et al., 1990). o]

T} /\]o]

gk HSP: hyperthermophile®] el o3t A4l

FoF 94¥E F Aoy AAHANT o7 ol f =
80°CellA AA s} Thermococcus profundusol A 7]
o 22} HSPE 2932 38 3|z} s},

2 gFo|M= 2 archaeonql Thermococcus
profundus 2 3-€] thermosome®} -§-A}E izl =3}
Ag ¥l gty B4% e Wsbel ge
A e] FA}, cryoelectron microsocpy$} image pro-
cessing 5 o] 43ted F2E FHFH=EM thermo-
some®] 7)=h& ol&|slarx} i)

e o Uy

1. Thermococcus profundus 2| 2k

Thermococcus profundus= Kobayashi et al. (1994)
o] whiel whet H7)H oz 80°CollA] whekatsict. ul
4d T2 YdAEEE 5 F -70°CelM mslel
o,

2. P60 complex2| &g

T. profundusZ 50 mM Tris/HCl £+3&-8-<% (pH 7.5).2
2 5 #E %(1,000 % g, 30 min), DNase I (Sigma,
| mg/100 ml $3-4-N)& H7P F Al2er 1087t
32 X)Zt}. Sonicationg o] £3le] F-& HaA|Fo
R4 2ol olgdte] ¥AAA ge FE vl
Al F S A5 50 mM Tris/HCl 2k&4-9 (pH 7.5) 2
2 933 High Q Sepharose column (Parmacia,
Germany)el] £3}x]%7] & NaCl linear gradient (0~ 500
mM)Z 223 t). P60 complex¥ 220~ 400 mM
NaCle] zxellA] velyde
400 (Pharmacia, Germany) 2.2 gel filtration% 3} =}
4 223 P60 complex: 50 mM Tris/HCI $+34-
o} (pH 7.5, 50 mM NaCh 2 &A1 & —20°Cel] B
#3lgd o). ¢4 288 P60 complex?] A A
71955 AR A e 77t gl sk

, %3 % Sephacryl S-

3. ATPase &4

P60 complex®] ATPase #8412 w3lg
assayH} (Andri et al., 1998)ol] uwlz} ATPEZXE] Pi

malachite green
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7} WEHE kg ZA-59cl. | mM ATP, 10 mM
MgCly, 50 mM NaCl& 2&3= 20mM Mops (pH 7.5
at 80°C)etE-gllof] 10ug P60 complexE A7k 100
we 2Fgde ey AR L= (70~100°C)e)
A IAIZHERE A F T 25 S92 0°Cell A A3
& 800 ul malachite green reagent®} 100 pl 34% trisodi-
um citrateZ H7H0H. FLANA 458 Fot F F 0
842 F4= 660 nmol A A= WEH Pi
o] F& A7) Y8 2FFA (0~30nmol P)g T
E9lvh mE A AY AN ARdes Ul
3} ATP hydrolysisE ¥A & 7 o]t}

o

¢

P60 complex®] o otA Aol sl Adslr] o= o
A ATP7} 9l ule-2dl S 2)A)8) &% (80~110°C)
M & AZ. Akl whel w-g-gl e A F 1
4°CollA] A7 &, ATPE 78] 80°CollAM 1A]7+5¢h
B2 AlA ATPase 8448 243t

5. WA #ojAn Az

4 223t P60 complex= Cheong et al. (1993)2]
ol wel Gasielck. (el LobaiE, i g
A7 gridel] 38 S AT F ARz 2AA
AT Ag AANF 2R52 233 4e G
2% uranyl acetate2 ZM A Zv}, Tecnai 12 A=A} & v) 7
L2 [20kVellA 37,000 x 9] )&= Low-Does Sys-
temE o] §-skod Zodslsd 0w, Kodak 4489 Filmeol| 7]
E3}5ic}. Optical diffractometer® o] £-3}e] Ql3}s
AART R ARl ek Al 84 astigmatism) 2
drift §4EE BARAL G4 $HB Aele 9
o A4 AR e Aedstes

AAH M A AL# & Leafscan (LS45, USA)S Al&-3}
o] 1024 X 1024 pixel-€ 20 um pixel =27] (AA] object
o H3] 048 nm)2 A43} (digitalize)A] Z o). AR
A3} x2]3= EM (Hergel, 1996)5} SEMPER (Saxton et
al, 1979) 59} software packageg o|-&3}aich. A|4=3}
" HAv)A imageE 64 X 64 pixel®) =7z ztzf
2] A} (P60 complex)& A& F Kim et al. (1999)¢]
bl wlhel translation} rotationA]Zl & alignment
AFet doljz Ades gAe dedaz Algsid
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correlation average (Phipps et al., 1991)& 73}3it}. o]
ARz 4L FFE o cycled] HHAA ALL3)
o] P& 73R}t & multivariation statistical 24
¥ (Frank, 1996) &, & 348 7t7 wlwale] 9&
eigenvectors} eigenvaluezt-& o|-g£3}e] $Alg 3w
2 B-F (classification) 3} ). o] 9} 7+ wlhoz o
< class®] HFH} 2E YA PFS angular co-
rrelation coefficients (Diirr, 1991)ef] 7|22 symmetry
& AAege

6. X2 MXI§Ho|H

wA T2 WEelel WA A IHE
AR89 A (cryoelectron microscopy) S o] 4-3}%3 .00,
amorphous iceE H7] 2J8] Cheong et al. (1996)2] H}
ol e} hole grid®} Juh= ethane slash- 2 o) £-3}
9} 50 mM Tris/HCl $-3= 804 (pH 7.5 50 mM NaCl)

o 5% P60 complex 6 ulE holey carbon gridel] =
4A17) % filter-paper2 blotting3}x}a}z} w2 A
etane slashell G4 lSAIZTh A Aol vy F
359 AET 37199 AEglel, 22 Wy
o| cryotransfer holder (Gatan, USA)E o] -&3}o] A=}
oA o7 {7} Tecnai 12 AA"E|AH o= 120kV
Al 37,000x o] wWi&=2 Fdsiglon, ojnjx)i=
1,024 x 1,024 pixel slow scan CCD (charge-coupled
device) 7}el 2ol 7] 238199t} Fhdlekel pixel size:=
14um (AA specimenel] w5 0.3nm)e)w] TE o}m)
Z]3= Low-Does system o 2 &5 oic),

Zdx 3 ni

1. P60 complex2| &2}

P60 complex®] 2] 2E A& HAz}dn)A o
gelsbHA zlaslelo).

T. profundus®] Fbi o] o5 AR n)AARA
(Fig. 1-A)ellA] =] (ring) Roko] whllAl E3k4 (pro-
tein complex)& H2¥ 4= 9l9ic). o) Bk =
-exchange chromatography$} gel filtrationg o] &3}
of ¥el8tdeh $5h4 a2 High Q columno] E-2}A]
7l ¥ RE peak?] £3& SDS-H7jdEz Az

anion
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Fig. 1. Electron microscopy of purification step (A) Micro-
graph of cell extracts relased from 7. profundus.(B) P60
complex containing fraction obtained from anion
exchange chromatography. (C) Purified P60 complex
obtained after gel filtration chromatography. The arrow
and arrowhead indicates a representation of side-on
view and top-on view of P60 complex, respectivly. The
scale bar represents 50 nm. The electron micrographs
were obtained by negative staining of proteins with 2 %
uranyl acetate as described in Material and Methods.

n)|A e 2 ¢35} (data not shown). 220~400 mM
NaCl ¥=olA eyt peakol| A group II chaperonin
o] &3l thermosomes} FAFSH whlal E3}A| & A
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1 2 3 4

Fig. 2. SDS-PAGE (10% arcylamide) of pooled P60 complex
at different stages of purification. Lane 1: moleular size
standards (212 kDa; 116 kDa; 97 4 kDa; 66.2 kDa; 57.5
kDa; 40 kDa) Lane 2: cell extracts. Lane 3: P60 com-
plex containing fraction eluting at 220 to 400 mM NaCl
gradient. Lane 4: Pooled fraction from Sephacryl $-400
gel filtration. Gel was stained with Coomassie biue R—
250.

f
o

A@u)7d ARzl (Fig. 1-B)ellA] #3434~ gle}. w3t
SDS-#7]°35 (Fig. 2)& gelellAl 71 F8lo] Xo
w], 100kDa 24}ol| 738t band9} W2 <F3t band & X
&3 gl &58|3t7] $)8 Sepharcryl S-4008
THAFH o, 7 peakel] dfs] A=A SDS-A
71935 o2 <¢l3}¢] v} (data not shown). 2 A3} void
o) Yeld peakel| Al thermosome} -A}
g oA 2EgATE #AYE 5 s (Fig. 1-0),
SDS-F7|dFo 2 F<l A 60 kDa ZHol|A 34t
9] band& RF3 Qlv}(Fig. 2). o]¢} 2 A7}z
o] B-3A2] monomer: 60 kDa protein (P60 com-
plex)9& & 4= 2l

volumn #
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2. P60 compexe| =

&4 228k P60 complex®] FxF FH317] {13}t
of FHAAE A GAAE o] 48t P60

Fig. 3. Electron micrograph of negatively stained P60 complex.
The electron micrograph of P60 complex showed two
different views, ring shaped (top-on view; arrowhead)
and striated structures (side—on view; arrow) depending
on orientation on grid.

A

Thermosome~like Protein Complex From Thermococcus 417

complexE 2% uranyl acetate £ 2 Slo] 33} A=}
uld ARl F 71 e, & ¥ 3¢ (end-on view)
¢} Aleke] #el (side-on view)E BedFa1 glet (Fig.
3). o] A& P60 complex7} grid$)el] EFod2) Abefe] u}
2} end-on view®} side-on view?] ¥HElE RolF 3
3l= 7ie]vl. End-on viewts A} w7 Azl A=
=237 8709 subunite.® o]Fo]A Ewefow w
olul, ool BAAZ AAA holeo] UL F 4
oAt Side-on view= 47§2] EF-H 2 o] Fojxl A
o Hehg epact

Top-on view?] oJAFx]2]S £J3l 8627)2)
A 3le] translation} rotationA]%] & alignmentA]Z
o}. 8627} AF=-2] data setel| 4] 932 eigenvector/eigen-
value?| 7)==z ¥4 9 correlation averageE 73}
o} 7} w8 informatione Z &3 3719] eigenvec-
torg o]&3le] $-A3t e =2 FE(classification)
Z 270 9] classz Yo} SymmetryE A)71A] 4
el 7}

7} class averageE<l| A 8-fold symmetryZ 3

45 90 135 180 225 270 315 360

Fig. 4 . Correlation averages of P60 complex. (A) Correlation averages of end—on views after symmetrization. The diameter of ring
and the central hole are 15 nm, 5 nm, respectively.(B) Average of side—on views after symmetrization. The maximum width
and height of the average are 15 nm and 16.5 nm, respectively. (C) The graph of angular correlation coefficient of average of
862 complex with end—on orientation is consistent with eight—fold symmetry.
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A3 Y&s BHAFT vt =3 classhe] F2A
z}o|7} A ¢&S ¥Heoid 1 9o (data not shown).
P60 complex: hole2 (2F Snm)7}X| 3L glem, o=
FAHoz o] mol Puoks o)k AAH
#7]% 15.5nme|c}(Fig. 4-A). Fig. 4~-CE& symmetry
A 712 -2 8627) particle®] averageol] ©3} angular
correlation coefficent average graphd ehijgloemn,

e <
A. ] T
N L

ol 45°wlr} 3h}e] peakr} wlE-EHo] 8-fold sym-
metrygts A& ok 4 ¢lt}. Side-on view?} ?3’;}?1
g5 98l 218702 YASEE AHsbe] AA] transla-
tion} rotationA]Z] & alignmentA] Z v}, Correlation
averager AlZv] ®ofE HoF0, A7) 165%
14.8 nmo|v} (Fig. 4-B). Complex: ¢} 3w £
Aoz 9, oleel] w53 massE HAFH, F4E

Fig. 5. Electron micrograph and average of P60 complex embedded in vitreous ice. The contrast of the unstained images was

reversed. The scale bar represents 50 nm,



Kim SK et al. :

FHez @
2

massE 7HA & T Ne] 3} wigo
AL massE 7HAE F N8 FE B Fo =g
complex?] vpgZo g 72 =7|9 cavityE 7FA|
98-8 o4 gt o)} 72 é»}i P60 complex+-
8702l U 7HAlE ringol F AN A A 16742
subunite @ FAF A ¢J&& TZS]{‘Z_}' 4 et oy
g el x| E7HA] 3% group [l chaperonineZ
thermosome®] Tz} wi-% HAHHE 45 o
Group II chapeonine-& archacon$} %1348 &9} cytosol
o ZATNH AL ek 2EAT o} WAH
R REE ) holeol ] BHA R A7
£ 3= AdErle] duale ke end—on view
o} A#y Hell9] side-on viewz EX)E= o]
A}, T. profunduso| 4 ®8]¥ P60 complex”}
thermosome3} 7ro] moleccular chaperone .2 4] 9]
&g 433k, side-on viewdl| A HAFIT Q&
cavityollA] whA S refolding A]Z 7l o]}, Chaper-
oneez 7} A o2l GroELL 192] 7]%% 43
3}7] ¢34 co-chaperoneql GroES7} 823} P60
compelx 2] 7 Heslx] gon
chaperone 0.2 7]%o] $3]E o] ATP S-0] 275,
A wide] AFAH

[+
$& S0 TVE AT Aoz 349,
=
|

r\o

d-$- co-chaperone©]

4

Re
=3 Gl ze) T2 g o3l alow 25
E uEb AR A JdEeza Arie K1y
& #olFe] Bt nativedt AelE FA3ke el
25} (Steinbrecht, 1987). F4& Azt u] 7L A

£ vitreous iceol} “'73,*]713’.9_1 %ﬂx}f‘fﬂu]%—”— I’
],

R P

2
XL oofd

@} holey gridell embedding® .24 R 183§ 9}
She o3 58 Wy ol

HE3}E] %) ¢t-2 Ale] & hydrated¥®l P60 complex
ol F&x&5 79387 98 AlB&E= vitreous iceol] em-
beddingA]# —170°CE §-Asl AHzHAu|4d o=z #
Asled o). P60 complex®] A& AHzAI3uA AAlL

o=y 19 7]
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Fig. 69X B3 glom, dzte] U Hel cavityE
M HRokE vepia glor SAE Akl
olmx)2] &-<ke] ul 2 HoeyF 1 v} (Fig. 5-A)
S-2A 5 P60 complex®} hydration P60 complex2]
¥ 728 vlas BE, % 72 2F YRs v
Ao Aol holeo] EATTE e o + e
AAA oo A 2 Fol7} gled % 4+ Uk 27
1} end-on view?] A =7])2} holez7|ol|A] Z}o]&
B $24AE P60 complex?] o[n[x] 2] A =7
7} hydration ©)?)X) ¥} 1nm e W3} cavity=
7] hydration P60 complex”} 3 nm v}, S0 gl
P60 complex?] o|n|z|:= &> Abefo], grid®] car-
bonA|Z Ao s} ®eld AA 2717 HAe 3

A
025 L
2
S 020}
§, 015 §
oAl B U 8
Al
005 |
[] : L i .
70 0 30 W Temp. (°C)
04

V

(P
b
w

0.2
o’
a 01
o . )
5 10 30 €0 90 120
Time (min)

4 80C W 93°C Alo0C ®ll0C

Fig. 6. Temperature dependence and thermal stability of P60
complex. (A) ATPase activity of the P60 complex
incubated for 1 hr at different temperature are shown.
All presented data were corrected for spontaneous ATP
hydrolysis under the tested conditions. (B) Themos-
tability of the P60 complex. Samples containing no ATP
were preincubated at different temperatures for various
periods of time in ATPase assay buffer. ATPase activity
was then assayed by adding ATP and incubating at 80
°C for 1 hr.
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o weh W caviy® FAEUEE F5T 4 9
=

4, P60 complex?| ATPase &Mzl ¥ ot™M

% 22]% P60 complexs] ATPase A2 80°C
MM F 3o FA L el 70~ 100°C7HA] A&
Bt} (Fig. 6-A). & 25| A ATPase assayE &
] Z7}5E 256 v)sle] xpA el ATP hydrolysis
7} doj o]23t AL nerslr] $al] P60 complex
7} AAR vhEeiS %o wel hydrolysisE Al
sl ATPase &4 ZA=RE BEAINAU. P60
complex®] 2%o] u}2 ATPase &4 #3le] ol4-&
o[a]3l7) &l = A" % (80~110°C)ell A
AAE Azkel mel ATPgle] WA I& 7]'%} 5 1
R wololy ATPase A& 345 -B
e N S S P
= 4 AL ol 80°Coll A= 1208 F3F 4&

~

r

e Fele B4} BLRA Qateh AAlel 90°C
2} 100°Cell M= Zb7t 60 ¥t 30% 5t 2& 7F
Fol= 43 S =rt Adelsl&s & 4 Useh

Z 110°C74=] €32 9] P60 complexy 5323tel)
gAsA B o) Az E e
80°C o] Aol A 2] P60 complex2} Hapxel S = 7}
2 e 23 AdE o & sl B A
P60 complexe] FEE U] A AAYnAL
2 sl (Fig. 7). 90°Cel| A1 o] 28434 e 2] P60
compelx¥ controld]] ®])s] v]-$- -2 oFe] fine struc-
trer} molw] 2ol zd FANLE ¥ 4 oot w
100°C3} 110°CoI M8l BB ele] e o)
Q5P EAA WA FaE Zobr 4 A ol
¢} e A= T profundusoll A 25 thermosome
FAF =l (P60 complex)S ol wi-$- o8 &4
Y A+ glew Ane Tz A% 58 ol
7] -r]z‘fHH cryo-tomograhpyd 51%eo] HQ3¥ 7o|ch

r—.~’

B

Fig. 7. Electron microgarhps of inactive P60 complex. (A) Control of P60 complex. (B) Inactive P60 complex incubating 60 min at
90°C. (C) Inactvie P60 complex incubating 30 min at 100°C. (D) Inactive P60 complex incubating 5 min at 110°C. Scale bar

represent 100 nm.
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