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SUMMARY: Heat shock proteins 60 (hsp60) and 10 (hspl0) are
essential for the formation and restoration of many supramolecular
structures. For reconstitution of these structures, we isolated stable
hsps of 61kDa and 12kDa, which are similar to hsp60 and hspl0,
respectively, from the supernatant fraction of thermophilic bacterium
PS3 by ATP-Agarose chromatography. Using synthetic DNA of the
deduced sequence, the 1.6kbp double stranded DNA encoding both
proteins was obtained by the polymerase chain reaction (PCR). The
complete sequence of the resulting reading frames showed high
homology to those of the genes encoding GroEL (hsp60) and GroES
{(hsp10) of E. coli, and hsp60s and hsplOs of several other species.
The genes for the 12K and 61K were present in the same operon.
61K was also partially similar to the F, a subunit of thermophilic ATP
synthase, which is highly reconstitutable to form the aff complex.

© 1991 Academic Press, Inc.

The protein called chaperonin (1,2) is required for the folding
and assembly of polypeptide chains such as subunits of mitochondrial
proteins (3). Chaperonin belongs to the family of heat shock proteins
(hsps), which are temporarily expressed in cells exposed to sublethal
heat shock or stress, and render the cells resistant to heat shock,
perhaps by protecting some proteins or refolding proteins denatured
by heat (4). Overexpression of the E. coli heat shock proteins hsp60
(GroEL) and hsplO (GroES) has been reported to suppress some
temperature sensitive (ts) mutations (5) in vivo. The in vitro
renaturations of ribulose-P, carboxylase (6) and prepenicillinase (7)
require large amounts of GroEL and GroES in the presence of Mg-ATP.

As stable hsps should be useful for studies on their mechanisms of
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suppression of ts-mutations and in vitro renaturation of proteins, we
purified three kinds of hsps from the thermophilic bacterium PS3 (8),
because all the proteins of this thermophilic organism examined so far
have been found to be stable and highly reconstitutable (9). These
thermophilic hsps were named 12K, 61K and 69K, and are
homologous to hspl0, hsp60 and hsp70, respectively, of mesophilic
organisms (4). Although the thermophilic bacterium was cultured at
65°C, further increase in temperature to 70°C induced more than
twofold increase of 61K (10).

In order to overexpress thermophilic hsps in the cells, we
determined the complete DNA sequence of the operon encoding the

12K and 61K.

MATERIALS AND METHOD

Thermophilic bacterium PS3 was cultured in a medium containing
0.8% polypeptone, 0.4 % yeast extract and 0.3% NaCl,pH 7.0 at 65-
70°C for 12 hrs (11). Then the thermophilic DNA was isolated and
analyzed as reported previously (12-14). Details of the purification of
the thermophilic hsps (12K, 61K and 69K) will be reported by
Hamamoto et al., but briefly, the procedure was as follows. The cells
(500 g, wet weight) were harvested and suspended in 4.5 liters of 50
mM Tris-sulfate, pH 8.0, at 36°C and treated with 500mg of lysozyme
(EC 3.2.1.17). The mixture was stirred for 30 min, and then 25 ml of
1M MgCly and 10 mg of DNase I (EC 3.1.4.5) were added. After 2

hours, the resulting lysate was centrifuged at 17,000 x g for 20 min
(11). The supernatant fraction was applied to a DEAE-Sephacell
column, and the proteins eluted with 0.2-0.3M NaCl were adsorbed to
an ATP-Agarose column. The column was washed with buffer A (20
mM Tris-acetate, pH 7.5, 20 mM NaCl, 0.1 mM EDTA, 15 mM beta-
mercaptoethanol, and 3mM MgCl,) containing 0.5M NaCl and then

with buffer A alone. The column was developed with buffer A
containing 3 mM ATP, resulting in the specific elution of the ATP
binding proteins (12K, 61K and 69K), which were purified further to
single proteins using MonoQ and other chromatographic methods.
The N-terminal sequence of 61K was determined directly with a gas-
phase sequencer (Applied Biosystems, Model 470A, CA, U.S.A.). The
C-terminal sequence of 61K was determined as follows: 61K was
digested with lysyl-endopeptidase, and the resulting fragments were
applied to an anhydrotrypsin column. The peptide that was not bound
to the column, which contained no lysine (i.e. the C-terminal peptide)
was then sequenced with the sequencer. Oligodeoxynucleotide
primers corresponding to both the N-terminal and C-terminal
sequences (#650 and #585 in Fig.1) were synthesized with an
automatic DNA synthesizer (Applied Biosystems, Model 380B, CA,
U.S.A)). These primers were used for isolation of double stranded DNA
encoding the 61K by polymerase chain reaction (15). Nucleotide
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sequences were determined by the Sanger method using fluorescent
dye Sequence Kits {(ABI kits: #401070, Dye Deoxy Terminator Taq
Sequence Kit and #400386 Universal Primer Kit, Applied Biosystems,
CA, U.S.A) and the sequence was read with a DNA sequencer (Applied
Biosystems, Model 370A, CA, U.S.A)).

RESULTS AND DISCUSSION

The sequencing strategy of the double stranded DNA isolated by
the polymerase chain reaction is outlined in Fig. 1. The nucleotide
sequences corresponding to the partial amino acid sequences of 12K
and 61K showed that the gene encoding 12K was 273bp while that
encoding 61K was 1,635bp (Fig 2). The genes for the two hsps were
shown to belong to one operon. The 61K was highly homologous at the
amino acid level with GroEL of E. coli (16), the hsp60s of human (17)
and yeast (18), and ribulose P, carboxylase binding protein (19). The
amino acid residues of 61K that are identical with those of GroEL are
underlined in Fig. 3. The 12K also showed high homology with GroES
of E. coli at the amino acid level (Fig 3). There is a loop structure

between the two reading frames (Fig. 4). In addition, the amino acid
sequence of the 61K showed partial similarities to those of the F; o

subunits of human ATP synthase (Akiyama, S., Matsuda, T., Ohta,S. and
Kagawa, Y. in preparation), Saccharomyces cervisiae, (20) maize (21),

bovine (22), and PS3 (14). Luis et al. reported the heat shock

induction of F; a (23}). Moreover, like hsp60, the thermophilic F; o

#601 #702
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Fig. 1. Sequencing strategy of the thermophilic chaperonin operon.
The arrows indicate the extents and 5°’-3’ orientations of the
fragments sequenced. HSP10 and HSP60: reading frames of
thermophilic chaperonins, 12K and 61K, respectively.
Sal I, Sac I, Eco RI and Hinc II: Restriction sites.
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M L KPLGDR
10 20 30 40 50 60
ATTGTGATTGAGGTGGTGGAAACAGAAGAARAAACGGCTAGCGGCATTGTGCTACCGGAT
I VIEVVETTETETZEKTA ASGTIVTLILTEPD
70 80 90 100 110 120
ACGGCGAARGAABAAACCACAAGAAGGCCGCGTTGTCGCTGTCGGTGCAGGCCGCGTGCTC
T A KEEKZPOQEGRUVVYVAVGAGT RVL
130 140 150 160 170 180
GATAACGGCCAACGCATCGGCCGGAAGTCGAAGGTTGGCGACCGCGTTATCTTCTCGAAA
D NG 0 RIGRTZ KT STZEKVOGDTZRVTITFSK
190 200 210 220 230 240
TATGCGGGCACAGAAGTGAAATACGACGGCAAAGARTACTTAATTTTGCGCGAATCAGAT
Y A6 TEV KYDGE KTETYTILTITILRESTD
250 260 270 280 290 300
ATTTTGGCTGTCATCCGHTARIATATGCGTTTATCACATARACATTCCGAAAACATACTG

I L A V I R termination codon of HSPIO

310 320 330 340 350 360

GGTACTTAATCGGATACTTAACTTGTGGCACGCAGTCCAACAATTTCA AAC
initiation codon of HSP60 S/D

370 380 390 400 410 420

GGGG! CAAAACAAATCAAGTTCAGCGAAGAAGCGCGCCGTGCGATGTTGCGCGGGG

M A K Q I K F S EEAURUZ RABAMTILUR RG V

430 440 450 460 470 480

TGGACAAACTTGCAGACGCAGTGAAAGTCACATTAGGTCCGAAAGGCCGCAACGTCGTAT
D K L A DAV KV TULGU?P K G RNV V L
490 500 510 520 530 540
TGGAGARAAAATTCGGTTCGCCGCTCATCACGAATGACGGGGTAACAATCGCGAAAGAAA
E K K F G s P L I T NDGV T TI A KETI
550 560 570 580 590 600
TCGAACTCGAAGACCCGTTTGAAAACATGGGCGCGAAATTGGTCGCTGAAGTCGCCAGCA
E L E D P F E NMGA KL V A E V A S5 K
610 620 630 640 650 660
AAACGAACGACATCGCTGGGGACGGTACAACAACCGCTACGGTATTGGCTCARGCGATGA
T ND I A G D G T TTA ATV L A Q A M I
670 680 630 700 710 720
TCCGCGAAGGCTTGAAAAACGTGGCTGCTGGTGCCAATCCGATGGGCATCCGCCGCGGGA
R E G L K N V A A GA NP M G I RR G I
730 740 750 760 770 780
TTGAARAAGCGGTTGCAGTTGCTGTTGAAGAATTARAAGCCATCTCCARACCGATCARAG
E K AV AV AV E EL KA I S K P I K G
790 800 810 820 830 840
GGAAAGAGTCGATCGCCCAARGTTGCTGCGATTTCGGCTGCTGATGAAGAAGTCGGTCAAT
K E S I A Q VA A I S A ADUEEV G QL
850 860 870 880 890 900
TGATCGCTGAAGCGATGGAACGCGTCGGCAACGACGGCGTCATCACGCTCGAAGAATCGA
I A EA MERV GND GV I TTULEE S K
910 920 930 940 950 960
AAGGCTTCACGACAGAACTCGACGTTGTCGAAGGGATGCAATTCGACCGCGGTTACGTTT
G F T TEULUDV V E G M QF DR G Y V S8
970 980 990 1000 1010 1020
CGCCGAACATGATTACGGATACGGAAAAAATGGAAGCCGTTCTCGAAAATCCGTACATCT
P NM I TDTEI KMEA AV UL ENUZPYITL
1030 1040 1050 1060 1070 1080
TGATTACGGACAAARAAGTATCGAGCATCCAAGAGCTGTTGCCTGCTCTTGAGCAAGTCG
I T DK KV S s I QEL LUPATLEZQV YV
1090 1100 1110 1120 1130 1140
TGCAACAAGGCCGTCCGCTCTTGATCATTGCGGAAGATGT TGAAGGTGAAGCATTGGCGA
Q Q G R P L LI I A EUDVETSGEA ATLA AT
1150 1160 1170 1180 1190 1200
CGCTTGTTGTCAACAAACTGCGCGGCACGTTCAATGCGGTACGTGTCAAAGCGCCTGGCT
L VvV V. N K L R G T FNU AV RV KA AUPGF
1210 1220 1230 1240 1250 1260
TCGGTGACCGCCGCARAGCGATGCTCGAAGACATCGCGATTTTAACGGGCGGTGAAGTCA
G D RRKAMULETDTIA ATIULTGGE VI

Fig. 2. Nucleotide sequence of the thermophilic chaperonin operon
and deduced amino acid sequences of the 12K and 61K proteins .
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1270 1280 1290 1300 1310 1320
TCTCCGAAGAGCTCGGCCGCGAACTGAARATCGACAACGATCGCTTCGCTCGGCCGTGCGT
S E E L G R EUL K s TTIAS L G R A 8
1330 1340 1350 1360 1370 1380
CGAAAGTTGTTGTTACGAAAGAAACGACGACGATCGTCGAAGGCGCTGGCGATTCGAAGC
K vv v T K ETTTTI V EGA AGUD S K R
1390 1400 1410 1420 1430 1440
GCATCAAAGCGGCAATCAACCAAATCCGTGCGCAGTTGAAAGARACGACGTCCGAATTCG
I K A2 A INQTIURAOQTULIKETT S E F D
1450 1460 1470 1480 1490 1500
ACCGCGAARAAACTGCAAGAACGCTTGGCGARACTCGCTGGCGGCGTAGCGGTCATCAAAG
R E KL ¢ E RL AU KU LAGGV A V I KV
1510 1520 1530 1540 1550 1560
TTGGGGCGGCAACAGAAACAGAATTGAAAGAACGCAAACTGCGCATCGAAGACGCGCTCA
G A AT ETETLI KU EIRI KU LUZ RTIEDA ATLN
1570 1580 1590 1600 1610 1620
ACTCGACTCGTGCGGCTGTTGAAGAAGGCATTGGCGCCGGCGGTGGCACGGCTCTCATGA
S T R A AV EE G I G A GG G T ATULMN
1630 1640 1650 1660 1670 1680
ACATCCACAACAAAGTCGCTGCCATCGAAGCGGAAGGCGATGAAGCAACCGGCGTGARAA
I B N K VA A I E A E GDEATGV K I
1690 1700 1710 1720 1730 1740
TCGTATTGCGCGCGATCGAAGAACCGGTTCGTCAAATCGCGCAAAACGCTGGTCTGGAAG
vV L R A2 I EE?PV R QI AOQONA AGTLE G
1750 1760 1770 1780 1790 1800
GCTCGATCATCGTTGAGCGCCTGAAAAACGARAAACCGGGCATCGGCTTCAACGCGGCAA
s I 1 VvV ER L K N E K P GI G F N A AT
1810 1820 1830 1840 1850 1860
CAGGCGAATGGGTCGACATGATCGAAGCTGGTATCGTTGACCCGACGARAGTCACTCGCT
G E WV DMTIEAGTIVDU®PTK VTR S
1870 1880 1890 13800 1910 1920
CGGCGCTGCAAAACGCTGCCTCTGTCGCCGCCATGGTCTTGACGACAGAAGCGTGCGTTG
A L Q NA A S VA A MV LTTE AT CV A
1930 1940 1950
CCGACAAACCGGAAGAAAACAAAGGCAACAACAAC
D K P E ENZXKGWNNNMPIDMMG G M M

Fig. 2 - Continued

A
1

MLEPLGDRIVIEVVETEEKTASGIVLPDTAKERPQEGRYVAVGAGRVLDNGARIGRKSKY
61
GDRVIFSEYAGTEVKYDGKEYLILRESDILAVIR

B
iKQIKFSEEARRAHLRGVDKLADAVKVTLGPKGRNVVLEEKEQSBLLENDGVTIAKEIEL
EEPFENMGAKL!AEVASKT!QIAGDGTTTATVLAQAMLREQLQN!AAQAEE!GIREELEL
iﬁiVAVEELKAISKPIKGlESI AQY -ADEEVGQLIAEAMERVGNDGVITLEESKG
;:;ELDVVEGHQFDRGYVSPNMITDTEKHEAVLENPYILITDKKV§SLQ§LL2AL§O!VQ
Z;;PLLIIAEDVEGEALATL!!!KLBQTFNAVRVKAPGFGDRRKAHLEQ}AIL1§§E1£§
;EiLgRELKSTIIASLQRASK!!VT!EIII;VEQAQDSKRLKAAIHngAQLK§T1§E-F
i:éKLQERLAxLAGGVAVIKVGAATETELEERLLBIEQALHSTRAAVEEGIGQQQETALH
:?éNKVAAIEAE---GDEATGVKIVLRA IEEPVRAIAQNAGLEGS TTVERLENEKPGI--
f;;!AAQGEHVDELEAglVDPTKVTRSALQNAA§1AAHVLII§AC!AQKQEENKGNHHHP
541

DMGGHM

Fig. 3. Comparison of amino acid sequences of the 12K (A) and 61K (B)
proteins of thermophilic bacterium PS3, and GroES and GroEL,
respectively, of E. colii The amino acid residues common to both
species are underlined.
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CCGAAAA
aT! Car

L

ACAC CATG

Tp=gT

T=A

T=A

T*T

G=C

C=G
G*G
T=A
A=T

T=A
GTCATCCGCTAATA" “CTTAACTTGTGGCACGCAGTCCAACAATTTCATAAGGAGGTAACGGGGTATGGCA
T T RE

termination codon of HSP0 $/D initistion codon  of - HSPBO

Fig. 4. Loop structure of DNA between the reading frames of the 12K
and 61K proteins.

(54.6KDa)(14) binds ATP, is highly reconstitutable and forms asf;

(24) and o; B, (25) complexes without other subunits.

The mesophilic chaperonin is a tetradecamer consisting of hsp60 and
hspl0 (26) and is unstable. An electron micrograph of the
thermophilic chaperonin revealed that its structure is similar to that
of mesophilic chaperonin (Hamamoto,T. and Nagayama, K. in
preparation). However, thermophilic chaperonins are so stable that
they can be purified at room temperature, and thus will be useful for
artificial construction of oligomers and biomembranes, and in

suppression of gene defects.
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