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Using a gene probe of the Bacillus subtilis groEL gene, a 7.3-kb HindIll fragment of chromosomal DNA of
Bacillus stearothermophilus was cloned. Sequencing of 2,309 bp led to the detection of two open reading frames
in the ordergroES groEL. Primer extension studies revealed one potential transcription start site preceding the
groESL operon, which was activated upon temperature upshift. Northern blot (RNA) analysis resolved two
mRNA species with lengths of 2.2 and 1.5 kb; RNA slot-blot experiments revealed an at least 10-fold increase
in the amount of specific mRNA from 0 to 7 min postinduction followed by a decrease. The 9-bp inverted repeat
characteristic of many gram-positive bacteria was found within the 5' leader region of the mRNA. ThegroESL
operon ofB. stearothermophilus could complement E. coli groES(Ts) andgroEL(Ts) mutants for growth at high
temperature and for propagation of phage lambda.

Induction of heat shock protein synthesis in response to
environmental stress is a universal phenomenon that occurs
in most if not all organisms, and the primary sequences of
some heat shock proteins are well conserved throughout
evolution, from bacteria to humans (18). Major heat shock
proteins GroES and GroEL of Escherichia coli promote
assembly (6, 13, 15), disassembly (4, 17), or translocation (7,
8) of other proteins, presumably by preventing their misfold-
ing and thereby sponsoring the formation of biologically
functional structures. These kinds of proteins have been
called "molecular chaperones" (9, 10, 15, 23).
GroEL (also called Cpn6O) has been found in prokaryotes,

mitochondria (Hsp6O), and chloroplasts (ribulose-1,5-bis-
phosphate carboxylase subunit binding protein [13, 15]).
GroES (CpnlO) has been found in prokaryotes (1, 2), and a
functional equivalent was recently identified in mitochondria
(20). E. coli GroES and GroEL are essential for morphogen-
esis of several coliphages (12, 29, 30, 38), for the assembly of
ribulose bisphosphate carboxylase-oxygenase subunits from
photosynthetic bacteria in E. coli (13), and for export of
plasmid-encoded 13-lactamase (16). Recently, the GroES and
GroEL homologs from Thermus thennophilus have been
copurified as a large complex (28). They can promote in vitro
refolding of several guanidine hydrochloride-denatured en-
zymes from thermophilic bacteria at temperatures above
60'C. Furthermore, the crystallization of the GroES-GroEL
complex from T. thermophilus has been reported (19).
To study the function of chaperones from a thermophilic

organism in processes such as in vivo assembly, folding of
proteins, and secretion of exoenzymes in comparison with
the same chaperones from a related mesophilic bacterium,
we have initiated a program to clone and to characterize
genes coding for molecular chaperones from Bacillus stearo-
thermophilus, in which temperature upshift is accompanied
by the synthesis of at least four heat shock proteins (35). The
biochemical properties of the chaperones at different tem-
peratures will be compared with those of Bacillus subtilis,
whose genes have been recently cloned by our group (27). In
this paper, we report the nucleotide sequence of 2,309 kb of
DNA which contains the complete groESL operon. Further-
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more, we analyzed transcription of this operon and showed
that both genes can complement temperature-sensitive mu-
tants of E. coligroES and groEL, respectively, for growth at
high temperature and for propagation of phage lambda.

Molecular cloning of the groESL locus. Southern blot
experiments revealed an internal part of the B. subtilis (24)
groEL gene hybridizing to a 7.3-kb HindIII fragment of B.
stearothermophilus NUB36 (5) chromosomal DNA (data not
shown). This fragment was ligated into pACYC177 (3) and
transformed into E. coli RR1 (25). Transformants were
analyzed by probing recombinant plasmids with a 1.0-kb
HindIII-PstI fragment of B. subtilis groEL gene recovered
from pASG58 (27). DNA fragments were labeled with digox-
igenin-[11]-dUTP (Boehringer GmbH, Mannheim, Germany)
by the random-priming technique of Feinberg and Vogelstein
(11, 37). One of these plasmids yielding a clear hybridization
signal was chosen for further analyses (pUS01). In parallel,
the HindIII fragment was inserted into pUC19 (21), resulting
in pUS05, which could be stably maintained in different E.
coli strains. Next, a restriction map of the 7.3-kb insert was
established, and the groEL sequence could be located near
one end of the HindIII fragment.

Sequencing and features of the groE locus. By using pUS01
and subclones in pUC18/19 the sequence of the groE locus
was determined by the dideoxy-chain termination method
(26) with [(X-35SjdATP (specific activity, 650 Ci/mmol; Am-
ersham Corp.) and the Sequenase kit (version 2.0) of U.S.
Biochemical Corp. Synthetic primers were used for double-
stranded DNA sequencing (14) with plasmid DNA as the
template. A total of 2,309 bp was sequenced, revealing the
presence of two contiguous open reading frames (ORFs)
(Fig. 1).
ORF1 is 282 nucleotides long, beginning with a GUG start

codon at position 249 and ending with two stop codons at
position 531. Alternative start codons GUG, UUG, and
AUU are frequently used in prokaryotic genes; all are
single-base changes from AUG (22). ORF1 encodes a
polypeptide of 94 amino acid residues with a predicted
molecular mass of 10,209 Da and a calculated pI of 4.64. This
polypeptide exhibits significant sequence similarity to the
GroES of B. subtilis (74% identical and 12% conservative
replacements), E. coli (43% identical and 21% conservative
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CTTACCCTTTACCAACAAAATAGTGATGCTTCCGTATTTTAGCACATCTTTTACAAAAATATAAAAAAATTGACTGCCGCGCTGTTTATAGATCATGGAA

-35 17 bp -10 S
GTATGAAATAATTGAAAAGGATTTAGAAATTTTGTATTTCATACTTGCAOACAAAGAGAAGTTCATTAATATTATAAGTGTGTTAGCACTCGATTGAGA

TGAGTGCTAATAAGAACGGCGAAAATTATGTTAAGGAGGTTGTTTTCCGTGTTAAAGCCATTAGGTGATCGCGTTGTCATTGAAGTGATCGAAACAGAAG
<<<<<<<<< V L K P L G D R V V I E V I E T E E

groES

AAAAAACTGCAAGCGGTATCGTATTGCCAGACACTGCGAAAGAAAAGCCACAAGAAGGTAGAGTAGTTGCTGTCGGCAAAGGACGCGTGCTTGACAGCGG
K T A S G I V L P D T A K E K P Q E G R V V A V G K G R V L D S G

TGAGCGCGTAGCTCCGGAAGTAGAAGTTGGCGATCGCATTATCTTCTCGAAATATGCTGGCACAGAAGTAAAATATGATGGCAAAGAATACTTAATCTTA
E R V A P E V E V G D R I I F S K Y A G T E V K Y D G K E Y L I L

CGTGAAAGCGATATTTTAGCTGTTATTGGCTAATAGACAGCGTTTATAACATAGATATGCAAAAAATACTTAACAACATTCCATTTTATAAGGAGGTAAC
R E S D I L A V I G

GGGGTATGGCAAAAGAAATTAAATTCAGCGAAGAAGCTCGTCGCGCGATGTTACGCGGTGTGGATAAACTAGCAGATGCGGTAAAAGTAACATTAGGTCC
M A K E I K F S E E A R R A M L R G V D K L A D A V K V T L G P

groEL

AAAAGGCCGTAACGTCGTATTAGAGAAAAAATTTGGTTCTCCATTAATTACAAACGACGGTGTAACGATCGCGAAAGAAATCGAATTGGAAGACCCATTT
K G R N V V L E K K F G S P L I T N D G V T I A K E I E L E D P F

GAAAACATGGGTGCAAAACTTGTTGCGGAAGTAGCAAGCAAAACAAATGATGTTGCTGGGGACGGTACAACAACGGCAACAGTTTTAGCGCAAGCAATGA
E N M G A K L V A E V A S K T N D V A G D G T T T A T V L A Q A M I

TCCGCGAAGGATTGAAAAACGTTACAGCTGGCGCTAACCCAATGGGCATCCGTAAAGGTATTGAAAAAGCGGTCGCTGTGGCAGTAGAAGAATTAAAAGC
R E G L K N V T A G A N P M G I R K G I E K A V A V A V E E L K A

AATCTCCAAACCAATTCAAGGTAAAGAATCGATTGCTCAAGTTGCAGCGATCTCTGCGGCTGACGAAGAAGTTGGTCAATTAATCGCAGAAGCAATGGAA
I S K P I Q G K E S I A Q V A A I S A A D E E V G Q L I A E A M E

CGCGTTGGCAACGATGGTGTTATCACATTAGAAGAATCGAAAGGCTTCGCAACGGAATTAGATGTTGTCGAAGGTATGCAATTTGACCGTGGTTATGTAT
R V G N D G V I T L E E S K G F A T E L D V V E G M Q F D R G Y V S

P Y M I T D T E K M E A V L E N P Y I L I T D K K V S S I Q E I L

1301 GCCTATCTTAGAACAAGTAGTTCAACAAGGAAGACCGCTATTAATTATCGCAGAAGATGTCGAAGGCGAAGCGCTCGCAACATTAGTCGTCAACAAACTT
P I L E Q V V Q Q G R P L L I I A E D V E G E A L A T L V V N K L

1401 CGTGGTACATTCAATGCGGTAGCGGTAAAAGCGCCTGGCTTCGGCGATCGTCGTAAAGCGATGCTTGAAGATATCGCGATTTTAACTGGCGGTGAAGTTA
R G T F N A V A V K A P G F G D R R K A M L E D I A I L T G G E V I

1501 TCTCCGAAGAACTAGGACGTGAATTAAAATCTGCAACAATTGCATCGCTTGGCCGCGCTTCGAAAGTAGTTGTAACGAAAGAAAATACAACAATCGTAGA
S E E L G R E L K S A T I A S L G R A S K V V V T K E N T T I V E

1601 AG&CGCTGGCGATTCTAAACGCATTAAAGCTCGCATCAACCAAATCCGTGCGCAATTAGAAGAAACTACTTCGGAATTCGACCGCGAAAAATTACAAGAA
G A G D S K R I K A R I N Q I R A Q L E E T T S E F D R E K L Q E

1701 CGCCTTGCAAAATTAGCTGGCGGCGTAGCGGTAATCAAAGTTGGTGCGGCGACAGAAACAGAATTGAAAGAACGCAAATTGCGCATTGAAGACGCGCTCA
R L A K L A G G V A V I K V G A A T E T E L K E R K L R I E D P L N

1801 ACTCTACTCGTGCGGCTGTCGAAGAAGGTATCGTAGCCGGCGGTGGTACGGCATTAATGAACGTATACAGCAAAGTGGCTGCAATCGAAGCGGAAGGCGA
S T R A A V E E G I V A G G G T A L M N V Y S K V A A I E A E G D

1901 CGAAGCAACTGGTGTGAAAATCGTTCTTCGCGCAATCGAAGAGCCAGTTCGTCAAATCGCGCAAACTGCTGGTTTGGAAGGCTCTATCATTGTTGAACGC
E A T G V K I V L R A I E E P V R Q I A Q T A G L E G S I I V E R

2001 TTAAAAACAGAAAAACCTGGCATCGGCTTCAACGCGGCTACTGGTGAATGGGTAGACATGATTGAAGCTGGTATCGTAGACCCAACAAAAGTAACTCGTT
L K T E K P G I G F N A A T G E W V D M I E A G I V D P T K V T R S

2101 CTGCACTTCAAAACGCAGCTTCTGTTGCCGCTATGTTCTTAACAACTGAAGCAGTTGTTGCTGACAAAC ACGGCAACCCAGGAAT

A L Q N A A S V A A M F L T T E A V V A D K P E E N K G N P G M

2201 GCCTGACATGGGCGGAATGATGTAATAATTGCCCAAAAGCCTTGGAGCACTGGGGTTCCCCTGGTGTTCCTTTCTTTTTTGACCGCGGAAAAATCATAAA
P D M G G M M

2301 TTTTTTATG

FIG. 1. Nucleotide sequence of the groESL operon. Nucleotides are numbered from the 5' end of the nontranscribed strand, and the
predicted amino acid sequences for the groES and groEL genes are given in the single-letter code below the DNA sequence. Indicated are
the putative Shine-Dalgarno sequences (asterisks), one potential vegetative promoter (boldface letters), and one inverted repeat (arrowheads).
The 5' end of mRNA (S), as identified by primer extension, is marked by a boldface letter.
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replacements), and other bacterial species (data not shown).
Therefore, we designated ORF1 as groES.
ORF2 is 1,617 nucleotides long, beginning with an AUG

start codon at position 606 and ending with two UAA stop
codons at position 2223. The start codon of ORF2 is 70
nucleotides downstream from the stop codons of ORF1.
ORF2 encodes a polypeptide of 539 amino acid residues with
a predicted molecular mass of 57,244 Da, a calculated pI of
4.75, and one Gly-Gly-Met (GGM) motif at its C-terminus.
This motif has been found in GroEL proteins of various
species, but its biological function remains unclear. Re-
cently, the DNA sequence of the groESL genes from the
thermophilic bacterium PS3 was reported (30). Most inter-
estingly, the GroEL protein encoded by PS3 also ends with
only one GGM motif. It is tempting to speculate that the
number of GGM motifs at the C-terminus of GroEL will
prove to be correlated with the thermostability of the pro-
tein. Because the polypeptide encoded by ORF2 exhibits
significant sequence similarity with GroEL of B. subtilis
(86% identical and 7% conservative replacements), of E. coli
(61% identical and 18% conservative replacements), and
other bacterial species (data not shown), ORF2 was desig-
nated groEL.

Putative ribosome-binding sites, marked with asterisks in
Fig. 1, are 6 and 7 nucleotides upstream from the start
codons of ORF1 and ORF2, respectively. These sites consist
of 9 nucleotides each complementary to the 3' end of B.
stearothennophilus 16S rRNA (32).

Transcriptional analysis. The start of transcription of the
groESL operon was determined by primer extension analy-
sis of RNA isolated from cells grown at 55°C or after heat
shock at 70°C. Synthetic oligonucleotides ON1 (5'-C'TTGC
TACTfCCGCAA-3') and ON2 (5'-CTCTACCTTCTTGTG
GC-3') were used as primers. These oligonucleotides are
complementary to the non-coding strand at the beginning of
groES (ON2) and groEL (ON1). Primer extension experi-
ments revealed one potential transcription start point located
69 nucleotides upstream of the translation initiation codon of
groES (designated S; Fig. 2A and Fig. 1). This position
corresponds to a T residue. Upon longer exposure, we
observed an additional weak band immediately below the
strong band corresponding to a G residue (Fig. 2A). The
same results have been obtained with the groESL operon of
B. subtilis (27), underlining the close transcriptional organi-
zation of these two operons. The number of transcripts
initiated at S increased with the temperature shift from 55 to
70°C (Fig. 2A).
The transcriptional start point S is preceded by a potential

B. stearothermophilus vegetative cell promoter (34) with two
mismatches each in the -35 and -10 regions which are
separated by a 17-bp spacer (Fig. 1, bp 145 to 173). There-
fore, heat-sensitive transcription from S might also be initi-
ated by the vegetative sigma factor. Furthermore, we found
a palindromic structure downstream of S consisting of a 9-bp
inverted repeat (IR) separated by a 9-bp spacer (Fig. 1,
nucleotides 184 to 210). This palindromic structure has
already been found preceding thegroESL and dnaK operons
of B. subtilis, Clostridium acetobulylicum, and several other
bacterial species (see Table 2 in reference 33). Up to now,
this IR was only found in front of the genes of the dnaK or
groE operons. Will this IR be restricted only to genes
encoding these two molecular chaperones? Recently, Wu
and Welker published results on the cloning of two genes
from B. stearothermophilus exhibiting homology with the
glnQH genes of E. coli (34). Expression of these genes was
activated by temperature upshift, but they are not preceded
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FIG. 2. Transcriptional analyses of the groESL operon. (A)
Mapping the 5' end of the groESL operon message by primer
extension. The autoradiogram of a 6% polyacrylamide sequencing
gel used to analyze the primer extension products is shown. Equal
amounts of RNA isolated before (0 min) or at 5 and 10 min after heat
shock (700C) were hybridized with primer ON2 complementary to
the 5' region ofgroES and extended with avian myeloblastosis virus
reverse transcriptase. A, C, G, and T indicate which dideoxynucle-
otide was used to terminate the reaction. (B) Concentration ofgroE
mRNA. Slot-blot analyses of RNA isolated before (0 min) and at
different times after heat shock to 70'C (2, 5, 7, 10, and 30 min) are
shown. The digoxigenin-[11]-dUTP-labeled 582-bp internal groEL
ClaI-EcoRI fragment was used as probe.

by the IR. Recent experiments revealed that introduction of
point mutations within the IR preceding the dnaK operon of
B. subtilis leads to a constitutively high level of expression of
that operon (36), suggesting that a repressor is involved in
the regulation of the heat shock response.
The in vivo transcripts of the groE locus were detected by

slot-blot and Northern (RNA) blot analyses with total RNA
prepared either from exponentially growing B. stearother-
mophilus cells at 55°C or at different times after the bacteria
had been transferred to 70°C. The slot-blot experiments
revealed a rapid increase in the mRNA level within 5 min
after temperature upshift followed by a decline between 7
and 10 min postinduction (Fig. 2B). These results show that
induction of the groESL operon is regulated at the level of
transcription. This can be accomplished either by increased
synthesis of mRNA, by a change in its half-life, or by a
mixture of both.
Northern analysis was performed with an internal frag-

ment of groESL as probe which hybridized to two mRNA
species with lengths of 2.2 and 1.5 kb (data not shown). By
length, the 2.2-kb RNA could comprise the whole operon.
The smaller mRNA species could arise either by premature
termination of transcription or by processing of a larger
species. To prove whether groES and groEL form one
operon, hybridization was repeated with ON1 and ON2.
Both oligonucleotides hybridized to the 2.2- and 1.5-kb
mRNAs, respectively (data not shown), thereby proving that
both genes constitute one operon.

Identification of the GroEL protein. In an attempt to
identify the GroEL protein of B. stearothermophilus, ex-
tracts were analyzed from B. stearothermophilus cells grown
at 55°C and prepared 30 min after temperature upshift to
70°C by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) (4.5% polyacrylamide). In parallel,
extracts from E. coli RR1 strains carrying either pACYC177
or pUS01 were analyzed. With B. stearothermophilus, a
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FIG. 3. SDS-polyacrylamide (4.5%) gel analysis of proteins from
different bacterial strains stained with Coomassie blue. Each well
contained 25 jig of protein. Lanes are as follows: 1, B. stearother-
mophilus NUB36 at 55'C; 2, NUB36 treated for 30 min at 70'C; 3, E.
coli RR1, containing pACYC177 at 37'C; 4, E. coli RR1, containing
pUS01 at 37'C; 5, extract of E. coli RR1 carrying pUS01 treated for
30 min at 65'C prior to analysis. Positions of molecular size markers
are indicated in kilodaltons.

protein band with a molecular mass of about 60 kDa in-
creased in amount after temperature upshift (Fig. 3, compare
lanes 1 and 2). The same band can be seen in extracts
prepared from E. coli containing pUS01, but not from the
strain carrying the vector alone (compare lanes 3 and 4),
demonstrating that thegroEL gene of B. stearothermophilus
is efficiently expressed in E. coli. If the E. coli extract
containing GroEL of B. stearothermophilus was heated to
65°C for 30 min, most proteins aggregated and could be
removed by centrifugation. Analysis of the clear supernatant
by SDS-PAGE revealed that most of GroEL protein was not
precipitated by the heating step (lane 5). This behavior of the
GroEL protein might be useful during purification of this
protein.
The groESL operon of B. stearothermophilus can comple-

ment defects in E. coli groES and groEL. Because at least
groEL of B. stearothermophilus was expressed in E. coli, we
asked whether thegroESL operon can complement the groE
mutants of E. coli. E. coli SKB178S (groES42) and
SKB178L (groEL44) carry temperature-sensitive mutations
in groES and groEL, respectively (31). They both cannot
grow at 42°C and fail to plate phage lambda. Plasmid pUS01
was introduced into both strains, and transformants were

analyzed for complementation of both phenotypes. Both
recombinant strains were able to form colonies at high
temperatures and to propagate phage lambda at all temper-
atures, indicating efficient complementation of the defects
conferred by the mutations (data not shown).
We conclude from this result that (i) the groES and groEL

genes of B. stearothermophilus are expressed in E. coli, and
(ii) these proteins are active in this host, demonstrating
functional homology to known GroE proteins. Therefore,
besides the structural similarity, the GroE proteins of B.
stearothermophilus and of E. coli seem to be functionally
interchangeable. We envisage three different mechanisms to
obtain complementation: (i) formation by the GroES and
GroEL proteins of B. stearothennophilus of an active com-

plex to substitute for the E. coli nonfunctional GroES-
GroEL complex; (ii) formation of mixed complexes, e.g.,
active GroES of E. coli (in the groELts mutant) and GroEL
of B. stearothermophilus; and (iii) change by the active
GroES-GroEL complex of B. stearothermophilus of the
inactive GroES-GroEL complex of E. coli into an active
one. Experiments are in progress to distinguish between
these possibilities.

Nucleotide sequence accession number. The DNA sequence
of the B. stearotherinophilus groESL operon was submitted
to GenBank and assigned the accession number L10132.
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