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By using an internal part of the dnaK gene from BaciUlus megaterium as a probe, a 5.2-kb Hindlll fragment
of chromosomal DNA of BaciUlus subtilis was cloned. Downstream sequences were isolated by in vivo
chromosome walking. Sequencing of 5,085 bp revealed four open reading frames in the order orf9-grpE-
dnaK-dnaJ. orJ39 encodes a 39-kDa polypeptide of unknown biological function with no noticeable homology
to any other protein within the data bases. Alignment of the GrpE protein with those of three other bacterial
species revealed a low overall homology, but a higher homology restricted to two regions which might be
involved in interactions with other proteins. Alignment of the DnaK protein with six bacterial DnaK
polypeptides revealed that a contiguous region of 24 amino acids is absent from the DnaK proteins of all known
gram-positive species. Primer extension studies revealed three potential transcription start sites, two preceding
orJ39 (Si and S2) and a third one in front of grpE (S3). S2 and S3 were activated at a high temperature.
Northern (RNA) analysis led to the detection of three mRNA species of 4.9, 2.6, and 1.5 kb. RNA dot blot
experiments revealed an at-least-fivefold increase in the amount of specific mRNA from 0 to 5 min
postinduction and then a rapid decrease. A transcriptional fusion between dnaK and the amyL reporter gene
exhibited a slight increase in a-amylase activity after heat induction. A 9-bp inverted repeat was detected in
front of the coding region of orJ39. This inverted repeat is present in a number of other heat shock operons in
other microorganisms ranging from cyanobacteria to mycobacteria. The biological property of this inverted
repeat as a putative key element in the induction of heat shock genes is discussed. The dnaK locus was mapped
at about 2230 on the B. subtilis genetic map.

The heat shock response is a homeostatic mechanism that
enables cells to survive a variety of environmental stresses.
It is characterized by the increased synthesis of a group of
evolutionarily conserved proteins, heat shock proteins
(HSPs), and is a universal feature of both prokaryotic and
eukaryotic cells (35). When Eschertichia coli cells are shifted
to a high temperature, the synthesis of a set of about 20
HSPs transiently increases and then declines rapidly to
steady-state levels characteristic of the new ambient temper-
ature (44).
The highly conserved HSPs perform similar functions in

all organisms. One of these functions is the well-established
regulation of protein-protein interactions by the chaperonins
(69). One of the most abundant HSPs, HSP70, is highly
conserved in evolution. It is found in such diverse organisms
as E. coli, Saccharomyces cerevisiae, Drosophila melano-
gaster, and Homo sapiens (14, 35).
The dnaK gene of E. coli was originally discovered

because mutations in it blocked bacteriophage lambda DNA
replication at all temperatures (22, 23). Subsequently, the
dnaK gene product was shown to be essential for E. coli
viability at high and low temperatures (22, 30, 46, 51, 52),
and genetic evidence indicates functions for DnaK after heat
shock in the synthesis of RNA and DNA and in cell division
(30, 46, 53).

Interestingly, very little work has been done on the heat
shock response in Bacillus subtilis. Some descriptive studies
indicate that about 20 proteins were synthesized with an
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increased rate after a temperature upshift (49, 59). A recent
publication described the induction of as many as 60 proteins
after a temperature upshift from 37 to 48°C (40). Arnosti et
al. (4) identified 26 HSPs and showed that antibodies raised
against the E. coli HSPs DnaK, GroEL, and Lon cross-react
with HSPs from B. subtilis. However, there is no informa-
tion on the regulation of the heat shock response or on the
function of the HSPs in B. subtilis. Clearly, such studies are
of great importance in assessing the role of this response in
cellular physiology.
Our approach to this problem has been to clone and to

sequence the most prominent heat shock genes and to use
these genes as probes to study both the regulation and
function of HSPs. Recently, part of the dnaK sequence was
reported (26). We published its complete sequence (62) and
that of the grpE gene (63). Here, we describe the isolation
and the analysis of transcription of four heat shock genes
which constitute the dnaK locus.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophage. The bacte-
rial strains and plasmids used in this study are listed in Table
1. Transducing phage PBS1 has been described previously
(32). B. subtilis and E. coli strains were routinely grown
aerobically at 37°C in Luria-Bertani (LB) medium. For the
induction of the heat shock regulon, bacteria were shifted
from 37 to 48°C. When necessary, media were supplemented
with ampicillin, chloramphenicol, and kanamycin at final
concentrations of 100, 5, and 25 ,ug/ml, respectively. E. coli
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Characteristics Source or
reference

E. coli RR1

B. subtilis
MB11
YB886
CHA5

JDA1

JDA2

JDB1

JDB2

Plasmid
pUC18
pJH101
pUC8+K

pWD3
pACYC177
pDG271
pDG271-B

pCHA5

pCHA7

pJDA1

pJDA2

pJDB1

pJDB2

pMWD25, pMWB5,
pMWD60

pMWC862

ara-14 galK2 lacYl mlt-1
proA2 rpsL20 supE44 xyl-S

hisH2 metBlO lys-3 trpC2
amyE metB5 trpC2 xin-I
YB886 carrying chromosomal

insertion of pCHA5
YB886 carrying chromosomal

insertion of pJDA1
YB886 carrying chromosomal

insertion of pJDA2
YB886 carrying chromosomal

insertion of pJDB1
YB886 carrying chromosomal

insertion of pJDB2

Apr
Apr Tcr Cmr

pUC8 containing B. mega-
terium dnaK

Apr Cmr promoterless amyL
Apr Kmr
Apr Cmr
EcoRI site of pDG271

replaced by BglII site
pACYC177 containing 0.4-kb
HindIII (dnaK-dnaJ) and
2.7-kb BglII (cat)

pACYC177 derivatives
carrying dnaJ

pHJ101 containing 0.8-kb
BglII of dnaK

pJH101 containing 0.8-kb
BglII of dnaK

pWD3 carrying 0.8-kb BglII
of dnaK

pWD3 carrying 0.8-kb BglII
of dnaK

pUC18 containing a 5.2-kb
HindIlI fragment of dnaK

pJH101 containing 3' end of
dnaK and most of dnaJ

54

48
40
This work

This work

This work

This work

This work

66
19
60

64
10
3
This work

This work

This work

This work

This work

This work

This work

This work

This work

and B. subtilis were transformed as described previously (2,
54).
Enzymes and chemicals. Restriction enzymes, T4 DNA

ligase, and the Klenow fragment were obtained from Be-
thesda Research Laboratories (BRL); calf intestinal alkaline
phosphatase and T4 polynucleotide kinase was obtained
from Boehringer GmbH, Mannheim, Germany. RNasin ri-
bonuclease inhibitor was purchased from Promega. DNA
probes were labeled with [12P]dATP (specific activity, 3,000
Ci/mmol; Amersham Corp.) by the random priming tech-
nique of Feinberg and Vogelstein (18).
DNA isolation and cloning of the dnaK locus. B. subtilis

DNA was isolated as described previously (16). Total DNA
from B. subtilis MB11 was digested with HindIII; 5- to 7-kb
fragments were eluted from a 0.8% agarose gel, ligated to
HindIII-digested pUC18, and transformed into E. coli RR1.
Plasmid screening indicated that 80% of the colonies con-
tained plasmids with 5- to 6-kb inserts.

Plasmids containing the desired fragments were identified
by probing Southern blots of HindIII-digested recombinant
plasmids with the 32P-labeled 0.8-kb DraI fragment of Bacil-
lus megaterium dnaK (pMWB5, pMWD25, and pMWD60).
For Southern blot hybridizations (54), DNA was bound to
nylon membrane (Biodyne A; Pall Corp.). Hybridizations
and washes were done at 60 and 65°C, respectively. Se-
quencing revealed that the 5.2-kb HindIII fragment did not
contain the complete dnaK gene. The remaining part was
isolated by in vivo chromosome walking as follows. A 0.8-kb
internal BglII fragment of the dnaK gene was ligated into the
unique BamHI site of the integrating vector pJH101, result-
ing in pJDA1 and pJDA2 containing the BglII fragment in
both possible orientations. Both recombinant plasmids were
separately transformed into B. subtilis YB886, and Cmr
transformants were selected. Southern hybridizations were
used to confirm that the Cmr transformants were the result of
a crossover between the plasmids and the chromosome at
the dnaK locus. This procedure yielded strains JDA1 (Apr
marker of the vector proximal to the 5' end of dnaK) and
JDA2 (Apr marker of the vector distal to the 5' end of dnaK).
Chromosomal DNA of JDA1 was cleaved with EcoRI,
ligated, and transformed into E. coli RR1. One of the
Apr_conferring plasmids (pMWC862) was used to sequence
the 3' end of dnaK and most of dnaJ.
To sequence the complete dnaJ gene, another plasmid was

recovered from chromosomal DNA of B. subtilis by in vivo
chromosome walking. Plasmid pACYC177 received a 0.4-kb
HindIII fragment, which contains the 3' end of dnaK and the
5' end of dnaJ (see Fig. 2), and a 2.7-kb BglII fragment
isolated from pDG271-B, which contains the cat gene. This
recombinant integration vector, pCHA5, was transformed
into YB886, and Cmr transformants were selected. Southern
hybridizations confirmed the integration at the correct site.
Chromosomal DNA of one of these transformants (CHA5)
was cut with NarL, ligated, and transformed into E. coli RR1.
One of the Apr-conferring plasmids (pCHA7) was selected
for further studies.

Determination of DNA sequences. Most restriction frag-
ments to be sequenced were ligated into the appropriate sites
of M13 vectors. DNA sequencing was performed by the
dideoxy-chain termination method of Sanger et al. (55), by
using [cX-35S]dATP and the M13 universal primer (39). Dou-
ble-stranded DNA sequencing was carried out by the
method of Heinrich (27) with plasmid DNA as the template.
The sequencing reactions were performed with the Seque-
nase kit (version 2.0) of U.S. Biochemical Corp.

Isolation of total RNA. Total RNA was isolated by a
modification of the procedure of Ambulos et al. (1). Briefly,
cell lysis, phenol, and ether extractions were carried out as
described previously, and after the ethanol precipitation the
contaminating DNA was removed with the aid of Quiagen-
tip 100 cartridges (Quiagen, Dusseldorf, Germany).
Primer extension analysis. Synthetic oligonucleotides com-

plementary to the region immediately downstream of the
initiation codons of orf39 (see Fig. 3, nucleotide positions
300 to 316), grpE (positions 1377 to 1393) (63), and dnaJ
(positions 3988 to 4004) were 5' end labeled with 32P and
used as primers. Labeled primer (1 pmol) was annealed to 5
,ug of cellular RNA in 10 ,ul of hybridization buffer (10 mM
Tris-HCl [pH 7.9], 1 mM EDTA, 250 mM KCl) at 55°C for 60
min. Subsequently, 25 pl of reaction buffer (10 mM Tris-HCl
[pH 8.7], 10 mM MgCI2, 5 puM dithiothreitol, 0.4 mM dNTPs,
1 U of RNase inhibitor per p.l) was added. The oligonucleo-
tide primers were extended with 20 U of avian myeloblasto-
sis virus reverse transcriptase (Stratagene) at 37°C for 30
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min. The samples were precipitated with ethanol, vacuum
dried, and resuspended in 10 ,ul of stop mixture (Pharmacia).
After heat denaturation, 1-,1 samples were immediately
loaded onto 6% polyacrylamide-urea sequencing gels for
electrophoresis. Dideoxynucleotide sequencing reactions
(27) using the same primer and an appropriate plasmid DNA
template were run in parallel to allow determination of the
end points of the extension products.

Analysis of mRNA synthesis by dot blotting. RNA was
diluted in serial dilution steps in 1Ox SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), denatured at 90°C for 10
min, and spotted onto a nitrocellulose filter soaked with 10x
SSC. After baking at 80°C for 2 h, the filters were prehybrid-
ized for 2 h and hybridized overnight in hybridization buffer
(50% formamide, 5 x SSC, 50mM phosphate buffer [pH 6.5],
5 x Denhardt solution, 200 ,ug of salmon sperm DNA per ml)
at 42°C. The 0.8-kb BglII fragment containing an internal
part of the dnaK gene was used as a probe for hybridization.
The nitrocellulose filters were washed twice at room temper-
ature for 5 min and twice at 68°C for 15 min in 0.1 x
SSC-0.1% sodium dodecyl sulfate and exposed to X-ray
films.

Northern analysis. Equal amounts of total RNA (15 ,ug
each) were separated under denaturing conditions in a 2%
agarose-2.1 M formaldehyde-MOPS [morpholinepropane-
sulfonic acid] gel, stained with ethidium bromide, and blot-
ted onto nitrocellulose (Schleicher & Schuell) with 20x SSC
by using a vacuum blotter. After baking at 80°C for 2 h,
filters were prehybridized, hybridized, and washed as de-
scribed for dot blotting. The same radioactively labeled
DNA fragment was used as a probe for the hybridization.
RNA molecular weight markers (Boehringer Mannheim) of
7.4, 5.3, 2.8, 1.9, and 1.6 kb were used.

Construction of a chromosomal dnaK-amyL transcriptional
fusion. A transcriptional fusion between dnaK and the amyL
reporter gene was constructed by first inserting the internal
0.8-kb BglII fragment of dnaK (see Fig. 2) from pMWD25
into the unique BamHI site of pWD3. Recombinant plasmids
containing this fragment in both possible orientations were
isolated. In pJDB1, the dnaK reading frame is fused to that
of amyL, whereas pJDB2 received this fragment in the
opposite orientation. Next, each plasmid was transformed
into YB886, and Cmr transformants were isolated. Insertion
of the plasmids within the dnaK gene was verified by
Southern blotting. a-Amylase was assayed as described
previously (45).
Mapping of the dnaK locus. Mapping of the dnaK locus was

performed by PBS1 transduction (29) with a lysate from B.
subtilis JDA1 and JDA2. Cmr transductants were scored for
linkage to several loci from the set of reference strains of
Dedonder et al. (15). This arrangement has been confirmed
by Southern blotting.
Both strains had a chloramphenicol acetyltransferase (cat)

gene integrated at the site of dnaK in the chromosome. The
strains were constructed by integration of plasmids pJDA1
and pJDA2 at the dnaK locus (see above).
DNA and protein sequence analysis. Sequence analysis was

performed by using the PC/GENE package (IntelliGenetics)
for the IBM personal computer and HUSAR (Heidelberg
Unix Sequence Analysis Resources).

Nucleotide sequence accession number. Sequence data of
the complete dnaK locus have been assigned GenBank data
base accession no. M84964.

A

(EcoR I) EcoR I

dnaK

Dra I

B 1 2

- 52Kb

Dra I

3

_ 6.5Kb

FIG. 1. Identification of the dnaK genes of B. subtilis and of B.
licheniformis. (A) Schematic representation of the dnaK gene of B.
megaterium; (B) Southern blot analysis, revealing two bands after
digestion with EcoRI (lane 1, B. megatenium) or one band after
digestion with HindIll (lane 2, B. subtilis; lane 3, B. lichenifornis).

RESULTS

Hybridization of the dnaK homolog of B. megaterium to
chromosomal DNAs of B. subtilis and Bacillus licheniformis.
Sussmann and Setlow (60) published the sequence of the
dnaK gene of B. megaterium. To verify whether this gene
will allow isolation of its B. subtilis homolog, the internal
0.4-kb Dral fragment (Fig. 1A) was isolated, radioactively
labeled, hybridized to a chromosomal DNA blot, and
washed under stringent conditions. The Southern blot of
chromosomal DNA of three different Bacillus species re-
vealed the presence of one or two bands (Fig. 1B).
DNA of B. megaterium cleaved with EcoRI exhibited two

hybridizing bands (Fig. 1B, lane 1) because of the EcoRI site
within the Dral probe (Fig. 1A). Furthermore, the probe
recognized one band in the HindIlI digests of the chromo-
somal DNAs of B. subtilis (5.2 kb) and B. lichenifonnis (6.5
kb) (Fig. 1B, lanes 2 and 3, respectively). This result
indicates the presence of at least one dnaK gene within these
fragments.

Molecular cloning of the dnaK locus. Next, we cloned the
dnaK homolog from the chromosomal DNA of B. subtilis as
described in Materials and Methods. Screening of individual
clones revealed three clones that gave clear hybridization
signals (pMWD25, pMWB5, and pMWD60).
Sequencing of part of the insert of pMWD25 revealed the

presence of the dnaK homolog near one end, but the gene
was incomplete, missing its 3' end. Cloning of this part was
accomplished by in vivo chromosome walking as described
in Materials and Methods. One of these recombinant plas-
mids (pMWC862), carrying about 2.2 kb of chromosomal
DNA, was isolated, and part of the insert was sequenced. It
revealed the 3' end of the dnaK gene and most of another
open reading frame (ORF) to be homologous with the dnaJ
gene of E. coli (see below).

Since the insert did not carry the complete dnaJ gene, the
low-copy-number vector pACYC177 was used as an integra-
tion vector. Chromosomal DNA of one integrant was iso-
lated, cleaved with NarI, ligated, and transformed into E.
coli RR1. All of the transformants contained plasmids of the
same size. One of these plasmids (pCHA7) was chosen for
further analyses.

J. BACTERIOL.
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ORF1 ORF2
orf39 grpE

pMWD25, pMWB5, pMWD60

pJDA1, pJDA2

pJDB1, pJDB2
Cam6yL

pMWC862

500 base pairs pCHA7

pCHA5

FIG. 2. Restriction map and plasmids of the dnaK locus. Inserts of the various plasmids described in the text are shown. Locations of the
identified genes are indicated with arrows. B, BglII; E, EcoRI; H, HindIll; Hp, HpaI.

Sequencing and features of the dnaK locus. By using M13
subclones and synthetic oligonucleotides, the sequence of
the dnaK locus was determined. A total of 5,085 bp was
sequenced, revealing the presence of four contiguous ORFs
(Fig. 2 and 3).
ORFi is 1,029 nucleotides long, beginning with an AUG

start codon at position 242 and ending with a UAA stop
codon at position 1271. It encodes a peptide of 343 amino
acids with a predicted molecular mass of 39,027 Da. By using
standard computer homology searches, we were unable to
identify other significant protein sequences in the GenBank,
EMBL, and NBRF data bases. We tentatively designated
this gene orf39.
ORF2 is 561 nucleotides long, beginning with an AUG

start codon at position 1345 and ending with a UAA stop
codon at position 1906. The start codon of ORF2 is 75
nucleotides from the last stop codon of ORF1. ORF2 en-
codes a peptide of 187 amino acids with a predicted molec-
ular mass of 21,683 Da. A homology search revealed simi-
larity with grpE of E. coli (see below). Therefore, we
designated ORF2 grpE.
ORF3 is 1,833 nucleotides long, beginning with a GUG

start codon at position 1932 and ending with a UAA stop
codon at position 3765. Alternative start codons GUG,
UUG, and AUU are frequently used in prokaryote genes; all
are single-base changes from AUG (47). The start codon of
ORF3 is 23 nucleotides from the stop codon of ORF2. ORF3
codes for a protein of 611 amino acids with a predicted
molecular mass of 65,841 Da. As already mentioned, this
protein is highly homologous to dnaK of E. coli and other
bacterial species (see below), and therefore, ORF3 is called
dnaK. To check whether the N terminus of the DnaK protein
as deduced from its ORF agrees with that of the purified
protein, DnaK was isolated from a two-dimensional gel and
its N-terminal amino acid sequence was determined on an
Applied Biosystems 373 protein sequencing machine. The
first seven amino acid residues, SKVIGID, are in full agree-
ment with those deduced from the nucleotide sequence (62).
ORF4 is 1,116 bp long, starts with an AUG codon at

position 3967, and ends with a UAA stop codon at position
5085. It encodes a polypeptide of 372 amino acids with a

predicted molecular mass of 40,847 Da. The deduced amino
acid sequence is homologous to DnaJ of E. coli. Therefore,

ORF4 was designated dnaJ. The start codon of dnaJ is 199
nucleotides downstream from the stop codon of dnaK.

Sequence similarities between GrpE, DnaK, and those of
other bacterial species. The alignment of the B. subtilis GrpE
amino acid sequence with that of three other bacterial
species is shown in Fig. 4A. The overall identity among
these proteins is low; the identity between the E. coli GrpE
protein and the others ranges from 9.3% (Mycobacterium
tuberculosis) to 30.5% (B. subtilis). A relaxation to include
conservative amino acid changes increased similarity from
23.4% (M. tuberculosis) to 46.5% (B. subtilis).

Closer inspection of the sequences revealed two regions
with higher homology. Region I (E. coli amino acid residues
61 to 106) exhibits from 34.8% (M. tuberculosis) to 54.3%
(Chlamydia trachomatis) to 65.2% (B. subtilis) homology.
Region II (amino acid residues 151 to 192) shows homology
from 26.2% (M. tuberculosis) to 52.4% (C. trachomatis and
B. subtilis).

In contrast, a comparative amino acid analysis of the
65.8-kDa DnaK protein of B. subtilis revealed marked se-
quence similarity to the DnaK proteins of other bacterial
species. Overall, the amino acid identity between B. subtiisl
DnaK and the others ranges from 59.4% (E. coli) to 91.2%
(B. megaterium). A relaxation to include conservative amino
acid changes increased similarity from 71.6% (E. coli) to
92.9% (B. megaterium). The homology declined substan-
tially towards the carboxy terminus (data not shown). This
divergence is a feature shown by all members of the HSP70
family.
A novel feature of the DnaK protein of B. subtilis which is

also common to other gram-positive bacteria examined so
far is the presence of a large deletion of 24 amino acid
residues near the N terminus (Fig. 4B). Since this deletion is
not present in DnaK from gram-negative bacteria and from
any other species, this finding indicates that it might be a

unique and distinguishing characterization of the gram-
positive bacteria.

Features of the noncoding regions. Probable ribosome-
binding sites for orf9 and dnaJ, marked with an asterisk in
Fig. 3, are 4 and 5 nucleotides upstream from the start
codons of ORF1 and ORF4, respectively. These sites consist
of 10 (ORFi) and 5 (ORF4) nucleotides complementary to
the 3' end of B. subtilis 16S rRNA (41).

H Hp BH H

11 I
ORF3
dnaK

ORF4
dnaJ
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Si
CAGAAAAATACGGCCGTTCCCTGGATGGACTTTTCCCAAGCGTGTTAAAAGACCTCGCTGAAAAAGGGCTGATTCACAATTCGGAGTCTGCCGTTTATTT

-35 18 bp -10 S2
GACTCATCAAGGAAATTATTAGGCAATGAAGTTTTTGGCGCTTTTTTTGGGTGAGTTATAATTGACATTTTTCTTGTGGTTTGATACTTTTGTTATAGAA

** ********

TTAGCACTCGCTTATTGAGAGTGCTAACAGAGGTGATGATGATGTTAACAAATCGTCAGCTGCTGATCCTTCAGGTTATAATCAACGATTTTATTAAATC
>>>>>>>>> <<<<<<<<< M L T N R Q L L I L Q V I I N D F I K S

orf39

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

TTTATTGAAAAAACCCATTCATCCTCAGGACGTGTTCCGTCAGAAAAAGGGTATCGGTACTATGTTGACCATTTGCTGTCACCCGTCAAATTGACGAAAA
F I E K T H S S S G R V P S E K G Y R Y Y V D H L L S P V K L T K S

GCGACCTGGACCAAATCCACTCGATCTTCAAAGAGAAAATTTTCGAGCTGGAGAAGACAGTTCAAAAATCAGCGCAAATTTTGTCCGATCTGACGAATTA
D L D Q I H S I F K E K I F E L E K T V Q K S A Q I L S D L T N Y

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

AATACGGGGCATGTGGAAAACAAAACGATTAACTTTCCGACCAAAATGGATCTGTCTGATATTGAAAAACTGGTAAATATACTGAACGACCGTTTAAGCG
N T G H V E N K T I N F P T K M D L S D I E K L V N I L N D R L S G

GCGTTCCAATGGATGAACTGAATGAGCGCATATTTAAAGAAGTTGTCATGTACCTAAGACAGCACATTAAAAACTATGACAATATACTCGACGCGCTTCG
V P M D E L N E R I F K E V V M Y L R Q H I K N Y D N I L D A L R

TTCAACCTTTCATTCCACAAATCACGTTGAAAAGTTGTTTTTTGGCGGGAAAATCAATATGCTGAACCAGCCTGAGTTCCATGATATCACCCGAGTTCGG
S T F H S T N H V E K L F F G G K I N M L N Q P E F H D I T R V R

TCGCTGCTTTCATTAATTGAGAAAGAACAGGATGTTTTAAAGCTGGTTCAATCCCCGCACACGGGAATTTCGATTAAAATCGGAAAAGAAAACGACTATG
S L L S L I E K E Q D V L K L V Q S P H T G I S I K I G K E N D Y E

AAGAGATGGAAAATTGCAGTCTGATTACGGCTTCTTATTCCGTAGACCAGAAGCAGATCGGCTCAATTGCGATTATCGGCCCGACCCGCATGAATTATTC
E M E N C S L I T A S Y S V D Q K Q I G S I A I I G P T R M N Y S

CAGGGTTGTCAGCCTGCTTCAGCATGTGACTTCGGACTTGTCAAAAGCATTAACAAGTCTGTATGATGAATAAGGGAATTTTGGCAAATTTTATCGAAGG
R V V S L L Q H V T S D L S K A L T S L Y D E

S3 * ********

GCAGCACCTGTCCTTCTCCTTACACTTTGAGGGAGGTGAACACAATGTCA CAAAAAATAAGTTCTTTTTAGTGTCAGCCCCGCTTCCGGAGCT
M S K K
grpE end of dnaK

GACCGAAAMGACATTTCATAATCTGATTCAATGATTAGAAAGTCAAAGTCAGGCATCTCTTGGCTTTGACTTTTTTTCTTGCCCGGGATAAAAGGAA
> »»»»»>>> »> > < «< «««««<<< <

TTGAAAAATCATAATTCAAAATGATACAATCTAATTTATGTGAGAAATTCGGGAGAGTGAAGCGAGATGAGTAAGCGTGATTACTATGAAGTGCTGGGAG
M S K R D Y Y E V L G V
dnaJ

TAAGTAAGAGCGCTTCAAAGGATGAAATTAAAAAAGCTTATCGGAAGCTGTCAAAAAAATATCATCCTGATATTAACAAAGAAGCCGGATCAGATGAAAA
S K S A S K D E I K K A Y R E L S K K Y H P D I N K E A G S D E K

ATTTAAAGAGGTAAAAGAAGCATACGAAACGCTGTCAGATGACCAAAAACGTGCGCATTACGATCAATTTGGTCACACTGACCCTAACCAAGGCTTCGGC
F K E V K E A Y E T L S D D Q K R A H Y D Q F G H T D P N Q G F G

GGCGGAGGTTTTGGCGGCGGCGATTTCGGCGGTTTTGGTTTCGATGATATTTTCTCAAGTATATTCGGCGGAGGCACAAGACGAAGAGATCCAAAACTCC
G G G F G G G D F G G F G F D D I F S S I F G G G T R R R D P K L R

GCGCCAGGGGTGCTGATTTACAGTATACGATGACCCTGTCGTTTGAGGATGCGGCTTTCGGTAAAGAAACAACCATCGAAATTCCCCGCGAGGAAACGTG
A R G A D L Q Y T M T L S F E D A A F G K E T T I E I P R E E T C

CGAAACATGTAAAGGCTCAGGTGCGAAACCTGGAACAAATCCAGAAACATGCTCCCACTGCGGAGGCTCCGGCCAGTTAAACGTGGAGCAAAATACACCG
E T C K G S G A K P G T N P E T C S H C G G S G Q L N V E Q N T P

TTTGGAAAAGTCGTTAACAGACGGGTCTGCCACCACTGTGAAGGTACAGGCAAAATCATTAAAAACAAATGTGCGGACTGCGGCGGCAAAGGAAAAATCA
F G K V V N R R V C H H C E G T G K I I K N K C A D C G G K G K I K

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

GCCGGATTTATTTGTCGTGTTCCATGTACGCGCACACGAGTTCTTCGAGCGTGACGGCGATGATATTTACTGTGAAATGCCGTTAACGTTTGCTCAGGCT
P D L F V V F H V R A H E F F E R D G D D I Y C E M P L T F A Q A

GCTCTTGGAGATGAGGTAGAAGTGCCGACGCTGCATGGAAAAGTGAAAATTCCGGCCGGTACACAAACAGGAACGAAATTCAGATTAAGAGGCAAAGGCG
A L G D E V E V P T L H G K V K I P A G T Q T G T K F R L R G K G V

TTCAAAATGTCAGAGGCTATGGACAGGGTGACCAGCATATCGTCGTCCGCGTCGTTACGCCGACAAATCTGACTGATAAACAAAAAGACATTATCCGCGA
Q N V R G Y G Q G D Q H I V V R V V T P T N L T D K Q K D I I R E

ATTGCCGAAGTCAGCGGAAACCTGCCTGACGAACAGGAAATGAGTTTCTTTGACAAGGTAAAACGCGCGTTTAAAGGCGATTAA
F A E V S G N L P D E Q E M S F F D E V K R A F K G D
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FIG. 3. DNA sequence of ocr39 and ofdnaJ of the dnaK locus and the deduced amino acid sequence. The sequences ofgtpE (63) and dnaK
(62) have already been published and are not shown here. Indicated are the putative Shine-Dalgarno sequences (asterisks above the
sequence), one potential sigma-43-dependent promoter (bold letters), and inverted repeats (arrowheads below the sequence). The 5' ends of
mRNAs (S1 though S3) as identified by primer extension are marked by bold letters.

Primer extension studies were used to identify the tran-
scription start site(s) for the four ORFs. Total RNA was
prepared from bacterial cells grown at 37°C or at different
times after heat shock at 48°C. Synthetic oligonucleotides
derived from the coding regions of o:f39, gipE, and dnaJ
were used as primers. The analysis revealed three potential
transcription start points. The two major start points are
located 45 nucleotides upstream of the translation initiation
codon of orf39 (designated S2; Fig. 3 and 5A) and 21
nucleotides upstream of the AUG initiation codon of grpE
(S3; Fig. 3 and 5B). Only very few transcription starts
originated from a weaker start point 179 nucleotides up-
stream of the AUG initiation start codon of orf39 (Si [Fig. 3];
data not shown). The number of transcripts initiated at S2
and S3 increased with the temperature shift from 37 to 48°C.
The level of transcription from S1 remained unchanged and
low (data not shown).
The transcriptional start point S2 is preceded by se-

quences which resemble the consensus sequence of promot-
ers recognized by the vegetative sigma factor of B. subtilis,
sigma-43. In contrast, Si and S3 are not preceded by
sequences resembling any known promoter. Heat-sensitive
transcription from S2 might also be initiated by sigma-43.
However, we found a palindromic structure downstream of
S2 consisting of a 9-bp repeat separated by 9 bp (Fig. 3,
nucleotides 201 to 227). This palindromic structure could be
involved in the temperature-sensitive regulation of transcrip-
tion initiation at S2.
An inverted repeat, extending from position 3840 to posi-

A
Ec
Ct
Bs
Mt

MSSKEQKTPE GQAPEEIIMD QHEEIZEAVEP EASAEQVDPR DEKVANLEAQ
.:ETP:T:S . ---------- ---..QTS.. -S.DNE:QTL QQEN... K.E
.EEK.TVEQ NETE.QE.:: EQAAA:EQQE .TNESE:--L QN:INE.Q:L

SAA:PS:RKA .GTAAADAAH TE:K:AE:TA :LQRV.ADFA NY:KRA:RD.

Ec LAEAQTRERD GILRVIEUME NLRRR-TELD INEKkuAALE KFINELLPVI
Ct .K.K:----. RY.MAL. .A. .S.: .-LQK: RTEMMQ:.:. NA.L:F. .P:
Bs .E.KEN:--- -: ...Q.:F. .Y:..-:R.: :.ASQ.:RSQ NI:T: ... .A:
Mt Q.A.DRAKAS V:SQ:LGV:: D.E.ARKHG. :.S:PLKS:A DK:DSA:TG:

Ec DSLDRALEVA D------KAN PDMSANVEGI ELTLDV VRRFGVEVIA
Ct :.:::..GF. S------QTS D::KNWAI.F Q:I.QQFKQ. EEDK..VEYS
Bs ..F: ...Q:E A-------D. EQTKS::Q.. .:VH:Q:::A L:.E. . .A.E
Mt GL:AF:A.GE .FDPVLHE.V QHEGDGGQ.S KPV:G:::RQ GYQL.EQ.:R

Ec ETNVPLDPNV HQAIANVES- DDVAPGNVLG IMQKGYTLNG RTIRAANVTV
Ct SKGELFN.Y: .E.:E:E.:- TD:PE.T:.E EFT...K:GD .P..V.K.K.
Bs AVGQEF...: ... :MQA.D- :NYGSNI. : E .....D.I V ..PS.--
Mt HAL.GVVDT. VVDA.E:. .V ..GTAVADT: ENDQ:DQG.S ADTS:EQAES

tion 3878 (Fig. 3) could form a potential stem-loop structure
and thereby act as a weak terminator (AGO = -13 kcal).

Synthesis of mRNA. The in vivo transcripts of the dnaK
locus were detected by dot blot and Northern analyses with
total RNA prepared either from exponentially growing cells
of B. subtilis or from bacteria at different times after a heat
shock at 48°C. The dot blot experiments revealed a rapid and
at-least-fivefold increase in the mRNA level of orf39 (Fig. 6)
after the temperature upshift. Five minutes after the heat
shock, the amount of mRNA reached a maximum, and
thereafter, it declined rapidly to the steady-state level.
The Northern analysis was performed by using a radioac-

tively labeled BglII fragment of dnaK as the probe. The
0.8-kb dnaK fragment hybridized to three mRNA species
4.9, 2.6, and 1.5 kb long (Fig. 7). The 4.9-kb RNA could
comprise the whole operon, whereas the 2.6-kb RNA could
be the transcript of genes grpE and dnaK. The smallest
transcript could be initiated at S2 and extend into dnaK.
However, only the 2.6-kb mRNA was clearly detectable
during exponential growth, and its intensity increased after a
temperature upshift (see Discussion).

Analysis of a chromosomal transcriptional dnaK-amyL fu-
sion. Strain JDB2 carries in its chromosome a transcriptional
fusion in which a promoterless ao-amylase gene has been
fused to the dnaK gene at the BglII site at position 2656 (Fig.
2). By this construction, the 89 C-terminal amino acid
residues have been replaced by 5 novel amino acid residues,
thereby altering the C terminus of the DnaK protein. Strain
JDB1 carries the reporter gene in the opposite orientation
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FIG. 4. Comparison of the deduced amino acid sequences encoded by genesgrpE and dnaK from different bacterial species. (A) Complete
amino acid sequences of GrpE from E. coli (Ec) (36), C. trachomatis (Ct) (17), B. subtilis (Bs) (63), and M. tuberculosis (Mt) (68). (B)
N-terminal amino acid sequence of DnaK from Ec (8), Caulobactercrescentus (Cc) (24), Mt (67, 68), M. paratuberculosis (Mp) (58), M. leprae
(Ml) (21), Bs (62), and B. megaterium (Bim) (60). Amino acids are given in the standard one-letter code. Amino acids identical with those of
E. coli are indicated by a point, and conservative replacements are indicated by a colon. Conservative replacements are defined as being
within the following groups: D and E; H, K, and R; S and T; Q and N; A and G; F, Y, and W; and I, L, V, and M (37). Gaps, indicated by
dashes, are introduced in order to obtain a maximum fit.
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FIG. 5. Location of start sites for transcripts in the dnaK locus. 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 2, 4, 6, 8, and 10 min after heat shock (48°C)
were hybridized with primers complementary to the 5' region of orJ9 (A) and grpE (B) and extended with avian myeloblastosis virus reverse

transcriptase as described in Materials and Methods. Lanes A, C, G, and T show the dideoxy-sequencing ladder obtained with the same
primers.

relative to the dnaK gene, thereby preventing its expression
from promoters of the dnaK locus. Both chromosomal
arrangements have been confirmed by Southern blotting
(data not shown).
At a low temperature, the reporter gene was expressed,

resulting in about 33 U (Fig. 7). After a temperature upshift,
a-amylase activity increased to about 45 U. The control
strain JDB1 exhibited a lower but significant activity (about
12 U), most probably due to expression from the plasmid
promoter(s). This activity could not be increased by a

temperature upshift (Fig. 8). From these results, we con-
clude that the dnaK gene is preceded by at least one
promoter exhibiting temperature dependence.

Location of dnaK on the B. subtilis chromosome. The

Time (min)

0 2 4 5 6 8 10 15

RNA5*5**.**

2.5 * 9*

1.25

FIG. 6. Concentration of mRNA of the dnaK locus. Dot blot
analyses of RNA isolated before (0 min) and at different times after
heat shock (2, 4, 6, 8, 10, and 15 min). A radioactively labeled DNA
fragment containing dnaK was used as the probe.

position of dnaK on the chromosome was determined by
phage PBS1-mediated transduction, by using the chloram-
phenicol resistance gene in the dnaK::cat mutant (strains
JDA1 and JDA2) as a selectable marker. dnaK::cat was 84%
(JDA1) and 81% (JDA2) cotransduced with the auxotrophic
mutation aroD, and it was 6% (JDA1) and 7% (JDA2)
cotransduced with the lys marker. These results indicate that
the order of genes is aroD-dnaK-lys and that the position of
dnaK is at about 2230 on the genetic map of Henner and
Hoch (28).

0 2 4 6 81015 20

4.9 kb

2.6 kb

1.5 kb

FIG. 7. Northern blot analysis. RNA was isolated from B. sub-
tilis YB886 at 37°C (0 min) and at 2, 4, 6, 8, 10, 15, and 20 min after
a temperature shift to 48°C. The filters were hybridized with a
radioactively labeled DNA fragment containing dnaK. For details,
see Materials and Methods.
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FIG. 8. a-Amylase activity of a transcriptional dnaK-amyL fu-

sion. Strains JDB2 and JDB1 were grown at 30°C to mid-log phase
in LB medium. Then the cultures were divided into two halves at
time zero and grown further at 30 and 48°C, respectively. At the
indicated times, samples were taken and a-amylase was assayed as

described previously (45). Strain JDB2 grown at 30°C (-) and 48°C
(0); strain JDB1 grown at 30°C (U) and 48°C (O).

DISCUSSION

We have cloned, sequenced, and characterized the dnaK
locus of B. subtilis. This locus encodes four heat shock
genes, and the genomic organization is orf39-grpE-dnaK-
dnaJ. This represents the first identified complete heat shock
operon within Bacillus spp. The genomic organization of
these heat shock genes differs from that in E. coli in two
aspects. First, the grpE gene is part of the dnaK-dnaJ
operon. In E. coli, these three genes form two independent
transcriptional units (50, 52). Second, there is a fourth
potential heat shock gene, orf39, of still unknown biological
function. By using an internal part of orf39 as a gene probe,
Southern blotting against chromosomal DNA of E. coli and
the Kohara library of ordered lambda clones (33) failed to
detect any specific hybridization signal (70). From these
results, we conclude that either the DNA homology between
orJ39 and the homologous gene in E. coli is not sufficient to
yield a detectable hybridization signal or that this gene does
not exist in the E. coli chromosome.

In M. tuberculosis, theg pE gene is closely linked to dnaK
and dnaJ, as deduced from the nucleotide sequence (68). In
Clostridium acetobutylicum, the same genomic organization
has been found (43). Furthermore, the orf39 homologous
gene, orfA, is 31.6% identical and 59.5% homologous at the
amino acid level (6). Therefore, the question arises as to
whether an orf39-orfA homologous gene can be found within
all gram-positive bacteria.
The alignment of GrpE proteins from four bacterial spe-

cies revealed a lower overall homology among these pro-
teins, as has been described for other HSPs such as GroEL
or DnaK (see below). Within the GrpE polypeptides, there
are two regions of increased homology. Amino acid residues
within these regions could be involved in interaction with
other proteins. One candidate is the DnaK protein, which
has been shown in E. coli to functionally interact with GrpE
both in vitro and in vivo (31, 71). Another candidate could be
the DnaJ protein.
Alignment of the DnaK proteins of various bacterial

species revealed a substantial overall homology, which
declines towards the C-terminal end. Since the publication of
the partial amino acid sequence of the M. tuberculosis DnaK
protein, sequences of two more proteins from Mycobacte-
rium paratuberculosis and Mycobacterium leprae have been
published (21, 58, 67). Alignment of the C termini of the
three proteins revealed significant homology between the M.
leprae and M. paratuberculosis DnaK proteins but no ho-
mology at all between these two and the M. tuberculosis
polypeptide. Inspection of the three reading frames deduced
from the DNA sequence of the M. tuberculosis gene (68) at
the point of dissimilarity showed that the homology can be
restored by switching to another reading frame. Most prob-
ably, a sequencing error resulted in a frameshift mutation
(data not shown).
Most interestingly, the DnaK protein of B. subtilis, those

of the other gram-positive species shown in Fig. 4B, and
those of C. acetobutylicum (43) have a deletion of 24
contiguous amino acids near the N-terminal end. Flaherty et
al. (20) have reported the three-dimensional crystal structure
of the N-terminal 386 amino acids of bovine HSC70, which
retains ATPase activity. The crystal structure of the frag-
ment revealed the presence of two distinct lobes of approx-
imately equal sizes with a deep cleft in between and very
similar tertiary structures. The 24 amino acids (E. coli
residues 78 to 102; Fig. 4B) corresponding to the gap are
located on the outside of lobe 1 and appear as an appendage
for which the biological function is unknown. Experiments
are in progress to delete the coding region for these 24 amino
acid residues from the E. coli dnaK gene and to analyze the
deletion derivative for its biological and biochemical activi-
ties.
Analyses of transcription of the dnaK locus revealed three

mRNAs of various lengths and three potential transcription
start sites. The 4.9-kb mRNA, clearly detected only after a
temperature upshift, could correspond by length to the
transcript(s) initiated at S1 and/or S2 and extending from
orf39 through dnaJ. Our failure to demonstrate this RNA
species during Northern analysis could be based on its low
abundance. Alternatively, transcripts initiated at S1 and/or
S2 could be terminated prematurely. There was a significant
increase in the amount of 4.9-kb mRNA upon heat induction
(Fig. 7). We conclude that these transcripts were initiated at
S2 rather than Si, since only S2 is activated after heat
induction (Fig. 5A). The 2.6-kb mRNA could be initiated at
S3, and it corresponds by length to genes grpE and dnaK.
The 1.5-kb mRNA most probably constitutes a specific
degradation product of the 4.9- and/or 2.6-kb transcript(s).
These tentative conclusions have to be confirmed by map-
ping the 5' end of the 1.5-kb RNA and the 3' ends of all three
mRNAs.

Expression of the dnaK locus at 37°C and after heat
induction was examined by three different methods. Analy-
sis of the amount of mRNA by dot blot using two different
gene probes revealed an increase in the amount of mRNA
between 0 and 5 min after induction and then a decrease to
the uninduced level within 10 min (Fig. 6). Primer extension
carried out with mRNA prepared before and at different
times after heat induction exhibited a similar increase and
decrease in the amount of specific mRNA (Fig. 5). This
result clearly shows that the heat shock response is regulated
at the level of transcription, as has been reported for all other
organisms. Analysis of a transcriptional dnaK-amyL fusion
resulted in an increase in the amount of ot-amylase activity
after a temperature upshift (Fig. 8). It should be mentioned
that the construction of the chromosomal dnaK-amyL tran-
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TABLE 2. Consensus inverted repeat sequences in different bacterial species

Organism protein Inverted Repeat Source or

B. subtilis orJ39 TTAGCACTC-N9-GAGTGCTAA This work
B. subtilis groESL TTAGCACTC-N9-GAGTGCTAA 56
C. acetobutylicum orfA TTAGCACTC-N9-GAGTGCTAA 43
C. acetobutylicum groESL TTAGCACTC-N9-GAGTGCTAA 5
Synechococcus sp. groESL TTAGCACTC-N9-GAGTGCTAA 61
Synechococcus sp. urf3, urf4 TTAGCACTC-N9-GAGTGCTAA 13
Synechocystis sp. cpn-60 TTAGCACTC-N9-GAGTGCTAA 11
M. tuberculosis 10-kDa AGa TCAGCACTC-N9-GAGTGCTAc 7
M. tuberculosis 65-kDa AG cTtGCACTC-N9-GAGTGCTAA 57
M. bovis BCG MPB57 CTAGCACTC-N9-GAGTGCTAg 65
M. leprae 65-kDa AG cTgGCACTC-N9-GAGTGCcAg 38
C. psittaci hypA, hypB gTAGCACTt-N9-aAGTGCTAA 42

Consensus TTAGCACTC-Ng-GAGTGCTAA
a AG, antigen.

scriptional fusion resulted in the formation of a slightly
truncated version of DnaK lacking its 89 C-terminal amino
acids. Furthermore, by the integration of a plasmid, the
dnaK gene was separated from the dnaJ gene. Therefore, we
cannot exclude the possibility that, by these in vitro manip-
ulations, the enzymatic activities of DnaK and/or the expres-
sion of dnaJ is impaired. In E. coli, it could be shown that a
truncated DnaK protein lacking 74 amino acid residues of its
carboxyl terminus showed all the enzymatic activities attrib-
uted to the complete DnaK protein (9).

Induction of the heat shock response is regulated at the
level of transcription. In E. coli, the heat shock genes are
positively regulated by the rpoH gene, whose product, a
32-kDa sigma factor, directs core RNA polymerase to rec-
ognize the promoters for heat shock genes (12, 25, 34). In B.
subtilis, only one transcription start site is preceded by a
promoter sequence recognized by sigma-43, the vegetative
sigma factor. No nucleotide sequences similar to those
recognized by other sigma factors could be identified in front
of Si and S3. In addition, there are no indications that
alternate transcription start points are activated upon heat
induction as shown for Caulobacter crescentus (24). At
present, we cannot exclude the possibility that a heat shock
promoter is overlapping with the vegetative promoter. The
failure to detect a promoter-like sequence upstream of S3
could indicate that S3 is not a transcription start site but
instead a processing site. This interpretation is strengthened
by the finding that the kinetics of primer extension indicate a
shift in the maximum mRNA synthesis from 4 to 8 min
postinduction (Fig. 5A and B).
Most interestingly, we detected a 9-bp inverted repeat

separated by a 9-bp spacer located between the transcription
start point and the putative start codon (Fig. 3). The same
inverted repeat has been found in front of the groESL of B.
subtilis (56) and the dnaK and groESL operons of C.
acetobutylicum (5, 43). A data base search for additional
genes preceded by this inverted repeat led to the discovery
of some more examples, which are listed in Table 2. In most
cases, this inverted repeat can be found in front of heat
shock genes. This finding strongly suggests that this inverted
repeat is involved in the regulation of the heat shock
response by, e.g., stabilizing the mRNA against degradation
or acting as a binding site for a DNA or RNA binding
protein. Baird et al. already described an inverted repeat
preceding the 10-kDa antigen of M. tuberculosis and pointed

to the possibility that this inverted repeat might be involved
in the regulation of the heat shock response (7). Experiments
are in progress to alter the DNA sequence of one half of the
inverted repeat and to analyze the thus-obtained mutants
with respect to heat shock induction.
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