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The dnaK Operon of Bacillus subtilis Is Heptacistronic
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In 1992, we described the cloning and sequencing of the dnaK locus of Bacillus subtilis which, together with
transcriptional studies, implied a tetracistronic structure of the operon consisting of the genes hrc4, grpE,
dnaK, and dnaj. We have repeated the Northern blot analysis, this time using riboprobes instead of oligonu-
cleotides, and have detected a heat-inducible 8-kb transcript, suggesting the existence of additional heat shock
genes downstream of dnaJ. Cloning and sequencing of that region revealed the existence of three novel heat
shock genes named orf35, orf28, and orf50, extending the tetra- into a heptacistronic operon. This is now the
largest dnaK operon to be described to date. The three new genes are transcribed as a part of the entire dnakK
operon (8.0-kb heptacistronic heat-inducible transcript) and as part of a suboperon starting at an internal
vegetative promoter immediately upstream of draJ (4.3-kb tetracistronic non-heat-inducible transcript). In
addition, the Northern blot analysis detected several processing products of these two primary transcripts. To
demonstrate the existence of the internal promoter, a DNA fragment containing this putative promoter
structure was inserted upstream of a promoterless bgaB gene, resulting in the synthesis of B-galactosidase.
Challenging this transcriptional fusion with various stress factors did not result in the activation of this
promoter. To assign a biological function to the three novel genes, they have each been inactivated by the
insertion of a cat cassette. All of the mutants were viable, and furthermore, these genes are (i) not essential for
growth at high temperatures, (ii) not involved in the regulation of the heat shock response, and (iii) sporulation
proficient. Blocking transcription of the suboperon from the upstream heat-inducible promoter did not impair

growth and viability at high temperatures.

The heat shock response occurs when cells growing at a low
temperature are shifted to a higher temperature and results in
the induction of a subset of proteins called heat shock proteins.
This response to temperature upshift is universal among pro-
karyotes and eukaryotes. The heat shock family of proteins has
recently become central to the study of correct folding of
nascent polypeptides, assembly of protein complexes, and
translocation of proteins into organelles (13). Therefore, some
heat shock proteins are widely recognized as molecular chap-
erones that play crucial roles even under physiological condi-
tions (10, 11).

Escherichia coli has some 31 heat shock genes whose expres-
sion is regulated positively at the transcriptional level by the
o2 polypeptide, the rpoH gene product. ¢>2 is extremely un-
stable in vivo, with a half-life of ~1 min at normal tempera-
tures (for recent reviews, see references 3, 27, and 49).

In contrast to E. coli, there are at least three classes of heat
shock genes in Bacillus subtilis (for recent reviews, see refer-
ences 16 and 40). Class I heat shock genes constitute the
CIRCE regulon, and these genes are negatively regulated by a
repressor (38, 47). Class II heat shock genes are positively
regulated by the alternative sigma-B factor and form the sig-
ma-B regulon. Heat shock genes which do not belong to either
class I or class II have been assigned to class III, whose mem-
bers include lon (33), clpC (24), ftsH (8), and htpG (37). The
regulatory mechanism of these genes is largely unknown.

Currently, the CIRCE regulon consists of two operons, the
dnaK and groESL operons. Cloning, sequencing, and transcrip-
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tional analyses of the dnaK operon revealed four genes in the
order hrcA-grpE-dnaK-dnal, where hrcA (formerly orf39) en-
codes the repressor of the CIRCE regulon (47), while the
products of the remaining genes constitute the dnaK chaper-
one machine (46). Since a typical transcriptional terminator
sequence was not detected downstream of the dnaK operon,
we speculated that this operon might contain additional genes
(46). To check for additional genes, we first used oligonucle-
otides complementary to the dnaJ transcript but failed to de-
tect a band in Northern blots (19). We have now repeated
these experiments, this time using a dnaJ riboprobe, and suc-
ceeded in demonstrating a heat-inducible transcript of about 8
kb. This strongly suggests the existence of additional genes
downstream of dnaJ as part of the dnaK operon. This was
confirmed by cloning and sequencing the region downstream
of dnal, leading to the detection of three novel genes within
the dnaK operon. Transcriptional analyses revealed an internal
vegetative promoter from which the four distal genes were
transcribed constitutively. Inactivation of the three novel genes
revealed no obvious phenotype under various growth condi-
tions.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are given in Table 1. M13 phage vectors were used to
prepare randomly overlapping libraries for shotgun sequencing. Bacteria were
routinely grown aerobically at 37°C in Luria broth. Ampicillin (200 p.g ml~') was
included for all plasmid-bearing E. coli strains. Chloramphenicol and neomycin
were added at concentrations of 5 and 10 ug ml™", respectively.

DNA manipulations and analysis. Plasmid DNA was purified on columns
(QIAGEN, Hilden, Germany). PCR products containing the three distal genes
of the dnaK operon were generated with Tag DNA polymerase as specified by
the manufacturer (Eurobio, Raunheim, Germany). Chromosomal DNA of B.
subtilis was used as the template, and BamHI recognition sequences were in-
cluded at the 5’ ends of the PCR primers. PCR products were purified with the
QIAGEN PCR purification kit. Cloning procedures were carried out by standard
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant genotype or host Relz‘;a;ltaﬁ?cerr;:)type Property(ies) I;:f;rﬁ?cc‘:
Strains
E. coli
DHI10B Host for detecting chimeric plasmids 35
JM105 Host for M13 propagation 35
B. subtilis
1012 leuA8 metB5 trpC2 hsdrM1 34
BTO1 hrcA::cat Cm" Derivative of 1012 39
BTO02 dnaK::cat Cm" Derivative of 1012 39
ASO01 AhrcA Cm" Derivative of 1012 38
JH642 6
AMO1 amyE::cat Cm’ Derivative of 1012 7
AMO3 dnaK::bgaB operon fusion Neo’ Derivative of 1012 7
at amyE
AMO04 ctc::bgaB operon fusion Neo’ Derivative of 1012 7
at amyE
AMO05 clpC::bgaB operon fusion Neo" Derivative of 1012 7
at amyE
AM13 dnalJ::bgaB operon fusion Neo" Derivative of 1012 This work
inserted at amyE
GHO1 orf35::cat Cm" Derivative of 1012 This work
GHO02 orf28::cat Cm’ Derivative of 1012 This work
GHO03 orf50::cat Cm’ Derivative of 1012 This work
GHO04 'dnaK-cat-dnal’ Cm" cat cassette inserted between the potential terminator  This work
and the promoter Py,
Plasmids
pBluescript SK™ I E. coli Ap” Cloning and riboprobe vector Stratagene
pBlueSallSmalA E. coli Ap" pBluescript SK™ II with deletion of the polylinker This work
region between and including Sall and Smal
pUC18Cm-S E. coli Ap' Cm"  cat cassette of pC194 cloned into pUCI18 20
pSED377 E. coli Ap* 840-bp internal Bg/II fragment of dnaK inserted into 44
pSPT18
pMWCS862 E. coli Ap" Cm" Derivative of pJH101 containing dnaK through the 5 45
end of dnaJ
pdnal E. coli Ap” pBluescript SK™ II with PCR-amplified dnaJ inserted ~ This work
at BamHI site
porf35 E. coli Ap* pBlueSallSmalA with PCR-amplified orf35 at BamHI ~ This work
site
porf35::cat E. coli Ap" Cm"  cat cassette at Smal site of porf35 This work
porf28 E. coli Ap* pBlueSallSmalA with PCR-amplified orf28 at BamHI ~ This work
site
porf28::cat E. coli Ap" Cm" cat cassette at HindIII site of porf28 This work
porf50 E. coli Ap* pBluescript SK™ II with PCR-amplified orf50 at This work
EcoRI site
porf50::cat E. coli Ap" Cm"  cat cassette at Stul site of porf50 This work
p'dnaK-dnal’ E. coli Ap* 1,656-bp Eagl fragment from pMWCS862 cloned into ~ This work
pBlueSallSmalA
p'dnaK-cat-dnal’ E. coli Ap" Cm" 1,348-bp cat cassette inserted between dnaK and dnaJ  This work
pBgaB E. coli Ap" Neo"  Promoter-probe vector containing the bgaB gene 28
pPdnaJ-bgaB E. coli Ap" Neo"  180-bp dnaK-dnaJ intercistronic region cloned into This work
pBgaB

methods (35). Double-stranded sequencing of plasmids and of single-stranded
recombinant M13 DNA was performed by the dideoxynucleotide chain termi-
nation method (36). All nucleotide sequences were determined with the 373A
DNA sequencer (Applied Biosystems), the Tag Dye Primer Cycle Sequencing
kit, and the Taq DyeDeoxy Terminator Cycle Sequencing kit. We have deter-
mined the sequences of both strands. Shotgun sequencing methods were de-
scribed previously (41).

Amplification of the region downstream of the dnaJ locus by long PCR. The
region downstream of dnaJ was amplified by long PCR (15 s at 95°C and 12 min
at 65°C [16 cycles], 15 s at 95°C and 12 min [increment = 15 s per cycle] at 65°C
[12 cycles], and 10 min at 72°C [one cycle]) with rTth DNA polymerase XL
(Perkin-Elmer Cetus) for direct sequencing and 0.1 uM (each) primers DNJD
(5'-CCTGACGAACAGGAAATGAG-3") and RPUD (5'-TCCTCATCCTCG
GTC-3').

Data handling and computer analysis. DNA sequence assembly was per-
formed with the ATSQ program (Software Development Co., Ltd.). The com-

piled sequence was further analyzed for the locations of possible open reading
frames (ORFs) with the GENETYX-MAC 6.2.4 program (Software Develop-
ment Co., Ltd.) and use of the SwissProt Protein Sequence Database. Some
sequence analysis was performed with the PC/GENE package (IntelliGenetics)
for IBM personal computers and Heidelberg Unix Sequence Analysis Resources.

Construction of chromosomal insertion mutants. The three genes orf35
(vgeT), orf28 (yqeU), and orf50 (ygeV) were generated by PCR with synthetic
primers with BamHI restriction sites on their 5" ends. The products were cleaved
by BamHI,; orf50 was inserted into pBluescript SK* 11, while orf35 and orf28 were
ligated into a modified version of this vector, pBlueSallSmaIA. This version of
pBluescript SK* 1I was obtained by digestion with Smal and Sall and isolation
of the larger fragment, followed by fill-in of the Sall end and self-ligation. This
step removed unique restriction sites which occur in orf35 and orf28, allowing
these sites to be used in a second cloning step involving the insertion of a cat
cassette. The three recombinant plasmids were designated porf35, porf28, and
porf50. Insertion mutants were obtained by ligating a cat cassette near the 5’ ends
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of the three genes. To accomplish this goal, the cat cassette was recovered from
pUC18Cm-S as a 1,348-bp BamHI-HindIII fragment, blunt ended, and ligated
into the three plasmids after linearization with Smal (porf35); HindIII (porf28),
followed by fill-in the 5’ protruding ends; or Stul (porf50). The transcription of
the dnaK operon and cat genes occurs in the same direction in porf28::cat and
porf50::cat, while they were transcribed in the opposite direction in the case of
porf35::cat. To obtain a mutant carrying a cat cassette at a Smal site located
between the potential rho-independent terminator downstream of dnaK and the
promoter upstream of dnalJ, plasmid pMWC862 was digested with Eagl, and a
1,656-bp fragment containing the 3’ end of dnaKk, the 5’ end of dnaJ, and the
complete intercistronic sequence was recovered and cloned into Eagl-linearized
pBlueSa/lSmalA. The resulting plasmid, p'dnaK-dnal’, was linearized with Smal,
followed by insertion of the cat cassette. In the resulting plasmid, p'dnaK-cat-
dnal’, the cat gene is transcribed in the same direction as the genes of the dnaK
operon. To integrate the various cat cassettes into their respective chromosomal
loci, competent cells of B. subtilis 1012 were transformed separately with the four
plasmids. Transformants were selected on plates containing chloramphenicol,
and chromosomal DNA of recombinants was screened either by PCR or by PCR
and Southern blotting for replacement recombination at the three genes or at the
intercistronic region (data not shown). In each case, one of the recombinants
(GHO1 = orf35::cat, GHO2 = orf28::cat, GHO3 = orf50::cat, and GH04 = 'dnaK-
cat-dnal'’) was kept for further studies.

Construction and analysis of a bgaB fusion. To demonstrate transcription
starting at the internal vegetative promoter P,, (see Fig. 3) and to monitor
expression under different stress conditions, this promoter region (nucleotides 4
to 183; see Fig. 1A) was generated by PCR, and BamHI and EcoRI sites were
introduced at the 5’ and 3’ ends, respectively, and inserted into the promoter-
probe vector pBgaB (28) cut with EcoRI and BamHI. This plasmid is a pBR322
derivative and contains the promoterless bgaB gene of Bacillus stearothermophi-
lus encoding a heat-stable B-galactosidase (17) and a neo cassette sandwiched
between amyE-front and amyE-back. The absence of replication in B. subtilis
allows integration of any DNA sequence at the amyE locus of the B. subtilis
chromosome. The ligation mixture was transformed into E. coli DH10B, and
transformants carrying recombinant plasmids were detected on X-Gal (5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside) indicator plates (60 pg of X-Gal/ml);
the correct DNA sequence of the insert was verified by DNA sequencing (pP .-
bgaB). Subsequently, the transcriptional fusion was recombined at the amyE::cat
locus of AMO1; we selected for neomycin resistance and screened for the loss of
the cat gene. This procedure ensures true replacement of the cat marker by the
operon fusion (double crossover event) instead of integration of the whole
plasmid (single crossover event). One strain (AM13) was kept for further studies.
The BgaB activity was determined as previously described (18). One unit of BgaB
enzyme cleaves 1 nmol of ONPG (o-nitrophenyl-B-p-galactopyranoside) per
min.

Western immunoblot analyses. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed according to the method of Laemmli (25), and
immunoblot analysis was performed as described elsewhere (19). Polyclonal
antibodies were raised against GrpE and Dnal as described for HrcA (39).
Anti-GrpE antibodies were used at a dilution of 1:250, and those raised against
Dnal were used at a dilution of 1:1,000.

Analysis of transcription by slot blot and Northern (RNA) blot hybridization.
Total RNA of B. subtilis 1012 and the different mutant strains was isolated by the
acid-phenol method previously described (44), with the following modifications.
The samples were extracted twice with acid phenol-chloroform—isoamy alcohol
(25:24:1, vol/vol/vol) and once with chloroform-isoamyl alcohol (24:1, vol/vol);
the extraction step with diethyl ether was omitted. Decreasing amounts of total
RNA were transferred onto a positively charged nylon membrane (Amersham,
Braunschweig, Germany) by slot blotting. After being baked at 120°C for 1 h, the
filters were prehybridized, hybridized under stringent conditions at 68°C in 50%
formamide and 5X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
with digoxigenin (DIG)-labelled RNA probes, and washed, and hybridization
signals were detected according to the manufacturer’s instructions (Boehringer,
Mannheim, Germany) with Fuji RX films. The hybridization signals of the
luminographs were quantified with the WinCam software version 2.1 (Cybertech,
Berlin, Germany). The induction ratios were calculated by dividing the volume of
the signals obtained from RNA isolated from stressed cells by the volume of the
signals obtained from RNA isolated from the controls (37°C, exponential
growth). For Northern blot analysis, 10- and 5-pg samples of total RNA were
separated under denaturing conditions in 0.6% agarose-2.1 M formaldehyde—
MOPS (morpholinepropanesulfonic acid) gels, stained with ethidium bromide,
and transferred to a Hybond-N membrane (Amersham) by vacuum blotting.
Hybridization and detection were carried out as described for slot blots. The
hybridizations specific for dnaK were carried out with DIG-labelled RNA syn-
thesized in vitro with T7 RNA polymerase from HindIlI-linearized plasmid
pSED377 (44). RNA probes specific for dnal were obtained by in vitro tran-
scription with T7 RNA polymerase from EcoRI-linearized plasmid pdnaJ. This
plasmid contains the full-length dnaJ gene amplified by PCR with primers car-
rying BamHI restriction sites at both ends. The PCR product was cleaved with
BamHI and inserted into BamHI-linearized pBluescript SK* II. To obtain RNA
probes specific for orf35, orf28, and orf50, plasmids porf35, porf28, and porf50,
respectively, were used as templates for in vitro transcription according to the
manufacturer’s instructions (DIG RNA Labelling kit, Boehringer). In the case of
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porf35, EcoRI was used for linearization of the template; porf28 was linearized
with Xbal; and porf50 was linearized with Clal. DIG-labelled RNA probes were
synthesized with T3 RNA polymerase (porf35 and porf50) or T7 RNA polymer-

ase (porf28).
Nucleotide sequence accession number. The EMBL/GenBank/DDBJ acces-
sion number for the nucleotide sequence reported here is D83717.

RESULTS

Amplification and sequencing of the region downstream of
dnaj. The region downstream of dnaJ was amplified by long
PCR directly from the chromosome (see Materials and Meth-
ods). The DNA sequence was determined by a strategy based
on a combination of PCR and random sequencing, i.e., prep-
aration of a random library, amplification of inserts, and filling
of the gaps by region-specific primers (31). To avoid errors in
nucleotide sequencing, at least two independently prepared
PCR fragments were sequenced in both directions, and we
used sequence outputs only from regions where base peaks
were well separated. The region is 4,637 bp in length, but only
the DNA sequences belonging to the dnaK operon are given in
Fig. 1B.

Features of the three distal genes of the dnaK operon. The
dnaJ-proximal gene called orf35 (ygeT) has a size of 936 bp
(Fig. 1B, nucleotides 85 to 1020), encoding a putative polypep-
tide of 311 amino acids with a predicted molecular mass of
approximately 35 kDa. We compared the amino acid sequence
of this and the other putative ORFs with known amino acid
sequences present in data banks by using the Lipman-Pearson
programs (26). The ORF35 protein shows strong homology to
the ORF35 protein of Staphylococcus aureus (63% similarity,
45% identity) (32) and to ORFB of Clostridium acetobutylicum
(62% similarity, 42% identity) (1). It seems that the organiza-
tion of the dnaK operon in both organisms is quite similar to
that in B. subtilis. In all three cases, the genes of the dnaK
operon are arranged in the order hrcA-grpE-dnaK-dnal-orf35/
orfB. In S. aureus and C. acetobutylicum, the region down-
stream of orf35/orfB has not yet been sequenced. Furthermore,
the B. subtilis ORF35 exhibits significant homology to the ri-
bosomal protein L11 methyltransferase encoded by prmA of E.
coli (57% similarity, 32.5% identity) (42) and to the homolo-
gous PrmA protein of Haemophilus influenzae (54% similarity,
32% identity) (12).

The second gene, orf28 (ygeU), with a size of 771 bp (Fig. 1B,
nucleotides 1043 to 1813), encodes a potential polypeptide of
256 amino acids with a predicted molecular mass of 28 kDa. It
exhibits significant homology to the 26.9-kDa protein YggJ
from E. coli (53% similarity, 32% identity) (14, 23) and to the
homologous protein of H. influenzae (55% similarity, 28%
identity) (12). In both cases, the function of the YggJ protein
is unknown. The third gene, orf50 (ygel), has a size of 1,356 bp
(Fig. 1B, nucleotides 1813 to 3168) and encodes a potential
protein of 451 amino acid residues with a predicted molecular
mass of 50 kDa. The stop codon of orf28 and the start codon of
orf50 overlap by 1 bp, suggesting translational coupling. The
orf50 gene product shows significant homology (54% similarity,
33.5% identity) to a Pseudomonas aeruginosa protein (22) and
an H. influenzae protein deduced from ORFs (55% similarity,
33% identity) (12). The function of these proteins is unknown.

Putative ribosome-binding sites were identified in front of all
three genes (Fig. 1B, marked by asterisks), located 4, 9, and 5
nucleotides upstream from the start codons of orf35, orf28, and
orf50, respectively. These sites consist of 8 (orf35), 7 (orf28),
and 9 (orf50) nucleotides complementary to the 3’ end of B.
subtilis 16S rRNA (29).

The dnaK operon of B. subtilis is heptacistronic and tran-
scribed from two independent promoters. Inspection of the
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TAAGTTCTTTTTAGTGTCAGCCCCGCTTCCGGAGCTGACCGAAAAGAACACATTTCATAA
dnak

SESBSSESSOLOLOBO> 2 KLKLKLLLLLLLLLLLL LKL
TCTGATTCAATGATTAGAAAGTCAAAGTCAGGCATCTCTTGGCTTTGACTTTTTTTCTTG

Smal -35 18 bp -10
CCCGGGATAAAAGGAATTGAAAAATCATAATTCAAAATGATACAATCTAATTTATGTGAG
* ko ke
AAATTCGGGAGAGTGAAGCGAGATG

dnaJ

B

dnaJ
CCTGACGAACAGGAAATGAGTTTCTTTGACAAGGTAAAACGCGCGTTTAAAGGCGATTAA
P D E Q EM $ F F D K V K RAUF K G D *

dkhkkk Kk Kk Orf35
TTATTGGATGAGGAGTTGGTAGTTTTGAAATGGTCCGAATTAAGCATTCACACAACACAT
M K W s E L 85 I H T T H

GAAGCGGTCGAACCTATCTCAAATATATTGCATGAAGCTGGTGCAAGTGGGGTTGTGATA
E AV E P I S NI L HEAGA A S G V V I

GAGGACCCGCTTGATTTAATTAAAGAACGTGAGAATGTGTACGGGGAAATCTACCAGCTC
E D P L DL I K EURENWVY G E I Y QO L

GACCCCAATGATTACCCAGATGAGGGTGTCATTGTCAAAGCATATCTGCCGGTTAACAGT
D P N DY P D E G V I V KA Y L P V N S8

TTTCTGGGCGAAACTGTAGACGGCATCAAAGAAACGATTAATAATCTCCTTCTTTACAAT
F L. G E T Vv D GG I K E T TINNILULL Y N

ATTGATTTGGGCAGAAACCACATCACTATTTCTGAAGTAAATGAAGAAGAGTGGGCGACT
I b L G R NUHTI TTI S E V N EUEEWA T

GCCTGGAAAAAGTATTATCATCCTGTGAAAATTTCTGAAAAGTTTACAATTGTGCCGACG
AW K K Y Y H P V K I 8 E K F T I V P T
Smal
TGGGAGGAATATACGCCGGTCCATACTGATGAACTGATTATTGAAATGGACCCGGGAATG
W E E Y T P V H T D E L I I E M D P G M

GCTTTCGGCACAGGGACACATCCGACAACCGTACTCTGCATTCAGGCGCATGAACGCTTT
A F 6 T 6 T H P T TV L C I Q A HE R F

SEOESE>5555>
GTGCAAAAGGGTGATAAGGTGATTGATGTCGGCACTGGTTCGGGAATTTTAAGTATTGCG
vV ¢ K 66 b K v I DbV 6 T G S G I L S I A

3 <<
GCTGCAATGCTTGAGGCTGAATCGGTTCATGCCTACGATCTTGATCCCGTGGCTGTAGAA
A AML EAZE S V HAY DUIL D P V A V E

AGTGCACGCCTCAATCTCAAGCTGAACAAAGTCAGCGATATTGCTCAAGTGAAGCARAAC
S AR L N L K L N KV 35 DI A Q V K Q N

AATTTGTTAGACGGGATTGAAGGGGAACATGATGTCATTGTGGCCAACATTTTGGCTGAA
N L L D GG I E G EH D V I VAN I L A E
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FIG. 1. (A) Nucleotide sequence of the intercistronic region between dnaK and dnaJ. Shown are the stop codon of dnaKk, the start codon of dnaJ (both in boldface
letters), the Smal recognition site (in boldface and italic letters) used to insert a cat cassette, a potential rho-independent terminator (numbered 2 within the arrowheads
above the sequence), a putative o*-dependent promoter (boldface letters and indicated by —35 and —10), and the potential Shine-Dalgarno sequence of dnaJ (asterisks
above the sequence). (B) Nucleotide sequence of a 3,207-bp region encoding the three distal genes of the dnaK operon. Nucleotides are numbered from the 5’ end
of the nontranscribed strand, and the predicted amino acid sequences of the three genes orf35, orf28, and orf50 are given in single-letter code below the DNA sequence.
Indicated are the potential Shine-Dalgarno sequences (asterisks above the sequence), inverted repeats (numbered 3 to 6 within the arrowheads above the sequence),
three restriction enzyme recognition sites (boldface and italic letters) used to construct insertion mutants, and the start and stop codons (boldface letters). The
numbered arrowheads correspond to those shown in Fig. 3 as stem-loop structures.
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GTCATTCTTCGCTTTACTTCACAAGCGTACAGGCTGTTAAAAGAAGGCGGTCACTTTATT
v I L R F T S @ A Y R L L K E G G H F I

ACGTCAGGAATCATCGGTCATAAAAAACAAGTAGTAAAAGAAGCACTGGAACAAGCTGGC
T s 6 I I G H K K Q V VvV K EATULE Q A G

TTTACCATTGTAGAAATCCTTTCAATGGAAGATTGGGTCAGCATTATTGCGAAAAAATAA
F TIV E I L S MEUDWUV S I I A K K *

ko ek ok orf28
CAGTTAGTAGGTGTCACAGCGTATGCAACGATATTTTATCGAGCTCACGAAGCAGCAAAT
M 0 R Y F I E L T K @ O I

AGAGGAAGCGCCGACTTTTTCGATTACCGGCGAAGAAGTTCATCATATTGTGAACGTGAT
E EA P T F S I T G E E V HH I V NV M

GAGAATGAATGAGGGAGATCAGATTATCTGCTGCTCTCAAGACGGCTTCGAGGCAAAATG
R M NE G D @ I I C C S Q D G F E A K C

TGAACTTCAATCTGTTTCCAAAGATAAAGTGTCCTGCCTTGTGATAGAATGGACGAATGA
F L ¢ s v 38 K D K Vv 3 ¢c L v I E W T N E

HindIII

AAACAGAGAGCTTCCGATAAAGGTCTATATTGCGAGCGGCCTTCCGAAAGGAGATAAGCT
N R E L P I K V Y I A S G L P K G D K L

TGAATGGATTATCCAAAAGGGGACTGAGCTCGGAGCTCATGCCTTTATTCCTTTCCAAGC
E W I I ¢ K 6 T E L G A H A F I P F Q A

CGCGCGTTCTGTTGTCAAGCTGGATGACAAAAAGGCAAAGAAAAAGCGGGAAAGATGGAC
A R S VvV VvV K L D DK KA AU KK KU REIRWT

GAAAATTGCGAAGGAAGCGGCTGAGCAATCGTACCGTAACGAAGTGCCGCGAGTGATGGA
K I A K E A A E Q S Y RNEV P RV MD

TGTCCATTCTTTTCAGCAGCTTCTTCAAAGGATGCAGGATTTCGATAAATGTGTCGTTGC
vV H 8§ F ¢ ¢ L L Q RM QD F D K C V V A

ATACGAGGAGTCATCGAAGCAAGGGGAAATAAGCGCATTCAGCGCGATTGTAAGCAGCCT
Y E E S 8 K Q 6 E I 5 A F s A I V 8 s L

>>
TCCGAAAGGATCATCTCTATTGATCGTATTTGGTCCCGAAGGCGGTTTAACAGAAGCGGA
P K 6 8 838 L L I VvV F GG P E G G L T E A E

SE55> 553> >5>3>> 4 LLLLL LKL LLLLL LKL
GGTTGAACGGCTCACAGAGCAAGACGGTGTGACGTGCGGCCTTGGACCGAGAATTTTAAG
vV E RL T E QD 66V T C GG UL 6 P R I L R

*  *

GACAGAAACCGCTCCGCTATACGCGTTGAGTGCGATTTCTTAT CAAACAGAGTTATTAAG
T E T A P L Y A L S A I S Y Q@ T E L L R

ok ok ok ke orf50
AGGTGATCAGTAATGGCAACTGTTGCTTTCCATACGCTTGGCTGTAAAGTCAACCATTAT
G D *M A T V A F HTUL G C K V N H Y

GAAACAGAAGCAATCTGGCAGCTTTTCAAAGAAGCGGGCTATGAAAGAAGAGACTTTGAA
E T E A I W Q L F K EA G Y E R R D F E

CAAACAGCTGATGTATATGTCATTAATACATGTACGGTTACAAATACGGGAGATAAAAAA
Q T A DV Y VI NT CT V TN T G D K K

AGCCGCCAAGTGATCAGACGCGCCATTCGTCAAAATCCTGACGGTGTCATCTGTGTCACA
s R @Q VI R R A I R Q NP D GV I C V T

FIG. 1—Continued.
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GGCTGCTACGCGCAAACCTCACCTGCTGAGATTATGGCGATCCCCGGTGTCGACATTGTA
G ¢C Y A Q T s P A E I M A I P GV D I V

GTCGGAACACAGGACCGTGAAAAAATGCTTGGCTACATTGACCAATACCGAGAAGAACGC
vV 6 T ¢ bR E K ML G Y I D Q Y R E E R

>> O35555>> >5>5>> 5 <LLLL
CAGCCGATTAATGGCGTCAGCAACATCATGAAAGCAAGAGTATATGAAGAGCTTGATGTG
Q P I NGV s NI MKA ARV Y EEL DV

< LLLLLLKLKL LKL
CCTGCTTTCACGGACCGCACAAGAGCGTCATTGAAAATACAGGAGGGCTGCAATAATTTC
P A F T D RTI R AJ S L KTI QE G CN N F

Stul
TGCACATTCTGTATCATTCCGTGGGCGAGAGGCCTGCTCCGCTCCCGCGACCCTGAAGAA
c T F ¢ I I P WAIRGULULUR S R D P E E

GTCATTAAACAAGCGCAGCAGCTTGTCGATGCCGGATATAAGGAAATTGTTCTTACGGGT
vV I K ¢ A Q 9 L VvV D A G Y K E I V L T G

ATTCATACAGGCGGCTACGGCGAAGATATGAAAGATTACAACTTCGCGAAGCTTTTGAGC
I H T GG G Y G EDMIKUDYNFAI KTULTL S

GAATTAGACACCCGTGTGGAAGGCGTGAAACGGATCAGAATTTCTTCAATCGAAGCCAGC
E L p TRV E GV KRTIURTI S S I E A S

CAAATCACTGACGAAGTGATCGAGGTCTTAGACCGCTCAGATAAGATAGTGAATCATTTG
Q I T D E V I EV L DR S D K I V N H L

CATATTCCTATCCAATCCGGATCAAACACAGTGCTTAAACGGATGAGACGCAAATATACA
H I P I 9 8 G 88 N T V L KR MU RRIK Y T

ATGGAATTCTTTGCAGACCGTTTAAATAAATTGAAAAAAGCACTGCCAGGCTTAGCTGTT
M E F F A DURUILNI KULI K KA AILUPGUL AV

ACTTCTGATGTCATCGTCGGGTTCCCTGGAGAAACAGAAGAAGAATTTATGGAAACCTAT
T $s b v I VvV 6 F p G ETEEUEUFMETY

AACTTTATTAAAGAACATAAATTCTCTGAGCTGCATGTTTTCCCTTACAGTAAGCGTACA
N F I K EH K F 35S E L HV F P Y S K R T

GGAACACCAGCTGCACGAATGGAAGACCAAGTGGATGAAAACGTGAAAAACGAACGTGTG
G T P AA RMEDOQ V D ENV KN E R V

CACCGCCTGATTGCTCTTTCTGACCAGCTTGCAAAAGAATACGCTTCTCAGTATGAAAAT
H R L I A L S D Q@ L A K E Y A S Q Y E N

GAAGTGCTTGAGATTATCCCTGAGGAAGCGTTTAAGGAAACAGAAGAAGAAAATATGTTT
E VvV L E I I P E EAF K ETEEENMF

GTCGGTTACACAGACAATTATATGAAGGTTGTTTTCAAAGGTACGGAAGATATGATCGGC
v 6 Y T bDNYMI KV V F K GGTEUDMTI G

AAAATCGTAAAAGTCAAAATCCTAAAAGCAGGTTATCCTTACAACGAAGGACAGTTTGTC
K I v K v K I L K A G Y P Y N E G Q F V

SE555>>5>>
CGTGTGGTTGAGGATGAAATAACTGAACACATGCGTTTGTCTTCTTAACCTAAAAAATCG
R VvV E D E I T EHMMI®RTL S S5 *

>> >>>> 6K <<LLLL LKL
GTGCATTAAAATGTACCGATTTTTTTA

FIG. 1—Continued.
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DNA sequence suggested that the three distal genes down-
stream of dnaJ are part of the dnaK operon, because they are
not separated by large noncoding regions and because of the
apparent absence of rho-independent terminators. To address

this issue and to test for heat inducibility, Northern blotting
was performed with total RNA prepared from wild-type strain
1012 and hybridized with DIG-labelled riboprobes represent-
ing genes dnaK through orf50 (Fig. 2A through E). All blots
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FIG. 2. Northern blot analyses. RNA was isolated from B. subtilis wild-type 1012 (A to E) and dnaK::cat BT02 (F) grown at 37°C in Luria broth (0 min) and at the
indicated times after a temperature shift to 48°C. Ten micrograms of RNA was applied per lane, and the filters were hybridized to gene-specific riboprobes dnaK (A),
dnal (B), orf35 (C), orf28 (D), orf50 (E), and dnaJ (F). Transcript size was determined by comparison with RNA size markers (Gibco BRL, Eggenstein, Germany).

resolved bands of different lengths which represent primary
transcripts, cleavage products, and additional bands due to
hybridization to degradation products which were trapped by
the rRNAs (see Discussion). The transcriptional organization
of the complete dnaK operon, as deduced from the Northern
blots and from additional experiments reported below, and the
classification of the different bands are shown diagramatically
in Fig. 3.

With the dnaK riboprobe, two large transcripts of 8.0 and 7.0
kb, barely detectable at 37°C and transiently induced after
thermal upshock, were resolved (Fig. 2A). Whereas the 8.0-kb
transcript is likely to represent the complete heptacistronic
mRNA, the 7.0-kb transcript could be a cleavage product of
the primary transcript lacking ArcA. If this assumption is cor-
rect, this transcript should not be detectable with an hrcA-
specific riboprobe, and this was shown to be the case. Instead,
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FIG. 3. Genetic map of the dnaK operon. The lengths of the various transcripts, as deduced from the Northern blot experiments, are indicated. P, c*-dependent
promoter negatively regulated by HrcA; P 5, internal o*-dependent promoter not subject to heat regulation; C, CIRCE element (binding site for the HrcA repressor).
Potential stem-loop structures numbered 1 to 6 are indicated. Primary transcripts are drawn as arrows with vertical bars, and processing products are drawn as arrows
without vertical bars; the thickness of the arrow reflects the abundance of the transcripts.

a 1-kb transcript representing the monocistronic irc4A mRNA
was demonstrated (19). Bands of 5.6, 4.6 and 4.2 kb, exhibiting
heat inducibility, probably represent cleavage products of the
8.0- and/or 7.0-kb transcript. Analysis of the DNA sequence of
the dnaK operon revealed several inverted repeats which could
form potential stem-loop structures and thereby serve as cleav-
age and/or transcription termination sites. These are shown in
Fig. 3 as stem-loop structures above the genes and are labelled
1 through 6. We suggest that stem-loop structures 2 and 6 serve
as rho-independent transcription terminators (they occur out-
side the structural genes), whereas stem-loop structure 1 rep-
resents a potential processing site and stem-loop structures 3,
4, and 5 constitute degradation sites (they are situated within
structural genes). Therefore, the 4.6-kb transcript could rep-
resent a cleavage product extending from stem-loop structure
1 through stem-loop structure 3. The heat-inducible bands of
3.6 and 2.6 kb represent the tricistronic transcript ArcA through
dnaK initiated at P,, and terminated at stem-loop structure 2
(3.6-kb band) and a cleavage product lacking hrcA (2.6-kb
band) (Fig. 3).

Total RNA was also hybridized to the dnaJ-specific ribo-
probe. As expected, the transcripts of 8.0 kb (full-length tran-
script) and 7.0, 5.6, and 4.2 kb (cleavage products) were re-
solved (Fig. 2B). In addition, a new band of 4.3 kb appeared,
which slightly increased in density 30 min after heat induction.
We conclude that this transcript was initiated at the internal
promoter P4, and represents a tetracistronic transcript encom-
passing the four distal genes dnaJ through orf50. The transcript
at 1.7 kb, not induced by heat, could represent a cleavage
product of the 4.3-kb transcript ending at stem-loop structure
3 (Fig. 3).

When riboprobes specific for orf35, orf28, and orf50 were
used, hybridization bands comparable to those obtained with
the dnaJ-specific riboprobe were resolved (Fig. 2C through E).
In all four Northern blots, the heat-inducible 8.0- and 7.0-kb
transcripts and the 4.3-kb transcript which exhibited a slight
increase 30 min after heat induction were revealed. The

amounts of the putative cleavage products decreased when
riboprobes downstream of dnaJ were used to detect transcripts
(Fig. 2, compare panels B through E). This behavior underlines
our interpretation that these additional bands represent
cleaved products rather than primary transcripts or nonspecific
hybridization products.

The three distal genes of the dnaK operon are heat induc-
ible. The Northern blot experiments strongly suggested that
the three distal genes orf35, orf28, and orf50 are heat inducible,
since the amount of the two large mRNAs (8 and 7 kb) was
transiently enhanced after heat shock. To verify this finding
and to calculate the extent of heat induction, slot blot analyses
with DIG-labelled riboprobes specific for the three distal genes
were carried out. Furthermore, riboprobes specific for dnaJ
and dnaK mRNA were used.

As shown in Fig. 4, all four genes downstream of dnaK were
clearly heat inducible. However, while transcription of dnakK
was transiently induced six- to sevenfold, the four downstream
genes were activated only three- to fourfold (Fig. 4). This
difference is likely to be due to a large portion of the heat-
induced transcription products starting at the CIRCE-con-
trolled promoter P4, upstream of hrcA (Fig. 3) and terminat-
ing at the potential rho-independent terminator between dnakK
and dnaJ. Furthermore, the basal level of transcription starting
at the constitutive P, promoter is increased in relation to the
transcription initiated at the repressor-regulated P ,, promoter
(compare Fig. 2A and B, r = 0). The results of the slot blot
analysis are therefore in good agreement with the model of
transcriptional organization of the dnaK operon derived from
the sequence data and the Northern blot analyses.

The four distal genes of the drnaK operon are transcribed
constitutively from an internal promoter preceding dnaJ.
Northern blot analyses led to the identification of a 4.3-kb
mRNA which was not inducible by heat and which could be
detected only by using riboprobes with specificity for the four
distal genes. Since the length of this transcript corresponds to
the length of these genes, we assumed the presence of an
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FIG. 4. Schematic representation of the changes in mRNA level of different genes of the dnaK operon before (0 min) and at different times after (5, 10, 15, and
30 min) heat shock to 48°C. Luminographs of three different experiments were quantified as described in Materials and Methods. Reproducible induction ratios are

shown.

internal promoter downstream of the rho-independent termi-
nator located between dnaK and dnal. Inspection of the DNA
sequence within that region identified a sequence with homol-
ogy to the consensus sequence of vegetative promoters recog-
nized by ¢ (15) (Fig. 1A). In both the —35 and the —10
regions, 5 of 6 nucleotides correspond to the consensus se-
quence of o*-dependent promoters (15), and the spacing be-
tween these two regions is 18 bp instead of the optimal 17 bp.
To provide additional support for this hypothesis, three differ-
ent experiments were carried out.

In one experiment, total RNA from the dnaK::cat insertion
mutant BT02 was analyzed in a Northern blot with the dnaJ-
specific riboprobe. The cat gene within dnaK is expressed from
its own promoter and flanked by two rho-independent termi-
nators (21). In this mutant, the transcription of dnaJ from the
P4, promoter will be interrupted, due to the polar effect of the
cat cassette, whereas the postulated vegetative promoter P4,
upstream of dnaJ should not be affected. This turned out to be
the case. While the longer transcripts were absent, the 4.3-kb
mRNA was still present and only slightly induced by heat, as
described already for the other Northern blots (Fig. 2F). A
similar result was found for the mutant strain GH04 (dnaK-
cat-dnal) (data not shown).

In a second experiment, we checked for the presence of
GrpE and Dnal proteins in two mutant hrcA strains. In one
strain (ASO1), hrcA had been deleted from the chromosome,
whereas in the other strain (BT01), ~rcA had been inactivated
by a cat cassette, resulting in a polar effect on the expression of
the downstream genes (39). Whole-cell extracts from wild-type

strain 1012 and from the two mutant strains were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
blotted for Western assay, and then treated with antibodies
raised against purified GrpE and DnaJ. Whereas the amount
of both proteins increased after temperature upshift in the
wild-type strain, they were synthesized at a high constitutive
rate in the AhrcA deletion strain, due to the deregulation at
P A, (Fig. 5). In the hrcA::cat mutant, the GrpE protein was not
detectable, while Dnal was present, albeit at reduced amounts
compared to the uninduced wild-type strain, and could not be
enhanced after thermal shock (Fig. 5). These data confirm
those obtained with Northern blot analyses and are in accord
with the presence of a second, non-heat-inducible promoter
upstream of dnal.

Further evidence for the existence of this promoter came
from experiments in which a 180-bp DNA fragment containing
the putative promoter sequence was generated by PCR, fused
at the transcriptional level to the reporter gene bgaB, and
integrated at the amyE locus, resulting in strain AM13. This
strain exhibited a B-galactosidase activity of about 50 U,
whereas the control strain with the promoterless bgaB gene
produced less than 1 U. These results clearly demonstrate that
the 180-bp fragment contains a promoter. Does P4, represent
a constitutive promoter, or will it be activated under certain
circumstances, e.g., by stress factors? To examine this possibil-
ity, strain AM13 was challenged with different stresses. Neither
heat, ethanol, oxygen limitation, nor oxidative or osmotic stress
led to the induction of the transcriptional fusion (data not
shown).
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FIG. 5. Immunoblot analysis of proteins from wild-type and two hrc4 mutant strains. Extracts were prepared before (¢ = 0) and at 15 and 30 min after temperature

upshift. Each lane contained 10 g of protein.

Mutations in orf35, orf28, or orf50 do not impair growth of
the cells after heat shock. In an attempt to identify the function
of the three distal genes, we first determined whether they are
essential for survival. The genes were separately generated by
PCR, and a cat cassette was inserted near their 5’ ends. The
resulting constructs were recombined into the bacterial chro-
mosome in place of the corresponding wild-type genes. All
three mutants were obtained, demonstrating that none of these
genes is essential for survival.

Next, we asked whether one or more of the distal genes are
required for growth at high temperatures. We have already
shown that insertion of the cat cassette within dnaK (39) pre-
vents growth of the mutant strains at temperatures above 50°C.
The B. subtilis strains orf35::cat, orf28::cat, and orf50::cat were
analyzed in a similar way, and no difference in their growth
profile compared to that of the wild-type strain 1012 was re-
vealed (data not shown). We conclude from these results that
the products of the three distal genes are not required for
growth at high temperatures.

Heat induction of draJ is not necessary for growth of B.
subtilis at high temperatures. Our data revealed that dnaJ (and
the three distal genes) is transcribed from two different pro-
moters, namely, P,, and P,,. After heat induction, the amount
of transcription through the potential rho-independent termi-
nator immediately downstream of dnaK increased, and thereby,
the total amounts of dnaJ-specific transcript and, as shown by
immunoblotting (see Fig. 5), of Dnal protein increased also.
This result indicates that enhanced amounts of Dnal protein
might be necessary for the cells to survive high temperatures.
To test this hypothesis, we analyzed strain GH04 for growth
after thermal shock. In this mutant, a cat cassette blocks the
readthrough into the four distal genes of transcription initiated
at P,,. Consequently, the basal level of Dnal protein is re-
duced to about 50% of the wild-type level (i.e., contribution
from P,,), and furthermore, increased synthesis after heat
shock is prevented (28). The growth curves indicate that there
is no significant difference in the growth behavior between the
wild-type and the mutant strains under heat shock conditions
(data not shown). We therefore tentatively conclude that in-
creased amounts of Dnal protein are not necessary to cope
with a heat shock.

DISCUSSION

A detailed analysis of the transcriptional organization of the
dnaK operon by Northern analysis and slot blotting and by
insertion of a cat cassette blocking transcription beyond the
cassette led to the following transcriptional organization of the

operon. The whole operon is preceded by the vegetative pro-
moter P, recognized by o (4, 48). Transcription starting at
P4, results in two primary transcripts of different lengths and
amounts, an 8-kb transcript encompassing the whole operon
and synthesized in very low amounts and large amounts of a
3.6-kb tricistronic transcript terminated at a rho-independent
terminator immediately downstream of dnaK (Fig. 3). Both
primary transcripts are unstable and are cleaved at one or
more internal sites. One cleavage site has already been iden-
tified as being located between hArcA and grpE (39), as being
responsible for extensive cleavage between both genes, and as
resulting in processed products of 7 and 2.6 kb. In addition,
there seem to be cleavage sites within the distal half of the 8-kb
transcript, giving rise to several potential cleaved products.
While the stem-loop structure between ArcA and grpE seems to
be a processing site, those downstream of dnaJ are recognized
as degradation sites, since they are located within the coding
sequence of orf35, orf28, and orf50. If this interpretation is
correct, what could be the biological function of cleavage be-
tween hrcA and grpE? Since only small amounts of the HrcA
repressor are needed, in contrast to large amounts of GrpE
and DnaK proteins, this requirement could be regulated by
cleavage of the primary transcript and different half-lives of the
processed products. This is supported by the observation that
the 2.6-kb product can easily be demonstrated in Northern
blots in contrast to the 1.0-kb product representing hrcA (19).

In general, cleavage at processing sites leads to a product
with an enhanced half-life, while cleavage at a degradation site
expedites breakdown of the RNA molecules by introduction of
entry sites for exoribonucleases. In both cases, cleavage occurs
within or in the vicinity of published stem-loop structures.
RNase III seems to specifically recognize stem-loop structures
and cleaves either on one or on both sides of the stem, usually
within an internal unpaired region, as has been reported for
cleavage of the 30S ribosomal precursor RNA of E. coli (2).
RNase E and RNase K cleave close to published secondary
structures in AU-rich sequences of, e.g., T4 gene 32 RNA (9)
and the ompA 5’ untranslated region (5), respectively.

Most of the Northern blots shown here exhibit hybridization
signals at the two positions where the 16S and 23S RNAs
migrate. These bands occur due to the trapping of degradation
products by the rRNAs rather than by unspecific hybridization.
This interpretation is strengthened by the following observa-
tions. First, DIG-labelled oligonucleotides mostly failed to give
hybridization signals at the positions of the rRNAs, and second, if
the transcript to be detected migrates below the rRNAC(s), the
riboprobe fails to produce a signal (19).

In addition to P44, there is a second internal promoter, P ,,,
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located between dnaK and dnaJ (Fig. 3) and most probably
also recognized by o*. Transcription initiated at this promoter
seems to be constitutive and not to be influenced by treating
cells with different stress factors. Although it is unlikely, how-
ever, we cannot exclude the possibility that regulatory se-
quences located outside the 180-bp fragment fused to the re-
porter gene are necessary for activation of P 4,.

As already mentioned, the CIRCE regulon is under negative
control of ArcA. Since the synthesis of dnaK operon mRNA is
transiently induced upon temperature upshift, the activity of
the repressor has to be regulated in such a way to allow in-
creased expression from P,,;. The protein(s) involved in this
regulation have not yet been identified. Therefore, we asked
whether any of the three distal genes might be involved in the
regulation of HrcA activity. To examine this possibility, we
made use of strain AMO3 carrying a transcriptional fusion
between the promoter P, and the reporter gene bgaB integrated
at the amyE locus. The three mutations orf35::cat, orf28::cat,
and orf50::cat were separately crossed into AMO3, and the
B-galactosidase activities of the resulting strains were mea-
sured before and after thermal upshock. Since neither the
expression of the fusion at 37°C nor the induction behavior was
altered in the mutants (data not shown), we conclude that none
of the three distal genes are involved in the regulation of P4;.
Similar results have been obtained by analyzing class II and
class III heat shock genes (data not shown). We also deter-
mined the sporulation frequencies with the three null mutants,
and they turned out to be completely sporulation proficient
(data not shown).

Only P, becomes active after temperature upshift, probably
as a result of inactivation of the HrcA repressor. This results in
a transient increase of the two primary transcripts and their
processing products. Interestingly, elevated amounts of Dnal
and of the three distal gene products do not appear to be
required for the cells to cope with the heat stress, since block-
ing readthrough transcription from P,, into the four distal
genes did not produce a phenotype. This raises the question
about the biological consequences of transcriptionally fusing
the four downstream genes to the 3’ end of the dnaK operon.
If increased synthesis of the four distal genes is not required
for the cells under heat stress conditions, why are they part of
a heat shock operon? Are there stressful conditions other than
that of heat which require their increased synthesis? It should
be mentioned in this context that class I heat shock genes are
characterized by their failure to be induced by other stress
factors such as osmotic or oxidative stress or O, limitation (44).
The biological significance of the heat inducibility of this
operon remains an enigma at the moment.

The genomic organization of the dnaK operons of B. stearo-
thermophilus, C. acetobutylicum, and S. aureus is comparable to
that of B. subtilis (18, 30, 32). However, in the latter two
species, there is no vegetative promoter located between dnakK
and dnaJ (30, 32). Though Ohta and coworkers (32) deduced
the presence of a promoter in S. aureus upstream of dnaJ on
the basis of primer extension analysis, the detected signal is
located in the terminator structure located between dnaK and
dnaJ and could be explained by the interference of this sec-
ondary structure on the activity of the reverse transcriptase
(32). As already mentioned, dnal is followed by orf35 in both
C. acetobutylicum and S. aureus (1, 32), and we suggest that in
both cases it will also be followed by orf28 and orf50.

What is known about the possible functions of the three
distal ORFs? A search in the protein databases revealed sig-
nificant homologies to proteins encoded by other bacterial
species, but only in the case of ORF35 was homology to a
protein with a known function found, namely, to the PrmA
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protein of E. coli. This protein was shown to be a methyltrans-
ferase responsible for the methylation of ribosomal protein
L11 at different positions (42). In this context, it is interesting
that the prmA gene of E. coli is dispensable, since its inactiva-
tion did not result in any phenotype (43). An alignment of the
five PrmA proteins deduced from their ORFs shows a low
overall homology and four regions of good homology, where
three regions constitute a binding site for the methyl group
donor S-adenosylmethionine, and a fourth region, designated
the PrmA motif, is strongly conserved only in the five potential
PrmA enzymes (data not shown). As all five proteins share this
motif, this box must be necessary for their specific function,
e.g., for the recognition of their methylation substrate.
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