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Campylobacter jejuni is a leading cause of infectious diarrhea throughout the world. In addition, there is
growing evidence that Guillain-Barré syndrome, an inflammatory demyelinating disease of the peripheral
nervous system, is frequently preceded by C. jejuni infection. In the present study, the hrcA-grpE-dnaK gene
cluster of C. jejuni was cloned and sequenced. The dnaK gene consists of an open reading frame of 1,869 bp and
encodes a protein with a high degree of homology to other bacterial 70-kDa heat shock proteins (HSPs). The
overall percentages of identity to the HSP70 proteins of Helicobacter pylori, Borrelia burgdorferi, Chlamydia
trachomatis, and Bacillus subtilis were calculated to be 78.1, 60.5, 57.2, and 53.8%, respectively. Regions similar
to the Escherichia coli s70 promoter consensus sequence and to a cis-acting regulatory element (CIRCE) are
located upstream of the hrcA gene. Following heat shock, a rapid increase of dnaK mRNA was detectable, which
reached its maximum after 20 to 30 min. A 6-His-tagged recombinant DnaK protein (rCjDnaK-His) was
generated in E. coli, after cloning of the dnaK coding region into pET-22b(1), and purified by affinity and gel
filtration chromatography. Antibody responses to rCjDnaK-His were significantly elevated, compared to those
of healthy individuals, in about one-third of the serum specimens obtained from C. jejuni enteritis patients.

Campylobacter jejuni is a bacterial enteric pathogen of in-
creasing medical interest. It is currently regarded as a leading
cause of infectious diarrhea throughout the world (35). Partic-
ularly, Campylobacter infection is endemic in developing coun-
tries, where it contributes considerably to diarrheal disease
among young children (38). There is growing evidence that
Guillain-Barré syndrome (GBS), a rare but potentially devas-
tating disease of the peripheral nervous system, is frequently
preceded by a C. jejuni infection (27). It has been estimated
that in the United States about 1 in every 1,000 cases of C.
jejuni infection is followed by GBS (23). In spite of the obvious
importance of this microorganism, remarkably little is known
about the molecular mechanisms involved in virulence, patho-
genesis, and immune response during Campylobacter-host in-
teraction (20). Only a few definite protein antigens have been
characterized so far. Reconvalescent-phase sera usually react
with the 65-kDa flagellin, the 44-kDa major outer membrane
protein, and 25- to 29-kDa surface proteins (7, 12, 24, 43).
PEB1, which has been proposed to function as an adhesin for
adherence of the bacterium to eukaryotic cells, is highly im-
munogenic (26), and Campylobacter trigger factor has recently
been revealed to be a humoral antigen in the human host (16).

GroEL- and GroES-like heat shock proteins (HSPs) of C.
jejuni have been shown to elicit a serum immunoglobulin G
(IgG) as well as a secretory IgA response in experimentally
infected rabbits (46). HSPs are synthesized in virtually all cells
under conditions of stress, e.g., as a result of temperature or
nutrient change. The best-characterized HSPs belong to the
60-kDa (GroEL) and 70-kDa (DnaK) families and are the
most conserved proteins known. Bacterial HSPs have aroused

the interest of microbiologists for many years, since they rep-
resent major targets of the host’s immune response (19). Al-
though less extensively studied than GroEL, DnaK homo-
logues of many bacterial pathogens have been found to be
immunogenic in humans or animals (1, 2, 5, 8, 10, 47). Fur-
thermore, as has been shown by the experimental infection of
mice with Borrelia burgdorferi, immunization with proteins con-
taining DnaK-specific sequences may protect against microbial
infection (4).

Growing evidence suggests that there are two paradigmatic
mechanisms in bacterial heat shock regulation. In the gram-
negative species Escherichia coli, heat induction is mediated by
the alternative sigma factor s32, allowing for the coordinate
expression of genes that belong to the so-called s32 regulon
(50). After enhancing transcription of heat shock genes, s32 is
sequestered by the DnaK chaperone machine and degraded by
ATP-dependent cellular proteases (22, 40). Alternatively, in
the gram-positive model organism Bacillus subtilis, a highly
conserved palindromic sequence is involved as a cis-acting
operator in the regulation of class I (groE and dnaK) heat
shock genes. As known so far, this element, designated CIRCE
(for controlling inverted repeat of chaperone expression) by
Zuber and Schumann (51), is located at the groE and/or dnaK
upstream regulatory region of more than 30 bacterial species
(for a recent review, see reference 34). CIRCE most probably
acts at the DNA level by binding a repressor encoded by the
hrcA gene (hrc, for heat shock regulation at CIRCE elements)
and, if the inverted repeat is a part of the transcript, by mod-
ulating mRNA stability (31, 48, 49). Heat shock regulation in
C. jejuni is poorly understood. In front of the C. jejuni dnaJ
heat shock gene were observed sequences compatible with E.
coli s32 as well as s70 consensus sequences (21). We have
recently demonstrated that heat-induced transcription of the
groESL operon, which is preceded by a CIRCE element, is
under the control of a s70-like promoter (39).

We are interested in the heat shock response of C. jejuni and
in the role of this organism’s heat shock proteins as putative

* Corresponding author. Present address: Department of Neurol-
ogy, Universität Regensburg, Universitätsstr. 84, D-93053 Regensburg,
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immune targets in infectious and autoimmune diseases. As a
part of this work, the hrcA-grpE-dnaK gene cluster from C.
jejuni was cloned and sequenced. The protein encoded by dnaK
was expressed in E. coli, and the humoral response against this
protein in C. jejuni-infected patients and in healthy individuals
was examined.

MATERIALS AND METHODS

Bacterial strains, vectors, and reagents. The C. jejuni strain used in this study
was isolated in the Department of Hygiene and Microbiology of the University
of Würzburg and serotyped as Lior 11. E. coli BL21(DE3) and plasmid pET-
22b(1) were purchased from Novagen (Madison, Wis.). pCR-Script SK(1)
plasmid and XL-1 blue MRF9 Kanr supercompetent cells were purchased from
Stratagene (La Jolla, Calif.). Vent polymerase and restriction enzymes were
obtained from New England Biolabs (Beverly, Mass.).

Bacterial cultivation and DNA purification. C. jejuni was routinely grown on
agar plates at 37°C in a microaerophilic environment (5% O2, 10% CO2). To
induce heat shock, surface-grown bacterial cells were harvested, subcultured to
brain heart broth supplemented with 1% yeast extract (BHIYE) (46), and sub-
sequently shifted to 48°C for 5 to 60 min. E. coli strains were grown at 37°C on
Luria-Bertani agar or in Luria-Bertani broth supplemented with ampicillin at a
final concentration of 50 mg ml21, if required. Genomic DNA was isolated as
described elsewhere (3). Plasmid DNA was purified by using a QIAprep plasmid
kit (Qiagen, Hilden, Germany).

Molecular cloning of the dnaK gene cluster. Two degenerate oligonucleotide
primers, 59-GG(A/T)AT(A/T)GA(C/T)(C/T)T(A/G/T)GGIACIAC(A/C/T)AA
(C/T)TC-39 and 59-CC(A/T)GC(A/G/T)ATI(C/T)(G/T)(A/G/T)CCIGC(A/G)T
C(C/T)TT-39, were synthesized according to highly conserved regions of bact
erial HSP70 proteins (corresponding to amino acids [aa] 6 to 14 and aa 155 to
162 of E. coli DnaK, respectively). PCR was conducted with a GeneAmp 9600
PCR system (Perkin-Elmer), using the following cycle parameters: 94°C for 30 s,
52°C (42°C during the first 5 cycles) for 30 s, and 72°C for 1 min for 40 cycles.
PCR products were ligated with pCR-Script SK(1), cloned into XL1-Blue MRF9
Kanr supercompetent cells, and sequenced. One 480-bp fragment, which
exhibited high nucleotide sequence homology to bacterial dnaK sequences, was
32P labeled by random priming (14). A plasmid library was constructed by
digesting C. jejuni genomic DNA with BglII and cloning the resulting fragments
into pET-22b(1). The library was screened with the radiolabeled 480-bp PCR
product in accordance with standard procedures (30). Sequencing revealed that
one recovered clone (pdnaK1) with a 1.6-kb insert contained the 39 end of the
putative hrcA gene, the entire grpE gene, and the 59 end of the dnaK gene. The
missing parts of the hrcA and the dnaK genes were obtained by a PCR-based
genomic walking strategy as recently described (39). Briefly, seminested PCRs
were performed by using two sequence-specific oligonucleotides oriented toward
the unknown 39 end and a random oligonucleotide as the reverse primer, which
was used in both the inner and outer PCRs. For each genomic walking step, 10
to 15 arbitrarily chosen primers previously available in our lab were tested. To
obtain the missing dnaK 39 end, two rounds of randomly primed PCR (with
random primers 59-CTCCAAAAACTCATCCTGTACCTT-39 and 59-CCTAAA
TCTCCAGACAAAGCTCAC-39, respectively) were necessary. A PCR product
containing the 59 end of hrcA was amplified by using random primer 59-CACG
GGAGACTTGGAAAACAC-39. The resulting amplicons were cloned into
pCR-Script SK(1) vectors and sequenced.

DNA sequence analysis. The DNA sequence was determined on both strands
by using a ABI Prism Dye Terminator Cycle Sequencing Kit (Applied Biosys-
tems, Foster City, Calif.). DNA sequencing was performed on an ABI model
373A automated sequencer (Applied Biosystems). Nucleic acid and predicted
amino acid sequence data were analyzed by using the DNASIS software package
(Hitachi, Tokyo, Japan). The Helicobacter pylori DNA sequences were obtained
from the Institute for Genomic Research website (18a).

Northern blot analysis. Total RNA was isolated by using TRIzol reagent
(Gibco BRL, Gaithersburg, Md.) as recommended by the manufacturer. To
generate a probe, a 539-bp DNA product internal to dnaK was amplified by using
oligonucleotide primers 59-TCACGCAAATCATCAAGAGCT-39 and 59-ACTT
GATGTTACTCCGCTCTCT-39 and then 32P labeled. Ten micrograms of total
RNA was size separated in a formaldehyde-containing denaturing 1.2% agarose
gel. Northern blotting and hybridization were performed according to standard
procedures (3). Filters were autoradiographed at 280°C overnight. A 0.24- to
9.5-kb RNA ladder (Gibco BRL) was used as a size marker.

Primer extension analysis. Transcriptional start sites were determined by
primer extension analysis using 59-IRD800-labeled oligonucleotides (MWG-Bio-
tech, Ebecsberg, Germany). 59-CATACAC-AGCAACACAAGAATT-39 is com-
plementary to nucleotides 137 to 158 relative to the dnaK start codon, 59-TA
TCTTGCAAATCATCCTGC-39 is complementary to nucleotides 157 to 176
relative to the grpE translation start site, and 59-ATAGGCGCATTATCCAAA
AG-39 is complementary to nucleotides 158 to 177 relative to the hrcA start
codon. Total RNA was isolated from C. jejuni cells that had been heat shocked
for 20 min at 48°C. Contaminating DNA was removed by DNase I (Gibco BRL)
treatment. One picomole of each primer was annealed to 10 mg of RNA for 20
min at 52°C and then for 10 min at room temperature. The oligonucleotide

primers were extended with 1 U of avian myeloblastosis virus reverse transcrip-
tase (Promega, Madison, Wis.) at 42°C for 30 min. The samples were precipi-
tated with ethanol and resuspended in a solution containing 2 ml of H2O and 1.5
ml of formamide loading dye (Promega). Nucleotide sequencing was carried out
by using a Thermo Sequenase Fluorescent Labelled Primer Cycle Sequencing Kit
(Amersham Pharmacia, Little Chalfont, United Kingdom). The extension prod-
ucts and sequencing reactions performed with the same primer were loaded onto
a 6% polyacrylamide sequencing gel and analyzed on a model 4000 automated
DNA sequencer (LI-COR, Lincoln, Nebr.).

Purification of recombinant C. jejuni DnaK protein. The full-length coding
region of the dnaK gene was amplified by PCR with primers 59-AAAAGGAT
AACATATGAGTAAAGTTATAGGTA-39 and 59-TCAACTTCAGCGTCGA
TTAC-39 (NdeI site is underlined), using 1 U of Vent polymerase per 100-ml
reaction volume. The resulting DNA product was digested with NdeI and ligated
with pET-22b(1) which had been digested with XhoI, blunt ended with mung
bean nuclease, and then digested with NdeI. Thus, the last codon of the dnaK
open reading frame (ORF) was fused in frame to the 59 end of the vector
sequence encoding a 6-histidine tail. The nucleotide sequence of the insert was
confirmed by sequence analysis to be correct. The plasmid was transformed into
E. coli BL21(DE3). Large-scale expression and nondenaturing purification by
nickel-nitrilotriacetic acid (Qiagen) metal affinity chromatography were per-
formed as proposed by the manufacturer. Fractions containing the recombinant
protein were pooled and applied on a Sephacryl S100-HiPrep 26/69 column
(Pharmacia, Freiburg, Germany). The N-terminal sequence of the purified pro-
tein was determined by the Edman degradation technique (model 473A amino
acid analyzer; Applied Biosystems).

Western blot analysis and ELISA. For Western blot experiments, the purified
recombinant protein was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes. Nonspecific bind-
ing sites were saturated for 2 h with a solution consisting of 10% fetal calf serum
and 1% bovine serum albumin in phosphate-buffered saline (PBS), pH 7.4. The
nitrocellulose sheet was cut into strips, which were incubated with either human
sera (diluted 1:200) or an anti-histidine tag monoclonal antibody (Dianova,
Hamburg, Germany). After the strips were washed with PBS–0.05% Tween 20,
bound antibodies were detected with anti-human IgG and anti-mouse IgG per-
oxidase-conjugated secondary antibodies, respectively. For the enzyme-linked
immunosorbent assay (ELISA), 1 mg of recombinant protein ml21 was adsorbed
onto 96-well microtiter plates where were then incubated overnight at 4°C. After
the plates were washed with PBS–0.05% Tween 20, remaining binding sites were
blocked with a solution consisting of 5% fetal calf serum, 0.1% bovine serum
albumin, and 0.03% gelatin in PBS, pH 7.4. Again, the plates were washed and
incubated with serially diluted human sera overnight at 4°C. Detection of bound
immunoglobulins was achieved by incubation for 30 min at room temperature
with peroxidase-coupled anti-human IgG and IgA antibodies, respectively, di-
luted 1:5,000 in blocking buffer. Antibody binding was visualized with 2 mM
ABTS [2,29-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); Boehringer, Mann-
heim, Germany] in ABTS substrate buffer (Boehringer). Optical densities (ODs)
was read at wavelengths of 405 and 450 nm.

Nucleotide sequence accession number. The nucleotide sequence of the dnaK
locus was assigned GenBank/EMBL accession no. Y17165.

RESULTS

Molecular cloning of the dnaK gene cluster. PCR on
genomic DNA, using two degenerate oligonucleotide primers
derived from highly conserved regions of bacterial HSP70 pro-
teins, resulted in the amplification of three DNA fragments of
480 to 500 bp. Nucleotide sequence analysis revealed that one
of the isolated fragments (designated dnaK2) was highly ho-
mologous to bacterial dnaK genes. A genomic plasmid library
was constructed and screened by colony hybridization with the
32P-labeled PCR product. One recombinant plasmid (pdnaK1),
carrying a 1.6-kb BglII fragment, was recovered. A database
homology search based on nucleotide analysis of the 1.6-kb
insert showed that the 59 end of the putative C. jejuni dnaK
gene was present in pdnaK1. The missing 39 end was obtained
by a PCR-based genomic walking approach. After two rounds
of randomly primed PCR, two overlapping DNA products of
1.1 and 1.0 kb (dnaK3 and dnaK4, respectively) were amplified,
cloned, and sequenced. As was shown by nucleotide sequence
analysis, the missing 39 end of the dnaK gene was contained
within the two amplified fragments. To determine the nucleo-
tide sequence of the entire hrcA-grpE-dnaK gene cluster, a
1.2-kb PCR product (hrcA1) was amplified by the genomic
walking approach. Cloning and sequencing of the relevant re-
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gion revealed that the amplicon contained the 59 end of hrcA
and the upstream flanking region.

Nucleotide sequences and analysis of the hrcA, grpE, and
dnaK genes. By reconstruction of the genomic DNA sequences
from the insert of pdnaK1 and from the three PCR products,
the complete nucleotide sequence of the dnaK gene cluster
from C. jejuni was determined (Fig. 1B). The dnaK gene con-
sists of an ORF (ORF1) of 1,869 bp and encodes a polypeptide
of 623 aa with a predicted molecular mass of 67.3 kDa and a pI
of 4.82. The dnaK gene is preceded by a putative ribosome
binding site (AAGGAT) 5 nucleotides upstream of the AUG
start codon. The average G1C contents at positions 1, 2, and
3 of codons of the putative HSP70 gene are 50.6, 33.2, and
22.0%, respectively, confirming the codon usage commonly
found in C. jejuni genes. The predicted protein displayed a high
degree of homology to members of the 70-kDa family of HSPs.
In particular, the overall degrees of identity to HSP70 proteins
of H. pylori (18), Borrelia burgdorferi (2), Chlamydia trachomatis
(10), and Bacillus subtilis (44) were calculated to be 78.1, 60.5,

57.2, and 53.8%, respectively. A second ORF (ORF2), which is
525 bp long, was identified 22 bp upstream of dnaK. ORF2
encodes a protein with a calculated molecular mass of 20.0
kDa and a pI of 4.64. This protein exhibited a moderate degree
of homology to bacterial GrpE proteins, with overall degrees
of identity of 37.8% (H. pylori), 36.6% (Bacillus subtilis), 36.2%
(Borrelia burgdorferi), and 34.5% (Chlamydia trachomatis). A
third ORF (ORF3) was found upstream of grpE. The stop
codon TGA of ORF3 overlaps with the start codon GTG of the
grpE gene, and consequently the putative ribosome binding site
of grpE (AAGGAG) located 5 bp upstream of the start codon
is a part of the preceding ORF. The initiation codon GTG is
seldom used in the A1T-rich genome of C. jejuni, and we
observed that other strains of C. jejuni used ATG as the grpE
start codon. Interestingly, a similar overlapping of grpE with
the upstream gene has been reported for the Chlamydia tra-
chomatis hrcA-grpE-dnaK operon (37) and as well as the H.
pylori genome (41) (Fig. 1C). ORF3, which is 792 bp long,
codes for a protein with a molecular mass of 30.9 kDa and a pI

FIG. 1. (A) The 59 flanking region and the 59 end of the hrcA gene. Putative promoter regions are single underlined. A putative ribosome binding site is double
underlined. The CIRCE-like inverted repeat is depicted as a stem-loop structure. The putative transcription start site is indicated by an arrow. (B) Restriction map of
the dnaK locus. Abbreviations for restriction sites are as follows: Bc, BclI; Bg, BglII; Pv, PvuII; Ec, EcoRI; and Ba, BalI. Vertical arrows indicate the insertion sites of
plasmid pdnaK1 and the PCR products, from which the nucleotide sequence was derived. Boxes indicate the hrcA, grpE, and dnaK genes. (C) Nucleotide and amino
acid sequences of the hrcA-grpE overlapping region from C. jejuni and corresponding sequences from H. pylori and Chlamydia trachomatis. Putative ribosome binding
sites are double underlined. Overlapping start and stop codons are indicated by ovals.
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of 5.1. The overall degree of identity of the encoded polypep-
tide to other bacterial HrcA proteins is low. However, closer
inspection revealed a region of greater homology at the N-
terminal end of the C. jejuni protein. This region (aa 2 to 83)
exhibits identities to HrcA homologues of 35% (Clostridium
acetobutylicum), 32% (Chlamydia trachomatis and Lactococcus
lactis), 28% (Bacillus subtilis), and 23% (Caulobacter crescen-
tus) (Fig. 2). In some bacterial species (e.g., Bacillus subtilis),
dnaJ is a part of the dnaK operon. Therefore, we searched for
dnaJ-homologous sequences downstream of dnaK, but no such
region could be identified within 600 bp.

Features of the noncoding regions. Using oligonucleotides
complementary to the 59 ends of dnaK and grpE, respectively,
primer extension analyses revealed a putative transcription
start (P1) site 46 bp upstream of the dnaK start codon (Fig. 3A)
and a second putative transcription start site (P2) 184 bp up-
stream of the grpE start codon (data not shown). However, no
regions convincingly compatible with s70 or heat shock pro-
moter consensus sequences (9) were identified upstream of P1
or P2. Surrounding P2, a high-energy (DG0 5 224.2 kcal
mol21) putative stem-loop structure was detected within the
hrcA coding region, ranging from nucleotides 570 to 616 rela-
tive to the hrcA translation start site. Therefore, the possibility
that a secondary structure in the RNA stopped the reverse
transcriptase during the primer extension reaction cannot be
ruled out. A third putative transcription start site (P3) was
identified 34 bp upstream of the hrcA translation initiation
codon (Fig. 3B). The region in front of P3 exhibited a nucle-
otide sequence identical to the E. coli s70 consensus promoter
sequence (TTGACA-N16–18-TATAAT). Furthermore, be-
tween the putative 210 promoter hexamer and the hrcA trans-
lation start site, a putative stem-loop structure similar to the
CIRCE inverted repeat was detected. P3 is located at the
seventh position of the 59 branch of the hairpin (Fig. 1A). The
C. jejuni sequence differs from the CIRCE consensus sequence
(59-TTAGCACTC-N9-GAGTGCTAA-39) in that it exhibits

three mismatches in the stem and contains 8 nucleotides in the
loop of the putative hairpin structure.

A 25-bp structure of dyad symmetry (DG0 5 214.2 kcal
mol21) 14 nucleotides downstream of the dnaK stop codon,
followed by a stretch of 6 T’s, might function as a rho-inde-
pendent transcription terminator (11, 28).

Observation of dnaK mRNA levels under conditions of heat
stress. The in vivo transcripts of the dnaK locus were detected
by Northern analysis with total RNA obtained from normally
grown or heat-stressed bacteria. A 32P-labeled PCR product
internal to dnaK hybridized with two mRNA species with mo-
lecular sizes of about 2.0 and 2.8 kb (Fig. 4). The 2.8-kb mRNA
might correspond lengthwise to a grpE-dnaK transcript,

FIG. 2. Alignment of the deduced N-terminal amino acid sequence of the C.
jejuni (Cj) HrcA protein with those from Chlamydia trachomatis (Ct; GenBank
accession no. P54306), Clostridium acetobutylicum (Ca; P30727), Caulobacter
crescentus (Cc; P54305), Synechococcus sp. (Sy; P72795), L. lactis (Ll; P42370),
Staphylococcus aureus (Sa; P45556), and Bacillus subtilis (Bs; P25499). Amino
acid residues identical to those of C. jejuni are indicated by colons, while con-
servative replacements are indicated by dots. Amino acid residues identical or
conserved in all species are gray shaded. Gaps, indicated by dashes, have been
introduced to maximize similarity. The numbers indicate the percentages of
amino acid identity (id) and similarity (sim), respectively, between the N-termi-
nal end of the C. jejuni HrcA protein and the corresponding region of the
bacterial homologues. FIG. 3. Mapping of the 59 end of the dnaK (A) and the hrcA (B) genes by

primer extension analysis. IRD800-labeled oligonucleotides complementary to
the 59 ends of dnaK and hrcA, respectively, were hybridized with 10 mg of total
RNA (lanes P). The letters G, A, T, and C above the lanes represent products of
sequencing reactions using the same oligonucleotide as a primer. Arrowheads
indicate the main primer extension products.

FIG. 4. Northern blot analysis. RNA was isolated at 5 min (lanes 2), 10 min
(lane 3), 15 min (lane 4), 20 min (lane 5), 30 min (lane 6), and 60 min (lane 7)
after C. jejuni cells were shifted to 48°C. Lane 1 contains RNA from C. jejuni cells
incubated in BHIYE for 60 min at 37°C under aerobic conditions. Filters were
hybridized with a 32P-labeled probe internal to dnaK. No signal was detected
when using RNA from C. jejuni grown microaerobically at 37°C under the
conditions described in Material and Methods (data not shown). The minor
mRNA was detected in all RNA samples after longer periods of exposure (data
not shown). Transcript sizes are given in kilobases.
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whereas the 2.0-kb mRNA species might correspond to the
dnaK gene or constitute a degradation product of the larger
transcript. Following heat shock, there was a rapid increase in
both mRNA species, with levels reaching a maximum after 20
to 30 min. Even after 60 min, the amount of mRNA was clearly
augmented. Under the conditions described in Materials and
Methods (growth at 37°C in a microaerobic environment) no
dnaK-specific transcripts were detected in C. jejuni cells. How-
ever, after longer times of exposure, a signal of low intensity
corresponding to a 2.8-kb mRNA species could be detected
(data not shown). The possibility of nonspecific degradation of
the mRNA was excluded because rehybridization of the blot
with a groEL-specific probe yielded a distinct signal (data not
shown). Since heat shock experiments were performed in an
aerobic-atmosphere environment, C. jejuni cells were culti-
vated for 60 min at 37°C in BHIYE as a control. Under these
conditions, specific mRNA was increased; however, the in-
crease was weaker than that after 5 min of heat shock. This
observation is in concordance with published results showing
that expression of a putative HSP60 homologue of C. jejuni is
induced under aerobic growth conditions (36).

Antigenicity of the recombinant DnaK protein. The full-
length coding region of the dnaK gene was amplified by PCR
and ligated into the prokaryotic expression vector pET-
22b(1). Large-scale expression and nondenaturing purifica-
tion by metal affinity chromatography revealed that in addition
to the recombinant DnaK protein (rCjDnaK-His), a polypep-
tide with an apparent molecular mass of ;18 kDa, which might
be translated from an in-frame ATG codon, was coexpressed
and copurified (Fig. 5, lanes B and C). Therefore, fractions
containing rCjDnaK-His were pooled and further purified by
size exclusion chromatography. The final purified fraction
showed a single band with an apparent molecular mass of
about 68 kDa (Fig. 5, lane D). The N-terminal sequence of the
purified protein was determined by the Edman degradation
technique to be SKVIGIDLGT and agreed perfectly with the
predicted amino acid sequence.

As shown in Fig. 6, the recombinant protein reacted with 9
(of 24) serum specimens from patients with C. jejuni enteritis.
Only weak reactivity against rCjDnaK-His was detectable in 3
serum samples (of 16) from healthy volunteers. To quantita-
tively assess the anti-IgG and anti-IgA antibody responses to
rCjDnaK-His, ELISAs were performed. Levels of IgG anti-

bodies directed against rCjDnaK-His in sera from C. jejuni-
infected patients (mean OD 6 standard deviation [SD],
0.201 6 0.149) were significantly higher than in sera from
healthy controls (0.075 6 0.042) (P , 0.0005; Mann-Whitney
U test) (Fig. 7). In an IgA ELISA, the mean OD 6 SD for sera
of healthy individuals was 0.041 6 0.03. Among patients with
C. jejuni enteritis, the mean OD 6 SD was 0.023 6 0.013, a
difference which was statistically significant as well (P , 0.05)

FIG. 5. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of recom-
binant C. jejuni DnaK protein. Lanes: A, noninduced bacterial lysate; B, isopro-
pyl-b-D-thiogalactopyranoside (IPTG)-induced E. coli lysate; C, elute from an
Ni21 chelating column; D, rCjDnaK-His after gel filtration. Sizes of protein
standards (low molecular weight marker; Pharmacia) are shown to the left (in
thousands).

FIG. 6. Immunoblot analysis of sera from C. jejuni-infected patients (A)
(lanes 2 to 10) and from healthy controls (B) (lanes 2 to 4). Blots without
reactivities are not shown. Lanes A1 and B1, Western blot analysis using an
anti-histidine tag monoclonal antibody. Arrowheads indicate the size of
rCjDnaK-His.

FIG. 7. Serum IgA (A) and IgG (B) responses to rCjDnaK-His of 24 C.
jejuni-infected patients (■) and 16 healthy controls (F). Means 6 SDs are
indicated. ODs were read in an ELISA reader at 405 and 450 nm.
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(Fig. 7). By defining positive samples as those with absorbance
values equal to, or in excess of, the mean absorbance of the
control sera plus 3 SDs, 8 and 5 of 24 serum specimens from C.
jejuni-infected patients were found to be anti-IgG and anti-IgA
positive, respectively, but all of the controls were negative.

DISCUSSION

In this study, we have cloned, sequenced, and characterized
the hrcA-grpE-dnaK gene cluster of C. jejuni. Whereas the
polypeptides encoded by the dnaK and grpE genes exhibited
distinct homology to the respective proteins of other bacterial
species, only a low overall degree of similarity was seen be-
tween C. jejuni HrcA and its bacterial homologues. However,
at the N-terminal end, a stretch of approximately 85 aa resi-
dues exhibited significant homology (;32% identity and
;50% similarity) to the corresponding region of other HrcA
proteins. This region encompasses two amino acid sequences
of extended homology (designated boxes A and B [Fig. 2]),
which might be involved in HrcA activity (31). Although the
organization of the dnaK gene cluster, unlike the groE operon,
differs considerably among bacterial species, the basic struc-
ture seems to be hrcA-grpE-dnaK-dnaJ and derivatives thereof
(e.g., dnaK-dnaJ in E. coli) (34). In C. jejuni, dnaJ does not
appear to be a part of the dnaK operon, a finding that is
corroborated by the recently published nucleotide sequence of
the dnaJ gene (21). Hence, the organization of the C. jejuni
dnaK operon (hrcA-grpE-dnaK without dnaJ) is most similar to
those seen in Chlamydia trachomatis (37) and L. lactis (13).
Also, in the genome of H. pylori, dnaK and dnaJ are separated
(41). In C. jejuni, as well as in Chlamydia trachomatis and H.
pylori (between grpE and the preceding gene), but not in the
gram-positive species L. lactis, an overlap of translational reg-
ulatory signals at the hrcA-grpE intergenic boundary was ob-
served. Therefore, these two genes might be translationally
coupled, which would ensure balanced synthesis of HrcA and
GrpE proteins.

The hrcA gene is supposed to code for a repressor of the
groE and dnaK heat shock genes that acts by binding to a highly
conserved inverted repeat designated CIRCE. A putative
stem-loop structure very similar to the CIRCE consensus se-
quence was detected in front of the hrcA start codon. A
CIRCE element was found upstream of the C. jejuni groE
operon, located as well between the 210 promoter box and the
translation initiation site (39). In contrast to L. lactis, in which
a CIRCE stem-loop structure is involved in dnaJ expression
(42), C. jejuni’s dnaJ gene did not appear to have a CIRCE
element in front of it (21).

Northern blot analysis led to the detection of two mRNA
species, of 2.8 and 2.0 kb, both of which were strongly heat
inducible. The amount of specific mRNA in C. jejuni cells
growing microaerobically at 37°C was very small. Similarly, in
the closely related species H. pylori, no dnaK transcript was
observed in cells grown under nonstressed conditions, al-
though the gene product, the HSP70 protein, was synthesized
(18). A possible explanation is that minute amounts of mRNA
are sufficient for maintenance of HSP70 protein levels in non-
stressed cells. Alternatively, for reasons yet unknown, dnaK
mRNA may be prone to specific degradation. Transcript map-
ping by primer extension identified three putative transcription
start points, in front of the hrcA, grpE, and dnaK start codons.
The putative 210 and 235 promoter boxes upstream of hrcA
perfectly match the E. coli s70 consensus sequence (17), which
is an interesting finding because the consensus sequence for
the C. jejuni vegetative promoter in the 235 portion is com-
pletely different from that of E. coli (45). Putative promoter

regions similar or identical to the E. coli s70 consensus pro-
moter have been found in front of the dnaJ (21), groE (39), and
clpB (38a) heat shock genes from C. jejuni. It can be speculated
that a primary hrcA-grpE-dnaK transcript of C. jejuni is initi-
ated from the s70-like promoter upstream of hrcA. As could be
demonstrated for the dnaK operon of Chlamydia trachomatis,
methods like reverse transcription-PCR and RNase protection
assay, which are considerably more sensitive than standard
Northern blot hybridization, were necessary to detect the poly-
cistronic transcript (37).

No regions similar to s70 or heat shock (s32) consensus
promoters were found corresponding to P1 and P2. Therefore,
it may be possible that P1 and/or P2 is an mRNA processing
site instead of a transcription start site. Regulation of dnaK
expression appears to be complex and may differ among eu-
bacterial species. There has been discussion of posttranscrip-
tional processing of the dnaK operons of Bacillus subtilis and
Chlamydia trachomatis giving rise to mRNA species smaller
than the primary polycistronic transcript (32, 37, 44). High-
energy stem-loop structures, like that surrounding P2, have
been described in bacterial polycistronic operons as transcrip-
tional terminators or attenuators or sites crucial for mRNA
processing or degradation (15, 29).

Western blot analyses as well as ELISA studies indicate that
DnaK is immunoreactive in the human host, though only in a
minority of C. jejuni-infected patients. However, when inter-
preting these data, the fact that serological tests using conva-
lescent-phase sera from C. jejuni-infected patients may pro-
duce ambiguous results must be taken into account. First, in
some patients, no antibody response to Campylobacter antigens
is observed (6), and second, sera from healthy individuals
sometimes react with Campylobacter proteins (12). Further-
more, antibodies reacting with epitopes shared by microbial
DnaK homologues may contribute to the seropositivity among
healthy individuals observed in Western blot experiments. Due
to the extensive homology between bacterial HSPs and their
mammalian counterparts, the humoral and/or T-cell response
against these proteins has been proposed to influence the
pathogenesis of autoimmune diseases (19). Cloning of C. jejuni
heat shock genes and overexpression of the encoded proteins
are first steps in studying their roles, if any, in the pathogenesis
of C. jejuni-associated GBS. Since heat shock proteins are
currently being discussed as promising candidates for subunit
vaccines (25) and a Campylobacter vaccine is urgently needed
(33), efforts to rule out the possibility or to demonstrate that C.
jejuni HSPs can trigger or support autoimmune mechanisms
must be increased.
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