INFECTION AND IMMUNITY, Aug. 1998, p. 3666-3672
0019-9567/98/$04.00+0

Vol. 66, No. 8

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Characterization of the Thermal Stress Response of
Campylobacter jejuni

MICHAEL E. KONKEL,'* BONG J. KIM,' JOHN D. KLENA,> COLIN R. YOUNG,?
AND RICHARD ZIPRIN?

Department of Microbiology, Washington State University, Pullman, Washington 99164-4233"; Department of Plant
and Microbial Science, University of Canterbury, Christchurch, New Zealand?; and Food and Feed Safety
Research Unit, Food Animal Protection Research Laboratory, Agricultural Research Service,

United States Department of Agriculture, College Station, Texas 778745

Received 13 March 1998/Returned for modification 5 May 1998/Accepted 1 June 1998

Campylobacter jejuni, a microaerophilic, gram-negative bacterium, is a common cause of gastrointestinal
disease in humans. Heat shock proteins are a group of highly conserved, coregulated proteins that play
important roles in enabling organisms to cope with physiological stresses. The primary aim of this study was
to characterize the heat shock response of C. jejuni. Twenty-four proteins were preferentially synthesized by C.
Jejuni immediately following heat shock. Upon immunoscreening of Escherichia coli transformants harboring a
Campylobacter genomic DNA library, one recombinant plasmid that encoded a heat shock protein was isolated.
The recombinant plasmid, designated pMEK20, contained an open reading frame of 1,119 bp that was capable
of encoding a protein of 372 amino acids with a calculated molecular mass of 41,436 Da. The deduced amino
acid sequence of the open reading frame shared similarity with that of DnaJ, which belongs to the Hsp-40
family of molecular chaperones, from a number of bacteria. An E. coli dnaJ mutant was successfully comple-
mented with the pMEK20 recombinant plasmid, as judged by the ability of bacteriophage A to form plaques,
indicating that the C. jejuni gene encoding the 41-kDa protein is a functional homolog of the dnaJ gene from
E. coli. The ability of each of two C. jejuni dnaJ mutants to form colonies at 46°C was severely retarded,
indicating that DnaJ plays an important role in C. jejuni thermotolerance. Experiments revealed that a C. jejuni
DnaJ mutant was unable to colonize newly hatched Leghorn chickens, suggesting that heat shock proteins play

a role in vivo.

Campylobacter jejuni, a microaerophilic, gram-negative bac-
terium, is a member of the epsilon subdivision of eubacteria. C.
jejuni is recognized as a common cause of diarrheal disease in
humans (9). Infection with C. jejuni is commonly acquired by
eating undercooked chicken or drinking unpasteurized milk or
contaminated water. Epidemiological studies have revealed
that chickens serve as important reservoirs for C. jejuni and are
generally colonized by C. jejuni early in life (7, 33). Chicken
carcasses become extensively contaminated with C. jejuni dur-
ing the slaughtering process, and the number of C. jejuni-
contaminated carcasses is amplified by contaminated process-
ing equipment (8). It is estimated that 50 to 90% of chicken
carcasses are contaminated with C. jejuni by the time of sale.
Given the importance of chickens as a major reservoir of C.
jejuni and the fact that so many C. jejuni infections are acquired
by eating contaminated poultry, studies are required to exam-
ine the role of bacterial heat shock proteins (Hsps) in C. jejuni
colonization of the intestinal tracts of chickens.

Organisms respond to thermal stress by inducing the synthe-
sis of a group of highly conserved proteins called Hsps (22, 23).
Hsps are a group of coregulated proteins whose rate of syn-
thesis varies with temperature but increases rapidly after a
sudden increase in temperature or in response to other envi-
ronmental stresses. In addition to playing important roles in
thermotolerance and coping with other physiological stresses,
Hsps serve vital roles in normal cell function by acting as
chaperones to promote the folding of most cellular proteins
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and proteolysis of potentially deleterious, misfolded proteins.
More specifically, in E. coli, DnaK, Dnal, and GrpE aid in
protein folding, bacteriophage \ replication (1, 32), replication
of plasmids mini-P1 and mini-F (17, 35), host DNA replication
(30), and the proteolysis of normally unstable proteins. Muta-
tions in dnaJ and dnaK have similar phenotypes, a finding that
is explained by the fact that the two proteins they encode work
together.

Thermoregulation plays an important role in virulence gene
expression in pathogenic bacteria, including Escherichia coli,
Salmonella spp. Shigella spp., and Yersinia spp. Given the im-
portance of the heat shock response in the pathogenesis of
other enteric pathogens, the heat shock response may play a
role in the pathogenesis of C. jejuni-mediated enteritis. The
purpose of this study was to examine the heat shock response
of C. jejuni to identify proteins whose synthesis is increased in
response to thermal stress. Experiments were also performed
to address the importance of the thermal stress response in
allowing C. jejuni to grow at temperatures of 43°C and greater
by generating a C. jejuni dnaJ mutant. Interestingly, the opti-
mal growth temperature for C. jejuni in the laboratory has been
reported to be 42°C (36), which approximates the core tem-
perature of chickens (14).

MATERIALS AND METHODS

Bacterial isolates and growth conditions. C. jejuni F38011, M129, 78-27,
81116, and 33560 were cultured on Mueller-Hinton (MH) agar plates containing
5% citrated bovine blood at 37°C in Gas-Pak jars with CampyPak Plus packets
(BBL Microbiology Systems, Becton Dickinson, Cockeysville, Md.). Each isolate
was passaged every 24 to 48 h. C. jejuni F38011 and M129 were provided by K.
Ryan (University Medical Center, University of Arizona, Tucson), 81116 was
from L. S. Tompkins (Stanford University, Stanford, Calif.), 78-27 was from M. J.
Blaser (Vanderbilt University, Nashville, Tenn.), and 33560 was from the Amer-
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ican Type Culture Collection (Rockville, Md.). E. coli isolates XL1-Blue MRF,
K-12 strain BMH71 (mutL), MF670, and BR3672 were cultured in Luria-Bertani
broth (LB; 10 g of Bacto Tryptone, 5 g of yeast extract and 5 g of sodium chloride
per liter) with aeration or on LB plates containing 15 g of Bacto Agar per liter
in a 37°C incubator supplemented with the appropriate antibiotic. Culture media
were supplemented with, per milliliter, 50 g of ampicillin, 50 pg of kanamycin,
or 15 pg of tetracycline, as needed.

Metabolic labeling of C. jejuni proteins. C. jejuni was harvested from MH
blood agar plates in phosphate-buffered saline (PBS) and pelleted by centrifu-
gation at 6,000 X g for 10 min at 4°C. The bacterial pellets were suspended in
labeling medium (Eagle’s minimal essential medium minus methionine [ICN
Biomedicals, Inc., Aurora, Ohio] supplemented with 1% dialyzed bovine serum)
to an optical density of 0.3 at 540 nm. The bacterial suspensions (3 ml of each
sample) were equilibrated at 37°C for 10 min and then incubated between 43 and
46°C for 1, 3, 5, or 10 min to induce a heat shock response. [*>S]methionine (25
wCi/ml) was added to all of the cultures, which were then incubated for an
additional 15 min, to identify the proteins whose synthesis was increased or
enhanced following the heat shock. The labeling period was terminated by a
chase with unlabeled methionine (1 mM, final concentration) and placement of
the cultures on ice. Bacterial cells were pelleted by centrifugation at 6,000 X g at
4°C, washed twice in PBS, and suspended in 50 pl of water. All samples were
stored at —20°C. C. jejuni cocultured with INT 407 epithelial cells was also
labeled with [**S]methionine as previously described (19).

One- and two-dimensional gel electrophoresis. One-dimensional gel electro-
phoresis was performed by mixing the same volume of each bacterial suspension
with double-strength electrophoresis sample buffer. Samples were placed in
boiling water for 5 min and allowed to cool to room temperature. Proteins were
resolved in sodium dodecyl sulfate (SDS)-12.5% polyacrylamide gels by using
the discontinuous buffer system described by Laemmli (21). Two-dimensional gel
electrophoresis was performed as described elsewhere (26). Labeled bacterial
proteins were visualized by autoradiography. Analyses of one- and two-dimen-
sional autoradiographs were performed by using the Multi-Analyst and Melanie
1I software packages (Bio-Rad Laboratories, Richmond, Calif.).

Construction and screening of the C. jejuni genomic DNA library. Chromo-
somal DNA was isolated from C. jejuni F38011 as previously described (24). C.
Jjejuni chromosomal DNA partially digested with Sau3AI was ligated into the
unique BamHI site of pBluescriptll SK+ (pBSKII+) with T4 DNA ligase
(Boehringer Mannheim, Indianapolis, Ind.) in an overnight incubation at 14°C
under the conditions described by the supplier. To prevent autoligation of the
vector, the linearized pBSKII+ plasmid vector was treated with calf intestinal
alkaline phosphatase (Promega, Madison, Wis.) prior to the ligation reaction.
The ligated products were precipitated by addition of 0.5 volume of 7.5 M
ammonium acetate and 2.5 volumes of 100% ethanol. The precipitated DNA was
washed once with 70% ethanol, air dried, and suspended in water. The DNA was
then transformed into E. coli XL1-Blue by electroporation with a Gene Pulser
(Bio-Rad Laboratories).

E. coli transformants were transferred to nitrocellulose membranes and
screened with an antiserum prepared against whole-cell C. jejuni cultured with
epithelial cell monolayers as described previously (31). Briefly, membranes with
bacterial colonies were placed on chloroform-saturated Whatman paper for 15
min, air dried, incubated in a bacterial cell lysis buffer, and rinsed. Membranes
were then incubated for 18 h at 4°C with a 1:250 dilution of the rabbit anti-C.
Jejuni serum in PBS (pH 7.4)-0.01% Tween 20 containing 20% bovine serum and
an E. coli extract (Protoblot; Promega) to reduce the background. Bound anti-
bodies were detected with peroxidase-conjugated goat anti-rabbit immunoglob-
ulin G (Organon Teknika Corp., West Chester, Pa.) as the secondary antibody
and 4-chloro-1-naphthol (Sigma Chemical Co., St. Louis, Mo.) as the chromo-
genic substrate.

DNA sequencing. DNA sequencing was performed with a double-stranded
DNA cycle-sequencing kit in accordance with the supplier’s (Life Technologies
Inc., Gaithersburg, Md.) instructions. Sequencing primers were synthesized by
Ransom Hill Bioscience, Inc. (Ramona, Calif.). Samples were heated to 95°C for
5 min prior to electrophoresis in 8% polyacrylamide-8 M urea sequencing gels
in TBE (0.089 M Tris base, 0.089 M boric acid, 0.002 M EDTA [pH 8.0]). After
electrophoresis, the gels were transferred to 3MM paper (Whatman), dried, and
analyzed by autoradiography.

Analysis of recombinant plasmid-encoded proteins. In vitro transcription-
translation analyses of purified recombinant plasmids were performed with an E.
coli S30-coupled Transcription Translation System as described by the supplier
(Promega). The translated products were labeled with [*>S]methionine (New
England Nuclear [NEN], Boston, Mass.) and analyzed by SDS—polyacrylamide
gel electrophoresis (PAGE) with the buffer system described by Laemmli (21).
Labeled proteins in dried gels were detected by autoradiography.

Bacteriophage infections. E. coli isolates were cultured in LB broth containing
the appropriate antibiotic at 37°C with shaking for 24 h. Overnight bacterial
cultures (200 pl) were added to 10 ml of LB broth supplemented with 0.2%
maltose and 10 mM MgSO,. Following a 3-h incubation at 37°C with shaking, the
bacteria were pelleted by centrifugation at 6,000 X g. The bacterial pellets were
suspended in 10 mM MgSO, to an optical density of 0.5 at 600 nm. Each
bacterial suspension (600 1) was then mixed with 8.5 ml of melted NZY top agar
(10 g of NZ amine [casein hydrolysate], 5 g of yeast extract, 5 g of sodium
chloride, 2 g of MgSO, - 7TH,0, and 7.5 g of agar per liter) and spread onto a

C. JEJUNI THERMAL STRESS RESPONSE 3667

150-mm-diameter plate of NZY agar. Bacteriophage infections were performed
as described elsewhere (Stratagene, La Jolla, Calif.). Alternatively, phage stocks
(20 wl) were spotted onto the surface of NZY top agar and the plates were
incubated at 37°C for 24 h. As E. coli dnaJ mutants are unable to support
bacteriophage \ replication, complementation of an E. coli dnaJ mutant with a
recombinant plasmid was judged by the ability of bacteriophage N\ to form
plaques.

Southern hybridization. Southern hybridization of C. jejuni chromosomal
DNA with a 558-bp fragment that was amplified by PCR from plasmid pMEK20
was performed under conditions described elsewhere (24). The gel-purified
DNA was nick translated with [a->?P]dCTP (NEN) by using a nick translation kit
from Promega. C. jejuni chromosomal DNA was digested with restriction endo-
nucleases under the conditions described by the supplier (New England Biolabs,
Beverly, Mass.), fractionated in 0.8% agarose gels (16 h at 25 V) in TBE buffer,
and transferred to GeneScreen hybridization transfer membranes (NEN) by
vacuum blotting with a VacuGene vacuum blotting apparatus in accordance with
the manufacturer’s (Pharmacia) recommendations. The DNA was fixed to the
membrane by UV cross-linking using a GS Gene Linker UV chamber (Bio-Rad).

Isolation of two isogenic C. jejuni dnaJ mutants. The dnaJ gene in C. jejuni
F38011 was disrupted by homologous recombination as described elsewhere
(20). Briefly, a 558-bp internal fragment of the dnaJ gene from C. jejuni F38011
was amplified by PCR and cloned into the pCRII cloning vector (TA Cloning
System; Invitrogen, San Diego, Calif.). The cloned insert was excised by restric-
tion endonuclease digestion with EcoRI, gel purified, and ligated into the
pBSKII+ vector containing a Campylobacter kanamycin resistance gene. The
pBSKII+ vector was digested with EcoRI and treated with calf intestinal alkaline
phosphatase prior to ligation. The resultant plasmid was introduced into C. jejuni
F38011 by electroporation and acted as a suicide vector for delivery of the
internal fragment of the dnaJ gene into the C. jejuni chromosomal gene through
allelic exchange. Two potential C. jejuni dnaJ insertional mutants were identified
by the acquisition of kanamycin resistance. Both of the C. jejuni Dnal null
mutants were confirmed by Southern hybridization analyses.

Plating efficiency. C. jejuni was harvested from MH blood agar plates in PBS,
pelleted by centrifugation at 6,000 X g, and suspended in PBS to an optical
density of 0.2 at 540 nm. Serial dilutions of each bacterial suspension were plated
on MH blood agar plates, and the resultant colonies were counted after a 3-day
incubation period at the appropriate temperature.

In vivo colonization studies. Day-of-hatch Leghorn chickens (Hy-Line W-36)
were obtained from a commercial hatchery (Hy-Line International, Bryan, Tex.)
and placed in electrically heated commercial brooder batteries located within a
biological hazard isolation unit. Five chickens were euthanized on arrival at the
laboratory and determined to be free of Campylobacter isolates by aseptic re-
moval and culturing of the cecal contents on Campy-Cefex agar plates (34).
Chickens were provided water and a balanced, unmedicated corn-soybean ration
ad libitum. Food and water were withheld for 2 to 3 h prior to challenge but given
ad libitum immediately after challenge. For challenge, C. jejuni was cultured in
a microaerophilic atmosphere on Campy-Cefex agar plates for 48 h at 42°C and
then harvested in PBS. Previous experiments revealed that the heat shock re-
sponse of C. jejuni is exhibited at 43°C and higher temperatures. Each chicken
was given 1 ml of a suspension containing approximately 10* to 10° viable C.
Jejuni bacteria by oral gavage. The number of viable C. jejuni bacteria in each
suspension was determined by direct plate counting. Seven days after challenge,
the chicks were humanely euthanized and the cecal contents were collected
aseptically. The cecal contents were serially diluted and 0.1-ml samples of each
dilution were spread onto the surfaces of Campy-Cefex agar plates to give final
dilutions of 1072 to 10~°. The number of viable C. jejuni bacteria in each sample
was determined by counting the resultant colonies on the Campy-Cefex agar
plates following 2 to 3 days of incubation under the conditions described above.

Nucleotide sequence accession number. The GenBank accession number of
the sequence shown in Fig. 4 is AF052661.

RESULTS

Identification of C. jejuni Hsps. Hsps are defined as those
proteins whose synthesis is dramatically induced at high
temperatures. To identify C. jejuni Hsps, bacteria were
pulse-labeled with [**S]methionine at 37°C or at elevated tem-
peratures (43 or 46°C) and proteins were separated by one-
dimensional gel electrophoresis. A typical autoradiograph
showing the heat shock response of C. jejuni is presented in
Fig. 1. C. jejuni Hsps were identified by computer analysis of
the autoradiographs. Nine C. jejuni Hsps were detected when
the bacteria were shifted from 37 to 43°C, as judged by
[>*S]methionine labeling coupled with SDS-PAGE analysis
(Fig. 1). The molecular masses of these proteins ranged from
28 to 93 kDa. No differences were observed in the protein
synthetic profiles of bacteria shifted from 37 to 43 or 46°C
(data not shown). In addition, no differences were noted in the
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FIG. 1. Autoradiograph of a one-dimensional gel of proteins synthesized by
C. jejuni M129. C. jejuni bacteria were preincubated at 37°C for 10 min and then
either maintained at 37°C for 10 min (lane 1) or shifted to 43°C for 1, 3, or 5 min
(lanes 2 to 4, respectively) to identify proteins whose synthesis is increased
following a rapid temperature upshift. Proteins were labeled with [*>S]methi-
onine for 15 min at either 37°C (lane 1) or 43°C (lanes 2 to 4). C. jejuni Hsps
ranging in molecular mass from 28 to 93 kDa are indicated on the right (arrows).
The positions of molecular mass standards (sizes are in kilodaltons) are indicated
on the left.

heat shock responses of C. jejuni bacteria which were harvested
after a 24-h incubation period from MH broth cultures or from
MH blood agar plates (data not shown). Therefore, additional
assays were conducted with C. jejuni harvested from MH blood
agar plates after a 24-h incubation period.

To further characterize the Hsps synthesized by C. jejuni,
bacteria cultured at 37°C were pulse-labeled with [*°S]methi-
onine for 15 min at either 37, 43, or 46°C and analyzed by
two-dimensional gel electrophoresis coupled with autoradiog-
raphy. A typical autoradiograph showing the heat shock re-
sponse of C. jejuni is presented in Fig. 2. Twenty-four C. jejuni
Hsps were identified (Fig. 2B). The molecular masses of these
Hsps ranged from 22 to 77.4 kDa (Table 1). As observed with
other pathogens (3, 12, 15), many of the C. jejuni Hsps were
detectable prior to the temperature upshift but were preferen-
tially synthesized immediately following heat shock. The
apparent molecular masses of the major Hsps detected by
two-dimensional gel electrophoresis corresponded to those
identified by one-dimensional gel electrophoresis. Again, the
heat shock response of C. jejuni was found to be essentially the
same regardless of whether the temperature was elevated from
37 to 43°C or from 37 to 46°C (data not shown). Several C.
Jejuni proteins were also identified whose synthesis decreased
following the sudden temperature upshift (Fig. 2A). The mo-
lecular masses of these proteins ranged from 21.2 to 124 kDa
(Table 1). These findings suggest that the heat shock response
of C. jejuni, with respect to the number and apparent molec-
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FIG. 2. Autoradiograph of a two-dimensional gel of proteins synthesized by
C. jejuni F38011. C. jejuni bacteria were preincubated at 37°C for 10 min and then
either maintained at 37°C for 10 min or shifted to 46°C for 10 min to identify
proteins whose synthesis is either increased or decreased following a temperature
upshift. Proteins were labeled with [>*S]methionine for 15 min at either 37°C (A)
or 46°C (B) following the temperature upshift. Fourteen proteins were identified
whose synthesis was decreased following the temperature upshift (A, arrows),
and 24 proteins were identified whose synthesis was increased following the
temperature upshift (B, arrows). The positions of molecular mass standards
(sizes are in kilodaltons) are indicated on the left. IEF, isoelectric focusing.

ular masses of proteins whose synthesis is increased or de-
creased, resembles that of other, more extensively character-
ized enteric pathogens (15).

Characterization of recombinant plasmid pMEK20. Several
immunoreactive colonies were identified by screening a C.
Jjejuni genomic DNA plasmid library with antiserum prepared
against whole C. jejuni cells incubated with epithelial cells
(Cj+INTs). In the course of sequencing several of the recom-
binant plasmids, one was chosen for further characterization
based on the putative identification of a gene whose deduced
amino acid sequence shared similarity with those of proteins
that belong to the Hsp-40 family of molecular chaperones. The
identification of a gene coding for a putative Hsp provided the
opportunity to gain a better understanding of the importance
of a thermal stress response in allowing C. jejuni to grow at
elevated temperatures. The question of whether an Hsp plays
a role in enabling C. jejuni to colonize the intestinal tracts of
chickens could also be addressed by constructing a null muta-
tion in a gene encoding an Hsp.
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TABLE 1. Altered protein synthetic profile of C. jejuni F38011 in response to heat shock

Protein type

Molecular masses (kDa)

Induced”
Suppressed”

77.4,73.5,61,58.2,57,56,51.9,48.2,45.7,44.2,43,42.6, 41.2,37.5, 37.3, 37, 36.8, 33, 28.3, 26.5, 24.8, 24.5, 23, 22
124, 98.6, 97.3, 96, 96, 52, 45, 44.2, 43.8, 32, 25.5, 22.5, 21.5,21.2

¢ Indicates the apparent molecular masses of the 24 proteins for which synthesis was increased in response to a sudden upshift in temperature.
? Indicates the apparent molecular masses of the 14 proteins for which synthesis was decreased in response to a sudden upshift in temperature.

Sequencing of the entire 2.4-kb insert contained within re-
combinant plasmid pMEK20 revealed the presence of one
partial open reading frame (ORF) of 695 bp that was contin-
uous and in frame with the B-galactosidase-encoding gene
within the pBSKII vector and a second complete ORF 1,119 bp
long (Fig. 3). The deduced amino acid sequence of the com-
plete ORF shared 56.74 to 66.76% similarity with DnalJ pro-
teins from a number of bacteria (mean percentage = standard
deviation, 60.05 = 3.2 [n = 10]). To determine whether the
Cj+INTs serum contained antibodies reactive to DnalJ from C.
jejuni, whole-cell lysates of E. coli XL1-Blue harboring the
pBSKII+ parental or pMEK20 recombinant plasmid were sub-
jected to SDS-PAGE coupled with immunoblot analysis. Al-
though an immunoreactive band of 33 kDa was observed with
the Cj+INTs serum, the predicted molecular mass of Dnal
was estimated to be approximately 42 kDa (data not shown).
Based on this finding, the immunoreactivity of the E. coli
transformant harboring recombinant plasmid pMEK20 was hy-
pothesized to be a result of the expression of the partial ORF
from the lacZ promoter contained within the pBSKII+ cloning
vector. To identify the 5’ end of the gene coding for the partial
OREF, a C. jejuni genomic DNA \ phage library was screened
with oligonucleotide primers. This strategy resulted in the iso-
lation of two reactive plaques whose DNA inserts were subse-
quently sequenced. Both inserts contained fragments of C.
jejuni DNA that overlapped the insert contained within recom-
binant plasmid pMEK20. We identified a gene of 1,263 nucle-
otides that is capable of coding for a protein of 420 amino acids
with an M, of 45,267 (data not shown). A search of the PIR and
SwissProt databases with the deduced 420-amino-acid se-
quence revealed that it exhibited 96.7% identity with the major
outer membrane protein (MOMP) from C. jejuni 2483. Each of
the antisera, which were generated in rabbits against either
whole-cell or outer membrane protein extracts from C. jejuni,
contains antibodies that react with the 43-kDa MOMP from C.
jejuni. The molecular characterization of the gene encoding
the MOMP from C. jejuni will be described elsewhere, as it is
not the focus of this report.

Molecular characterization of the gene coding for Dna]J
from C. jejuni. The complete, 1,119-bp ORF contained within
recombinant plasmid pMEK20 is capable of encoding a pro-
tein of 372 amino acids with a calculated molecular mass of
41,436 Da (Fig. 4). The ORF begins with a valine (GTG)
initiation codon and is terminated by two in-frame stop (TAA)
codons. A putative ribosome-binding site is located 5 nucleo-
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FIG. 3. Physical map of pMEK20. The 2,237-bp insert contains one complete
ORF of 1,119 bp encoding a protein that shares similarity with DnaJ protein
from other organisms and one partial ORF of 692 bp. The partial ORF repre-
sents the 3’ end of the gene that encodes the MOMP from C. jejuni. The arrows
indicate the directions in which the genes are transcribed. S, Sau3Al restriction
endonuclease site.

tides upstream of the proposed valine initiation codon. Also
identified upstream of the proposed valine initiation codon and
ribosome-binding site were putative 0°2 and ¢’° promoter el-
ements. Downstream of the two in-frame stop codons is a
putative terminator sequence that is capable of forming a 9-bp
inverted repeat. The G+C content of the gene encoding the
41-kDa protein is 34 mol%, which is consistent with the base
composition of Campylobacter DNA (28).

The deduced amino acid sequence of the gene capable of
encoding the 41-kDa protein was compared to sequences in
the PIR and SwissProt databases. The deduced amino acid
sequence of the 41-kDa protein exhibited similarity with Dnal
proteins from a number of bacteria, including E. coli (60.8%),
Salmonella typhimurium (59.6%), and Clostridium acetobutyli-
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CTACTAAAATTTTARATTT T TANAGAATAATGTGCARATAAGTTATTATCARATTCTTGARATCACGE 210

vV E I § Y Y E I L E I T

AAAATGCTGATAAAG, CCATA AAGCCTAT, AAAATGGCTTTAAAATATCATCCTGATAGAAA 280
¢ N A DK ETTI XK KA Y R KMALI KYHZPDRN

CCAAGGTGATAAAGAAGCAGAAGATAAATTCAAGCTTGTTAATGAAGCCTATGAAGTTTTAAGCAATGAT 350
9 G D K EAEDIE KT F KL VNEAYEUVIL S ND

G, GCGAGCTATTTATGATAGATAC TGCTT GGC ATTTGGTTCTAGTAGCTCAG 420
E K RA I Y DRYGKMTLIE KTGGGTF G S § § 8

TTTAGGAGATATATTTTCTAGTTTTTTT GAAGGCTTTGGCTCATCACG 490
GFGGFEDLGDIFSSFFGEGFGSSR

TCGTAGAAAAAGTTCAAA‘TGATGAGAAAATCCCTTCAGATTTTATCGTTAATTTAAAATTAAGTTTTAAA 560
R R K & §$ NDEK I P S DF I VDNTULZEKTELSTF K

GAAGCGGTTTTTGGTTGTAAG TATAGACTTTACTTATAAATGCTCTTGTAAAACTTGTAATGGAA 630
EAVFGCKKNIDFTYKCS@KT@N@

CAGGGGCTAAAGATGGAAAGCTTCAAACT’I‘GTCCAAAGTGTCAA TTTCTCA 700

T@AKDGKLQT@PK@Q@ @QVGVSQ

ACGTTTTATCACTTTTGCACARACTTGCCCTGATTGTCARGGAATT AAAAGCTAGTGAARAATGT 770
¢ F1TFAQT@Q@?Pp@e@:I@EEKASEEKQE
AGTGATTGTARAGGTTTGGGTTATARTGAAAGCAAAGATAGTGTCGAGCTTAATATCCCAGAAGGTGTAG 840
s POkKk@ELr@vY NESKDSVELNTIEPEGYV

ATACAGGTATGAAGCTTCGTGTCAATGCTAAAGGTAATATCTTAAAAAATGGTACTAGAGGGGATATGTA 910
D T GM XK LRV NAIEKTGNTITULIEKNGTURGTDMY

TGTTAAGATCATCGCCGCTGAAGATGATACTTTTATCAGAGATGATGATGATATATATATAGAATTTCCA 980
v K I I A A E DD TV F I RUDDDZDTIY I EF P

GTGTTTTTTACCCAGGCTATCTTAGG TAT: TACCCACCATACGCGGTGAAGCGACCTTAA 1050
vV F FTQ ATITLGESTIZ KV VPTIZRGEH®ATL

ATTTACCAAAGGGTGCTAAAGATGG, GATTTGTTCTT AGAAGGGGTAAA, 'GTTCATAG 1120
N L P K G A KD GQRF VL EZEKTETGUV KDV H S

TTCTCGCATGGGAAATCAARTCGTTCARATTTCTATCAAATTCCCARCTTCTTTAAACGATGAACAARAA 1190
S R M G N @ I V QI 8 I KF P T S L N D E Q K

GAACTTTTAGAAAAACTAAGTGAAAGTTTTGGCATCAAAGATGGTATGCATCAAGAGC: e TTT 1260
E L L E XK L S E S F G I KD GMUHEOQEOQZE K G L

TTGGGAAAATTTTTTATA 1330

TTGAAAAAATCACTAATTGGTTTAAGTCTTAATTTTCCTAAAGCGTTTT

F E K I T N W F K S
. . s « - . .
TAAATTTAAGTTTT. TCAGGCAT. ARGGCGGAGCAAAACTCCGCCTTGAAGTTAGACTTGAA 1400

FIG. 4. Nucleotide and deduced amino acid sequences of the C. jejuni dnaJ
gene. The deduced amino acid sequence is indicated below the nucleotide se-
quence in single-letter code. One putative 02 (—35 [CTTGTAA] and —10
[CTTTAA]) and two putative o’® promoter elements are indicated by the rect-
angles and ovals, respectively. The proposed ribosome-binding site (AGGA) is
overlined. The two in-frame translational stop codons, both of which are ochre
codons, are underlined. A possible terminator is indicated by converging arrows
over an inverted repeat. The circled cysteines and glycines make up the cysteine-
rich repeat motif (Cys-X-X-Cys-X-Gly-X-Gly) characteristic of Dnal proteins.
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FIG. 5. Alignment of the deduced amino acid sequence of DnalJ from C.
Jejuni (dnaj_cj) with the DnalJ proteins from E. coli (dnaj_ecoli), S. typhimurium
(dnaj_salty), and C. acetobutylicum (dnaj_cloab). Gaps, indicated by dashes, were
introduced to obtain maximal alignment. Amino acids are indicated by single-
letter codes and are numbered from the first valine or methionine residue.
Identical or conserved amino acid residues are boxed. Comparison of the C.
Jjejuni DnaJ amino acid sequence to the Dnal proteins from E. coli, S. typhi-
murium, and C. acetobutylicum yielded amino acid sequence similarity values of
60.8, 58.9, and 59.6%, respectively.

cum (58.9%) (Fig. 5). The deduced amino acid sequence of the
C. jejuni 41-kDa protein also contains four cysteine-rich re-
peats (Cys-X-X-Cys-X-Gly-X-Gly) located between Cys-147
and Gly-206 (Fig. 4 and 5). These four cysteine-rich repeats are
characteristic of DnalJ proteins found in other bacteria (2).

In vitro transcription-translation analysis of recombinant
plasmid pMEK20. The products synthesized by pMEK20 were
labeled with [**S]methionine by using the in vitro E. coli cell-
free transcription-translation (S30) system (Fig. 6). Aliquots of
the in vitro assay were separated by SDS-12.5% PAGE, and
labeled proteins were detected by autoradiography. Examina-
tion of the autoradiograph revealed that pMEK20 synthesized
two products with relative molecular masses of 41 and 33 kDa
and a third product of 31 kDa, which was also synthesized by
the pBSKII+ parental plasmid. The 41-kDa band likely rep-
resents the Dnal protein, the 32-kDa band represents a LacZ-
MOMP fusion protein, and the 31-kDa band represents the
BlaM product encoded by the pBSKII vector. Based on this
analysis, the gene coding for the 41-kDa product is hypothe-
sized to be expressed from an endogenous promoter, given that
the gene is located in the opposite orientation from the lacZ
promoter of the pBSKII+ cloning vector. In support of this
hypothesis, a ribosome-binding site and putative promoter el-
ements were identified upstream of the gene’s proposed valine
initiation codon.

Complementation of an E. coli dnaJ mutant. E. coli dnaJ
mutants are unable to support plaque formation by bacterio-
phage \ at any temperature (32). To determine whether the C.
jejuni gene encoding the 41-kDa protein could complement an
E. coli dnaJ mutant, bacteriophage M\ infection studies were
performed with an E. coli dnaJ deletion mutant. In contrast to
transformants harboring the parental pBSKII plasmid, plaques
were observed following infection of the E. coli dnaJ mutant
harboring the pMEK20 recombinant plasmid (data not
shown). Based on this finding and the additional data pre-
sented above, the C. jejuni gene encoding the 41-kDa protein
was designated dnal.
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FIG. 6. In vitro transcription-translation analysis of recombinant plasmid
PMEK. Translated products were labeled with [>>S]methionine and separated by
SDS-12.5% PAGE, and products were visualized by autoradiography. pBlue-
scriptll SK+ (pBSKII) is the parental plasmid, and pMEK20 (dnaJ") is a
recombinant plasmid. The products translated by one or both of the plasmids are
given on the right. The positions of molecular mass standards (sizes are in
kilodaltons) are indicated on the left.

C. jejuni dnaJ gene copy number. Southern hybridization
analysis of chromosomal DNAs from four different C. jejuni
isolates (F38011, 78-27, 8116, and 33560) was performed with
a gel-purified 558-bp fragment that lies internal to the dnaJ
gene within pMEK?20 (data not shown). The size and number
of bands observed corresponded to the physical map of the
insert in pMEK20, regardless of the enzyme employed for
digestion. These findings suggest that there is a single copy of
the dnaJ gene in the genome of C. jejuni isolates.

Phenotypic properties of C. jejuni dnaJ mutants. Although
E. coli Dnal] mutants are viable and capable of forming colo-
nies on agar plates at 37°C, Dnal is required for bacterial
survival at higher temperatures, as evidenced by the inability of
dnal insertion mutants to form colonies at 43°C. To determine
whether Dnal is required for the growth of C. jejuni at higher
temperatures, two C. jejuni dnaJ mutants that contained inser-
tional disruptions of the dnaJ gene were isolated. Disruption of
the dnaJ gene in the two C. jejuni isolates, designated dnaJ
mutants A and B, was confirmed via Southern hybridization
analysis (data not shown). No significant differences were
noted between the abilities of the C. jejuni parent and Dnal
mutants to form colonies at temperatures of less than 45.0°C.
However, the ability of both of the DnaJ mutants to form colonies
at 46°C was severely diminished (Table 2), indicating that DnaJ
plays an important role in the C. jejuni thermal stress response.

In vivo colonization of chickens. As Hsps play an important
role in enabling bacteria to cope with physiological stresses, we
hypothesized that synthesis of Dnal is required for the suc-
cessful colonization of chickens by C. jejuni. To test our hy-
pothesis, newly hatched Leghorn chickens were infected with
wild-type C. jejuni and one of the Dnal isogenic mutants (Ta-
ble 3). C. jejuni colonization of the chickens was assessed by
plating serial dilutions of the cecal contents 1 week after in-
fection. C. jejuni bacteria were recovered from every chicken
infected with F38011, the parental isolate. In contrast, C. jejuni
bacteria were not recovered in the cecal contents of any of the
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TABLE 2. Plating efficiency of C. jejuni strains

Mean no. of viable bacteria” = SD

Plating efficiency®

Strain o
37°C 42°C 46°C (%)
F38011 (7.5 = 2.6) X 10° (6.0 = 2.3) x 10° (5.8 = 0.8) x 10° 77.3
F38011 dnaJ mutant A (1.1 £ 0.8) x 10° (2.5 £ 2.1) x 10° (3.7 £32) x 10° 0.0003
F38011 dnaJ mutant B (7.8 £3.2) x 10® (1.5 = 0.5) x 10° (3.8 = 2.6) x 10* 0.005

“ Data generated from a typical experiment. Serial dilutions of each bacterial suspension were plated on MH blood agar plates, and the resultant colonies were
counted after 3 days of incubation at the appropriate temperature (five plates at each temperature). The assay was repeated three times to ensure the reproducibility

of the results.

® Plating efficiency was determined by dividing the number of CFU at 46°C by the number of CFU at 37°C and multiplying the result by 100.

chickens infected with the DnaJ mutant, suggesting that C. jejuni
must adapt to this in vivo environment by upregulating Hsps.

DISCUSSION

Both eukaryotic and prokaryotic organisms respond to heat
and other environmental stresses by inducing the synthesis of a
specific subset of proteins called Hsps (22, 23). In this study,
the heat shock response of C. jejuni was examined to identify
the Hsps of C. jejuni. The heat shock response of C. jejuni
resembles that of other bacteria with respect to the relative
number and molecular masses of the Hsps. Twenty-four C.
Jjejuni Hsps were identified by performing a typical heat shock
experiment and then analyzing the [>*S]methionine protein
synthetic profile by two-dimensional gel electrophoresis. As
with other organisms, many of the C. jejuni Hsps were synthe-
sized prior to heat shock. A number of C. jejuni proteins were also
identified whose synthesis was reduced in response to heat shock.

Upon screening of E. coli transformants harboring a C. jejuni
genomic DNA library with an antiserum prepared against C.
jejuni cocultivated with INT 407 host cells, many immunore-
active clones were identified. One of the transformants har-
bored recombinant plasmid pMEK20, which contained a
2,237-bp insert of C. jejuni chromosomal DNA. Within the
2.2-kb insert, one complete ORF was found that is capable of
encoding a protein with a calculated molecular mass of 41,436
Da. The deduced amino acid sequence of this ORF exhibited
similarity to DnalJ proteins from a number of bacteria, includ-
ing E. coli and S. typhimurium, and contained four cysteine-rich
repeats (Cys-X-X-Cys-X-Gly-X-Gly). These cysteine-rich re-
peats are characteristic of DnaJ proteins from other bacteria,
including E. coli (5, 27), S. typhimurium, C. acetobutylicum (6,
25), and Borrelia burgdorferi (2). An E. coli dnaJ mutant was
successfully complemented with recombinant plasmid pMEK20
as judged by the ability to support bacteriophage \ replication

and plaque formation. These data indicate that the C. jejuni
gene encoding the 41-kDa protein is a functional homolog of
the E. coli dnaJ gene and was therefore designated dnaJ.

As has been shown with some proteins in E. coli (13), the C.
jejuni Dnal protein is likely initiated with a valine (GTG)
initiation codon. In support of this hypothesis, a putative ribo-
some-binding site is located immediately upstream of the pro-
posed valine initiation codon. In addition, comparison of the
C. jejuni DnalJ deduced amino acid sequence with Dnal pro-
teins from other bacteria revealed a stretch of identical amino
acids prior to the first methionine codon in the C. jejuni Dnal
protein. Inspection of the sequence upstream of the proposed
valine initiation codon revealed the presence of several possi-
ble promoter elements. The sequence CTTGTAA shares six of
seven nucleotides with the —35 consensus sequence (CTTGA
AA) of E. coli 0 promoters (15) and four of six nucleotides
with the —35 consensus sequence (TTGATA) of E. coli ¢”°
promoters. Overlapping ¢°* and ¢’ promoter elements have
been identified in E. coli (15). A second putative ¢’ promoter
was located downstream of the o2 promoter, whose TTGATT
sequence shares five of six nucleotides with the —35 consensus
sequence of E. coli ¢’° promoters. The dnaKJ operon of Cau-
lobacter crescentus is under the control of two functional pro-
moters, with the 02 promoter residing 5’ of the ¢’ promoter
(4). The groEL, groES, and grpE heat shock genes of E. coli are
also under the control of o2 and ¢’® promoters, where the
latter is used to ensure basal levels of their expression (11). It
is unknown whether the dnaJ gene is transcribed from its own
promoter in C. jejuni, as Northern hybridization or primer
extension analyses were not performed. The dnaJ gene, how-
ever, has been shown to be transcribed in B. burgdorferi alone
or as part of a larger transcript containing a dnaK homolog (2).
The role and significance of the multiple promoter elements in
the transcription of the dnaJ gene in C. jejuni are unknown.

Domestic poultry, which is frequently colonized by Campy-

TABLE 3. In vivo colonization of Leghorn chickens

Infective dose

Trial and strain (no. of bacteria)

No. of chickens

Mean no. of viable
C. jejuni bacteria
recovered/ml of

cecal contents = SD

Range

1
F38011 10*
F38011 10°
F38011 dnaJ mutant A 104
F38011 dnaJ mutant A 10°

2
F38011 22 % 10°
F38011 dnaJ mutant A 2.6 X 10°

(1.34 = 1.30) x 108 8.4 X 10°-5.0 x 10®
(9.46 = 7.44) X 107 1.4 X 107-2.4 x 10°
NR
NR

(1.24 = 0.78) x 10° 1.1 X 107-2.4 X 10°
NR

“NR, none recovered.
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lobacter, represents one of the most common sources of infec-
tion with C. jejuni in the United States and other countries. We
hypothesized that Hsps play an important role, albeit indi-
rectly, in the colonization of chickens by C. jejuni by enabling
the pathogen to adapt from a free-living environment to a new,
and possibly stressful, environment. Specifically, it was theo-
rized that C. jejuni is subjected to various stresses upon en-
countering an avian host, including changes in temperature
and pH upon passage through the stomach to the cecum.
Previous investigators have noted a decrease in the viability of
dnaK (18) and dnaJ (29, 32) mutants exposed to acidic envi-
ronments and high temperatures. Confronting these environ-
mental stresses might result in an increase in the synthesis of a
number of proteins, resulting in an increase in unfolded
polypeptides within the bacterial cell. An increase in the syn-
thesis of Hsps would be necessary for the proper folding of
these polypeptides and, therefore, crucial for cellular survival.
This hypothesis was tested by constructing a null mutation in
the gene coding for DnalJ in C. jejuni. This approach was
feasible, as C. jejuni DnaJ mutants could be generated via
homologous recombination using a suicide vector harboring an
internal fragment of the gene of interest and an antibiotic
resistance gene. A C. jejuni Dnal mutant was incapable of
colonizing chickens. This finding represents the first in vivo
experimental evidence that an Hsp plays an important role in
enabling C. jejuni to colonize chickens. Given that previous
studies with other enteric pathogens, such as Salmonella (10,
16), have demonstrated a role of Hsps in bacterium-host cell
interactions, it would also be of interest to examine the patho-
genic potential of a C. jejuni DnaJ mutant in an in vivo infec-
tion model.
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