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The protein response to physiological stress was characterized in Campyiobacter jejuni 81176 after exposure
to heat and pH shock and following periods of recovery. Immunoreactivities of major stress-related proteins
were determined with anti-Campyiobacter immune rabbit serum and intestinal lavage tuid. Distinct proteins
with molecular masses ranging from 10 to 120 kDa were induced and or released by selective heat or pH
treatments. The most notable responses were those of two proteins with apparent molecular masses of 45 and
64 kDa that were induced and two other proteins of 10 and 12 kDa that were released by selective heat shock,
alkaline pH treatment. or both. On the basis of N-terminal sequence analysis and immunological cross-
reactivity data, the 64- and 10-kDa proteins were the (. jejuni homologs of Escherichia coli GroEl. and GroES
proteins, respectively. Enhanced chemiluminescence Western blotting (immunoblotting) revealed that all four

proteins were among the major protein antigens recognized by anti-Campylobacter rabbit serum immunoglob-
ulin G (IgG) and immune rabbit intestinal lavage IgA (secretory IgA). The results of this investigation suggest

=S4

Prokaryotic and cukaryotic cells are known to react to
chemical and/or physiological assaults by the induction of
stress or heat shock proteins (19, 35, 36, 37). Studies of stress
proteins have shown that these proteins play important roles in
vivo as molecular chaperones (8, 15, 22) and as immunodom-
inant antigens during bacterial infections (5, 12, 21, 28).
During bacterial infections, the interaction between a bacterial
pathogen and its mammalian host exposes both parties to
multiple physiological and biological stresses (19). A variety of
different stressors are known to induce distinctly similar sets of
stress proteins, among which homologs of Escherichia coli heat
shock GroEL and GroES proteins have been the most prom-
inent and well characterized (40).

With the emergence of Campylobacter jejuni infections as
one of the leading causes of human gastroenteritis worldwide
(9, 30, 31), development of molecular vaccines and new
diagnostic techniques is highly desirable (10, 24, 25). Bacterial
GroELS homologs are known to be immunodominant antigens
for B celis and T cells during bacterial infections (13, 18, 28).
Because of their highly conserved nature, they are also called
common antigens and can cause significant specificity prob-
lems in serological immunodiagnostic tests because they in-
duce strongly cross-reactive antibodies (1). The importance of
GroEL homologs in the pathogenesis of enteric pathogens and
host immunity is suggested by a recent publication in which a
GroEL homolog of Helicobacter pvlori was found to be bound
to urease. a recognized virulence factor of the bacterium (7). It
was speculated that the protein functions in the export, extra-
cellular assembly. andior protection of the urease against
inactivation in vivo (7). In another report. the GroEL homolog
of Salmonella nphimunum is found to be responsible for
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that the C. jguni 10-, 12-, 45-, and 64-kDa proteins and a number of minor stress-reiated proteins deserve
further evaluation of their respective roles in Campylobacter pathogenesis and immunity.

binding the bacterium to intestinal mucus (6). There has been
no reported study of similar proteins in C. jejuni.

Since the majority of infectious microorganisms are encoun-
tered through mucosal surfaces. the importance of the mucosal
immune system in the prevention and control of infectious
diseases is being increasingly appreciated (17, 33). Secretory
IgA (slgA) is an important mediator of humoral immunity in
the mucosal environment (17). A number of studies have
demonstrated its importance in protective immunity against
pathogens, including Campylobacter spp. (4, 14, 34). To our
knowledge, there have been no published investigations of
mucosal sIgA’s response to bacterial stress proteins. Heat
shock- and pH shock-induced proteins of C. jejuni may play a
role in pathogenesis and host immunity.

Systemic immune responses to well-known stress proteins
have been investigated extensively (5). In this paper, however,
we report on characterization of C. jejuni stress-related pro-
teins and their reactivities with both systemic and mucosal
antibodies. We documented strong reactivity of these proteins
to sIgA from experimentally infected rabbits, which indicates
that these proteins are expressed in vivo and are potentially
important immunogens.

MATERIALS AND METHODS

Preparation of bacterial cells. . jejuni 1176 (Penner
serotype 2326, Lior serotype 5) was isolated from an il
9-vear-old girl in an outbreak in Miusnesota in which 5327, of
those consuming the implicated raw milk developed symptoms
such as diarrhea (10077). abdominal cramps (847 ), and fever
(727¢) but no grosshy bloody stool. Motile bactenia were grown
from frozen stocks. Sheep blood agar plates were inoculated
with thawed cells and incubated tor IS 10 24 h at 37 Can o
microacrophibic cnvironment (870 O HYL (O 88 N
Bactenal collh were hanested and transterred to o biphas
culture svwiem for homogencous broth growth (2m The
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resufting gromth was subcultured to bram heart infusion broth
supplemented with 170 seast extract (BHIY B) and incubiated
tor an additional 18 to 24 h ot 37 C g shaking incubator at
16 rpm Motlities of preparstine cultures tor heat and pHl
shock studies were momtored microscopicall and by growth
patterns on motithty agar Mud-Jog phase cultures were g
vosted and pelleted ot 12000 - ¢ Bactenal pellets were
resusprended in phosphate-buftered ~aline tPBS 101 20 01 the
ongingl volume  This resuspension was used tor subseqguent
siress studies

Iimmune rabbit vera and intestinal lavage Huid. | \pornt
ments reported o this paper were conducted according o
the Guande ter the Carne and e of D aboraton Lnimals (1)
fmmunc rabbit scrum was hindhy provided by Paul Cohen
tUnncrsy ot Rhode Islandy and was prepared by immumizing
rabbite with tormahnanactvated € o SHET6 The amimiais
were onalh infected with dne € e and evaduated  for
protection 30 dass Tater by aintcantesunal chalienge i the
remaovable antestinal tie adult rabbit diarrhed model (2
Intestimal Lvage Auids were colledcted trom both control and
immune rabbhits (ive imtected and colonization resistant in the
remen able itestiingl tie aduit rabbit diarrhea challenge maodel)
by the methods of Burr et sl (2 and Caldwelb et al (3a).

Heat and pH shock treatment of bacterial cells. For the
anabvas of the cffects ot heat shock rrcatment. a bacteral
suspension (5 mhb) wiss mixed with 20 ml of prewarmed PBS or
BHIYE in water baths set at presclected heat shock or control
{37 C) temperatures. Samples were removed from heat shock
treatment after vanous shock times or after shoek plus recov-
ey times. For studies of pH effects. four bacterial suspensions.,
cach of 6.75 ml, were mixed with 60.75-ml volumes of pH-
buffered saline to give 1:10 dilutions and final pHs of 3.0, 4.0,
50, and K6, Mixed suspensions were incubated at 37°C.
Samples were taken for analysis after selected times at acidic
or alkaline pHs and also after recovery periods, which were
carried out by pelleting bacterial cells and resuspending them
in a medium of normal growth pH. Recovery after heat shock
and pH treatments was performed in PBS or BHIYE at 37°C.
Finally, all samples were pelleted promptly by centrifugation,
and whole-cell pellets and supernatants were stored separately
at —70°C until needed for further characterization.

Sodium dodecy! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and enhanced chemiluminescence (ECL) West-
ern blotting (immunoblotting). Tricine SDS-PAGE was per-
formed on the basis of the work of Schagger and Jagow (27). A
10 to 20% linear gradient polyacrylamide separating gel (0.75
mm by 18 cm by 20 cm) was overlaid with a 4.5% polyacryl-
amide stacking gel. Whole cells were solubilized with a solution
of 2% SDS and 0.1% Triton X-100 by repeated ultrasonication
and heating in a boiling water bath. Supernatants were washed
free of medium components with Centricon P-10 (Amicon)
and concentrated. Samples were then mixed with the sample
buffer. heated at 60°C for 10 min. and loaded onto gels.
Loaded gels were run at 30 V for 1 h or until loadings had
completely left the sample pockets. Electrophoresis was then
performed at 185 V for approximately 3.200 V - h. Gels were
stained with a silver stain kit (Bio-Rad) or transferred onto
membranes in a phosphate buffer system (25 mM. pH 7.25) in
a Trans-Blot Cell (Bio-Rad) for 4 h at 420 mA. Precast
SDS-PAGE minigels of both the Tricine and Laemmli systems
were used according to the instructions of the manufacturer
NOVEX).

ECT Western blotting was performed according to the
imtructions of the manufacturer (Amersham) with minor
maoditications. Protems were blotted onto high-bond nitrocel-
lukne membranes { Amersham). Membranes were then blocked
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with =7 nonfat drs mudk o FEST oo M T 0 23 NN
DaE sodim merthiobate and 0 170 Baeen 208 Pronany and
secendan antibodies werc ased waith 30 ponbat dsy ondb i
THST Scerum was tvpscally used e B oo didution 1 anag
und was used ot 1 IO dilution on tugher Hotseradinh ponn
wase-labelled poat antr rabbar JeGe (B Rady was ased ot
o Horseradish porondase Labclod woat ant cabber o\
thirhegaard & Porny Faboratones, Inc Guatharsbare M
was used at T 2S00 from o stock of G mig of protaimn por o
Blocked membranes were icubated with favagee samplos tos -
hoat toom temperature plus oncrmght at 30 o with soram
samples tar 1 h at roeom wempetaturg
avtensnely i THS T hetore incubation with sconndasy annbod
wstor T hat room temperature Fhoy wore oaensngely washt
m RS T and doveloped i g darkroom accordime 1o standand
proccduics Neray Bims werc ovposad tor umes ranging frem
seonds (mostiv tor seram eGsg toa tow minutos (far g
TgAN) to control studies. hims were exposed tor 20 nun

Protein  Noterminal sequencing. Protain N oicrmimal s
quenaing was done with an Applicd Briossstems, Inc o cboster
i Cabit ) ABLATTA proten sequencer with an on hne 120\
high-pressure hguid  chromatography amino acnd anabvser
Following SDS-PAGL. proteins were transterred onto polva
m lidene diffuonde membranes. Blotted proteims were stained
bricth with Coomassie blue and destamned. Protein bands were
located by alignment with puriticd homologous protems and or
by Western blotting. They were cut out and sequenced by
running a standard operating program with a Blott-2 reaction
cartridge.

Hiote wore washed

RESULTS

Stress responses of (. jejuni following heat or pH shock.
This study was designed to characterize the induction and:or
release of protein antigens following physiological stress. in-
duced and/or released proteins were visualized by silver stain-
ing and ECL Western blotting.

Induction of distinct proteins by heat shock at 60°C in the
culture medium (Fig. 1A, lanes A to C) or by alkaline pH
shock at pH 8.6 (Fig. 1B. lanes B to D) is evident. Upregulation
of a 64- and a 45-kDa polypeptide by heat shock at 60°C for 15
min to 2 h or alkaline pH shock at pH 8.6 for 0.5 to 2 h
continued for several hours after removal of stressors. In
addition, four proteins of 22, 38, 53, and 66 kDa were induced
by pH 8.6, while two proteins of 27 and 53 kDa were induced
by heat shock. Acid shock at pH 3.0 caused significant reduc-
tion of an sIgA-reactive flagellar protein in the cell pellet, while
the lost reactivity was detected in the supernatant (result not
shown). Acid shock at pH 4.0 and 5.0 did not cause significant
protein induction under conditions used in this work (Fig. 1B,
lanes E to K).

Release of 10- and 12-kDa polypeptides is best seen with
Western blotting (Fig. 2) because these two proteins stained
much more poorly than large proteins with silver staining
reagents. Heat shock in PBS, but not in BHIYE, at 50°C or
above caused the release of the 10-kDa polypeptide (Fig. 2A,
lanes A, C, and H). Both heat shock and alkaline pH treatment
caused near-complete dissociation of an immunoreactive 12-
kDa polypeptide from the cells, while acid treatment at pH 5.0
caused only partial dissociation (Fig. 2).

Identification of C. jejuni GroEL and GroES proteins. The
stress-inducible 64-kDa protein of C. jejuni was found to
cross-react with several monoclonal antibodies against a
GroEL homolog of Rickettsia tvphi. This protein was located
on a Western blot, and its N-terminal sequence was deter-
mined (Fig. 3A). This 64-kDa protein is more than 80%
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FIG. 1. (A) Silver stained Tricine SDS-10 to 20% PAGEF profiles
of heat-shocked C. jejuni whole cells. Lanes: 1, molecular mass markers
(wide-range protein standards from NOVEX [catalog no. LC5677)).
H, purified R. typhi GroF1.; G and F, controf whole cells with no stress
treatment; E and D, cells hea: shocked for 1.5 h at 50°C in PBS (E)
with a 2-h recovery (D); C, B, and A, cells heat shocked for 1 h at 60°C
in BHIYE (C) with a 2-h recovery (B) or a 3.5-h recovery (A). (B)
Silver-stained SDS-10 to 20% PAGE profiles of pH-shocked C. jejuni
whole cells. Lanes: K, J, I, and H, cells. treated for 1 h at pH 4.0 (K)
with a 2-h recovery in PBS (J and H) or a 2-h recovery in BHIYE (I):
G. F, and E, cells treated for 1 h at pH 5.0 (G) with a 2-h recovery in
PBS (F) or a 2-h recovery in BHIYE (E); D, C. and B, cells treated for
1 h at pH 8.6 (D) with a 2-h recovery in PBS (C) or a 2-h recovery in
BHIYE (B); A, control cells with no stress treatment. Molecular mass
markers are not shown.

IntrCr. MM,
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FIG. 2. (A) Immune rabbit serum 1gG ECL-probed Western blot
of whole cells and supernatants of heat-shocked C. jejuni. Lanes: 1.
whole cells heat shocked for 0.5 h at 60°C in PBS with a 1-h recovery:
H. supernatant of lane I G, molecular mass markers: F. control whole
cells with no stress treatment; E. supernatant of lane F: D, lane [ whole
cells after an additional 1-h recovery: C, supernatant of lane D: B. lane
I whole cells after 2.5-h recovery: A, supernatant of lane B. Note that
2 Tricine-10 to 20% polyacrylamide gel was used and only part of the
blot is shown. (B) Immune rabbit sigA ECL-probed Western blot of
whole cells and supernatants of stressed C. jejuni. Lanes: A, molecular
mass markers (prestained low-range standards of Bio-Rad, catalog no.
74177): B. control whole cells: C. supernatant of lane B: D, whole cells
heat shocked for 1 h in PBS with a 2-h recovery: E. supernatant of lane
D: F. lane D whole cells after an additional 1.5-h recovery: G.
supernatant of lane F: H, whole cells treated for 2 h at pH 5.00 |
supernatant of lane H: J. lane H whole cells after a 2-h recovery: K.
supernatant of lane J; L. purified R. nphi GroEL: M. whole cells
treated for 2 h at pH 8.6: N. supernatant of lane M.
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cj64 AKEIIFSDEARNKLVYEGVEKK
Hp .. ..K...S8S...L.F...RQ
Ec MA..DVK.GND..VQMLR..NV

E. coli MNIRPLHDRVIVKRKEVE

C.jejuni . .FQ..GTK.L..HG.E.

FIG. 3. (A) N-terminal amino acid sequences of the C. jejuni
64-kDa protein and several GroEL homologs. The single-letter code is
used to denote amino acids. Dots indicate identities between corre-
sponding amino acids. Abbreviations: Cjed, 64-kDa protein of .
feyuni: Hp. H. pvlori HSP62 (7): Ec. E. coli GroEL heat shock protein
(10a). (B) N-terminal amino acid sequences of £ coli GroES protein
(10a) and the GroES-like protein of C. jejum.

homologous (identities plus conservative substitutions) to a
GroEL homolog of H. pvlon and 677 homologous to the £
coli GroEL in 20 N-terminal amino acids. We were able to
conciude that the 64-kDa protein is a GroEL homolog of €.
Jejun on the basis of its N-terminal amino acid sequence and
immunological cross-reactivity. A GroES homolog of C. jejuni
was also identified by N-terminal sequence analysis of a
10-kDa protein located by alignment with a purified GroES
homolog of R. nphi (Fig. 3B). The GroES homolog of C. jejuni
cross-reacted with rabbit serum 1gG against a puriied homol-
ogous protein of R nphi (blot not shown).

Identification of stress-released 12-kDa protein, stress-in-
duced 45-kDa protein, and flagellin protein. A major immu-
noreactive protein that migrated slightly behind the GroEL
homolog on high-resolution gels was suspected to be flagellin,
N-terminal sequen~e analysis revealed that the protein band
did contain a major N terminus identical to those published for
flagellins in other Campvlobacter spp. (10) and at least two
more N-terminal species (data not shown). N-terminal amino
acid sequences of the 12- and 45-kDa proteins were deter-
mined but are not reported here. A search of major data banks
of protein and gene sequence did not result in finding homol-
ogous matches for cither of these two proteins.

Rabbit mucosal and systemic immune responses to C. jejuni
stress-induced and other major protein antigens. The GroEL
(Fig. 2B) and GroES (blots not shown) hemologs of C. jejuni
were strongly reactive in Western blots with sIgA from intes-
tinal lavage fluids from immune rabbits. The same slgA
preparation cross-reacted with purified GroEL (Fig. 2B, lane
L) and GroES (blots not shown) homologs of R. nvphi. Similar
results were obtained with immunoblots using immune rabbit
serum IgG (blots not shown).

The stress-released 12-kDa protein was strongly reactive
with both mucosal IgA (Fig. 2B) and serum IgG (Fig. 2A). The
stress-inducible 45-kDa polypeptide was a major antigen of
mucosal IgA (Fig. 2B). Its reactivity with serum IgG was
consistently weaker (blots not shown). Several other major
sIgA-reactive antigens are apparent in Fig. 2B. These antigens
include polypeptides with apparent molecular masses of 16, 17,
21, 23,27, 28, 31, 37, 54, 57, 60, 66, and 92.5 kDa but were not
further studied.

In control studies. in ECL Western blots C. jejuni whole-celi
antigens did not react with preimmunc rabbit lavage fluids and
yielded only a few weak reactions, mostly in the 45- and 60- to
66-kDa regions with preimmune rabbit serum (blots not
shown).
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DISCUSSION

Our results show for the first time that a stress-inducibie
GroEL homolog and a stress-released GroES-like protein of
C. jejuni are among the targets of mucosal 1gA response during
Cuampylobacter infection in the rabbit model. External alkaline
pH, but not acidic pH, and heat shock induced stress responses
in C. jejuni that were comparable to those in studies with E. coli
(29).

Only a single, intensely immunoreactive band was detected
between 64 and 66 kDa on ECL Western blots. if electrophore-
sis was performed using precast SDS-12.5% PAGE minigels of
the Laemmli system (blots not shown). This indicates that the
GroEL homolog and the flagellin may not be differentiated on
low-resolution SDS-PAGE minigels and in subsequent West-
ern blotting. Using high-resolution SDS-PAGE gels we were
able to find an alkaline-pH-inducible 66-kDa protein. In their
recent publication, Panigrahi et al. (23) reported 4 protein with
a similar molecular mass that was induced in vivo in rabbits.
These two proteins may be identical since alkaline pH shock
mimics the pathogen’s in vivo environment, since the pH of the
small intestine is alkaline (16, 17).

In H. pvloni, a GroEL-like protein is bound to extracellular
urcase (7). and in S. nvphimurium. an extracellular GroEL-like
protein is responsible for binding the pathogen to mucus (6).
However, we detected no extracetiular GroEL homolog of ¢
Jejuni in the supernatants of heat- and pH-shocked. as well as
unshocked. cells. Given the fact that this GroEL homolog was
strongly reactive with sigA from infected animals, this protein
may play a novel and as vet unknown role in Camynlobacter
infection.

It is interesting to note that a GroES-like protein was
released upon heat shock in PBS. while the GroEL-like protein
was not. As molecular chaperonins, bacterial GroES-like pro-
teins are regarded to be functional partners to GroEL-like
proteins (8. 10a, 40). Our observation may indicate that GroES
can also function separateiy.

A 45-kDa major antigen described in this study s likely the
major outer membrane porin protein discussed elsewhere (32).
Although the N terminal sequence of this 45-kDa protein that
we determined (data not reported herein) does not align well
with amino acid sequences in major data banks. the N termini
of mature porin proteins (i.c.. after cleavage of the signal
sequence ) are known to have poor sequence conservation (11).
The 45-kDa protein band was induced by both heat and
alkaline pH shock. similarly to induction of a porin protein in
Pseudomonas aeruginosa by anacrobiosis {39). and in a deep-
sca photobacterium (8§89) by elevated hyvdrostatic pressure (2).

The immunogenic 12-kDa protein should not be a degraded
product since it was detected comigrating with another 12-kDa
polypeptide in unstressed whole cells (unpublished data). Two
proteins with similar molecular masses. 12 and 14.5 kDa. have
previously been shown to be recognized by serum 1gG oand
slgA present in the stools of patients recovering from naturally
acquired C. jejuni enteritis (20, . s). Given that this 12-kDa
protein dissociated from cells upon stress and was strongly
antigenic. this protein may be an important surface-associated
immunogen.

In summary. we characterized the protein response to heat
and pH shock treatments and identified two major heat shock
proteins of C. jejuni. The two identificd heat shock proteins
were strong in vivo antigens of rabbit mucosal sIgA response.
These two proteins, as well as the strongly antigenic stress-
released 12-kDa and stress-inducible 45-kDa proteins, deserve
further investigation of their respective roles in Campylobacter
infections.
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