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Heat Shock- and Alkaline pH-Induced Proteins of
Carnpylobacer jejuni: Characterization

and Immunological Properties
N I %t .' ' 1 11 1l. I) '%, Rot 1 INS.' %m, " %I ( hilt.
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The protein response to physiological %Ire%% wa% characterigred in ( ampykibacterrjuni NI1176 after estposure
~ to beat and pH shock and followging period% of recoiler. Immunoreactai~tie% of major %tre%%-related protein%

were determined with anti-C ampwlobucter immune rabbit serum and intestinal lasagr fluid. D~istinct proteins.
-~~ with molecular masses ranging fronm 10 to 120 kl~a were induced and or released h% selectilie heat or pli

treatments. The most notable responses *err those of two proteins with apparent molecular masse.. of 45 and
64 kl~a that were induced and two other proteins of 10 and 12 kI~a that were released by, selective heal shock.
alkaline pH treatment. or both. On the basis of Ni-terminal sequence analysis and immunological cross-
reactivity data, the 64- and l0-kfla proteins were the C. iquni homologs of Eschenichin coli (,roEl. and (,roVS0')proteins, respectively. Enhanced chemiluminescence Wsestern blotting (immunoblotting) resrealed that all four
proteins were among the major protein antigens recognized by anti-Campylobacter rabbit serum immunoglob-
ulin G (Ig() and immune rabbit intestinal lavage IgA (secretory IgAM. The results of this insestigation suggest
that the C. jejuni 10-. 12-. 45., and 64-kDa proteins and a number of minor stress-related proteins deserse

\fQVQfurther evaluation of their respective roles in (ampylobacter pathogenesis and immunity.

Prokaryotic and eukarvotic cells are known to react to binding the bacterium to intestinal mucus (6i). There has been
chemical and/or physiological assaults by the induction of no reported study of similar proteins in C. jejuni.
stress or heat shock proteins (19. 35. 36. 37). Studies of stress Since the majority of infectious microorganisms are encoun-
proteins have shown that these proteins play important roles in tered through mucosal surfaces, the importance of the mucosal
vivo as molecular chaperones (8, 15, 22) and as immunodom- immune system in the prevention and control of infectious
inant antigens during bacterial infections (5, 12, 21, 28). diseases is being increasingly appreciated (17. 33). Secretory
During bacterial infections, the interaction between a bacterial IgA (sIgA) is an important mediator of humoral immunity in
pathogen and its mammalian host exposes both parties to the mucosal environment (17). A number of studies have
multiple physiological and biological stresses (19). A variety of demonstrated its importance in protective immunity against
different stressors are known to induce distinctly similar sets of pathogens, including Campylobacter spp. (4, 14, 34). To our
stress proteins, among which homologs of Escherichia coli heat knowledge, there have been no published investigations of
shock GroEL and GroES proteins have been the most prom- mucosal sIgA's response to bacterial stress proteins. Heat
inent and well characterized (40). shock- and pH- shock-induced proteins of C. jejuni may play a

With the emergence of Campylobacter jejuni infections as role in pathogenesis and host immunity.
one of the leading causes of human gastroenteritis worldwide Systemic immune responses to well-known stress proteins
(9, 30, 31), development of molecular vaccines and new have been investigated extensively (5). In this paper, however,
diagnostic techniques is highly desirable (10, 24, 25). Bacterial we report on characterization of CI7 jejuni stress-related pro-
GroELS homologs are known to be immunodominant antigens teins and their reactivities with both systemic and mucosal
for B cells and T cells during bacterial infections (13, 18, 28). antibodies. We documented strong reactivity of these proteins
Because of their highly conserved nature, they are also called to sIgA from experimentally infected rabbits, which indicates
common antigens and can cause significant specificity prob- that these proteins are expressed in vivo and are potentially
lems in serological immunodiagnostic tests because they in- important immunogens.
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 MATERIALS AND METHODS
GroEL homolog of Helicobac~ter pylori was found to be bound
to urease. a recognized virulence factor of the bacterium (7). It Preparation of bacterial cells. C iefimi XII176 (Penner
was speculated that the protein functions in the export. extra- serotype 23/26, Lior serotvpc 5) was isolated from an ill
cellular assembly. and.or protection of the urease against 9-year-old girl in an outbreak in Muinnesota in ahich i` (it
inactivation in vivo (7). In another report. the (iroEt, homolog ths co mn the ipcatedorwminlk deselop% Xe ..d s lmptom
of Salmonella ryphimunigm i% found to be responsible for such as diarrhea 1(l111' I boia rmst4 .. n ee

(72'' but no grossl bltxodN %1tool. Motltile bacteria weire ert otn
from frogen stocks. Sheep bloodl agar plates weire: inoculated
%iith thawied cells and incubated tior IS Io 24 h at I' (in .6

UOwrc'jtndmng .iuduoti gliAitung 4odre..% %A%.if %kd~dk Rg:'.arkh microaterophilic vns I ironmcnt i r,' (Y I I. lri'. ( ) . NI NI
In-titutc. W'N1t Wiw..nsin A~c tItcht-.tA, Atit) i-X'. IN'- Pthn,* wiactrial cells werei hatrsstegd ind tr-in'.tcrcd toI a hiph~i"I,
6 1iI16 N'-121' tll 1i 411) li tulturc -5551cn (or horna 'elc.c-ts i% brth ei. .w t h i-fi I hL
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resulting~ ginrt'th Aa %ubxtultured (of braign heart infusioiin broth i iti 'Ahl' 1011A in t% 11111 ofl f i I ItS 1 191 %1 Ito,, \1 VIg(I
supploo eitteI d %%i Ih I', iscast C \Irac t 41I1 I Il )a .ind Inft:u"I I ckd 1 li "RIItInII fucrtfuiold.i1..1lt 41u 1 ' ,I ssk~ni -'11 lr1ul 10i

btr tin additgoniiI IS 14) 24 h at I- (. in .i lhakinginktitebalm it sckitidnd~ antiliriics \%-rt uiscd %illh1 , i'ht.if dlrs mill, Ii
11111 rpm "Iltitilitics fl pireparaitis: Liuliture for'heat .and plol 114% 1 %crgini) 1A.Il t\pu II~ usedA it .1 1 I4111111 1igi A\I AOi.L~

shoti~ %tudies %ere numiinit Intld mir, ostipi%.a~lls and Im. Lgrivilthfiti Ilds tas usd it I fI'M' giluritin ii fiiihcr Il I. 'ts~irili~hi

patterns son nuiiliili,f ag~gai lifd-hii phaic uiu~nrc% %lcro. O.If nidbe lbl ed CIit .111 F.11+11 If:( i I III, R.id I A .1, Itdi t

setdandi jXr.IclCttm Ii -21 I: B.itcriad pellets% \&Crk I ý Iwo' Ilcirse-ruidih tricnuisc alaft Lblk(d iC-ii lonl f.slhbi: 1,:
remsptnl~w cd fin ph~isphaitc bufferedi salint: Il'S1 ill I '19 nit the I KirkcI.iJArul & VL'etr I .IN't~it 'tic'. look ( Allti Islk'ilt I: \11It
,rm inal Siiltitini I11 %%i1 relsesii . is usd hfo 1Ahe~u~t v.1s 1sedk .1t 1 25119 tt1'.11111 stirk Of If I I IL tiC ;l' 'II ink in tW

'frc.'. studivs lflIrkkedk tnetttTii. V )r~ti. kuhitd 'Alth '.i1.1i11k, sii 1ih .
Immune rabbit %era and inteootinail lat age fluid. I \seri 1 11 .11 111" tcrutpcr.itiiri. p'lusis 11\L~T'111 it1 ( "ill lt t.V

mittelt rclpirird Iin this pjvtiper ec ainuee ,itivrrding tIl sJItttples fuf 1 It ýit n~rl Iut MIXp t.i11i1(k Ifl- Iu \4 I'sili.
t he idt N w irh th If art and. I , . / I at wrui,ini Ipnopwgi,/ If*,) offti~I% I It'll betfkr Ilin. uih.,ti % tfill .'i~~n ii'

ltlfiiitt: rabb~it k~rntim.a %,,indls prisr~dcd h\ Kial 4.Iht vtci tiCtI I0't .it 114VIIr Icj-riu I lki%~ 'Ati skI'i\~ cI' ~.'A301-
t risersiti if Rhiidt lsland ond %.I, prepaired N. immuntimine In I lith an uhf: dcstl~sd illa .lditkr.h'rnn .IkkýIknllgil 1e 'tall

irabbits %ith t,,nianrr ,inaktrsjited t 'riutr *,I I 4rI lhc winmkil prirtedurcs \ rao\ filmsl \AiCrk i kli .t~t firrik' tancItre11 ffn.1
ioioc n i. nitfettd fith lisi. W101 'i i And cs~iluitcd hvr sg.inds~k~ (1141111istl fr s1MT)u I1e( Isl (0 ji ILI fi Tl ftjtirut s (nIjI
prirteetlirti 1141 .lass later hIi gnirainticstinlal clt.illettiic ill Offc I~ !AsN) Ill tirrifrinl sdics. ilms Vitcrc clrisemd tin _'II min
rcorlti's .io intestinal t it adult rabbit diarrhea rmiodcl I I.ri) Prigein "l-terminal equencing. l-itcirt \ icr nin~i I
Intestinal lsatfluids %%crc killected frgim NO 4inhc trnil ond qu~encing %I% dom %ncfitl an \pplictl Blilisiiettt I lkIt I 'lkstf
Immune rabbit% ilise Infected and %gnlninua.mfiggr rcsilaflt in the (. it\. ( ilit I *.\[i f prtiiiin scquienicr A0it oiln I Iir lint 121o

rcmus .mbc inicsiinal tic adult rabbit diarrhea ~hailcnL'e nui tcl highi-prcsurc liquid c~hrimntitireraphi arini, at id mIlsa /kr
l'% the ntcf irds of Burr ct alIl a34nd C.aldstel:1 l it ilt 3a, 4. -irllinstng SI)S-P,'A( iS. prote~ins \%ere translerrcd kintgi pk~l\Is

Heat and pH %bock treatmnent of bacteiriall cells. SI fr the nslidcno: ditluoiride: mniernrancs. Bioted( pro~icins sscrc: ltiiiicd
.inalfoss oft the effect'. tit heat sholck Ireatmlent, a haicterial brictfis sriith (tim)mas'rme hiuic and] destained. I'rgteiin hands sicrc
sUspcnsioin 4 ý ml)I stias mitied st ith 24t nil ofi presriarmcd PB-S or lofcated b\ alignment Aiuth purified hfoiim~jtilirus pro~teirns and Iit
BHIII F. in %flaitir bath% set at prerreketed heat s.hock for contro~l IN Western blotting. The\ \,.ere cut tub and sequcniccd hii
(37 (4 temperatures. Sample% were remosed from heat shtxck running at standard operatitg pro~gram with a lBltim-2 rcacrigin
treatment alter \arious sholck times otr after shock plus recos)- cartridge.
er\ times. For studie, ofl pSi effects, flour bacterial suspensions.
each oif fi.75; ml, woere mixed with N).75-ml \olumes of pH-REUT
buffered saline tol give 1: 11 dilutions and final piis of 3.04. 4(.0.SLT
5Al. and 8.6. Mixed suspensions were incubated at( 3TC. Stress responses of C. jejuni following heat or pH shock.
Samples were taken for analysis after selected times at acidic This study was designed to characterize the induction and or
or alkaline pHs and also after recovery periods, which were release of protein antigens following physiological stress. In-
carried out by pellet ing bacterial cells and resuspending them duced and/or released proteins were visualized by silver stain-
in a medium of normal growth pH. Recovery afte~r heat shock ing and ECL Western blotting.
and pH treatments was performed in PBS or BHIYE at 37'C. Induction of distinct proteins by heat shock at 6t 0'C in the
Finally, all samples were pelleted promptly by centrifugation, culture medium (Fig. IA, lanes A to C) or balliepH
and whole-cell pellets and supernatants were stored separately shock at pH 8.6 (Fig. I B. lanes B to D) is evident. Upregulation
at -70'C until needed for further characterization, of a 64- and a 45-kDa polypeptide by heat shock at 60'C for 15

Sodium dodecyl sulfate-polyacrylamide gel ellectrophoresis min to 2 h or alkaline pH shock at pH 8.6 for (0.5 to 2 h
(SDS-PAGE) and enhanced chemiluminescence (ECL) West- continued for several hours after removal of stressors. In
ern blitotting (immunoblotting). Tricine SDS-PAGE was per- addition, four proteins of 22, 38. 53, and 66 kDa were induced
formed on the basis of the work of Schagger and Jagcow (27). A by pH 8.6, while two proteins of 27 and 53 kDa were induced
10 to 20% linear gradient polyacrylamide separating gel (0.75 by heat shock. Acid shock at pH 3.0 caused significant reduc-
mmn by 18 cm by 20 cm) was overlaid with a 4.5% polyacryl- tion of an sIgA-reactive flagellar protein in the cell pellet, while
amide stacking gel. Whole cells were solubilized with a solution the lost reactivity was detected in the supernatant (result not
of 2%7, SDS and 01. 1% Triton X- 100 by repeated ultrasonication shown). Acid shock at pH 4.0 and 5.0 did not cause significant
and heating in a boiling water bath. Supernatants were washed protein induction under conditions used in this work (Fig. I B.
free of medium components with Centricon P-10 (Amicon) lanes E to K).
and concentrated. Samples were then mixed with the sample Release of 10- and 12-kDa polypeptides is best seen with
buffer, heated at 60'C for 1(0 min. and loaded onto gels. Western blotting (Fig. 2) because these two proteins stained
Loaded gels were run at 3(0 V for I h or until loadings had much more poorly than large proteins with silver staining
completely left the sample pockets. Electrophoresis was then reagents. Heat shock in PBS, but not in BHIYE, at 50'C or
performed at 185 V for approximately 3,2(g) V~ hI. Gels were above caused the release of the l0-kDa polypeptide (Fig. 2A,
stained with a silver stain kit (Bio-Rad) or transferred onto lanes A. C. and H). Both heat shock and alkaline pH treatment
membranes in a photsphate buffer system (25 mM. nH 7.25) in caused near-complete dissociation of an immunoreactive 12-
a Trans-Blurt Cell (Bio-Rad) for 4 ht at 420 mA. Precast kDa polypeptide from the cells, while acid treatment at pH 5.0
SOS-PAGI. minigcls of botth the Tricine and [acmmli systems caused only partial dissociation (Fig. 2).
were uwcd according to the instructions of the manufacturer Identification of C. jejuni GroEL and GroES proteins. The
nNOVIIX). stress-inducible 64-kDa protein of C. jejuni was found to

F(1 Western blotting was performed according to the cross-react with several monoclonal antibodies against a
intructiltns ofi the manufacturer jAmersham) with minor GroEL homolog oif Rickeisia vypli. This protein was located

mniifwt~us.Proteins wAcre blofted onto high-btrnd nil rocel- on at Western blot, and ifs N-terminal sequence was deter-
luhlflo membatranfe% 4"timer'haml. Membrane% were then bloicked mined (Fig. 3A). This 64-kDa protein is more than 80W4
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B FIG. 2. (A) Immune rabbit serum ,gG ECL-probd Western blot

FIG. I. (A) Silver stained Tricine SDS-10 to 20% PAGF profiles of whole cells and supernatants of heat-shocked C. jejunt. Lanes%: I.

of heat-shocked C. jejuni whole cells. Lanes: i. molecular mass markers whole cells heat shocked for 0.5 h at •10°C in PBS with a I-h recover,:

(wide-range protein standards from NOVEX [catalog no. LC56771); H, supernatant of lane 1; G, molecular mass markers, F. control whole

H, purified R. typhi GroFf.; G and F, control whole cells with no stress cells with no stress treatment: E. supernatant of lane F: D. lane I whole
treatment; E and D, cells heat shocked for 1.5 h at 5t°C in PBS (E) cells after an additional I-h recovery: C. supernatant of lane D: B. lane

with a 2-h recovery (D); C, B, and A. cells heat shocked for I h at 60'C I whole cells after 2.5-h recovery: A. supernatant of lane B. Note that

in BHIYE (C) with a 2-h recovery (B) or a 3.5-h recovery (A). (B) P Tricine-lO to 20% polyacrylamide gel was used and only part of the

Silver-stained SDS-10 to 20% PAGE profiles of pH-shocked C jejuni blot is shown. (B) Immune rabbit sIgA ECL-probed Western blot of

whole cells. Lanes: K, J, 1, and H, cells, treated for I h at pH 4.0 (K) whole cells and supernatants of stressed C. jejuni. Lanes: A. molecular
with a 2-h recovery in PBS (J and H) or a 2-h recovery in BHIYE (I); mass markers (prestained low-range standards of Bio-Rad, catalog no.
G, F, and E, cells treated for I I at pH .0 (G) with a -h recovery in 74177): B. control whole cells: C. supernatant of lane B: I). whole cells
PBS (F) or a 2-h recovery in BHIYE (E); D, C, and B. cells treated y for heat shocked for I h in PBS with a 2-h recovery: E. supernatant of lane

I h at pH 8.6 (D) with a 2-h recovery in PBS (C) or a 2-h recovery in D: F. lane D whole cells after an additional 1.5-h recovcrv,: G,

BHIYE (B); A, control cells with no stress treatment. Molecular mass supernatant of lane F: 11, whole cells treated for 2 h at pl1 5_11: I.
markers are not shown. supernatant of lane H: J, lane 11 whole cells after a 2-h recover,: K.supernatant of lane J: L. purified R. ivphi GroEL: M. whole cells

treated for 2 h at pH1 8.6: N. supernatant of lane M.
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A DISCUSSION
Cj64 A K E I I F S D E A R N K L Y E G V K K

Our results show for the first time that a stress-inducible
HIp .... K . . . S . . L . F . . . R Q GroEL homolog and a stress-released GroES-like protein of

Ec M A D V K .G N D V Q M L R . N V C. jejuni are among the targets of mucosal IgA response during
Campylobacter infection in the rabbit model. External alkaline

B pH, but not acidic pH, and heat shock induced stress responses
I. •li H N I R P L fi D R V I V K R K E V E in C. jejuni that were comparable to those in studies with E. coih

,Q. Jeuni . FQ . G T K . L .H G . E. (29).
Only a single, intensely immunoreactive band was detected

FIG. 3. (A) N-terminal amino acid sequences of the C. jejuni between 64 and 66 kDa on ECL Western blots, if electrophore-
64-kDa protein and several GroEL homologs. The single-letter code is sis was performed using precast SDS-12.51i PAGE minigels of
used to denote amino acids. Dols indicate identities between corre- the Laemmli system (blots not shown). This indicates that the
,ponding amino acids. Abbreviations: ('j,4. 64-kDa protein of C.
lejunt: tip. . yinlon HSP62 (7): Fc. E. toh GroEL heat shock protein GroEL homolog and the flagellin may not be differentiated on

Illa). (IB) N-terminal amino acid sequences of E. colt GroES protein low-resolution SDS-PAGE minigels and in subsequent West-
(Ila) and the GroES-like protein of C. ]tjum. ern blotting. Using high-resolution SDS-PAGE gels we werc

able to find an alkaline-pH-inducible 66-kDa protein. In their
recent publication. Panigrahi et al. (23) reported a protein with
a similar molecular mass that was induced in vivo in rabbits.
These two proteins may be identical since alkaline p1l shock

homologous (identities plus conservative substitutions) to a mimics the pathogen's in ,ivo environment, since the pH of the
(GroEL homolog of Ht. ps/on and 67"; homologous to the E. small intestine is alkaline (l6. 17).
coh (iroEl in 211 N-terminal amino acids. We were able to In It yon-r, a GroEL-like protein is bound to extracellular
conc:ude that the 64-kDa protein is a GroEL homolog of C. urease (7). and in S. typhimunurn. an extracellular GroE-l-like
jejUmu on the basis of its N-terminal amino acid sequence and protein is responsible .for binding the pathogen to mucus (6).
immunological cross-reactivity. A GroES homolog of C. jejuni However, we detected no extracellular GroEL homolog of C.
was also identified by N-terminal sequence analysis of a jejuni in the supernatants of heat- and pit-shocked, as well as
1II-kDa protein located by alignment with a purified GroES unshocked. cells. Given the fact that this GroEl. homolog wias
homolog of R. t'phi (Fig. 38). The GroES homolog of C. jejunt strongly reactive with slgA from infected animals, this protein
cross-reacted with rabbit serum lgi against a purified homol- may play a novel and as yet unknown role in ('amnl'hhatw'r
ogous protein of R. n-p/n (blot not shown). infection.

Identification of stress-relesed 12-kfl• protein, stress-in- It is interesting to note that a GroES-like protein was,
duced 45-fDla protein, and lagellin protein. A major immu- released upon heat shock in PBS. while the GroEL-like protein
noreactive protein that migrated slightly behind the GroEL was not. As molecular chaperonins, bacterial GroES-likc pro-
homolog on high-resolution gels was suspected to be flagellin. teins are regarded to be functional partners to GroEL-like
N-terminal %equene analysis revealed that the protein band proteins (8. Ila. 40). Our observation may indicate that (iroES
did contain a major N terminus identical to those published for can also function separateiy.
flagellins in other Campvlohacter spp. (I10) and at least two A 45-kDa major antigen described in this study is likely the
more N-terminal species (data not shown). N-terminal amino major outer membrane porin protein discussed elsewhere (32).
acid sequences of the 12- and 45-kDa proteins were deter- Although the N terminal sequence of this 45-kDa protein that
mined but are not reported here. A search of major data banks we determined (data not reported herein) does not align well
of protein and gene sequence did not result in finding homol- with amino acid sequences in major data banks, the N termini
ogous matches for either of these two proteins, of mature porin proteins (i.e., after cleavage of the signal

Rabbit mucosal and systemic immune responses to (:jejuni sequence) are known to have poor sequence conservation ( I I ).
stress-induced and other major protein antigens. The GroEl. The 45-kDa protein band was induced by both heat and
(Fig. 2B) and GroES (blots not shown) homologs of C. jejuni alkaline pH shock. similarly to induction of a porin protein in
were strongly reactive in Western blots with sigA from intes- Pwudornonas a'rrginavt by anacrobiosis (39). and in a deep-
tinal lavage fluids from immune rabbits. The same slgA sea photobacterium (SS9) by elevated hydrostatic pressure (2).
preparation cross-reacted with purified GroEL (Fig. 28. lane The immunogenic 12-kDa protein should not be a degraded
L) and GroES (blots not shown) homologs of R. lyphi. Similar product since it was detected comigrating with another 12-kDa
results were obtained with immunoblots using immune rabbit polypeptide in unstressed whole cells (unpublished data). Two
serum IgG (blots not shown). proteins with similar molecular masses. 12 and 14.5 kDa. have

The stress-released 12-kDa protein was %trongly reactive previously been shown to be recognized by serum IgG and
with both mucosal IgA (Fig. 2B) and serum IgG (Fig. 2A). The slgA present in the stools of patients recovering from naturally
stress-inducible 45-kDa polypeptide was a major antigen of acquired C. jejuni enteritis (201 .. ). Given that this 12-kDa
mucosal IgA (Fig. 2B). Its reactivity with serum IgG was protein dissociated from cells upon stress and was strongly
consistently weaker (blots not shown). Several other major antigenic. this protein may be an important surface-associated
sigA-reactive antigens are apparent in Fig. 2B. These antigens immunogen.
include polypeptides with apparent molecular masses of 16, 17. In summary, we characterized the protein response to heat
21, 23, 27, 28, 31. 37, 54, 57, 601, 66, and 92.5 kDa but were not and pH1 shock treatments and identified two major heat shock
further studied. proteins of C. jejuni. The two identified heat shock proteins

In control studies, in ECL Western blots C. jejuni whole-cell were strong in vivo antigens of rabbit mucosal slgA response.
antigens did not react with preimmune rabbit lavage fluids and These two proteins, as well as the strongly antigenic stress-
yielded only a few weak reactions, mostly in the 45- and 601- to released 12-kDa and stress-inducible 45-kDa proteins, deserve
66-kDa regions with preimmune rabbit serum (blots not further investigation of their respective roles in uarnPvohucwter
shown), infections.



4260 WU ET AL. his I( I. Iwmt~i

ACKNOWLEDGMENTS D). Ailand, J. Convij. X. Fan. S. W. Hunter. P. J. Brennan. T'. H.
Thisworkwas uppoted y te Naal Mdica Resarchand Res, and R. L. Modlin. 1992. A major'[- cell antigen of _41t uoho-
Thiswor wa supored y te Naal edial eserchand tenuin h'prat, is 1(-k!)A heat-shock cognate protein. J. Exp. Mecd.

Development Command, Bkethesda. Md.. work unit 62787D) B9Y8AN 175:275-284.
870).1.0.1289. ly. Miurray, P. .J.. and R. A. Young. l1X)2. Stress and inmmunological rc-

We thank A. L. Bourgeois and E. Weiss for their commenctts.. Y.L..W. cognition in host-pathogeni interactions. J. ladctriol- 174:411)3-41,M.
thanks Michael R. Gretz of the Michigan Technological University. 20). Nachamkin, L,. and A. M. Hart. 1985. Western Nlot analvsis ofl the
who is (he faculty sponsor of this project. We thank Giregory tDasch of human antibody response ito) iiphho'c q cellula'r antigens
the Naval Medical Research lnstit..:e for providing crude R.tyh during gastrointlestinal infection. J. ('lin. Mlicrohiol. 21:33 3s,
material and Paul Cohen of the Universit'. of Rhode Island for 211. Newport, G. R. 1991. licat shock protein, as vaccine Candidates
providing immune rabbit serum. Scmin. Immunol. 3:17-24.

22. Nilsson. B. 1441 Proper and improper folding of proiteins in the
REFERENCES cellular environment. Annu- Re%. %licrobiol. 45:1,07 .4435

L Bangsborg, J. MI., MI. T. Collins, N. Hoiby. and P. Hindersson. 23. Panigrahi. P.. G. Losonskv, L. J. DcToila. and J. C. Morris. Jr.
1989. Cloning and expression of the 1.ciqonella inmrdadet 'commion 1992. Human immune response ito ( attipiltohor ir It'11ioo proteins1
anfigen- in Evhchi'n~a ciou. APMIS 97:14-22. expressed titt %ivo. Intect. Immun 60-.411'Is.-4Q444

2. Bartlett, D. H., E. Chi. and M. E. Wright. I1I '3. Sequence of the 24. Pavlovskis. 0. Rt.. 1). Mt. Rollins. R4. I- Habertwricer. Jr.. -4. V.
ompiH gene from the deep-sea bacterium Photobacterium SS11. Green. L Habashi. S. Strocko. and R. 1. W.alker. 1991 Significanee
Gene 131:125-128. ol flagella in colorniation resisance: ot raibbiis in1muniick] %411

3. Burr. D. H., D. T. Kerner, C. S. Blanco. A. L.. Bourgeois, and R. Co~tin- 1i)Nbtur spp. Infect. Imrunu~ 9.2~-2
Wistar. Jr. 1987. Gastric lavage: a simple method ito obtain 21. Pei. Z... R. T. Ellison 1ll. and MI. J. BMaser. 11141 hlicntitie.itioi'.
lgA-rich intestinal secretioins from the rabbit. J1. Immunol. Meth- purification. and cbaractcri/aiion of nmajor antigcnik proteins o
ods 99-277-281. Cdt .u ltNp r5 ictr iout. J, Bulol he in 266:1 Iti.11, P00 10,

3a.Caldwell, MI. B.. R. 1. Walker. S. D). Stewart. and J. E. Rogers. 26, Rollins. D). MI.. J. C. (oolbaugh. R. 1. Walker. and E. WreiSs.. ', 1s
1983. Simple adult rabbit model for Ctnkxurcei enicritis. Biphasi Culture Sssiem tor rapid ~i a 'rpvhahm lr cultis anon Appil
Infect. Immun. 42:1 176-I 1182. lFrnsiron. Microbtol. 45:2K4-281)

4, Czii.. S. J.. A. Cai, and J. G. Niedrud. 1443. Proiteciuon ot 27 Schagger, H . and G. Ns. Jagos. Ills-, ricine-stidiuni dodet.-N
germ-free mice from infection bi, Ilebu4,/vaictrfei% after acmttl oral sulatcf-pohlacnlamidc el lc t ~crophoresis fo r the separation of1
or passive IgA immunization. Vaccine 1 1:07-6h-2. proteins in the range from I ito iii1 k~a. A\nal. lBi4whCrn. 166: 3

1iNs

5 IDeNagel. D. C., and S. K. Pierce. 1493. Heat shock proteins in 37
immune responses. (nit. Re,. Immunol. 13:71-81. IX Shinnick. T.MN. 144 etsok rtisa iiigno Iitrlai

h6 Ensgraber. NI.. and MI. Loos. 1992. A 66-kilodalton heat shock parasitic pathoigens. (urr lop. Microibiol Immuniol 16i7:l14i 11so1
protein rif 'SaJmrnrgellui fv~phuiinnnrn is responsible for binding of the 214 Taglclcht. D).. E. Padan. A. B. Oppembem, and S. Sdiuldiner. IIN
bacterium ito intestinal mucus. Infect. Immun. 60-.U1'2 _1417s. An alkaline shilt induces the heat shock, rcsjsoris in 1,4hembian,

7. Evans. D. J.. Jr., D. G. Evans. L Emgstrand. and 1). V. G;rahlam. .oip. J llictcriiil. 169:8s; -xx'
1942. Urewse-asssiciated heat shock protein of HehcoIarthj r sIoni. 3(1, Tauiie. Rt. V. I1942. 1 pidemitilogN 441 ( 4Igni14hdas44 141 un 1414inIifL

Infect. Immun. 60.2125-212~7. lioins in the United States .ndo4tiher indusi rialiied iiaoot ns. p It 114
S. Georilopoullos. C. 1992. The emergence ofl the chapecrone ma- in 1. Naiehamnkin. %I J Blaser. tiid I S I1 implins (cr :. ( apriiijit

chines. Trends Biochem. %Li. 17:295-21A) 1441514 ter lemitun current status aind tuture trendsl *incrickin S4 wiety
4ý (;rlmths. P. L. and Rt. W. A. Park. VAN11. A reN iew: ( aritvlo/sit gigs tor M icro hit vlogs. Wa~isngion. IM

associated with human diarrhocal disease. J AppI. lactcriri[ 31 Taylor, 1). %. 11112 ( .irPitlohsha icr infectiions in Jcveltiping o~uni
69-28 1-_301ý tries. p 20- ill /it I Natcbmakin. %`1 J Maser, .ind I S I 011pkins

Ill (,erry. P., t. A. Alm, MI. E. Power. S. MI. Logtan. and T. J. Trust, led. t. ( arliph~ii telfr iciiiu curnt erci staitus aind future trends
19Y1. Role of ts%(I flagcllin genes in (atnp'v~ihaihmcr motility, J American Skt for %fieriboio logs. A~ashiiigtoi. 1)
Bacteriol. 173:4757 -4764. 11 Walker. Rt. L. MI. B. Caldwell. F:. C. Lee. P. (;orrn. T. J. Trullt, and

lII~a.emmilmgsen. S. MI.. C. Woollord. S. MI. van der Vies. K. Tillit. G. MI. Ruitt-Palaclos. 14M6 Path4.phsiologi, 41 ( amlllfP Ni44. iic,
D. 1'. Dennis. C. P. Georgopoullos. Rt. W. Hendrix. and J. Ellis. enteritis. Mlicrrbitil. Re% 50:81 '10
198$. Homologous plant and bacterial proteins chaperone oligo- 33 Walker. ft. L.. and j. I). Clemsent%. 11443 1, %c .4 hcaii-laibilc tollin of1
merie protein assembly. Nature (Lorndon) 333:3:4l-3.14, enterotoxiigeiic 1. t& hrm hi,,I ill 1, to l naclii mud isal imniurnl.i

llt..instilule of Laboratory Animal Resources. 19M6. (iuide for the tlion Vaccine Res 2:1 Illt
care and use of laboratrir animals. D)1111 publication INIIII 34. Walker. ft. L. 1). NI. Rollins. and 1). H. Burr. 1442 Studies otf
Xh-23. National Research (ouncil. Washington, D.C ( npsh~thin ter infection in the .iduli rabbii. p 1 11) 14' lit I

11. Jeanteur. D..j. H. Lakey. and F. Pattus. 1441 Fhe bacterial porin Nachamnkin. %1 ) Blaser.and I S tompkins telt i. ( am/nhsI.itit ter
superfarrith sequence alignment and structure predictiiin Mol uijunn current stltrls mid future trends Americain Sociei% for
Mierohiol. 5-2153-2164. NI icfobiologs. Nka.ihingti n. D)C

11 Kaumfann. S. H. E. 1491 Introduction heat shock proiiein% in 15Welch. W. 14102 Mammalian siress, response. cell phsi,%ilog%.
protection. surveillance and pathurgencsis Semin. Immunol 3:1-.3 structure function of stress proteins, and implicati. ns for mcnlicrn-t

13. Kaufmann. S. H. L.. and D. Kabellts. 1941. Gjamma delta I .ind disease Phsiiil Re%. 72:lWO 11KN1
lymphocytes and heat shock proteins. Cumr Fo.i Microibiol Weklh. W. I(Al IliqM crells. respond it) stressý %ci. Am 1`093451:56-4.
immuniol. 1167:191-2017. 1ý Winfifeld. J. B., and W. N. Jarjour. 1441l Stress proteins. autlim-

14. L.ane. E. M_ R. A.Batchelor. A. L. Bourgeolls. D). H. Burr. and J. G. munit-l. ind autonimmune: disease (onr lop. Microbiol. Immunol.
Olson. 1987. Urine and faceal IgA response during natural 1167: 1 (1 1 IN)
acquired infection with (amp~inplwt-er jejunt. Lincet 1: 1141 18 Winsor. 1). K.. Jr.. J. J. Mathewson. and H. L.. D~uPonrt. f 9M,

I5. Langer. T.. and W. Neupert. 1441. Hecat shock proteins hspNl ,ind Westen blot inallvsis tit intestinal seerclort, immunoiglribulin A'
hsp7tl: their roles in folding. assecmbls. and membrane transloca- respvnse to4 ( unksjifter ill antigens in patlients w~ith naturally
lion of proteins. (urr. Top. Microhiol. Immuntil. 167:3- 341 acquired (dimlilbitkitair entcritis. 6astriicnterologs 91k.1217-1-222.

16. Letitia. D,. G. Htch, and Y. Kievernactel. 1997. Influence tit 34 Vamano. 1'. T. Nishibawa. and V. Komuatsu. 1493. ('Ioning and
phytatc oin in vitro digestibility of casein under physinloigical nueleotide sequence til inacriibieall induced porin protein Li
conditions. Plant Food%. Hum. Nutr. 37:2214-235 lOprli' (if i'n'rulgrnionui 11,1`11l~l~tii4t F'A01. Miil. Micrtibiol. 891943-

17. MceGhee. J. R_. J. Mestecky. MI. T. Dertzbaiagh. J. H. Eldridge. MI. 101" 4
Hitramnawa. and H. Kiyomo. 1992. The, mucisal immune system from 411 Zeillsra-ftiallsi. J.. 0. Faver. and C. (eorgopoulos. 11401, The
fundamental coneepts ito vaccine develoipment. Vaccine 10-75-149 universallyt conse-rved grol- (l1sptit chapecroniri. Annu. Re%.

1ll. Mehra. V., B. ft. Blooms. A. C. Bajardi. (C. L.. Cr~ltso. P. A. Slelingc. Microbiol . 45:301 1325.


