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Campylobacter jejuni is a gastrointestinal pathogen of humans but part of the

normal flora of poultry. C. jejuni therefore grows well at both 37°C and 42°C.
Proteomic studies on temperature regulation in C. jejuni strain 81-176 revealed the
upregulation at 37°C of Cj0596, a predicted periplasmic chaperone that is similar to
proteins found to be involved in outer membrane protein (OMP) folding and virulence
in other bacteria. The cj0596 gene was highly conserved in multiple strains and
species of Campylobacter (24 in total), implying the importance of this gene. To
study the role Cj0596 plays in Campy/obacter pathogenesis, a mutant derivative of
strain 81-176 was constructed in which the cj0596 gene was precisely deleted. This
mutant was complemented by restoring the gene to its original chromosomal
location. The mutant strain demonstrated a decreased growth rate and lower final
growth yield, yet was more motile than wild-type. The cj0596 mutant also showed
altered levels of several outer membrane proteins (OMPs), and changes in
membrane-associated characteristics (antimicrobial sensitivity, autoagglutination,
and biofilm formation). In either single or mixed infections, the mutant was less able
to colonize mice than wild-type. Purified, recombinant Cj0596 had peptidyl-prolyl cistrans isomerase (PPiase) activitty, but did not functionally complement an E. coli
surA mutant. These results suggest that C. jejuni Cj0596 is a PPiase and loss of

Cj0596 alters phenotypes that have been shown to be related to the pathogenesis of
the bacterium.
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CHAPTER 1. LITERATURE REVIEW

Introduction to Campylobacter jejuni
The first description of the organism was in 1886 by Theodor Escherich.
The genus Campylobacterwas created in 1963 and two Vibrio species, V. fetus
and V. bubu/us, were transferred into the new genus on the basis of their low
DNA base composition, their microaerophilic growth requirements, and their
nonfermentative metabolism [1]. Campylobacters are microaerophilic, Gramnegative rods that are 0.2 to 0.8 11m wide and 0.5 to 5 11m long. The organisms
are motile, with either uni- or bi-polar flagella, have a characteristic
spiral/corkscrew appearance, and are oxidase-positive [2, 3].
Campy/obacterinfection of humans was first reported in 1947, but it has
only been considered an important human pathogen since the late 1970s [4, 5].
C. jejuni is now recognized as one of the main causes of bacterial foodborne
disease in many developed countries [6]. At least a dozen species of
Campylobacter have been implicated in human disease, with C. jejuni and C. coli
as the most common [3]. C. fetus is a cause of spontaneous abortions in cattle
and sheep, as well as an opportunisitic pathogen in humans [7]. The common
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routes of transmission are fecal-oral, ingestion of contaminated food or water,
and the ingestion of undercooked meat [8].
Campy/obacterenteritis is an acute diarrheal disease that produces an
inflammatory, sometimes bloody, diarrhea, or dysentery syndrome, mostly
including cramps, fever and pain. The infection is usually self-limiting, and in
most cases symptomatic treatment by liquid and electrolyte replacement is
sufficient. Treatment of the infection with antibiotics is generally unnecessary,
but erythromycin and fluoroquinolones are effective. Although
campylobacteriosis is a common infection, it is rarely fatal with fatalities usually
only occurring in the elderly or those with underlying conditions [9, 10]. While the
primary infection is seldom life-threatening, several severe sequelae, such as
Guillain-Barre Syndrome and reactive arthritis, can occur [11, 12].
Various virulence factors contribute to survival and establishment of
disease. Upon ingestion by the host, the bacterium uses motility and responses
to oxidative and temperature stresses to survive. Once inside the host,
Campylobacter uses chemotaxis and motility to move from the intestinal lumen
through the mucus layer. Upon interaction with the intestinal epithelial cells, the
bacterium requires motility, an oxidative stress response, adhesins, invasins,
toxin production, and a system for iron acquisition to adhere to and invade host
cells. Some of the proteins involved in these processes have been identified, but
many remain unknown.
In order to conserve energy, bacteria express certain proteins only under
conditions where those specific proteins are necessary for survival. Growth at
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different temperatures has been shown to cause differential expression of
proteins in a number of pathogenic bacteria [13-24]. Because the body
temperatures of humans and chickens differ (37°C and 42°C, respectively), C.
jejuni is likely to express different proteins when colonizing chickens than when
colonizing humans. We used proteomics to determine which C. jejuni proteins
are upregulated at 37°C compared to 42°C, because such upregulation might
suggest an importance in colonization of humans. One of the proteins identified
was Cj5096, which is annotated in GenBank as playing a role in protein folding
and stabilization.

Introduction to Cj0596
Cj0596 was first identified by Blaser eta/. when radioiodination of intact C.
jejuni with subsequent fractionation showed a major surface exposed peptide
that migrated at 30 kDa [25]. The protein was not readily removed from the cell
surface by saline washing or osmotic shock, but it was dissociable by acid pH
[26]. The protein was conserved among Campylobacterstrains, except C. fetus,
and reaction with VC74 antisera was demonstrated [26-28]. Later findings
contraindicated the theory that Cj0596 was surface exposed and suggested that
the protein is associated with the inner membrane [27, 29, 30]. lgG antibodies to
Cj0596 were detected by ELISA in 6 of 19 patients with C. jejuni or C. coli
diarrhea and anti-Cj0596 lgG antibodies were also detected by western blot in a
single-patient case study [29, 31, 32]. Isolated Cj0596 protein is not adherent to
Hela cell monolayers and Cj0596 antiserum minimally inhibited C. jejuni
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adherence to HeLa cells [30]. Cj0596 may be linked to the surface exposed cell
binding factor 1 (CBF1) in the cell wall [30]. Cj0596 is 54.1% similar to peptidyl
prolyl cis-trans isomerase (PPiase) D from E. coli and shows 33.7% identity with
Bacillus subtilis export protein PrsA and 23.8% identity with Lactococcus lactis
protease maturation protein precursor PrtM, which are extracytoplasmic
lipoproteins involved in processing of exported proteins, and 35.7% identity with
He/icobacter pylori HP0175 [28, 33, 34].
Recently, Cj0596 was found to have PPiase activity [35]. Additionally, a
C. jejuni NCTC 11168 cj0596 mutant was created and studied [36]. It was
confirmed that Cj0596 is periplasmically located [36]. An uncomplemented
cj0596 mutant was found to have a decreased growth rate, decreased adherence
to INT407 cells, decreased ability to colonize BALB/c mice, and decreased
biofilm formation [36].

Peptidyl prolyl cis-trans isomerases

Introduction to PPiases
The first enzyme identified that catalyzed prolyl isomerization was isolated
from porcine kidney and classified as a PPiase [37]. PPiases accelerate the
rate-limiting cis-trans or trans-cis conformational changes at Xaa-Pro bonds
during protein folding in both eukaryotes and prokaryotes. Three structurally
unrelated families of PPiases exist in bacteria: cyclophilins (Gyp), FK506 binding
proteins (FKBPs), and parvulins [38-40]. The three families do not show
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sequence homology, but all have members with single domains as well as those
with multiple domains. In addition to PPiase activity, it is likely that these
proteins perform additional functions in the cell.
Parvulin is the most recently discovered family of PPiases and shows high
prolyl isomerase activity towards tetrapeptides in the protease-coupled assay. Its
activity approaches that of the most active cyclophilins and is much more active
than FKBPs [39]. Parvulin prefers hydrophobic residues in the position
preceding the proline in tetrapeptides [39].

Escherichia coli
E. coli SurA was first discovered in a screen for proteins necessary for

stationary phase survival, however that phenotype was later found to be an
artifact [41-43]. SurA is the primary periplasmic chaperone in E. coli and has two
parvulin-like PPiase domains [44-47]. It is involved in folding outer membrane
proteins, such as LamB, OmpA, OmpF, and mutation of surA causes increased
sigma-E activity as well as increased levels of DegP, a protein that degrades
unfolded or misfolded proteins in the periplasm [43, 44, 48-51]. Because of the
alterations to the outer membrane, surA mutants are sensitive to hydrophobic
dyes, hydrophobic amphipathic antibiotics, detergents, and bile salts [43, 44, 49].
The surA mutant showed reduced piliation with decreased levels of PapC and
FimD [43, 52]. The consensus sequence targeted by SurA is aromatic-anyaromatic (with a preference for aromatic-polar-aromatic}, and it was noted that
proline is not required for binding by SurA [53-56]. The PPiase domains are not
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necessary for SurA activity as the protein lacking its parvulin domains was
functional and a surA mutant was complemented by a construct containing only
the N- and C-terminal domains [52, 57].
A surA mutant in uropathogenic E. coli (UPEC) strain UTI89 is not viable
within murine bladder epithelium and it was found that SurA is required for
suppression of cytokines produced by bladder epithelium in response to
uropathogenic E. coli [43, 58]. The decrease in viability of the surA mutant is due
to a deficiency in binding and a large decrease in ability to invade bladder
epithelial cells [52, 59]. Additionally, SurA is required for intracellular growth and
intracellular bacterial community maturation during murine cystitis [59].

He/icobacter pylori
H. pylori HP0175 is a 30 kDa protein that shows homology to C. jejuni

Cj0596 [60]. It was suggested that HP0175 is located on the cell surface and
further studies found the protein in the supernatant, suggesting that it is secreted
[61, 62]. HP0175 was recognized by antibodies from patients who had
gastroduodenal ulcers but not patients with nonulcer dyspepsia [63, 64]. HP0175
was found to be a pro-apoptotic factor, as a mutant showed impaired apoptosisinducing ability [65]. The mechanism of HP0175 pro-apoptotic function was
studied and HP0175 was found to signal through TLR4 by direct interaction with
the extracellular domain of the receptor [65-67]. TLR4 plays a major role in H.
pylori-mediated IL-6 induction in macrophages. Because it interacts with TLR4,

HP0175 is a potent inducer of IL-6 production, with ERK and p38 MAPK
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activation being critical in sustaining HP0175-driven IL-6 promoter activation [66].
Binding ofTLR4 by HP0175 also leads to activation of the epidermal growth
factor receptor, which in turn stimulates production of vascular endothelial growth
factor in the gastric cancer cell line AGS [68].

Shigella flexneri
Little research has been done regarding S. flexneri SurA, which is a
periplasmic chaperone that functions similarly to E. coli SurA. S. flexneri SurA
mutants were able to invade Henle cell monolayer, but were unable to form
plaques [69]. This inability to form plaques is likely due to the requirement of for
surface presentation and polar localization of lcsA, a protein required for cell-tocell spread [69].

Salmonella enterica serovar typhimurium
A S. enterica surA mutant was found to be significantly Jess virulent than
the wild-type strain when inoculated into mice [70, 71]. The in vitro adherence
and invasion abilities of the surA mutant for HEp-2 cells was also greatly reduced
[72]. Decreased resistance of the mutant to polymyxin B suggests that SurA
plays a role in membrane stability, similar to SurA in E. coli [71]. Comparison of
outer membrane protein profiles of surA mutant and wild-type bacteria showed a
lower level of OmpC/F, OmpD, and OmpA [73].
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Bacillus subtilis
B. subtilis PrsA is an essential lipoprotein with one parvulin-like PPiase
domain and shows 33.7% identity with Cj0596 [28, 74-76]. PrsA is anchored to
the outer leaflet of the cytoplasmic membrane and has been shown to assist in
folding integral membrane proteins as well as secreted proteins [39, 74-80].
PrsA plays a role in protein secretion and functions at the interface of the
cytoplasmic membrane and cell wall [78]. Mutants show decreased secretion
and stability of several proteins while overproduction of PrsA increases the
amount of several proteins (a.-amylase, recombinant B. anthracis protective
antigen, and pneumolysin) secreted into the culture medium [78, 81-83].

Legionella pneumophila
The L. pneumophila macrophage infectivity potentiator (Mip) is a 24 kDa
homodimeric surface protein that possesses FKBP-type PPiase activity [84-86].
Antibodies to the protein were found in Legionnaires' Disease patients [87]. The
Mip protein is required for optimal initiation of infection in macrophage cell lines,
human alveolar macrophages, blood monocytes, lung epithelial cells, amoebae,
ciliates, and guinea pigs [85, 88-90]. Unlike E. coli SurA, an intact PPiase
domain of Mip is required for establishment of intracellular infection [91]. TheNterminal domain plays a role in dimerization of Mip. The C-terminal domain of
Mip is required for the presence of p-nitrophenol phosphorylcholine hydrolase (a
type II secreted exoenyme) activity in the supernatant [92]. Because Mip is
highly conserved, the detection of mip by PCR can be used as a tool to screen
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water distribution systems and to diagnose patients with Legionnaires' Disease.

[93-98].

Chlamydia trachomatis
A highly conserved, 27 kDa lipoprotein with sequence homology to L.
pneumophi/a Mip was identified in C. trachomatis [99-101]. The PPiase domain

of this Mip-like protein is a member of the FKBP family [1 00, 102]. Inhibition of
the PPiase activity of the Mip-like protein was shown to disturb early steps in the
process of intracellular infection [102]. Unlike Legionel/a Mip, the Chlamydia/
Mip-like protein is not surface exposed, but antibodies against the N-terminal
portion of the protein have been observed [100].

Trypanosoma cruzi
The T. cruzi Mip-like protein (TcMIP) is a dimeric protein with PPiase
acitivty that is secreted by trypomastigotes [1 03]. The PPiase domain of TcMIP
belongs to the FKBP family of rotamases and Legionella Mip can substitute for
TcMIP in invasion assays [104].

Neisseria gonorrhoeae
The Mip-like protein of N. gonorrhoeae, Ng-MIP, is a surface exposed
lipoprotein that has PPiase activity [1 05]. Because it can be inhibited by
rapamycin, Ng-MIP is a member of the FKBP family of PPiases. AN.
gonorrhoeae mip mutant does not show altered adherence to or invasion of
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macrophages, but it is more sensitive to macrophage killing, suggesting that NgMIP plays a role in intracellular survival within macrophages [1 05].

Hypothesis
Cj0596 is a periplasmic peptidyl prolyl cis-trans isomerase that plays a
role in Campy/obactervirulence.

CHAPTER 2. MATERIALS AND METHODS

Materials
TABLE 1. Strains used in this study
Strain

Reference or source

C.jejuni 81-176

[106]

C. }ejuni 81-176cj0596

This study

C. jejuni 81-176cj0596

This study

C. jejuni NCTC11168

[34]

C. jejuni 81116

[107]

C. jejuni HB95-29

[108]

C. jejuni INP44

[108]

C. jejuni INP59

[108]

C. coli 03088

[108]

C. }ejuni RM1221

TIGR CMR [1 09]

C. ]ejuni subsp. doylei 269.97

TIGR CMR [109]

C. jejuni subsp.jejuni 260.94

TIGR CMR [1 09]

C. jejuni subsp. jejuni 84-25

TIGR CMR [1 09]

C. jejuni subsp. jejuni CF93-6

TIGR CMR [109]

C. jejuni subsp.jejuni CG8486

[110]

C. jejuni subsp. jejuni HB93-13

TIGR CMR [1 09]

C. coli RM2228

TIGR CMR [109]

C. concisus 13826

TIGR CMR [1 09]

C.

525.92

TIGR CMR [109]

C. fetus subsp. fetus 82-40

TIGR CMR [109]

C. hominis ATCC BAA-381

TIGR CMR [1 09]

C. /ari RM21 00

TIGR CMR [109]

C. upsaliensis RM3195

TIGR CMR [1 09]

CU/VUS
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TABLE 1. Strains used in this study (continued)
Strain

Reference or source

E. coli BL21(DE3)pLysS

[111]

H. pylori 84-183

[112)

E. coli BW25113

[113)

Keio collection wild-type

E. coli JW002

[113)

Keio collection surA mutant

E. coli BW25113(pKR002)

This study

E. coli JW002(pKR013)

This study

E. coli JW002(pKR014)

This study
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TABLE 2. Primers used in this study
Primer

Sequence (5' ~ 3') T

purprot-F

CATATGGCTACAGTAGCTACTGTT

purprot-R

CTCGAGTTTATATTCCACTTT

cj0596-F1

TTTTAGCTTTACAGGTGTAACG

cj0596-R1

ATCCACTCCATCTTCTTCGC

cj0596-inv1

~AATAAAATGTATATAA

cj0596-inv2

~ATGCTAGCAAAGTGGAATATAAATAATGGG

cat-F1

ACCGGTAAAACAAlTGGGAGGATAAATGATGCAA.lT

cat-R1

GCTAGCTTATTTATTCAGCAAGTCTT

rpsLHP·F1

ACCGGTAACGACTAAAGTTTTAACA

rpsLH,-R1

CAATTGTCTTCAATCTTATTAAAAGCT

comp-F

ACATTTTATTAAAAAGGAAACCTA

comp-F+RBS

TAATTGATTTTATATACATTTTATTAA

comp-R

GAATTCCCATTATTTATATTCCACTTT

,,Underlined nucleotldes 1nd1cate restncbon s1tes Introduced for clomng purposes
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TABLE 3. Plasmids used in this study
Plasmid

Description

Source

pET-20b(+)

Cloning vector, AmiT

Novagen

pCR 11-TOPO

Cloning vector, KarTAmiT

Invitrogen

pKR001

cj0596 gene and flanking region in pCR 11-TOPO

This study

pKR002

Self-ligated inverse PCR product of pKR001 with cj0596

'
removed

This study

pKR013

cj0596 gene in pCR II-TOPO

This study

pKR014

cj0596 gene plus ribosome binding site in pCR 11-TOPO

This study

pKR016

pKR017

cj0596 gene lacking signal sequence and stop codon in pCR

11-TOPO
cj0596 gene lacking signal sequence and stop codon in pET-

20b(+)

This study

This study

pKR018

cat cassette in pCR II-TOPO

This study

pKR019

H. pylori 84-183 1psL gene in pCR II-TOPO

This study

pKR020

cat cassette in pKR002

This study

pKR021

TpSLHp/cat construct in pKR002

This study
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Methods

Analysis of conservation of cj0596 gene among Campylobacter strains
The DNA sequences of the cj0596 locus were determined from the

Campylobacterstrains listed in Table 1. Primers cj0596-F1 and cj0596-R1
(Table 2) were designed based on the published NCTC 11168 genome
sequence and used in PCR reactions with template genomic DNA prepared
using a MasterPure DNA purification kit (Epicentre, Madison, WI) to amplify the
region encompassing cj0596. Thermocycler parameters were 35 cycles of: 94°C
for 30 seconds, 51°C for 30 seconds, and 72°C for 4 minutes. PCR products
were purified using QIAquick PCR purification kits (Qiagen, Valencia, CA) and
were then sequenced directly (both strands) by primer walking, using an ABI
3730xl sequencer (Applied Biosystems). VectorNTI (version 7, Invitrogen,
Carlsbad, CA) was used to analyze DNA sequences. The protein sequences
were analyzed for motifs using the ExPASy Prosite server
(http://au.expasy.org/prosite/) [114, 115], and potential signal peptides were
evaluated using SignaiP 3.0 {http://www.cbs.dtu.dk/services/SignaiP/) [116].

Mutant construction and complementation
To investigate the phenotypes associated with the predicted Cj0596
protein, a mutant lacking Cj0596 was constructed using a streptomycin
counterselection system similar to that described by Dailidiene eta/. in which an

rpsL gene from C. jejuniwas linked to an erythromycin resistance cassette [117].

16
In our system, cj0596 was exactly replaced by the rpsL (Str) gene from H. pylori
linked to a chloramphenicol acetyltransferase (cat) cassette (CmR). This strategy
allows for selection of a mutant (Strs I CmR) based on chloramphenicol
resistance and then allows for selection of a complement (Stf I ems) based on
streptomycin resistance. First, a PCR-amplified cj0596 gene was amplified using
primers designed based on the published C. jejuni NCTC 11168 genome
sequence (Fig. 1A) and the resulting product was cloned into pCR-TOP0-11. The
cj0596 gene in this plasmid (pKR001) was exactly replaced with an rpsLHplcat

construct oriented in the same direction as the gene. Care was taken to ensure
that this replacement would not result in polar effects. The mutagenized cj0596
allele was introduced into a spontaneous StrepR derivative of C. jejuni 81-176 by
electroporation. Several CmR I Streps transformants were verified as cj0596
mutants by PCR (Fig. 1B) and DNA sequencing (data not shown}, a
representative of which was chosen for further analysis.
The complemented mutant, 81-176cj0596•, was made by electroporating
a plasmid containing the amplified cj0596 gene from 81-176 (pKR001) into the
mutant strain. Several ems I StrepR transformants were verified as complements
by PCR (Fig. 38) and DNA sequencing (data not shown}, a representative of
which was chosen for further analysis.

Bacterial strains and routine culture conditions
Campylobacter jejuni strains derived from the parent 81-176 [106, 118] (Table 1)

were routinely maintained with minimal passage on blood agar plates (Remel;

Figure 1. Construction of a cj0596 mutant in C. jejuni 81-176. A) The
location of the replacement of the cj0596 gene by the rpsLHplcat construct is
shown. Solid arrows represent PCR primers used to amplify the cj0596 region
during mutant construction and verification. B) Confirmation of mutant by PCR.
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Lenexa, KS) at 37•c in sealed culture boxes (Mitsubishi Gas Chemical [MGC],
New York, NY) containing a microaerobic atmosphere generated by Pack-Micro
Aero (MGC). Liquid cultures of C. jejuni were grown in Brucella broth or MuellerHinton (MH) broth and cultured in microaerobic environments. When
appropriate, strains were cultured in the presence of chloramphenicol (30 J.Lglml)
or streptomycin (30 J.Lglml) to select for antibiotic resistance markers.

E. coli JM1 09 was used as the host strain for cloning experiments and E.
coli BL21 (DE3)pLysS was used as the host strain for expression of the his6tagged Cj0596 protein. E. coli strains were cultured in Luria-Bertani (LB) broth or
agar [119], supplemented with the following antibiotics as appropriate for
selection of plasmids: ampicillin, 50 J.Lglml; chloramphenicol, 30 J.Lglml;
streptomycin, 30 J.Lglml.

Growth Curve
The growth rates of C. jejuniwild-type 81-176, mutant 81-176cj0596, and
complemented mutant 81-176cj0596+ were assessed by growing cells overnight
in MH broth, then diluting the following morning in MH broth to 00600 =0.1 and
incubating at 37•C and 42•C under microaerobic conditions. Growth was
monitored by measuring 00 600 and numbers of viable bacteria were determined
by plating serial dilutions of the bacterial suspensions in triplicate on MH agar and
counting the resultant colonies. The growth curve was repeated four times.
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Motility Assay

The motility of C. jejuni 81-176, 81-176cj0596, and 81-176cj0596+ was
assessed by growing cells overnight in MH broth, then diluting the following
morning in MH broth to 00 600 =0.1. A pipet tip dipped into the suspension was
used to stab the center of a 0.4% MH motility agar plate. The plates were
incubated at 37°C and 42°C and the diameter of motility was measured every 12
h. The motility assay was repeated three times and wild-type, mutant, and
complemented mutant motilities were compared using ANOVA.

Autoagglutination Assay

The autoagglutination abilities of 81-176, 81-176cj0596, and 81176cj0596+ were assessed by growing cells overnight in MH broth, then diluting

the following morning in MH Broth to 00 600 =1.0. The diluted suspensions were
aliquoted into glass tubes (2 ml per tube) and the tubes were allowed to sit
undisturbed. The 00 600 of each tube was measured every 30 min for 6 h, with a
decrease in 00 600 reflecting autoagglutination. The autoagglutination assay was
repeated three times and wild-type, mutant, and complemented mutant
autoagglutination abilities were compared using ANOVA.

Antimicrobial Agent Sensitivity Assay

The susceptibilities of C. jejuni 81-176, 81-176cj0596, and 81-176cj0596+
to each antimicrobial agent were determined using a disk diffusion method. The
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three strains were grown overnight in MH broth and 100 J.d of the overnight
culture was streaked onto a MH plate. Filter paper disks saturated with varying
concentrations of antimicrobial agents were placed on the plates. The plates
were incubated for 48 h at 37°C and the zones of inhibition were measured. The
antimicrobial agents tested were ampicillin, polymyxin B, gentamicin, ethidium
bromide, vancomycin, and crystal violet (CV). The susceptibility assays were
repeated three times and wild-type, mutant, and complemented mutant
susceptibilities were compared using ANOVA.

Biofilm Formation Assay
The abilities of 81-176, 81-176cj0596, and 81-176cj0596+ to form biofilms
were assessed by growing cells overnight in MH broth, then diluting the following
morning in MH broth to 00600 =0.05. Sterile 96-well polystyrene plates were
inoculated with 100 J.d C. jejuni cells per well (6 wells per strain) and incubated at
37°C under microaerobic conditions without agitaton. After 24 h, 48 h, and 72 h,
the biofilm formation was assessed by staining the plates with CV solution (1%
CV in 95% ethanol) and incubating at room temperature for 15 min, washing
twice with distilled water to remove any unbound CV, dissolving the bound CV by
adding 1.5 ml DMSO and incubating at room temperature for 24-48h. The
absorbance at 570 nm was measured. The biofilm assay was repeated three
times and wild-type, mutant, and complemented mutant biofilm formation were
compared using ANOVA.
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Scanning Electron Microscopy (SEM)

Evaluation of the morphology of C. jejuniwild-type 81-176, mutant 81176cj0596, and complemented mutant 81-176cj0596+ was assessed by growing
cells overnight in MH broth, then diluting the following morning in MH broth to
00600 =0.1 and incubating at 37°C under microaerobic conditions to an ODsoo-0.7
(mid-log phase). The cells were harvested, fixed in 4% paraformaldehyde, 2%
glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7 .4, and spotted on a
coverslip treated with 0.3 mg/ml poly-L-Iysine (70-150,000 kDa). The coverslip
was incubated at room temperature for 1 h allowing the cells to bind to the polyL-Iysine on the coverslip. The coverslip was processed by the MCG electron
microscopy core laboratory staff and the bacteria were visualized using a Philips
XL-30 FEG Scanning Electron Microscope.

Adherence/Invasion/Intracellular Survival Assays

To assess the abilities of 81-176, 81-176cj0596, and 81-176cj059s+ to adhere to,
invade, and survive within INT407 intestinal epithelial cells, bacteria were grown
in biphasic [brain heart infusion (BHI)/1% yeast extract (YE)] cultures at 37°C
under microaerobic conditions for -20 h. Cells were harvested and resuspended
in phosphate buffered saline (PBS) at 0Dsoo=0.065, added in triplicate to INT407
cell monolayers in Eagle's minimal essential medium (MEM) at multiplicities of
infection (MOl) varying from 10:1 to 1000:1 (bacteria:epithelial cells) and
incubated for 3 h at 37°C under microaerobic conditions. The cells were then
washed with Hanks' Balanced Salt Solution and lysed with Triton X-100 and the
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number of adherent bacteria was quantified by viable counts. For determination
of invasion, cells were incubated in MEM for 3 h with bacteria and then
gentamicin was added to a final concentration of 250 !!g/ml to kill any
extracellular bacteria. After an additional 2 h of incubation, the cells were
washed and lysed with Triton X-1 00 and intracellular bacteria were quantified by
viable counts. For determination of intracellular survival, the cells were incubated
for 3 h with bacteria, 2 h with gentamicin, and then cells were washed and
incubated for 4 h or 24 h in intracellular survival media (MEM containing 1% fetal
bovine serum). After the incubation period, cells were washed and lysed with
Triton-X 100 and the number of bacteria that survived intracellularly was
quantified by viable counts. The gentamicin minimum inhibitory concentration
(MIC) of the three strains was determined previously and no significant difference
was found. The adherence, invasion, and intracellular survival assays were
repeated three times and wild-type, mutant, and complemented mutant were
compared using ANOVA.

Mouse Colonization Experiment
The abilities of 81-176, 81-176cj0596, and 81-176cj059lt to colonize
BALB/c-ByJ mice were investigated to determine the virulence of a cj0596
mutant. 10-week old mice were given 500 !!1 of 5% sodium bicarbonate by oral
gavage to neutralize stomach acid. The mice were then given a dose of 1x109
CFU in 500 !!1 of BHI/1% YE broth by oral gavage (seven mice per strain).
Colonization was determined by viable counts of bacteria in fecal pellets, which
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were enumerated on selective media starting seven days after the challenge and
continuing every seven days thereafter until 35 days post-inoculation.
Significance of colonization differences between the three strains was
determined using ANOVA.
Further experiments were carried out to determine whether cj0596 mutant
bacteria can compete with wild-type bacteria in colonization. For competition
experiments, seven mice were fed wild-type and mutant bacteria that mixed in
equal amounts (5 x 108 CFU each) immediately prior to inoculation. Colonization
was determined as described previously. The total number of viable bacteria
was determined and the viable number of mutant bacteria was determined by
selection on chloramphenicol-containing plates. The number of viable wild-type
bacteria was determined by subtracting the number of viable mutants from total
viable bacteria. Significance of colonization differences between wild-type and
mutant strains was determined using the t-test.

Outer Membrane Protein Profiles
To determine whether the C. jejuni outer membrane protein composition is
altered by deletion of cj0596, outer membrane proteins were isolated from 81176, 81-176cj0596, and 81-176cj0590' by a modified Sarkosyl extraction method
[120] and 15 ).lg of protein was run on a 12% SDS-PAGE gel. Densitometry was
performed using lmageJ software [121] and bands of interest were cut out of the
gel and sent for identification using Matrix Assisted Laser Desorption/IonizationTime of Flight-Time of Flight (MALDI-ToF-ToF) mass spectrometry (MCG Mass
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Spectrometry Core Facility). The outer membrane protein comparison was
repeated once to confirm results.

Proteomic Comparison of Whole-Cell Protein Profiles

To evaluate changes in protein expression due to loss of Cj0596,
proteomics experiments were used to compare the whole-cell proteomes of 81176, 81-176cj0596, and 81-176cj0596•. The strains were grown overnight at
37°C on blood agar plates in microaerobic conditions. The next morning, the
plates were used to inoculate 30 ml cultures that were grown at 37°C in
microaerobic conditions with shaking. The following morning, the cultures were
diluted to 00 600 =0.1 and grown at 37°C in microaerobic conditions with shaking
to 00600 =0.5. The cells were harvested and chloramphenicol (187 J.Lg/ml final
concentration) was added to terminate protein synthesis. The samples were
centrifuged at 3000 g for 30 min at 4°C and whole cell proteins were extracted.
The samples were labeled at lysine residues with molecular weight matched
fluorescent dyes (wild-type: Cy2, mutant: Cy3, complement: Cy5) and separated
by two-dimensional (20) differential in gel electrophoresis (OIGE). In comparison
to other 20 electrophoresis methods, this method is advantageous in that all
three samples can be run on the same gel. The gel was then analyzed by OIGE
software (GE Healthsystems) to find spots that were differentially expressed in
the three strains. Proteins that were not affected by the deletion of cj0596 had
spots of equal intensity in all three strains. Proteins whose expression was
affected by the deletion of Cj0596 had spots of differing intensities. Spot
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intensities were measured and those that were changed by greater than 2.0-fold
were designated as spots of interest. These spots were then robotically picked,
extracted from the gel, and digested with trypsin. The digested proteins were
identified using MALDI-ToF-ToF mass spectrometry (MCG Mass Spectrometry
Core Facility).

Purification of Cj0596 Protein

To allow purification of the Cj0596 protein, a C-terminal hiss-tag was
added to cj0596 by inserting the gene into pET-20b(+). First, the cj0596 gene
without the signal sequence and stop codon was amplified from C. jejuni strain
81-176 and Nde I and Xho I sites were added using primers purprot-F and
purprot-R (Table 2). The resulting PCR product was cloned into pCR 11-TOPO,
creating plasmid pKR016 (Table 3). Using Nde I and Xho I, the cj0596 gene was
excised from pKR016 and pET-20b(+) was linearized. The cj0596 gene was
ligated into the linearized pET-20b(+) creating plasmid pKR017, which was used
to transform E. coli strain BL21 (DE3)plysS (Table 1). The plasmid-carrying
strain was grown overnight in LB broth at 37°C. The next morning the culture
was diluted to 0Ds00 -0.1 and incubated at 37°C until 0Ds 00 -0.5. IPTG was
added to the culture to induce expression of the hiss-tagged protein. After 2 h,
the cells were harvested by centrifugation, washed, and the supernatant passed
through a nickel column to further purify the hiss-tagged protein. The purified
protein was sent to Cocalico Biologicals, Inc. for use in production of anti-Cj0596
antibodies. For use in the PPiase assay, the protein was refolded using the Pro-
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Matrix Protein Refolding Kit (Pierce Biotechnology, Inc.) and dialyzed against
PBS.
To confirm temperature regulation of Cj0596, a western blot was
performed on C. jejuni cells grown at 37°C or 42°C using anti-Cj0596 antibody
(1 :1 ,000) as the primary antibody and HRP conjugated goat anti-rabbit lgG
(1:50,000) as the secondary antibody. A control western blot against Cj0355
(expression of which is unaffected by growth temperature) was performed using
anti-Cj0355 antibody (1 :1 ,000) as the primary antibody and HRP conjugated goat
anti-rabbit lgG (1 :50,000) as the secondary antibody. The blots were developed
using a DAB Substrate Kit (BD Biosciences). Densitometry measurements were
conducted using lmageJ software [121].

PPiase Assay
The PPiase activity of Cj0596 was measured in a coupled assay with a.chymotrypsin, in which the oligopeptide N-Suc-Aia-Aia-Pro-Phe-p-nitroanilide
was used as the substrate [39, 49, 122]. Chymotrypsin (0.63 llg/ml) and varying
concentrations of Cj0596 (0.5-22 11g/ml) were combined in 50 mM Tris-HCI
pH 7.8 and incubated at 4°C. The substrate (93.8 11g/ml) was added and the
reaction was monitored at 1ooc by the increase in absorbance at 390 nm
(corresponding to the release of p-nitroanilide). The kabs value for each PPiase
concentration was found by plotting Ln[A390 ( 00 )-AJ90 (t)] vs. time (sec) and finding
the slope. The catalytic efficiency (kcatfKm) of the PPiase activity was obtained by
plotting kabs vs. [PPiase] and finding the slope.
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Complementation of an E. coli surA mutant
An E. coli surA mutant and paired wild-type (strains JW0052 and
BW25113, respectively) were obtained from the Keio Collection (Table 1) [113].
The cj0596 gene alone and with its ribosome binding site was amplified from C.
jejuni strain 81-176 using primers comp-F and comp-R or comp-F+RBS and

comp-R (Table 2). The resulting PCR products were cloned into pCR 11-TOPO
creating plasmids pKR013 and pKR014 (Table 3), which were used to transform
the E. coli surA mutant strain creating strains JW002(pKR013) and
JW0052(pKR014) (Table 1). As a control, the wild-type strain was transformed
with pKR002 creating strain BW25113(pKR002) (Table 1).
Expression of Cj0596 by the E. coli strains was examined by western blot
using anti-Cj0596 antibody (1 :1 ,000) as the primary antibody and HRP
conjugated goat anti-rabbit lgG (1:50,000) as the secondary antibody.
Physiologic complementation of the E. coli surA mutant by addition of the C.
jejuni Cj0596 protein was assessed by susceptibility testing (as described

previously) using vancomycin (1 00 J.lg), novobiocin (1 00 J.lg) and SDS (250 JJg).

CHAPTER 3. RESULTS

C. jejuni Cj0596 is more highly expressed at 37"C than at 42"C
In a search to identify C. jejuni genes with differential expression in
response to steady-state growth temperature (37"C vs. 42"C), several proteins
were identified that were more highly expressed at 37"C than at 42"C. C. jejuni
81-176 was grown overnight at 37"C and then diluted into fresh media. The two
cultures were grown in parallel at 37"C and 42"C to mid-log growth phase.
Proteomics experiments were then performed on cultures of C. jejuni 81-176
grown at the two temperatures. One protein that was upregulated at 37"C ~ad
the approximate pi and molecular mass of the predicted Cj0596 protein (Fig. 2A).
This protein was 1.8-fold more highly expressed at 37"C than at 42"C. The
protein was excised from the polyacrylamide gel and subjected to MALDIToF!ToF mass spectrometry. This protein was identified with 100% confidence
as Cj0596 {data not shown).
The proteomics results were confirmed by western blot using anti-Cj0596
antibodies and C. jejuni 81-176 grown at 37"C and 42"C (Fig. 28, top panel).
Densitometric measurements showed that Cj0596 was 1.6-fo!d more high!y
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Figure 2. Temperature-dependent changes in the expression level of the
Cj0596 protein. A) Shown is a two-dimensional SDS-PAGE protein gel showing
the expression of C. jejuni 81-176 proteins at 37°C and 42°C. The Cj0596
protein identified using mass spectrometry is indicated by a box. B) Western blot
demonstrating greater expression of Cj0596 at 37°C compared to 42°C (upper
panel). Cj0355 was used as a non-regulated loading control (lower panel).
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expressed at 37"C compared to 42"C. Equal loading of samples was confirmed
by western blot using antibodies against the non-temperature regulated Cj0355
(Fig. 28, bottom panel) and by Coomassie staining (data not shown).

The cj0596 gene is highly conserved among Campy/obacterstrains
Because Campylobactergenomes are quite diverse [123, 124], we
characterized the conservation of the cj0596 gene in other Campylobacter
strains. Using PCR primers designed from the C. jejuni NCTC 11168 genomic
sequence and located in the cj0595 and cj0597 genes (Fig. 1A), we amplified a 2
kb segment encompassing the cj0596 locus from five additional C. jejuni strains
and one Campylobacter coli strain. PCR products of the expected size were
obtained from each strain, and were subsequently sequenced (total of 4000 bp
sequence analyzed for each strain). A search of 17 additional Campylobacter
genome sequences (Table 1) was also performed and showed that a cj0596
ortholog was found in every strain. The sequences of these orthologs were also
included in the sequence comparison analysis. The nucleotide sequences
between pairs of C. jejuni strains or C. coli 03088 were at least 98% identical.
The corresponding sequences from C. coli RM2228 and other Campylobacter
species were somewhat lower (84% to 60% identical). The predicted Cj0596
protein was also highly similar in all C. jejuni strains and C. coli 03088, with an
amino acid sequence identity of at least 99%. As with the nucleotide sequences,
the degree of identity of proteins from C. coli RM2228 and other non-jejuni
Campylobacter strains was lower, with identities ranging from 87% to 45%.
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Together, these results indicate that cj0596 is highly conserved in C. jejuni (16
strains), C. coli (two strains), and one strain each of C. concisus, C. curvus, C.
fetus, C. hominis, C. lari, and C. upsa/iensis. We focused on Cj0596 from C.
jejuni strain 81-176 for our subsequent work.

In si/ico analysis of Cj0596 suggests that the protein is a periplasmic
PPiase
In the NCTC 11168 genome, the putative Cj0596 protein had a predicted
molecular mass of 30.5 kDa and a pi of 9.9 and was annotated as a major
antigenic peptide PEB4\cell binding factor 2, similar to peptidyl prolyl cis-trans
isomerases found in a variety of organisms [109]. Because some peptidyl-prolyl
cis-trans isomerases are located in the periplasm, the SignaiP algorithm [116,
125] was used to analyze the 81-176 Cj0596 protein for the presence of an Nterminal signal sequence. A signal sequence with a probable cleavage site
between amino acids 21 and 22 ofthe preprotein (VNA-l-AT) was predicted.
Cj0596 was also analyzed for the presence of protein motifs [114] and was found
to contain a PpiC-type peptidyl-prolyl cis-trans isomerase motif located between
amino acids 131-228. Secondary structure predictions showed no
transmembrane segments in the mature protein, suggesting that Cj0596 is likely
to be a periplasmic protein.
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Development of a novel method for constructing a cj0596 mutation
In order to study Cj0596, we first constructed and then complemented a

cj0596 mutant. Existing mutagenesis strategies were found to be suboptimal.
Conventional insertion of an antibiotic cassette makes it very difficult to generate
unmarked deletions or point mutations as well as possibly resulting in a polar
mutation affecting the expression of downstream genes. Most existing
complementation strategies often give partial complementation or result in
overexpression due to different chromosomal contexts, plasmid copy numbers,
or the use of promoters of different strengths. Additionally, existing rpsL
counterselection has a high background. To overcome this problem, we devised
a new method for constructing and subsequently complementing a C. jejuni
mutant. Our new method involved exactly replacing the gene of interest with a
construct containing a cat cassette linked to rpsLHP, a gene from H. pylori that
confers streptomycin sensitivity. The resulting strain was rendered susceptible to
streptomycin (Str5 ) and resistant to chloramphenicol (CmR), allowing selection of
mutants on chloramphenicol. To complement the mutant, the rpsLHp/cat
construct was exactly replaced with the original gene and complemented bacteria
were rendered streptomycin resistant (StrR) and chloramphenicol sensitive (Cm 5 )
allowing for selection on plates containing streptomycin.
Complementation is necessary to ensure correct interpretation of results.
However, complementation of Campylobacter mutants is very difficult, causing
some researchers to omit this important step. During complementation, the
desired event is replacement of the mutagenizing rpsL (Str5 ) allele with a wild-
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type copy of the gene of interest, resulting in StrR due to the existing
chromosomal rpsLCJ (StrR) gene. The existing rpsL counterselection method
uses an rpsLdcat construct and produces a high background because the
existing chromosomal rpsLCJ (Stf) allele is moved by gene conversion to replace
the rpsLdcat construct used to mutate a gene. This results in two copies of the
rpsL (Stf) allele, and bacteria that are Stf, but without loss of the rpsLCJ!cat

construct used to mutate the gene. These bacteria are therefore CmR and still
mutants for the gene of interest. Because of the near exact nucleotide identity of
the two rpsLCJ alleles, gene conversion events can account for >99-99.9% of all
Stf colonies, an unacceptably high background (D. Hendrixson, personal
communication). Use of an H. pylori rpsL allele in the mutagenizing construct
significantly reduces gene conversion and greatly reduces the background,
allowing for easier distinction of complemented colonies.
In our new system, nearly 100% of colonies selected for on
chloramphenicol were mutants. In the second step, almost 70% of colonies were
complemented mutants. Using the rpsL gene amplified from H. pylori was
therefore found to be much more efficient than using the rpsL gene from C.
jejuni.

Loss of cj0596 results in a moderate decrease in growth rate
The ability to grow and divide is essential for bacteria to cause infection.
Lazar eta/. found that E. coli surA mutants grew normally but lost viability after 35 d of incubation in rich media [43]. In addition, it is important to determine
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growth rates because an altered growth rate in a strain can affect the results of
many other experiments. The role of Cj0596 in Campy/obactergrowth was
studied by comparing the growth rates of C. jejuni 81-176, 81-176cj0596, and 81176cj0596" in MH broth 37°C (Fig. 3). When inoculated at 00600 -0.06 and
growth rate was measured by ODsoo (Fig. 3A), the mutant initially appeared to
have a significant growth defect illustrated both by a slower increase in OD 60 a
and a lower maximum OD 6 a0. However, we also found that a similar starting

00 600 resulted in a significantly lower starting CFU for the mutant, indicating that
the 00 600 did not accurately reflect the number of cj0596 mutant CFU. We then
grew the mutant under two starting conditions: one had the same starting ODeoo
as the wild-type and complement (OD6 oo -0.06) and the other had approximately
the same starting CFU (ODeoo -0.2) as the wild-type and the complement. The
mutant inoculated at ODeoo -0.2 showed a faster initial increase in OD6 ao, but
reached a similar maximum ODeoo as the mutant inoculated at ODeoo -0.06.
However, when growth rate was monitored by plating for viable counts (Fig. 3B),
the mutant had an initial growth rate more similar to that of wild-type, although
both mutant cultures yielded final viable counts lower than wild-type. Wild-type
growth characteristics were restored in the complemented mutant strain. Similar
results were seen at 42°C. Together, these data suggest that mutation of cj0596
resulted in a moderate growth defect, especially later in the growth curve, and
that the cj0596 mutant had apparent changes in cell characteristics such that the

OD 60a had poor concordance with CFU measurements.

Figure 3. Growth ofC.jejuni strains at 37"C in MH broth. Strains 81-176
(black diamonds), 81-176cj0596 ("low" inoculum, red triangles) and 81176cj0596+ (blue squares) were inoculated at an 006oo of -0.06 and growth was
monitored by 006oo (A) as well as CFU mL" 1 (B). Additionally, 81-176cj0596
("high" inoculum, orange squares) was inoculated at an 00 600 of -0.2.
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Motility is increased by mutation of cj0596

C. jejuni has two polar flagella, which play a major role in virulence.
Flagella-mediated motility is responsible for colonization of the mucous lining of
the gastrointestinal tract as well as invasion of gastrointestinal epithelial cells
[126-129]. The motility of C. jejuni 81-176, 81-176cj0596, and 81-176cj0596+
were compared at 37°C (Fig. 4). The average diameter of the zone of motility for
the wild-type was 39.3 mm ± 3.7 at 48 h. The mutant was significantly more
motile, with a zone diameter of 66.0 mm ± 2.4 (p<0.001). The complemented
mutant returned to wild-type motility levels, with a zone diameter of 42.5 mm ±
3.0. Similar results were seen at 42°C.

Cj0596 plays a role in C. jejuni autoagglutination ability

The role of autoagglutination in C. jejuni pathogenesis has not been well
studied, but autoagglutination has been shown to be important in a variety of
bacteria including Yersinia enteroco/itica, enteropathogenic Escherichia coli, and
Vibrio cholera [130-132]. Autoagglutination has been associated with pilins

and/or other outer membrane proteins. In C. jejuni, autoagglutination is known to
require glycosylation of the flagella [2]. To examine the role of Cj0596 in
autoagglutination, the abilities of C. jejuni 81-176, 81-176cj0596, and 81176cj0596+ to autoagglutinate were compared. The 81-176cj0596 mutant strain
autoagglutinated to a greater extent than the wild-type and complemented
mutant (Fig. 5). Under these conditions, the wild-type and complemented mutant

Figure 4. Motility of C. jejuni strains at 37•c. MH motility plates (0. 4% agar)
were inoculated with strains 81-176 (black), 81-176cj0596 (red)" and 81176cj0596+ (blue) and the zones of motility were measured after 48 hours.
Statistical significance (p <0.001) is represented by an asterisk.
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showed no decrease in 00600 at 2 h, whereas the 00600 of the mutant was
decreased to 38.7% of the initial 00 600 (p<0.001).

Mutation of cj0596 results in increased susceptibility to several compounds
C. jejuni infection is generally treated with antibiotics only in severe cases.
Recently, C. jejuni has shown increasing resistance to the commonly used
antibiotics ciprofloxacin and erythromycin [133]. Alteration of the outer
membrane can make a bacterium more susceptible to antimicrobial agents,
particularly those that are hydrophobic, through increased permeability or
alteration of drug efflux pumps. Efflux pumps in C. jejuni include CmeABC
(predominant) and CmeDEF (secondary), which confer resistance to
fluoroquinolones, other antibiotics, dyes, detergents, disinfectants, and bile [134136]. Additionally, mutations in GyrA [137] can result in resistance to
fluoroquinolones. An E. coli SurA mutant was found to be more sensitive to
bacitracin, vancomycin, and bile salts [45]. If mutation of Cj0596 causes a
change in the protein profile of the outer membrane, mutants may show altered
sensitivity to a variety of compounds. A disk diffusion method was used to
determine whether deletion of cj0596 affected the susceptibilities of C. jejuni 81176, 81-176cj0596, and 81-176cj0596+ to a variety of antimicrobial agents. The

cj0596 mutant was significantly more susceptible (p<0.001) to ethidium bromide
(0.31 Jlg/ml), vancomycin (50 J.Lg/ml), and ampicillin (0.63J.Lglml); whereas no
significant increase in susceptibility to CV (0.78 Jlg/ml), polymyxin B (2.5 J.Lg/ml),
or gentamicin (0.31 J.LQiml) was observed (Fig. 6).

Figure 6. Susceptibilities of C. jejuni strains to antimicrobial agents. The
disk diffusion method was used to compare the susceptibilities of strains 81-176
(black), 81-176cj0596 (red) and 81-176cj0596+ (blue) to ampicillin (0.63 pglml),
ethidium bromide (0.31 pglml), and vancomycin (50 pglml). Susceptibilities are
expressed as the radius of the zone of inhibition by each compound, and
statistical significance (p <0.001) is represented by one asterisk.
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Biofilm formation is increased by loss of cj0596
Biofilms are groups of cells enclosed in a matrix of extracellular polymeric
substances (EPS) [138]. Biofilm formation is important in bacterial pathogenesis
because the ability of bacteria to form biofilms may allow them to better survive in
the environment as well as aid in causing infection. Bacteria that exist within a
biofilm are also less susceptible to antibiotics than their planktonic counterparts
[138]. C. jejuni has recently been shown to form multicellular biofilms [139]. In a
recent proteomic analysis, Cj0596 was identified as being more highly expressed
in biofilm-forming cells compared to planktonic cells [139]. As such, a lack of
Cj0596 may affect biofilm formation. The role of Cj0596 in biofilm formation was
assessed by comparing the biofilm forming capacities of C. jejuni 81-176, 81176cj0596, and 81-176cj0596+. The 00 570 measurements for the wild-type and
complemented mutant (0.53 and 0.41, respectively) differed significantly (p<0.01)
from the 00 570 measured for the mutant (1.50), indicating that the cj0596 mutant
showed a much greater ability to form biofilms than either the wild-type or
complemented mutant (Fig. 7).

Scanning electron microscopy reveals increased length of mutant bacteria
Alteration of the outer membrane composition of a bacterium may cause
the cells to change shape. An E. coli SurA mutant was found to be misshapen
[45]. SEM was used to examine the cj0596 mutant cells to look for gross
changes in morphology. Several methods of fixation and different methods of
growing the bacteria were tried, but each time, the bacteria lost their spiral

Figure 7. Biofilm formation of C. jejuni strains. Culture suspensions

(00 600=0.05) of strains 81-176 (black), 81-176cj0596 (red) and 81-176cj0596+
(blue) were incubated statically in 96-wel/ polystyrene plates for 72 h at 37°C,
then stained with crystal violet. Biofilm formation was quantified by measuring

ODs70. Statistical significance (p <0.001) is represented by an asterisk.
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morphology and the flagella were nearly impossible to visualize. As a result, the
only useful information acquired from the use of SEM is that the cj0596 mutant
bacteria appear to be longer than the wild-type and complemented mutant
bacteria (Fig. 8).

Mutation of cj0596 results in enhanced invasion, but adherence is
unaffected

To cause infection, C. jejuni must first adhere to intestinal epithelial cells.
Many structures and proteins, including, flagella, CadF and PEB1, have been
shown to be important in adherence, but little is known regarding which factors
are important in animal colonization [140-143]. Following adherence, C. jejuni
invades the intestinal epithelium. Similar to adherence, there are many bacterial
factors that play a role in invasion, including flagella, capsule, CiaB, and GGT
[129, 144-146]. Once a bacterium has invaded a cell, it must be able to survive
and/or replicate within the cell. Thus far, FeoB and SodB have been studied and
found to be important in survival inside intestinal epithelial cells [147, 148]. The
possibility that Cj0596 plays a role in interaction with host cells was studied by
comparing the adherence and invasion abilities of C. jejuni 81-176,
81-176cj0596, and 81-176cj059lf in an in vitro assay using INT407 intestinal
epithelial cells (Fig. 9).
The mean percentages of the inoculum that adhered were 8.5 (±1.4), 7.2
(±0.7), and 4.7 (±1.2) for the wild-type, mutant, and comple~ented mutant,
respectively, demonstrating that deletion of Cj0596 does not significantly affect

Fig B. Scanning Electron Microscopy. The morphologies of strains 81-176 (A),

81-176cj0596 (B) and 81-176cj0596+ (C) were evaluated by SEM. The bacteria
were grown to mid-log phase, fixed, and imaged.
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Figure 9. Abilities of C. jejuni strains to adhere to and invade /NT407 cells.

Strains 81-176 (black), 81-176cj0596 (red) and 81-176cj0596+ (blue) were grown
to mid-log phase in biphasic culture. INT407 mono/ayers were inoculated with
bacteria at an MOl of -40. After 3 h, the cells were washed and bacteria
adhered were enumerated (A). Gentamicin was added to another plate of cells
and incubation was continued for an additional 2 h after which the cells were
washed and bacteria invaded were enumerated (B). Statistical significance (p
<0.001) is represented by an asterisk.
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the ability of C. jejuni to adhere to INT407 cells (p>0.05; Fig. 9A). In contrast,
mutation of cj0596 had a significant effect on the invasion ability of C. jejuni.
While the percentages of the wild-type and complemented mutant inocula
invading INT407 cells were 0.041 (±0.007) and 0.027 (±0.005), respectively, the

cj0596 mutant showed a nearly 20-fold increase in invasion (0. 76±0.11, p<0.001)
(Fig. 98). The gentamicin sensitivities of the three strains were tested to ensure
that the invasion results were not due to altered killing of a strain, and no
significant difference was found.
Compared to the number of bacteria that invaded the INT407 cells, the
percentages of wild-type, mutant, or complemented mutant that were able to
survive intracellularly at timepoints from 2 to 16 hours post-invasion were not
significantly different (data not shown).

Cj0596 plays a role in the ability of C. jejuni to colonize BALB/c-ByJ mice
Animal models are often the best way to study the effects of mutations on
the ability of bacteria to cause infection. To determine whether Cj0596 plays a
role in mouse colonization, we used a 8AL8/c model that has been used
previously to assess colonization differences between wild-type and mutant
bacteria [31, 149, 150]. Female 8AL8/c-8yJ mice were given doses of C. jejuni
81-176, 81-176cj0596, and 81-176cj0591f individually (1x10 9 CFU each) (Fig.
1OA), as well as a mixture of wild-type and cj0596 mutant (5x1 08 CFU each) in a
competition experiment (Fig. 108), and colonization was measured by
determining viable counts of bacteria in fecal pellets at weekly intervals.

Figure 10. Colonization of BALB!c-ByJ mice by C. jejuni strains.

The

abilities of strains 81-176 (filled circles), 81-176cj0596 (filled squares), 81- .
176cj0596~ (triangles) to colonize BALB!c-ByJ mice alone (A) and in competition

(81-176 [open circles], 81-176cj0596 [open squares}) (B) were measured. Mice
were fed 1x1 cf CFU of each strain, or a mixture of 81-176 and 81-176cj0596
(5x10 8 CFU each) by oral gavage. Colonization levels were measured by
. enumeration of bacteria present in fecal pellets on days 7, 14, 21' 28, and 35
post-inoculation. Statistical significance (p <0.001) is represented by an asterisk.
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On days 7 and 14, viable bacteria were found in five of the seven mice
given the cj0596 mutant bacteria, whereas all seven mice receiving either the
wild-type or the complemented mutant were colonized. Following the peak in
colonization at 14 days, viable mutant bacteria were recovered from only one
mouse on days 21, 28, and 35. At these latter three timepoints, the wild-type and
complement were recovered from all but one mouse. The mean colonization
densities of the wild-type and complement were 1.0 x 106 and 8.4 x 107 CFU/g,
respectively, on day 7 and remained relatively consistent throughout the
experiment. In contrast, the mean colonization level of the mutant was
significantly lower than wild-type and complement throughout the experiment,
beginning at day 7 (1.2 x 104 CFU/g; p=0.022), and decreasing 30-fold by day 35
(4.4 x 10 2 CFU/g; p<0.01). When placed in competition with the wild-type, the
mutant showed a marked inability to compete for colonization. Viable mutant
bacteria were recovered from no mice on day 7, two mice on day 14 (the peak in
colonization, as observed in mice given the mutant alone), one mouse on day 21,
and then were not recovered on days 28 and 35.

Mutation of cj0596 alters the abundance of several outer membrane
proteins (OMPs)

Because Cj0596 is thought to be a PPiase located in the periplasm, its
mutation could alter the abundance of some OMPs. The effect of cj0596
mutation on the C. jejuni outer membrane was studied by purifying the outer
membrane fraction from 81-176, 81-176cj0596, and 81-176cj059lt and
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comparing the OMP profiles using SDS-PAGE. Several proteins showed altered
abundance in the cj0596 mutant compared to the wild-type; those bands were
excised and the proteins identified by using mass spectrometry (Fig. 11). The
proteins that were more abundant in the mutant were FlgE (Cj0043, flagellar
hook protein; 2.5-fold), FlaA (Cj1339, flagellar filament protein; 1.8-fold), OMP85
(Cj0129, part of the OMP insertion machinery; 3.0-fold), CmeC (Cj0365, the outer
membrane component of the CmeABC efflux pump; 1.9-fold), and Ef-Tu (Cj1573,
a translation elongation factor; 2.4-fold). The proteins that were less abundant in
the mutant were 50 kDa OMP (Cj1170, minor porin; 1.5-fold), major outer
membrane protein (Cj1259, major porin; 1.5-fold), and CadF (Cj1478, fibronectin
binding protein; 1.3-fold). All proteins that showed altered abundance in the
mutant returned to wild-type or near wild-type levels in the complemented
mutant.

The abundances of several proteins are altered when cj0596 is mutated

Because Cj0596 is thought to be a periplasmic chaperone, its loss could
result in compensatory changes in the expression of other proteins. To
determine the effect that deletion of Cj0596 had on the expression of other
proteins, a comparison of total cell proteins from C. jejuni 81-176, 81-176cj0596,
and 81-176cj0596+ was performed using 20 SDS-PAGE (Fig. 12). Three
proteins were found to be significantly upregulated in the mutant. They were
identified as HtrA (2.5-fold), Cj0998 (2.1-fold), and FlaA (2.0-fold). As expected,
the chloramphenicol acetyl transferace (CAT) protein was found only in the

Figure 11. SDS-PAGE gel (12%) showing alterations in outer membrane
protein composition. Profiles of 81-176 (lane 1), 81-176cj0596 (lane 2), 81176cj0596+ (lane 3) are shown. Proteins with altered expression are indicated
with arrowheads. Proteins with greater expression in the cj0596 mutant: FlgE,
OMP85, FlaA, CmeC, Ef-Tu. Proteins with lesser expression in the cj0596
mutant: 50 kDa OMP, MOMP, CadF.
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Cj0596 mutant. Conversely, the Cj0596 protein was found in wild-type and
complemented strains, but was absent in the Cj0596 mutant, as expected. Three
proteins were found to be significantly downregulated in the mutant. These
proteins were EF-Ts (2.9-fold), EF-Tu (two spots; 2.0-fold, 1.9-fold), and
superoxide dismutase (SOD) (2.6-fold). All of the proteins that showed altered
abundance in the mutant returned to near wild-type levels in the complemented
mutant. There did not appear to be any change in the extent of FlaA
glycosylation (adjacent "charge train" spots in Fig. 12).

Cj0596 is a periplasmic protein

Most Cj0596 orthologs are located in the periplasm and in si/ico analysis
of the Cj0596 amino acid sequence suggests that the protein will be found in the
periplasm. To confirm this, western blots were performed on cytoplasmic, inner
membrane, periplasmic, and outer membrane fractions of C. jejuni 81-176 using
anti-Cj0355, anti-CetA, anti-Cj0596, and anti-MOMP antibodies (Fig. 13). As
expected, anti-Cj0355 antibodies reacted with a -25 kDa protein in the
cytoplasmic fraction, anti-CetA antibodies reacted with a -50 kDa protein in the
inner membrane fraction, and anti-MOMP antibodies reacted with a -45 kDa
protein in the outer membrane. Anti-Cj0596 antibodies reacted with a -30 kDa
protein present in the inner membrane and periplasmic fractions, with the
majority of the protein located in the periplasmic fraction.

Figure 13. Purification of Cj0596. A) Cj0596 lacking the signal sequence and
with a C-terrninal Hiss-tag was expressed in E. coli strain BL21(DE3)pLysS. B)
The protein was purified using a nickel column.
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Cj0596 has PPiase Activity

Cj0596 has one rotamase domain, suggesting that it is a PPiase. To
determine whether Cj0596 has PPiase activity, we purified recombinant Cj0596
from E. coli. Cj0596 lacking the signal sequence and with a Hiss-tag on the Cterminal end was expressed in E. coli and purified using a nickel column.
Because the protein was expressed in inclusion bodies, it had to be refolded
before PPiase activity could be determined. PPiase activity was determined
using an assay in which the cleavage of the trans isomer of N-Suc-Aia-Aia-ProPhe-p-nitroanilide by a-chymotrypsin results in the release of p-nitroanilide,
causing a colorimetric change over time (Fig. 14A). The presence of a PPiase
accelerates the conversion of the cis isomer of the substrate to the trans isomer,
increasing the rate of p-nitroanilide production. By using varying concentrations
of purified Cj0596 and plotting calculated kobs vs. [PPiase], the kcatlkm was
calculated to be 22.3 mM-1sec-1 (Fig 14B).

Cj0596 does not functionally complement an E. coli surA mutant
SurA is a well-characterized E. coli protein that is similar to Cj0596. SurA
is known to possess PPiase activity and its deletion leads to several observable
phenotypes related to a change in the outer membrane, specifically an increased
susceptibility to bacitracin, vancomycin, and bile salts. Restoration of wild-type
phenotypes resulting from the addition of Cj0596 to an E. coli SurA mutant would
suggest that Cj0596 and SurA are orthologs. The ability of Ci9.~-~6 to functionally

.

complement an E. coli surA mutant was assessed by susceptibil_jty testing using

Figure 14. PP/ase activity of Cj0596. Enzymatic activity of Cj0596 assayed by
cleavage of N-Suc-Aia"Aia-Pro-Phe-p-nitroanilide in a chymotrypsin-coupled

assay, in which cleavage of the trans isomer of the substrate by chymotrypsin is
accelerated by PPiase activity. A) A representative plot of Absorbance vs. time
using purified Cj0596 protein (red diamonds) and negative control (black
squares) is shown. B) Cj0596 PPiase activitiy (kcalkm) was calculated from the
slope of the plot of kobs vs. [PPiase] and was found to be 22.3 (mM-1sec-1) ...
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strains BW25113, JW002, BW25113(pKR002), JW002(pKR013), and
JW002(pKR014). Expression of the Cj0596 protein in complemented E. coli
strains was confirmed by western blot using anti-Cj0596 as the primary antibody.
Bands of the appropriate size were only seen in strains JW002(pKR013) and
JW002(pKR014), as expected. The bands seen were of the appropriate size
when compared to the C. jejuni wild-type control.
The E. coli surA mutant was more susceptible than the wild-type to
vancomycin, novobiocin, and SDS. Addition of an empty plasmid to the wild-type
strain did not alter its susceptibility to any of the agents used. Addition of a
plasmid containing only the cj0596 gene or a plasmid containing the cj0596 with
its ribosome binding site did not restore wild-type susceptibility levels to any of
the compounds, indicating that C. jejuni Cj0596 does not complement the E. coli
surA mutation.

CHAPTER 4. DISCUSSION

C. jejuni is a major cause of human diarrheal infection worldwide, yet we
have only limited knowledge regarding the mechanisms the bacterium uses to
colonize humans and cause disease. Because the body temperatures of
humans and chickens differ (37•C and 42•C, respectively), the approach we
have taken to further our understanding of how C. jejuni causes disease involved
using proteomics to determine which C. jejuni proteins are upregulated at 37•C
compared to 42•C (Fig. 2). Such upregulation might suggest an importance in
colonization of humans. Because Cj0596 is more abundant in C. jejuni when the
bacterium is grown at 37•c compared to 42•c, we hypothesized that this protein
could play a role in C. jejuni pathogenesis in humans. Furthermore, Cj0596 may
play an important role in human colonization because of its homology to other
PPiases that are involved in the virulence of other bacteria and the fact that it is
highly conserved among Campylobacter species. In silica analyses of the gene
and protein sequences suggest that Cj0596 is probably a periplasmic PPiase
that is involved in folding integral outer membrane proteins.
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Cj0596 is similar to the E. coli protein SurA, which was first identified in a
screen for proteins essential for stationary phase survival [42]. Further
characterization of a surA mutant found that the protein is a peptidyl prolyl cistrans isomerase located in the periplasm and it plays a role in folding outer

membrane proteins, particularly LamB and OmpA, and in pilus biogenesis [44,
45, 151]. A UPEC strain in which SurA was inactivated was less able to bind and
invade bladder epithelial cells, in addition to showing a decreased ability to
survive intracellularly [59].
There are several other examples of PPiases, and SurA orthologs in
particular, having roles in bacterial pathogenesis. In S. flexneri, SurA is required
for proper folding and insertion into the outer membrane of lcsA, which is
responsible for the ability of the bacterium to spread intercellularly [69]. Deletion
of SurA decreases the ability of S. enterica to adhere to and invade Caco-2 and
RAW264. 7 cells in vitro, as well as reducing the capacity to colonize BALB/c
mice [152]. A L. pneumophila mutant lacking the PPiase Mip was defective in
initiating macrophage infection in vitro, and less virulent when introduced into a
guinea pig model [88]. Similarly, the C. trachomatis Mip-like protein and the T.
cruzi TcMip protein play roles in the early steps of intracellular infection by these

bacteria [102, 103]. Ng-MIP, found inN. gononhoeae, is similar to these Mips,
but plays a role in intracellular survival rather than invasion [1 05].
In order to evaluate the hypothesis that Cj0596 is a periplasmic PPiase
that is involved in Campy/obactervirulence, we first constructed and then
complemented a cj0596 mutant. Existing strategies for making and
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complementing mutants in C. jejuni were suboptimal due to challenges making
unmarked mutations as well as only partially complementing the mutation, so we
devised a new method. As described above, our method involved exactly
replacing the cj0596 gene with a construct containing a cat cassette linked to

rpsLHP· The resulting strain was rendered susceptible to streptomycin and
resistant to chloramphenicol, allowing selection of mutants on chloramphenicol
(30 J.Lg/ml). To complement the mutant, the rpsLHp/cat construct was exactly
replaced with the original gene and complemented bacteria were selected for on
plates containing streptomycin (30 J.Lg/ml).
The method we developed is an improved way to make and complement a
mutant in C. jejuni. Making a mutant by exactly replacing a gene rather than
making an insertion mutant is preferable because the former is much less likely
to be a polar mutation, which could affect the interpretation of any observed
phenotypic changes. Complementing by restoring the gene to its original
position on the chromosome is preferable to other methods of complementation,
such as complementing in trans or inserting the gene in a different position on
the chromosome, because it eliminates concerns regarding placing the gene
under the control of a different promoter or altering the copy number.
Our new strategy was also much more efficient than the previous rpsL
strategy that used the rpsLCJ allele. Nearly 100% of colonies selected for on
chloramphenicol were found to have the rpsLHp/cat construct in place of the

cj0596 gene. Because we were able to eliminate much of the background due to
gene conversion by using the rpsLHP allele, our complementation success rate
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was nearly 70%. However, this percentage was found to decrease with passage
of the mutant strain, probably due to gene conversion between the two rpsL
alleles, leading to an increase in St~ background. When using this system in the
future, complementing the mutant as quickly as possible after replacing the gene
of interest with the rpsLHp/cat construct should decrease the background allowing
for easier selection of true complements.
Previously, a C. jejuni NCTC 11168 cj0596 mutant was found to have a
decreased growth rate when growth was measured by OD6oo [35]. Our
measurements by OD6oo initially suggested that the mutant had a reduced growth
rate, but when growth was monitored using viable counts, the mutant was found
to grow initially at a rate more similar to the wild-type, although a modest growth
defect was still apparent at later stages of growth (Fig. 3). The difference in the
results obtained by OD6oo and viable counts might be the result of a change in
cell size or the light scattering properties of the cj0596 mutant, possibly caused
by a change in the composition of the outer membrane of the bacterium.
Although our SEM studies were inconclusive, we did note that the cj0596 mutant
cells appeared to be longer than wild-type cells (Fig. 8). Larger cells would
scatter more light and result in fewer viable cells at the same 00 600. Deletion of
C. jejuni hspR results in elongated cells as well as altered levels of several
chaperone proteins [153]. A C. jejuni htrA mutant also showed longer cells that
were less curved [154]. However, this finding might be unrelated to mutation of

cj0596 and could be due to a difference in growth phase as cells in mid-
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stationary phase become elongated and continue to increase in length and form
coccoid cells in late-stationary phase [155].
An increase in bacterial cell length could be due to a decreased ability of
the cells to divide. In E. coli, cell division is mediated by a number of proteins.
FtsZ is a protein similar to eukaryotic tubulin that assembles to form the Z ring at
the future site of the septum of bacterial cell division [156-158]. Once the Z ring
is formed, FtsA and ZipA localize to the ring and connect it to the cytoplasmic
membrane. ZapA modulates the assembly state of FtsZ along with FtsA and
ZipA. Then, the remaining proteins (ZapA, FtsK, Ftsl, FtsW, AmiC,EnvC, FtsE,
FtsX, FtsQ, Ftsl, FtsB, and FtsN) join the ring [158]. FtsK plays a role in
coordinating chromosomal segregation and septation [159-161]. Ftsl and FtsW
are involved in synthesis of the peptidoglycan cell wall [162]. AmiC and EnvC
hydrolyze peptidoglycan allowing separation ofthe daughter cells [163, 164].
FtsE and FtsX form a complex that is thought to be an ABC transporter [165].
The functions of the remaining proteins are unknown. Deletion of several of
these proteins has been shown to negatively impact the ability of the cell to
divide. A homolog of FtsZ (Cj0696) exists in C. jejuni, but it has not yet been
characterized [1 09]. C. jejuni also has homologs of FtsA, FtsK, and FtsE.
Alteration of levels or functionality of any of these cell-division proteins by
deletion of Cj0596 could be responsible for the increased length of the cj0596
mutant secondary to an inability of the cell to divide.
FtsZ interacts with certain penicillin-binding proteins (PBPs) or their
products to affect cell shape and mediate septation [166, 167]. PBPs synthesize
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and remodel peptidoglycan, the structural component of the bacterial cell wall.
The seven classic PBPs of Escherichia coli were first observed by Spratt and
were named in order of their decreasing molecular mass: PBPs 1a, 1b,
2, 3, 4, 5, and 6 [168, 169]. Recently, five additional PBPs have been identified
and authenticated by genetic and biochemical means, including PBP 7 and its
proteolytic artifact PBP 8, DacD, AmpC, AmpH, and PBP 1c [170-174]. PBP
2 helps govern cell shape and inactivating this protein causes cells to lose their
rod shape and grow as enlarged spheres that eventually die unless
compensatory mutations or conditions exist [168, 175, 176]. Loss of PBP
3 inhibits cell septation, causing cells to grow as elongated filaments and
establishing a central role for PBP 3 in this step of cell division [168, 177]. PBPs
2 and 3 plus either PBP 1a or 1b are the only PBPs required for laboratory
growth of regularly dividing rod-shaped cells [166]. C. jejuni has three proteins
that are annotated as PBPs and are similar to E. coli PBP 1a (Cj0508), PBP 2
(Cj0652), and PBP 3 (Cj0525) [1 09]. The roles of PBPs in C. jejuni have not
been studied. Because mutations of both PBP 2 and PBP 3 cause alterations in
cell shape in E. coli, a decrease in either of both of these proteins due to
mutation of Cj0596 could lead to longer, less spiral-shaped bacterial cells.
Because the PBPs are also required for cell division, alteration of PBPs in C.

jejuni because of a lack of Cj0596 could lead to increased cell length in a manner
similar to the Fts proteins.
Experiments suggest that peptidoglycan-synthesizing enzymes may be
attached to internal filamentous scaffolds of MreB, which is similar to actin [178-
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181]. MreB controls the shape of rod-shaped and helical bacteria and has been
suggested to function as a negative regulator of the septum-specific division
protein Ftsl in E. coli [182-184]. An E. coli mutant that creates defective MreB
proteins will be spherical instead of rod-like and bacteria that are naturally
spherical do not have the gene encoding MreB [185]. MreB is an essential
protein in E. coli, but it remains unclear whether the protein plays a primary role
in cell division or if the effects on division are a secondary consequence of other
functions. [186, 187]. C. jejuni MreB (Cj0276) is upregulated when the bacterium
is exposed to mucin or oxidative stress, but the function of the protein in C. jejuni
has not been studied [188, 189]. Lack of Cj0596 may decrease the amount of
functional MreB in C. jejuni. Although the effect of MreB mutation on C. jejuni
cell shape has not been evaluated, the E. coli studies suggest that a change in
MreB could lead to C. jejuni cells with an altered morphology.
C. jejuni has two polar flagella which play a major role in virulence.
Flagella-mediated motility is responsible for colonization of the mucous lining of
the mammalian and avian gastrointestinal tracts as well as invasion of
gastrointestinal epithelial cells [126, 128, 129, 190].

We unexpectedly found

that the cj0596 mutant was significantly more motile than wild-type bacteria (Fig.
4). Wild-type C. jejuni is a highly motile bacterium and any of several mutations
tend to decrease its motility. This increased motility could be a result of
increased function of flagella, altered flagellar protein composition, a change in
outer membrane composition or integrity in a way that allows for easier
movement of the flagella, and/or the apparent increased length of the mutant
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cells. Motility is subject to phase variation, meaning the bacterium can randomly
alter its expression of flagella, which could have affected our results, but we
consistently observed increased motility for our mutant. It is possible that cj0596
mutation led to a greater proportion of motile ("phase-on") bacteria and
apparently increased motility. A change in flagellar structure could also alter the
motility of the mutant, which could in turn affect autoagglutination, biofilm
formation, or invasion. However, SEM studies of the flagella were inconclusive
and we were unable to visualize changes in the number or structure of the
flagella (Fig. 8). Additionally, an increase in chemotaxis could also provide a
motility advantage.
Autoagglutination is a known virulence factor in a variety of bacteria
including Yersinia enteroco/itica, enteropathogenic E. coli, and Vibrio cholerae
[130-132], and has been associated with pili and/or other outer membrane
proteins. In C. jejuni, autoagglutination is associated with expression and
glycosylation of the flagella, as well as capsule and LOS [2, 191-193].
Autoagglutination occurs primarily by interactions between glycans on flagellar
filaments and other cell surfaces [194]. The cj0596 mutant was able to
autoagglutinate more quickly than the wild-type and complemented mutant (Fig.
5). The increased motility seen with the cj0596 mutant could play a role in the
increased ability of the cj0596 mutant to autoagglutinate by increasing
interactions between cells. Additionally, increased glycosylation of the flagella or
changes in other cell surface characteristics of the mutant could play a role in the
increased autoagglutination ability by increasing the ability of mutant cells to stick
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to each other. However, whole cell proteomics experiments do not reveal any
obvious differences in the extent of FlaA glycosylation (adjacent FlaA "charge
trains" in Fig. 12), although more subtle changes in glycosylation may not be
evident by this methodology.
Permeability is a significant barrier to antibiotics in gram-negative bacteria
due to the presence of an outer membrane. Alteration of the outer membrane
can make a bacterium more susceptible to antimicrobial agents, particularly
those that are hydrophobic, through increased permeability or alteration of drug
efflux pumps. Efflux pumps in C. jejuni include CmeABC (predominant) and
CmeDEF (secondary), which confer resistance to fluoroquinolones, other
antibiotics, dyes, detergents, disinfectants, and bile [134-136]. An E. coli surA
mutant was more sensitive to bacitracin, vancomycin, and bile salts due to an
alteration in the outer membrane [45]. Similarly, the cj0596 mutant was more
susceptible to ethidium bromide, vancomycin, and ampicillin whereas no effect
was seen with crystal violet, polymyxin B, or gentamicin (Fig. 6). The change in
susceptibilities may be due to an alteration of efflux pumps, antimicrobial targets
in the membrane, or an overall increase in membrane permeability.
Ethidium bromide is positively charged and has a rather bulky structure.
Although these factors prevent easy entry into bacterial cells, ethidium bromide is
able to enter bacteria at a slow rate. Once ethidium bromide enters a cell, it
intercalates into DNA and interferes with processes such as DNA replication and
transcription [195]. Ethidium Bromide is a substrate of many different bacterial
efflux pumps (AcrAB in E. coli, MexXY and MexAB in P. aeruginosa, SmvA in S.
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enterica, Bmr in B. subtilis) [196-201]. Three possible explanations for increased
ethidium bromide sensitivity are: (i) mutational alteration of ethidium bromidestimulated deoxyribonuclease activity reported in yeast mitochondria (ii)
alteration of deoxyribonucleic acid or RNA polymerase sensitivites, or both, and
(iii) modification of the cell membrane by mutational alteration, or a change in
charge by removal or attachment of polycationic molecules [202-207].
Vancomycin is a small glycoprotein that acts by binding N-acetylmuramic
acid (NAM)- and N-acetylglucosamine (NAG)-peptide subunits and preventing
their incorporation into the peptidoglycan matrix. Because of the mechanism
inhibited and various factors related to entering the outer membrane of Gramnegative organisms, vancomycin is not active against Gram-negative bacteria
(except some non-gonococcal species of Neisseria). Vancomycin had a minor
inhibitory effect on wild-type C. jejuni, but the cj0596 mutant was significantly
more susceptible. An increase in membrane permeability or a change in
membrane charge of the mutant might be responsible for the increased
susceptibility to vancomycin.
Ampicillin belongs to the penicillin group of f3-lactam antibiotics. It differs
from penicillin only by the addition of an amino group, which helps the drug
penetrate the outer membrane of gram-negative bacteria. Ampicillin is a
competitive inhibitor of the enzyme transpeptidase, which is required by bacteria
for cell wall synthesis. Porins are known to be involved in the entry of f3-lactam
antibiotics [208]. As shown in the outer membrane protein comparison gel,
mutation of Cj0596 affected both MOMP and the 50 kDa minor porin. The
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alteration of these porins may have resulted in an increased ability of ampicillin to
enter the mutant bacteria, leading to an increased susceptibility to the antibiotic.
Additionally, alteration of PBPs may result in increased susceptibility to ampicillin.
Biofilms are groups of cells enclosed in a matrix of extracellular polymeric
substances [138]. Biofilm formation is important in bacterial pathogenesis as the
ability of bacteria to form biofilms may allow them to better survive both in the
environment and during infection. C. jejuni forms biofilms, and a recent
proteomic analysis identified Cj0596 as being more highly expressed in biofilmforming cells compared to planktonic cells [139]. Previously, a C. jejuni NCTC
11168 cj0596 mutant was found to show a decreased ability to form biofilms
when compared to the wild-type [35]. However, our assays showed that an 81176 cj0596 mutant formed significantly more biofilms (Fig. 7). The discrepancy in
results could be due to strain differences, but we cannot exclude the possibility
that the phenotype associated with the uncomplemented NCTC 11168 cj0596
mutant was due to an unlinked mutation. Although the many factors required for
C. jejuni biofilm formation remain largely unexplored, the increased ability of the
cj0596 mutant to form biofilms may be due to altered outer membrane
architecture leading to bacteria that stick to each other. Other possible
explanations for increased biofilm formation include changes in flagellar
glycosylation or it may be at least partially due to the observed increase in
mutant motility.
When it was first identified, Cj0596 was thought to be an adhesin [25].
Later studies argued against this idea, suggesting that Cj0596 is located in the
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periplasm [27, 29, 30]. Previously, a cj0596 mutant was found to be more
adherent to INT407 intestinal epithelial cells [35]. We found no difference in the
adherence abilities of wild-type and cj0596 mutant bacteria (Fig. 9A). Our results
contraindicate the theory that Cj0596 is an adhesin because loss of the protein
did not significantly alter adherence. These results are also consistent with the
previously noted inability of anti-Cj0596 antiserum to block binding of C. jejuni to
Hela cells [30]. Although the previous mutational study by Asakura eta/. seems
to support the idea that Cj0596 itself is an adhesin, the observed increase in
adherence may be due to altered levels or folding of other OMPs that are
adhesins. As mentioned above, the previous study used an uncomplemented
mutant and the phenotypes seen could be due to unlinked mutations.
Several C. jejuni adhesins have been identified. CadF binds specifically to
fibronectin, which is located basolaterally on epithelial cells in situ [140, 209,
210]. JlpA, is a surface-exposed lipoprotein that is crucial for HEp-2 cell binding
[209]. JlpA binds to Hsp90a, some of which is surface localized in these cells
[212]. CapA, an autotransporter that is homologous to an autotransporter
adhesin, has been suggested to be a Campylobacter adhesin as CapA-deficient
mutants have decreased adherence to Caco-2 cells and decreased colonization
and persistence in a chick model [210]. Although Peb1 is periplasmic and shares
homology to the periplasmic-binding proteins of amino acid ATP-binding cassette
transporters, it is crucial for adherence to Hela cells [30, 141, 214, 215]. The
glycoprotein Cj1496, which has homology to a magnesium transporter, is also
required for wild-type levels of adherence [211]. Other known adhesins include
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flagella, several OMPs, and surface polysaccharides [29, 141, 142, 144, 211,
214, 217, 218]. Additionally, glycosylation of surface proteins, chemotaxis, and
motility play a role in adherence [219, 220]. Because Cj0596 is thought to be
involved in folding outer membrane proteins, its mutation is likely to have an
effect on surface-exposed proteins, which could affect the ability to colonize the
host intestinal tract. The cj0596 mutant showed no significant difference in
adherence to INT407 cells compared to wild-type (Fig. 9A), but the comparison
of outer membrane proteins showed decreased levels of several known adhesins
(CadF, MOMP, 50 kDa OMP). FlaA upregulation, alteration of surface
associated proteins, or a change in the structure of adhesins may compensate
for the decreased levels of these adhesins resulting in unchanged adherence
ability.
The mechanisms that control Campy/obacter invasion are still under
investigation, but complete understanding is complicated by differences between
strains. Motility is known to be required for invasion of host cells [129].
Autoagglutination is also thought to play a role in invasion, but the mechanism is
unknown [193]. Additionally, chemotaxis mutants show decreased ability to
invade host cells, likely due to an inability to move toward mucin [212, 213].
Studies of the events involved in initiation of invasion by C. jejuni have
demonstrated that C. jejuni interaction with caveolae is required for invasion
[221, 222]. However, the observation that C. jejuni invasion does not require
dynamin, which facilitates caveolae-mediated endocytosis, suggests that the role
of caveolae in invasion is signal transduction rather than facilitating endocytosis
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[214]. There is evidence that C. jejuni initiates multiple signal transduction
cascades in host cells involving host protein kinases and small Rho GTPases
and this may be accomplished at least in part by interactions with caveolaelocalized receptors [221-223]. All strains require microtubule polymerization for
maximal invasion, although some also require microfilament polymerization [140,
224-227]. This is different from the microfilament-dependent mechanism of entry
that is used by many other invasive bacteria, in which the disruption of actinbased processes has been well described [228, 229]. Scanning electron
microscopy has captured epithelial cell membrane pseudopods extending
towards and enveloping C. jejuni, and immunofluorescence experiments have
indicated that these pseudopods contain microtubules [224, 226].
Recently, it was suggested that invasion is preceded by subcellular
migration, termed "subvasion" [226]. This study found that C. jejuni first localizes
beneath host cells and then invades them. This behavior was observed in nonconfluent, nonpolarized cells, so the relevance of subcellular invasion in this
assay or in vivo remains unclear [215]. It has been suggested that this behavior
may be accomplished by chemotaxis [215]. Our studies using INT407 human
intestinal epithelial cells showed that mutation of cj0596 increased the
invasiveness of C. jejuni (Fig. 98}. Motility and autoagglutination, both of which
play roles in invasion, are increased in the cj0596 mutant, which may be at least
partially responsible for the increased invasion seen in the mutant.
The two primary animal models used to study C. jejuni virulence use mice
or 1-day old chicks. The bacterial factors involved in chick colonization are better
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characterized than those for mouse colonization, but many factors still remain to
be elucidated. We chose to use BALB/c-ByJ mice to study the virulence of a

cj0596 mutant because the body temperature of mice is the same as humans
(37°C) whereas the body temperature of chicks is 42°C. Many of the factors
identified as playing a role in chick colonization are signaling systems which are
temperature regulated. As discussed above, several proteins located on the cell
surface play a role in the initial cell-to-cell contact that is a component of
intestinal colonization by C. jejuni. Known adhesins include flagella, several
OMPs, and surface polysaccharides [29, 141, 142, 144, 209, 216-218].
Additionally, glycosylation of surface proteins, chemotaxis, and motility play a
role in adherence [219, 220]. Because Cj0596 is thought to be involved in folding
outer membrane proteins, its mutation is likely to have an effect on surfaceexposed proteins, which could affect the ability to colonize the host intestinal
tract When mice were inoculated with the wild-type, mutant, or complemented
- mutant, the cj0596 mutant showed a decreased ability to colonize compared to
the wild-type and complemented mutant (Fig. 10A). Additionally, when the
mutant was placed in direct competition with the wild-type it was almost
completely unable to compete with the wild-type to cause colonization of the
mice (Fig. 108). This colonization defect is likely not the result of the increased
motility of the mutant, since motility typically correlates with better animal
colonization. One possible explanation for the decreased colonization ability of
the mutant is that Cj0596 is required for the proper presentation of surface
structures that are necessary for mouse colonization (e.g., known or unknown
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adhesins, oxidative stress, or other mouse colonization factors). It is also
possible that the minor growth defect exhibited by the cj0596 mutant plays a role
in the colonization defect, especially when the cj0596 mutant is placed in
competition with the wild-type.
OMPs play a large role in C. jejuni pathogenesis. Several OMPs (CadF,
PEB1, JlpA, CapA and OMPs of 32 kDa and 36 kDa) are known to play a role in
adherence to host cells [129, 140, 221, 222]. C. jejuni CfrA, ChuA, Cj0178 and
Cj0444 are OMPs that allow C. jejuni to acquire iron and hemin from the host [34,
223-225]. Two membrane efflux pumps, CmeABC and CmeDEF, and MOMP
are involved in transport of a variety of antibiotics, detergents and dyes in

Campylobacter[135, 226]. The 81-176 cj0596 mutant had altered levels of eight
OMPs, five of which were more abundant in the cj0596 mutant and three proteins
which were less abundant in the mutant (Fig. 11 ). The five proteins that were
more abundant in the cj0596 mutant outer membrane were FlgE (Cj0043), FlaA
(Cj1339), OMP85 family protein (Cj0129), CmeC (Cj0365), and Ef-Tu (Cj1573).
FlgE is the flagellar hook protein that connects the flagellar filament to the basal
body, and is required for flagellar structure, flagellin secretion, and motility [227].
The FlgE protein shows variability in sequence and antigenicity among C. jejuni
strains, suggesting that it may also play a role in evading the host immune
system [228, 229]. FlaA is the major subunit of the C. jejuni flagellum, and the
upregulation of both FlaA and FlgE is consistent with the increase in motility and
invasion of INT407 cells seen in the cj0596 mutant, possibly by increasing the
functionality and/or efficiency of the flagella. Alternatively, the greater abundance
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of these flagellar proteins may reflect that a larger proportion of the C. jejuni
population is expressing the phase-variable motile phenotype [2, 230]. Omp85 is
a member of a highly conserved protein family that is involved in insertion of
OMPs into the outer membrane of bacteria as well as mitochondria and
chloroplasts [231-234]. The OMP binds to the C-terminal domain of OMP85
which initiates protein folding. Interaction of the OMP with OMP85 also results in
a conformational change in the C-terminal domain of OMP85 allowing the folded
OMP protein to be inserted into the membrane, possibly between OMP85
subunits. Members of the OMP85 protein family are essential for N. meningitidis
and E. coli viability [235, 236]. Homologs of Omp85 have been shown to confer
protective immunity against Haemophilus influenzae and Pasteurella multocida,
however, Cj0129 was not detected as an immunogen using human convalescent
serum [237-239]. The upregulation of this OMP in the cj0596 mutant may be a
response to the altered levels of other outer membrane proteins and/or an
increase in incorrectly folded proteins in the periplasm. The cell might sense an
increase in incorrectly folded proteins in the periplasm and upregulate OMP85 to
compensate and assist in folding these proteins. The CmeABC efflux pump is
responsible for the intrinsic resistance of Campylobacterto a variety of
antimicrobial agents [134]. CmeC is the outer membrane component of this
CmeABC complex [134]. While mutation of cmeB leads to a decrease in
resistance to antimicrobials, the effects of overproduction of the CmeABC
complex are unknown [134]. The cmeB mutant was more susceptible to
ampicillin (32-fold), ethidium bromide (8-fold), and gentamicin (2-fold); polymyxin
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B showed no change in susceptibility [134]. The altered susceptibilities exhibited
by the cj0596 mutant may be due to the increase in the abundance of CmeC in
the outer membrane. Alternatively, susceptibility differences could be unrelated
to CmeC expression and may be due to more general outer membrane structural
changes, as occurs with E. coli surA mutants [44, 45, 49]. EF-Tu plays a critical
role in protein translation. It mediates the entry of the aminoacyl tRNA into a free
site of the ribosome and contributes to translational accuracy. Although EF-Tu is
known to be primarily cytoplasmic, it has been identified in the outer membrane
of several bacterial species, including E. coli and Mycoplasma pneumoniae [240246]. In M. pneumoniae, 17% of the total EF-Tu is observed in the membrane '
fraction. The carboxyl region of surface-associated EF- Tu serves as a
fibronectin-binding protein, facilitating interactions between mycoplasmas and
extracellular matrix [245, 247]. Whether C. jejuni EF-Tu has a similar role when
present in the C. jejuni outer membrane has yet to be shown, but may be an
interesting area of future research.
Three proteins with decreased abundance in the cj0596 mutant outer
membrane were 50 kDa OMP (Cj1170), MOMP (Cj1259), and CadF (Cj1478).
The 50kDa OMP belongs to the OmpA family and forms a cation selective pore
[248]. It is upregulated in C. jejuni during in vivo growth and was described as an
antigen in humans by Cardwell eta/. [239, 249]. Because it plays a role in
growth, the decreased abundance of the 50 kDa OMP in the cj0596 mutant may
play a role in the decrease in maximum culture density described previously. In
addition to its porin activity, MOMP is involved in the structural organization of the
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outer membrane and in adherence to cultured cells [250-252]. The change in
MOMP abundance in the outer membrane therefore could be responsible for, or
reflective of, overall changes in outer membrane architecture. CadF promotes
the binding of C. jejuni to fibronectin on host cells and is required for maximal
adherence and invasion of INT407 cells and colonization ofthe chicken cecum
[140, 253]. As fibronectin is found in the basement membrane of the mouse
intestine [254], it is possible that the decreased amount of CadF found in the
cj0596 mutant may play a part in the mouse colonization defect .seen in the
mutant. However, there was no change in adherence of the cj0596 mutant to
human INT407 cells.
While the levels of eight OMPs were altered in the cj0596 mutant, the
mutation may affect other proteins as well. Although the abundances of other
proteins may not be altered, the proteins may be improperly folded and nonfunctional, as was shown to occur with the presentation of Shigella lcsA [69].
These improperly folded, non-functional proteins may affect the phenotypes seen
in the cj0596 mutant, and would not have been identified in our proteomics
studies. Determining whether other C. jejuni OMPs are improperly folded in the
cj0596 mutant will require the development of specific assays for the functions of
these proteins.
In an effort to determine some of the molecular causes of the altered
virulence phenotypes discussed previously, we conducted a proteomic analysis
comparing wild-type, mutant, and complemented mutant whole cell proteins (Fig.
12). As expected, CAT was found only in the mutant and Cj0596 was absent in

76
the mutant, confirming the replacement of cj0596 with the cat cassette in the
mutant, and restoration of Cj0596 expression in the complemented strain.
A total of six other proteins showed altered expression in the cj0596
mutant. All proteins that showed altered abundance in the mutant returned to
near wild-type levels in the complemented mutant. Three proteins were found to
be significantly upregulated in the mutant. They were identified as HtrA (2.5fold), Cj0998 (2.1-fold), and FlaA (2.0-fold). HtrA is a serine protease with
homologs found in most bacteria. In E. coli, HtrA is located on the periplasmic
side of the inner membrane [255, 256], has protease activity [257], and has some
chaperone activity at low temperatures [258]. The C. jejuni HtrA protein has
been suggested to be a functional homolog of E. coli HtrA [154]. It is possible
that HtrA is upregulated in the cj0596 mutant in a compensatory manner due to
an increase in unfolded protein in the periplasm resulting from the loss of a major
periplasmic PPiase. Brondsted eta/. [154] found that a C.jejuni HtrA mutant
showed no change in motility or autoagglutination, but did have a decreased
ability to adhere to and invade INT407 cells and also exhibited altered cell
morphology. Cj0998 is annotated as 'putative periplasmic protein' and is
restricted primarily to the epsilon proteobacteria, although the function of this
protein is currently unknown. Upregulation of FlaA, the major subunit of the C.
jejuni flagellum, was also seen in the OMP comparison study. The increased
motility of the cj0596 mutant and the increased ability of the cj0596 mutant to
autoagglutinate are both consistent with the increased expression of flagella.
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Three proteins were shown to be significantly downregulated in the cj0596
mutant. They were identified as EF-Ts (2.9-fold), EF-Tu (two spots; 2.0-fold, 1.9fold), and SOD (2.6-fold),. Among proteins whose expression was lower in the
cj0596 mutant, EF-Ts and EF-Tu are involved in protein translation (described

above). They may be downregulated in the mutant due to an increase in
unfolded protein in the periplasm and this in turn may result in the late stage
growth defect due to a general decrease in protein synthesis. As C. jejuni lacks
a sigma-E response [34], the signalling mechanism that would be responsible for
communicating periplasmic protein folding defects to cytoplasmic protein
expression changes is unknown. In our OMP comparison study, EF-Tu was
upregulated. It is possible that this reflects increased localization of EF-Tu to the
outer membrane fraction, despite an overall decrease in cellular EF-Tu. The EFTu located in the outer membrane could be due to cell lysis and adsorption of
liberated EF-Tu to the cell surface. The increased amount of EF-Tu adsorbed to
the cj0596 mutant could be due to the other changes seen in the outer
membrane of mutant bacteria resulting in an increased ability of EF-Tu to
associate with the outer membrane. SOD plays a role in protecting C. jejuni
against damage from oxidative stress and mutation of sod in C. coli was found to
decrease the ability of the bacterium to colonize the intestines of 1-day-old chicks
[259]. The decreased levels of SOD in the cj0596 mutant may therefore play a
role in the colonization defects seen in mice.
The homology of Cj0596 with E. coli SurA suggested that Cj0596 might
also be a PPiase. Our experimental results indicate that Cj0596 is a PPiase that
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is located in the periplasm of C. jejuni. C. jejuni is predicted to have three
putative periplasmic PPiases, in contrast to E. coli, which has seven PPiases
and many other chaperones [1 09]. In order to determine if Cj0596 and SurA are
true orthologs, an E. coli surA mutant was tested for complemention with Cj0596.
We found that expression of Cj0596 in the E. coli surA mutant did not result in
complementation, using susceptibility to vancomycin, novobiocin, and SDS as a
measure. This lack of functional complementation suggests that Cj0596 and
SurA may belong to different classes of PPiases. Cj0596 might be more similar
to one of the other E. coli PPiases. Additionally, complementation of an E. coli
surA mutant by Cj0596 may have been unsuccessful due to inability of Cj0596 to
reach the E. coli periplasm or interspecies divergence, for example, in substrate
specificity.

SUMMARY

Cj0596 is a highly conserved protein whose expression in C. jejuni is
induced at human body temperature. Bacteria lacking Cj0596 were found to
exhibit changes in several virulence-related phenotypes, including motility,
autoagglutination, and host cell invasion, as well as alterations in outer
membrane and whole cell protein expression and a defect in mouse colonization.
Although Cj0596 is a periplasmic PPiase, it is apparently not a functional
ortholog of E. coli SurA.
These data confirm the original hypothesis that Cj0596-mediated
periplasmic PPiase activity influences the expression of C. jejuni virulence
properties.
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