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Campylobacter jejuni has an N-linked protein glycosylation pathway that is required for efficient cell invasion
and chick gastrointestinal colonization by the microbe. In this study, we constructed insertion mutants of 22
putative glycoprotein genes and examined the ability of each to invade the human intestinal epithelial cell line
INT-407. Among the mutants tested, one carrying an insertion in Cj1496c was defective for invasion into
INT-407 cells; this defect was also observed in an in-frame deletion mutant of Cj1496c (ACj1496¢). The
ACj1496¢ mutant C. jejuni also showed a reduced ability to colonize chick ceca. Site-specific mutagenesis
combined with Western blot analysis suggested that the Cj1496¢ protein is glycosylated at N73 and N169.
However, the ACj1496c mutant expressing a nonglycosylated form of Cj1496c¢ exhibited levels of invasion and
colonization equivalent to those of the parent strain, suggesting that glycans are not directly involved in the

function of Cj1496c¢.

Campylobacter jejuni, a microaerophilic gram-negative bac-
terium, is the leading cause of bacterial gastroenteritis and
food poisoning worldwide, with the number of reported cases
currently exceeding 80 per 100,000 people in several developed
countries (7). C. jejuni is a common commensal organism of
the gastrointestinal tract of many birds and other animals (29).
Consequently, C. jejuni infection in humans is often associated
with the consumption of contaminated poultry, cross-contam-
ination of other food with raw poultry, and other sources, such
as contaminated water and milk products (7, 27). Acute C.
Jejuni infection causes watery to bloody diarrhea with fever,
nausea, and vomiting (4, 35).

Although colonization mechanisms of C. jejuni during infec-
tion of the intestinal tract are still unclear, many properties of
this organism play important roles, including motility (3), che-
motaxis (16), the ability to adhere to and invade intestinal
epithelial cells (5), and the production of a cytolethal distend-
ing toxin (22). Another trait that plays a role in pathogenicity
is an N-linked protein glycosylation system encoded by the pg/
locus. Strains with mutations in the pg/ locus are diminished for
the invasion of intestinal epithelial cells and in the colonization
of the gastrointestinal tracts of chicks and mice (16, 19, 20, 33).

A substantial number of proteins in C. jejuni are glycosy-
lated, but the role glycosylation plays in their functions and
why the pgl system is required for many aspects of host asso-
ciation are unclear. To analyze the basis for why pg/ mutation
leads to deficiency in host association, we are taking a system-
atic approach of generating null mutations in each gene known
to encode a glycosylated protein in C. jejuni, as determined by
a lectin binding study that reported the identity of many of
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them (40). In this study, we report results of constructing and
testing 22 different mutants with lesions in known glycopro-
tein-encoding genes. One of these, Cj1496c, is required for the
attachment and/or invasion to INT-407 intestinal epithelial
cells and the colonization of the chick gastrointestinal tract,
although glycosylation is not critical for this role.

MATERIALS AND METHODS

Bacterial strains and media. C. jejuni 81-176 and its derivatives used in the
present study are listed in Table 1. C. jejuni was routinely grown on Mueller-
Hinton (MH) agar under microaerophilic conditions at 37°C as previously de-
scribed (15). When necessary, media were supplemented with the following
antibiotics: chloramphenicol (15 pg ml™"), streptomycin (2 mg ml™"), tri-
methoprim (10 wg ml~"), and cefoperazone (30 g ml~"). All C. jejuni strains
were stored in MH broth with 20% glycerol at —80°C. Escherichia coli strains
were grown in LB broth or agar. The following antibiotics were used for E. coli
strains when necessary: ampicillin (100 pg ml~"), chloramphenicol (15 pg ml™),
and tetracycline (12.5 pg ml™"). All E. coli strains were stored at —80°C in LB
broth with 20% glycerol.

Construction of insertion and deletion mutants. Defined chromosomal inser-
tion mutants were constructed in streptomycin-resistant 81-176 (DRH212) as
described previously by Hendrixson et al. (15). The genes to be disrupted were
amplified with approximately 500 bp upstream and downstream of the coding
sequence by PCR with primers based on the sequence of C. jejuni NCTC 11168
(30). The PCR products were cloned into pUC19 or pGEM-T vector. The
resulting plasmids were then digested with restriction enzymes that cut only once
in the coding sequence of the gene to be deleted. When necessary, 5’ or 3’
overhangs were filled in with T4 DNA polymerase to make a blunt end. The
genes were then interrupted by the ligation of a Smal cat-rpsL cassette from
pDRH265 into the digested site. For the disruption of genes lacking convenient
restriction sites, transposon mutagenesis was carried out. The cat-rpsL fragment
was amplified by PCR with primers containing 5 Mlul sites and ligated into
Mlul-digested pFD1, creating pX-wing harboring the transposon skywalker; the
in vitro transposition procedure was described previously (15). Constructed sui-
cide plasmids were electroporated into DRH212. Transformants were selected
by growth on chloramphenicol, and the interrupted locus was verified by PCR
analysis. To create in-frame deletions in Cj1496c and pgl/B, ACj1496¢c-F and
ACj1496c-R and ApglB-F and ApgIB-R, respectively. were synthesized. The
sequences of these primers are shown in Table 2. The PCR was carried out using
these primers and Pfu DNA polymerase. Plasmids containing a 2.0-kb fragment
harboring Cj1496c and a 3.0-kb fragment harboring pg/B were used as template.
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics

Source or reference

Strains
E. coli
DH5«a supE44 DlacU169 (f80lacZDM15) hsdR17 recAl endAl gyrA96 thi-1 relA1 13
DH5a/pRK212.1 Contains conjugative plasmid for the conjugation of plasmid DNA into Campylobacter 6
C. jejuni
81-176 Clinical isolate 21
DRH212 81-176 rpsLS™ 15
TK062 DRH212 pglB::skywalker This study
TKO075 DRH212 Cj1565c::skywalker This study
TK108 DRH212 Cj1496¢::skywalker This study
TK211 TKO062 ApglB This study
Tk219 TK108 ACj1496¢ This study
TK325 DRH212 Cj1496¢ deleted from nucleotides 133 to 508 and interrupted with Smal site This study
TK364 DRH212 Cj1496¢ (N73N169) chromosomal mutant This study
Plasmids
pFD1 Contains gene for the Himarl transposase and the Himarl minitransposon 31
pDRH265 pUC19 with 1.4 kb cat-rpsL cloned into Smal site 15
pX-wing pFD1 derivative containing the skywalker transposon This study
PECO102 pRY112 derivative with cat promoter in XhoIl-BamHI site 38
pTK258 pECO102 with Cj1496c coding sequence This study
pTK265 pECO102 with Cj1496¢ (N73N169) This study
pTK312 pECO102 with Cj1496¢c—flag This study
pTK358 pECO102 with Cj1496¢ (N73)—flag This study
pTK359 pECO102 with Cj1496¢ (N169)-flag This study
pTK360 pECO102 with Cj1496¢ (N73N169)—flag This study

Following thermal cycling, template DNA was eliminated by Dpnl digestion and
DH5a was transformed by amplified fragment. The resulting suicide plasmids
were electroporated into the appropriate insertionally inactivated mutant. Trans-
formants were selected on 2 mg ml ™! of streptomycin and screened for the loss
of the cat-rpsL cassette by screening on MH agar with 15 pg ml~! of chloram-
phenicol. The deletion of the targeted genes was verified by PCR analysis.

Complementation of mutants. The coding sequences from the second codon
to the stop codon of Cj1496¢ were amplified by PCR. A FLAG tag sequence
(5'-GATTATAAAGATGATGATGATAAA-3") was introduced by PCR to cre-
ate a gene encoding a fusion protein with the FLAG epitope at the C-terminal
end. The amplified fragments were cloned into pGEM, and the resulting plas-
mids were digested with Bgll and Xhol. The fragments were then purified and
cloned into pEco102. Plasmids for complementation were introduced into E. coli
DHS5a/pRK212.1. Conjugations were performed as described by Guerry et al.
(12).

Site-directed mutagenesis. Introduction of point mutations in Cj1496c was
performed by a site-directed mutagenesis method using a combination of Pfu
DNA polymerase and Dpnl as described above. The primer pairs used for this
purpose were N73Q-F and N73Q-R and N169Q-F and N169Q-R, whose se-
quences are shown in Table 2.

Construction of a Cj1496¢ chromosomal mutant. A diagram of the method for
constructing a Cj1496¢c mutant in which the two glycosylation sequons were
altered is shown in Fig. 1. Fusions of upstream and downstream DNA fragments

of Cj1496c interrupted with Smal site were created by the site-directed mutagen-
esis method as described above using ACj1496c::smal-F and ACj1496¢::smal-R.
The resulting plasmid was digested with Smal and ligated with the cat-rpsL
cassette. This plasmid was electroporated into DRH212, creating TK325. Then a
pGEM clone with a Cj1496¢ allele encoding a nonglycosylated form was elec-
troporated into TK325 and selected on MH plates containing 2 mg ml~! of
streptomycin. The proper replacement of the cat-rpsL allele by the mutant
Cj1496¢ allele lacking the glycosylation sequon was confirmed by sequencing.
Chick colonization assays. White leghorn strain delta chicken eggs were sup-
plied by a local farm and maintained in an egg incubator (Sportsman Incubator
Model 1202; Georgia Quail Farms) for 21 days at 37.8°C, with appropriate
humidity and rotation of eggs according to the manufacturer’s instructions until
the chicks hatched. For testing the cecal colonization capacity of C. jejuni 81-176
derivatives, each strain was streaked on MH agar and grown at 37°C under
microaerophilic conditions for 24 h. Twelve to 36 h after hatching, chicks were
divided into groups of five to seven and infected orally with 100 pl of each
inoculum. Dilutions were plated on MH agar to determine the number of
bacteria in each inoculum. Each group of chicks was housed separately in brood-
ers and given water and food ad libitum. Chicks were sacrificed at day 7 postin-
fection, and ceca were collected, weighed, and resuspended in phosphate-buff-
ered saline (PBS) to a final concentration of 0.1 g of cecal content per ml.
Tenfold serial dilutions of each sample were made and plated on MH agar
containing 10 pg ml~! trimethoprim and 30 p.g ml~! cefoperazone to select for

TABLE 2. Primers used in this study

Primer Sequence (5’ to 3)
AGH1496C-F.....oviiiiiiiiiiieeae TTTAATCACCTAATTACTAGCATTATTATCCATCTTTTTCTCCTTTGAAAAAACGACTGA
ACj1496¢c-R. . TCAGTCGTTTTTTCAAAGGAGAAAAAGATGGATAATAATGCTAGTAATTAGGTGATTAAA
ApglIB-F .... .CTCTAGAATTAATCACCAAGTCCGCAAACAAAACTAAATAAGGG

ApglB-R
N73Q-F.

ACj1496c::smal-F ...

L.CCCTTATTTAGTTTTGTTTGCGGACTTGGTGATTAATTCTAGAG
.AAAGAGGCTGAGGTTCAAGCAACTTTGGCAAAAATTG
LCAATTTTTGCCAAAGTTGCTTGAACCTCAGCCCTCTTT
.GCTTTTGAAAAATTTAGATAATCAAGCTAGTAATTAGGTGATTAA
TTAATCACCTAATTACTAGCTTGATTATCTAAATTTTTCAAAAGC
CATTATTTTAATCACCTAATTACTAGCCCGGGTCTTGCTTCATCAAATTCTCTAG

ACj1496c::smal-R.....coovieeiiccciicciienas CTAGAGAATTTGATGAAGCAAGACCCGGGCTAGTAATTAGGTGATTAAAATAATG
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FIG. 1. Diagram of the method for constructing a chromosomal
mutant of Cj1496¢ (N73Q and N169Q) in C. jejuni.

the growth of C. jejuni. Plates were incubated for 48 h at 37°C under microaero-
philic conditions. The colonization capacity of C. jejuni in ceca from each chick
was reported as the number of CFU per gram of cecal contents.

Motility assays. Motility phenotypes of strains were tested in MH motility
media containing 0.4% agar as previously described (15).

SDS-PAGE and immunoblot analysis. Whole-cell and protein samples were
diluted 1:1 with 2X sodium dodecyl sulfate (SDS) sample buffer and heated to
100°C for 5 min. Proteins were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE) using either 10 or 15% polyacrylamide gels. Separated proteins
were transferred to a nitrocellulose membrane and probed with anti-FLAG M2
monoclonal antibody-peroxidase conjugate at 1:1,000 and anti-major outer mem-
brane protein (MOMP) rabbit polyclonal antibody (generously supplied by Q.
Zhang, Towa State University) at 1:1,000, followed by goat anti-rabbit horserad-
ish peroxidase-conjugated secondary antibody at 1:10,000. Antiserum against
MOMP was used as control for the cellular fractionation. Proteins were detected
with Western lightning chemiluminescence reagent plus.

Adherence and invasion assay. INT-407 cells were seeded into 24-well plates
at semiconfluency (~1 X 10°) approximately 16 h prior to infection. Bacteria
were grown in MH biphasic medium. One milliliter of culture medium contain-
ing 2 X 107 bacteria was added to each well (multiplicity of infection, 200).
Infected monolayers were incubated for 2 h at 37°C in 5% CO,-95% air atmo-
sphere to allow invasion to occur. For time course analyses, the invasion period
varied from 30 to 120 min. Following the invasion period, wells for assaying
adhesion and invasion (total cell-associated bacteria) were washed three times
with Dulbecco’s modified Eagle’s medium (DMEM) and lysed with 0.1% Triton
X-100 in phosphate-buffered saline for 15 min at room temperature. At this time,
wells for assaying invasion were washed three times with DMEM and incubated
for another 2 h in fresh tissue culture medium containing gentamicin (100 wg
ml~") to kill extracellular bacteria. After the gentamicin kill period, the infected
monolayers were washed three times with DMEM and lysed as described above.
The number of viable bacteria released from the cells was assessed after serial
10-fold dilutions of the lysates on MH plates.

Chemotaxis assay. To examine chemotactic behavior of C. jejuni strains, a
chemical-in-plug method was carried out (18). Briefly, a 20-ml volume of 2%
agar containing PBS and the test chemical was pipetted into petri plates and
allowed to solidify at room temperature overnight. Then agar was cut into
6-mm-diameter plugs with a Pasteur pipette. The test chemicals used in this study
were 0.1 M L-fucose, L-asparate, L-cystein, L-glutamate, L-serine, pyruvate, suc-
cinate, fumarate, citrate, L-malate, and a-ketoglutarate. Bacteria were grown in
MH biphasic medium and washed once with PBS. The bacterial pellet was
resuspended in 0.4% agar containing PBS and adjusted to an optical density at
600 nm of 0.1. Then 20 ml of this bacterial suspension was added to each of
several petri plates. Hard-agar plugs containing a test chemical were placed with
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sterile toothpicks in the soft agar. The chemotactic behavior was observed after
3 h of incubation under microaerophilic conditions at 37°C.

Cell fractionation. Cell fractionation was carried out as previously described
for C. jejuni (26). Cells were grown in MH biphasic medium in a microaerophilic
atmosphere at 37°C. A total of 200 ml of cell suspension was centrifuged (10,000
X g, 10 min at 4°C), and the resulting pellet was resuspended in 10 ml 20%
(wt/vol) sucrose and 30 mM Tris/HCI (pH 7.4) at room temperature. EDTA was
added to a final concentration of 1 mM, and the suspension was poured into a
100-ml conical flask and stirred at 180 rpm for 10 min at room temperature. The
suspension was then centrifuged (10,000 X g for 10 min at 4°C), and the pellet
was resuspended in ice-cold 0.5 mM MgCl, to a volume of 10 ml and stirred
gently for 10 min on ice. The suspension was then centrifuged again (10,000 X
g for 10 min at 4°C), and the supernatant was collected as the periplasmic
fraction. The pellet containing spheroplasts was resuspended in 10 ml 10 mM
HEPES (pH 7.3). After one cycle of freeze and thaw, the suspension was
sonicated to release cell contents. Cell debris was pelleted at 10,000 X g for 10
min and membranes at 100,000 X g for 60 min at 4°C. The supernatant and
pellets from this step were used as sources of cytoplasmic and cell membrane
proteins, respectively.

Enzyme assay. Malate dehydrogenase activity was assayed at a wavelength of
340 nm at room temperature. Rates were obtained by adding 10 ul 14.3 mM
NADH to a cuvette containing the following: 500 wl 0.2 M potassium phosphate
buffer (pH 7.5) containing 0.2 M KH,PO, and K,HPO, at a ratio of 16:84, 16.7
pl 20 mM oxaloacetic acid, 33.3 pl of cell fraction, and 440 wl of H,O. The
specific activity of malate dehydrogenase was calculated using an absorption
coefficient of NADH of 6.3 mM ™! cm™! at 340 nm. A unit of malate dehydro-
genase activity is defined as 1 pmol of NADH oxidized per min per mg of
protein.

RESULTS

Deletion of Cj1496¢ results in reduced invasion frequency.
Campylobacter jejuni pgl mutants show reduced abilities to ad-
here to and/or invade intestinal epithelial cells (16, 19, 20, 33).
As mutations in the pgl/ locus can affect many proteins at the
same time, we hypothesized that some glycoproteins may be
involved in cell invasion by C. jejuni and others may not be. To
test this hypothesis, we chose a strategy of inactivating each

TABLE 3. Glycoprotein genes tested in this study

Cj gene Annotation

Cj0143c.......... Periplasmic solute binding protein for ABC transport
system

Cj0175c¢.......... Putative iron uptake ABC transport system
periplasmic iron binding protein

Probable periplasmic protein

...Probable integral membrane protein

Major antigenic peptide (PEB3)

Probable periplasmic protein

Probable periplasmic protein

Probable secreted proteinase

...Histidine binding protein precursor (HisJ)

...Putative secreted transglycosylase

...Probable periplasmic protein

...Probable periplasmic protein

...Probable periplasmic protein

Branched-chain amino acid ABC transport system
periplasmic binding protein

Probable membrane fusion component of efflux system

Hypothetical protein

Cj1380............Probable periplasmic protein

Cjldd4c.......... Putative capsule polysaccharide export system
periplasmic protein (KpsD)

Probable periplasmic protein

...Paralyzed flagellum protein (PflA)

Putative periplasmic protein

Cj1670c.......... Probable periplasmic protein (CgpA)
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FIG. 2. INT-407 cell invasion assay. Cells were infected with the
wild type and mutants for 2 h, and invasion values were calculated from
the number of bacteria that survived 2 h of incubation in the presence
of gentamicin. Values are given relative to the invasion of the wild-type
strain 81-176, which was set at 100%. The experiment was performed
in triplicate and repeated on at least three separate occasions. The
error bars represent standard deviations of triplicate wells. Statistical
significance was assessed with an unpaired Student ¢ test. *, P < 0.01.

gene encoding a previously reported glycoprotein. The se-
quence determinant (sequon) of glycosylation includes the se-
quence NXS/T, and N-linked glycosylation is presumed to take
place within the inner membrane and periplasm (28). Thus, we
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selected genes that encode both a signal peptide and the pu-
tative NXS/T sequon as targets of mutagenesis. Twenty-two
insertion mutants were constructed as described in Materials
and Methods and tested in cell invasion assays using the hu-
man intestinal epithelial line INT-407. Genes tested in this
study are shown in Table 3.

Among the strains tested, those with mutations in Cj1496¢
and pfl4, which was previously reported as a cell invasion
determinant, invaded with an efficiency at least 10-fold lower
than that of the wild type (data not shown). We selected
Cj1496¢ for further characterization. To confirm that the in-
vasion defect did not result from a polar effect of insertion with
the cat-rspL cassette, a strain with an in-frame deletion allele
of Cj1496¢ was constructed. This mutant (ACj1496c) showed
an approximately 20-fold-reduced ability to invade cells com-
pared to that of 81-176 or its Sm" derivative DRH212 (Fig. 2).
This mutant phenotype could be completely complemented by
the expression of Cjl496c from the car gene promoter on
pEco102. These results demonstrated that Cj1496c¢ influences
the cell invasion of C. jejuni.

Reduced colonization of chick ceca by the ACj1496¢ mutant.
To determine whether Cj1496¢ has any role in gastrointestinal
colonization, we carried out chick colonization experiments.
Approximately 12 to 36 h after hatching, chicks were orally
infected with 10* C. jejuni and, at 7 days postinfection, C. jejuni
in the ceca were enumerated. All chicks in the group inocu-
lated with parental strain DRH212 were colonized, and bacte-
rial loads in the ceca were greater than 10° CFU per gram of
cecal content (Fig. 3A). By contrast, the ACj1496¢c mutant
exhibited significantly reduced chick colonization levels com-
pared to DRH212. The ACj1496¢ mutant complemented with
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FIG. 3. Colonization of 1-day-old chicks. One-day-old chicks were inoculated with 1 X 10* (A) and 1 X 10 (B) CFU bacteria. The number of
bacteria present in the ceca at 7 days postinfection is reported as the number of CFU per gram cecal content. Each closed circle represents the
number of bacteria obtained from an individual chick. Open circles represent chicks containing bacterial loads below the limit of detection (<10*
CFU per gram cecal content). The median of bacterial concentration recovered is represented by a bar. Statistical significance was assessed with

the Mann-Whitney U test. *, P < 0.01; #*, P < 0.05.
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FIG. 4. Motility phenotypes of DRH212 and ACjl1496c and
PflA::catrpsL mutants in MH motility medium.

pEc0102::Cj1496c colonized to levels similar to those of
DRH212 (Fig. 3A).

The burden of C. jejuni in each chick of the group infected
with the ACj1496c mutant tended to be variable. We assumed
that this variation in bacterial burden may reflect a role for the
gene product in initially establishing colonization. To test this
hypothesis, we inoculated chicks with a reduced number of
bacteria (10° bacteria per chick). At this reduced infectious
dose, DRH212 was still recovered from six out of seven chicks,
whereas the ACj1496¢ mutant was recovered from only one out
of six chicks. Taking the data from chick infection experiments
using both the higher and lower doses, we conclude that
ACj1496¢ establishes colonization poorly compared with the
wild type but can reach high levels in the chick gastrointestinal
tract once it colonizes (Fig. 3B).

ACj1496c mutant swarms faster than the wild type but has
the same profile of chemotactic responses as that of the parent
strain. Flagellar motility is positively correlated in C. jejuni
with both cell invasion and colonization (9, 11, 16, 38). To
determine whether the deficiency in cell invasion observed
with the ACj1496¢ mutant is associated with a motility defect,
we examined its behavior compared with that of the wild-type
strain DRH212 on MH semisolid agar. The mutant displayed
a slightly enhanced zone of spreading on a motility plate com-
pared to DRH212 (Fig. 4). The average diameters = standard
deviations (n = 8) of motility rings on semisolid agar plating
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for 18 h of incubation at 37°C in DRH212 and ACj1496¢c were 9.3
+ 0.4 and 10.7 = 0.7 mm (P < 0.01), respectively. This is not
related to different growth rates of the mutant and the wild
type, as they are equivalent (data not shown).

To examine whether mutation in Cj1496c affects chemotaxis,
we characterized the chemotactic behavior of the ACj1496¢
mutant in the presence of various chemicals reported previ-
ously to be chemoattractants (18). Chemotaxis was tested by a
chemical-in-plug method as described in Materials and Meth-
ods, and chemoattraction was scored as the accumulation of
cells forming within the soft agar around the hard-agar plug
containing the chemical under investigation. The accumulation
of bacterial cells indicating chemoattraction was observed
around the plugs containing L-asparate, L-glutamate, L-serine,
pyruvate, succinate, L-malate, and a-ketoglutarate but not
around plugs containing PBS, L-cystein, L-fucose, or citrate.
There was no difference in responses observed with the
ACj1496c mutant and wild-type bacteria (data not shown).

Kinetic analysis of cell invasion and effect of centrifugation.
To further characterize the association of wild-type and
Cj1496¢ mutant bacteria with host cells, both total cell-associ-
ated and intracellular (gentamicin-resistant) bacteria were
counted 30, 60, and 120 min after infection. The numbers of
each class for both DRH212 and ACj1496c steadily increased
over the time of this experiment (Table 4), but the percentage
of recoverable CFU of the ACj1496c mutant was less than 10%
of that of the wild type at each time point. Differential survival
inside cells was unlikely to be responsible for this observation
because reduced numbers of cell-associated mutant bacteria
were observed even just 30 min after incubation, and the level
of reduction in the numbers of internalized bacteria did not
change during the experiment. These results suggest that there
may be an adherence defect of the ACj1496c mutant that
ultimately alters its invasion into INT-407 cells.

Because the ACj1496c mutant showed altered motility, we
hypothesized that defective cell contact caused by altered mo-
tility might contribute to reducing the number of intracellular
mutant bacteria. To test this hypothesis, we compared the
effect of centrifugation after inoculating the epithelial cells
with bacteria. The invasion frequency of the ACj1496¢ mutant
did not recover to wild-type levels with centrifugation, al-
though slight increases in bacterial number were observed with
both mutant and wild-type strains after centrifugation (Table
5).

Cj1496c is located in the periplasm. To determine the sub-
cellular location of Cj1496c, we constructed a plasmid express-
ing Cj1496¢ tagged with a FLAG epitope at its C terminus. The
ACj1496¢ mutant carrying this plasmid exhibited levels of in-
vasion similar to those of the wild type, suggesting that

TABLE 4. Kinetic analyses of cell invasion

No. of cell-associated (internalized) bacteria at*:

Strain (inocula)
30 min

60 min 120 min

DRH212 (1.4 X 107) 3.4 X 10° = 0.6 X 10° (3.3 X 10* = 0.3 X 10%) 4.1 X 10° = 0.1 X 10° (1.5 X 10° = 0.2 X 10°) 4.5 X 10° = 0.8 X 10° (3.5 X 10° = 0.3 X 10°)
ACj1496¢ (1.9 X 107) 1.9 X 10* = 0.1 X 10* (2.6 X 10°> = 0.3 X 10%) 2.2 X 10* = 0.2 X 10* (5.5 X 10° = 0.3 X 10°) 3.2 X 10* = 0.3 x 10* (1.2 X 10* = 0.3 X 10%)

“The number of cell-associated and internalized bacteria was determined at each time point outlined in Materials and Methods. Data are means * standard

deviations.
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TABLE 5. Effect of centrifugation on cell invasion®

% of wild-type

No. of cell-associated (inernalized)

Strain (inocula) bacteria without centrifugation

bacteria
that are cell
associated

% of wild-type
bacteria that are cell
associated (invaded)

No. of cell-associated (internalized)
bacteria with centrifugation”

(invaded)

DRH212 (23 X 107) 6.4 X 10° = 0.1 X 10° (2.9 X 10° + 0.1 X 10°)
ACj1496¢ (2.5 X 107)4.1 X 10* = 0.1 X 10* (1.2 X 10* + 0.3 x 10%)

57(37)

9.7 X 10° = 0.1 X 10° (3.1 X 10° = 0.3 X 10%)

11X 105+ 0.2 X 105 (2.5 X 10* = 03 X 10%  10.0 (7.7)

“ The number of cell-associated and internalized bacteria was determined as outlined in Materials and Methods. Data are means * standard deviations.
b After the addition of bacteria onto wells containing INT-407 cell monolayer, a 24-well plate was centrifuged at 600 X g for 10 min to promote bacterium-host cell

contact.

Cj1496¢c-FLAG is functional (data not shown) and indicating
that the tagged protein is behaving like the wild type.

Protein samples from all fractions were analyzed by immu-
noblotting using anti-FLAG monoclonal antibody. Two bands
with different molecular masses were detected specifically in
the periplasmic fraction of the ACj1496c mutant carrying
pEc0102::Cj1496¢-flag but not in other fractions or whole-cell
lysate of ACj1496¢ alone (Fig. 5). Malate dehydrogenase ac-
tivity was higher in the cytoplasmic fraction than in the
periplasmic fraction. The detection of malate dehydrogenase
activity in the periplasmic fraction likely reflects the lysis of
some spheroplasts or leakage of material from the spheroplasts
and not a periplasmic localization of this component. Given
the complete lack of observable Cj1496c-FLAG in fractions
containing the majority of malate dehydrogenase and MOMP,
we conclude that the protein is localized to the periplasmic
space in C. jejuni.

Cj1496c¢ is glycosylated at two sites. The N-X-S/T sequon is
an essential component of N-linked protein glycosylation in C.
jejuni (28). Assuming that this is the only target for N-linked

kDa
24.9 — -_—
- a-FLAG
18.3 — e
MOMP > - a-MOMP

ND 0.1 0 0.17

Malate dehydrogenase
activity (units)

FIG. 5. Intracellular localization of Cj1496c-FLAG. Subcellular
fractions of ACj1496¢ expressing Cjl496c-FLAG were separated by
SDS-PAGE and, after transfer to nitrocellulose membrane, immuno-
detected with anti («)-FLAG monoclonal antibody, with the antiserum
raised against recombinant FIgR and with antiserum raised against
MOMP. Lane 1, whole-cell lysate of ACj1496¢; lane 2, cytoplasmic
fraction of ACj1496¢ containing pEco102::Cj1496¢-flag (TK322); lane
3, membrane fraction of TK322; lane 4, periplasmic fraction of TK322.
Malate dehydrogenase activity was measured as marker enzyme of
cytoplasmic fraction. ND, not determined.

glycosylation, Cj1496¢ has two sites of potential glycosylation,
at positions 73-N-A-T-75 and 169-N-A-S-171. To assess
whether these sites are glycosylated, we replaced the aspara-
gine residues at positions 73 and 169 by glutamine residues
using site-directed mutagenesis.

We expressed these mutant alleles in both C. jejuni and E. coli;
the latter species has no reported system of protein glycosylation
(34). In E. coli transformed with pEco102::Cj1496c¢-flag, two spe-
cies with different molecular masses were detected. These are
consistent with the sizes of the premature form of Cj1496c-
FLAG (20.6 kDa) and the mature form lacking a signal pep-
tide (18.6 kDa) (Fig. 6). When expressed in C. jejuni, two
species were also observed but each ran with a larger apparent
molecular weight than the proteins detected in E. coli. Mu-
tagenesis of the asparagine residue at either position 73 or 169
resulted in a single band bearing the same molecular mass as
that of the smaller band found in a strain expressing wild-type
proteins. We hypothesized that the single species observed
when the N73 and N169 mutants were expressed in C. jejuni
represents a form of Cj1496¢c-FLAG that is glycosylated at only
one site. Supporting this hypothesis, a double-mutant allele, in
which both asparagine residues were changed, encoded a pro-
tein that migrated faster in C. jejuni than the proteins with only
a single asparagine altered. The double-mutant protein mi-
grated similarly to how the wild-type protein migrated after
expression in the glycosylation-deficient pg/B mutant. The mi-
gration of the double-mutant protein is also similar to the
migration of the putative mature form of wild-type Cj1496c-
FLAG after expression in E. coli, which is not expected to
glycosylate proteins. These results suggest that Cj1496c can be
glycosylated in C. jejuni at two sites, N73 and N169.

E. coli DH5a

C. jejuni

Strains ACj1496¢ ApglB
Plasmids wild N73 N169 N73 wild N73 N169 N73 wild

N169 N169

kDa
249
183_-- -— ----_-

FIG. 6. Cj1496¢ contains two N-linked glycosylation sites. Whole-
cell lysates were separated by SDS-PAGE and, after transfer to nitro-
cellulose membrane, immunodetected with anti-FLAG monoclonal
antibody.
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FIG. 7. Cell invasion (A) and colonization (B) of mutant expressing nonglycosylated Cj1496¢ from plasmid and chromosome. (A) Results of
an INT-407 cell invasion assay. Values are given relative to the invasion of the parent strain DRH212, which was set at 100%. The experiment was
performed in triplicate and repeated on at least three separate occasions. Error bars indicate standard deviations. (B) Colonization of 1-day-old
chicks. One-day-old chicks were inoculated with 1 X 10* CFU bacteria. The number of bacteria present in the ceca at 7 days postinfection is
reported as the number of CFU per gram cecal content. Each closed circle represents the number of bacteria obtained from an individual chick.

The median of bacterial concentration recovered is represented by a bar.

ACj1496c mutant expressing nonglycosylated Cj1496¢ can
invade cell and colonize chick ceca at the wild-type level. To
assess whether glycan modification on Cj1496c plays any role in
its function, we carried out an invasion assay and chick colo-
nization experiment with strains expressing the glycosylation
sequon mutants described above. The ACj1496¢c mutant ex-
pressing pEco102::Cj1496¢ (N73Q and N169Q) invaded ep-
ithelial cells and colonized chick ceca to the same levels as
those of the wild-type (Fig. 7). These results imply that
glycan modification of Cj1496c has little or no influence on
its function.

In eukaryotes, glycans play a pivotal role in protein folding
and quality control (14). We speculated that the overexpres-
sion of Cj1496c by plasmid expression might mask the effect of
glycans on its folding or stability. To test this possibility, we
constructed a strain in which the wild-type Cj1496c gene on the
chromosome was replaced with a mutant allele encoding the
nonglycosylated form Cj1496¢ N73N169. This mutant also in-
vaded INT-407 cells and colonized chick ceca at the wild-type
level (Fig. 7).

DISCUSSION

In this study, we identified Cj1496c as a gene whose product,
a glycoprotein, influences two key traits of pathogenic C. jejuni.
By INT-407 cell invasion assay, we demonstrated that a strain
carrying a deletion allele of Cj1496c (ACj1496¢c) showed a
reduced ability to adhere to and/or invade cells. We also found
that the ACj1496c mutant is defective in a chick model of
colonization. Our lab and others have observed variability in
the outcome of chick infections with C. jejuni strain 81-176,
caused by apparent bottlenecks in the infection that eliminate

even wild-type organisms from the animals (10, 16). This is
most easily demonstrated with mixed infections, where multi-
ple colonization-competent strains are used as inocula. The
consistency of poor colonization by the ACj1496¢ mutant, par-
ticularly at lower doses of inoculation, along with the consis-
tent high-level colonization of the wild type, leads us to con-
clude that the Cj1496¢ gene product is indeed required for
efficient chick colonization.

The results of our cell fractionation experiments suggest that
Cj1496c is located in the periplasmic space, which is also sup-
ported by the observation that FLAG-tagged Cj1496¢ was pro-
tected from protease K digestion of intact cells (data not
shown). Therefore, we propose that Cj1496¢ is indirectly in-
volved in adhesion and/or invasion processes via other bacte-
rial factors which directly react with host molecules rather than
through direct interaction with the host cell. As a periplasmic
protein, how Cjl1496¢ influences phenotypes, such as chick
colonization, adherence, or invasion, is not apparent. One hy-
pothesis to account for the chick colonization defect is that the
mutant has a reduced ability to adhere to the intestinal epi-
thelium. Although C. jejuni is readily detected in the crypt
lumen without being attached to crypt microvilli in the intes-
tines of chicks (2), adhesins are believed to be involved in the
colonization of chicks. For example, strains lacking the fi-
bronectin binding protein cadF colonize chicks poorly (41) but
CadF is an outer membrane protein whose binding to the
extracellular matrix easily explains its role in adherence.

Indirect mechanisms by which Cj1496¢ might influence C.
Jejuni-host interactions include a role as a periplasmic compo-
nent of relevant signaling or transport activity. Two proteins
recently shown to contribute to chick colonization are the
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methyl-accepting chemotaxis proteins Cj0019 and Cj0262c
(16). Methyl-accepting chemotaxis proteins are membrane-
spanning signal transduction proteins, and therefore their roles
in colonization, like that of the periplasmic Cj1496c¢, are likely
indirect. That strains with mutations in either Cj0019 or
Cj00262c are defective for chick colonization suggests that
chemotaxis is an important colonization determinant of C.
jejuni. Our present data revealed that the Cj1496c mutant is
unaffected in its chemotaxis response to several attractants, but
we cannot rule out chemotaxis defects because there may be
attractants or repellents in vivo that the wild-type responds to
but the mutant does not.

Reiterative PSI-BLAST searching showed that Cj1496c¢ has
similarity with an intracellular domain of the magnesium/co-
balt transporter MgtE. Preliminary data suggest that Cj1496c¢ is
not critical for transporting this cation; whereas mutation in
Cj1496¢ did not abolish growth on a low Mg**-containing
medium, mutation in another C. jejuni open reading frame,
Cj0726c, which is homologous to bacterial magnesium (and
cobalt) transporters, did lead to growth impairment on such a
medium (data not shown). PSI-BLAST searching also showed
that Cj1496¢ has similarity with genes found in flagellar gene
operons in a number of bacterial species, but no characteriza-
tion of these genes has yet been reported.

The ACj1496c mutant exhibits a hyperswarming phenotype
compared with the parent strain DRH212. In E. coli, counter-
clockwise rotation of flagella results in the bacterium swim-
ming smoothly (running) in a mostly straight line, whereas
clockwise rotation causes tumbling (24). A cytoplasmic re-
sponse regulator, CheY, can bind to the motor in its phospho-
rylated state and reverse the direction of flagella rotation from
counterclockwise (running) to clockwise (tumbling). Swarm
size is positively correlated with the tumble frequency, al-
though nonstop tumbling leads to decreased swarm size (37).
Therefore, a hypothesis that might explain the hyperswarming
phenotype is that the deletion of Cj1496¢ leads to elevated
levels of phosphorylated CheY, thereby increasing the tum-
bling frequency. The deletion of cheY in C. jejuni results in
hyperadherent and hyperinvasive phenotypes (9, 39), while a
diploid cheY strain displayed nonadherent, noninvasive, and
hypermotile phenotypes (39) similar to what we observed with
the ACj1496c mutant. The mechanisms involved in this cheY-
diploid phenotype have not been elaborated, but perhaps the
hyperswarming phenotype of the diploid cheY strain is the
result of increased phosphorylated CheY.

An examination of other examples of coordinate regulation
of flagellar functions and virulence-associated genes (1, 8, 25,
32) might be instructive for our findings. For example, in Vibrio
cholerae, some “hyperswarming” mutants express little or no
cholera toxin or toxin-coregulated pilus, two key virulence fac-
tors of that pathogen (8). By contrast, some nonmotile mutants
of V. cholerae express higher-than-wild-type levels of these
factors. These results imply that virulence and flagellar motility
may be controlled opposite to one another in V. cholerae and
are reminiscent of what we observe with C. jejuni, where the
hyperswarming Cj1496c mutant has a reduced capacity for
colonization.

Our results suggest that Cj1496¢ can be glycosylated at two
sites. However, based on the results of invasion and coloniza-
tion experiments, we discerned no influence of glycan modifi-

INFECT. IMMUN.

cation on the function of Cj1496c¢. In Mycobacterium tubercu-
losis, the alteration of sugar attachment sites on a 19-kDa
lipoprotein, one of the O-linked glycoproteins in that species,
resulted in the generation of a series of smaller forms of the
protein as a result of proteolysis (17). In C. jejuni 81-176, the
VirB10 protein, part of a plasmid-encoded type IV secretion
system, is glycosylated at two sites and this protein is not
detected in a pgl mutant, presumably as a result of proteolysis
(23). In contrast, our data suggested that the glycosylation of
Cj1496¢ does not have a major influence on the stability of this
protein. The absence of apparent function for glycosylation has
previously been reported for glycoproteins in eukaryotic cells
as well (14).
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