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Cj1386 Is an Ankyrin-Containing Protein Involved in Heme
Trafficking to Catalase in Campylobacter jejuni

Annika Flint, Yi-Qian Sun, and Alain Stintzi

Ottawa Institute of Systems Biology, Department of Biochemistry, Microbiology and Immunology, Faculty of Medicine, University of Ottawa, Ottawa, ON, Canada

Campylobacter jejuni, a microaerophilic bacterium, is the most frequent cause of human bacterial gastroenteritis. C. jejuni is
exposed to harmful reactive oxygen species (ROS) produced during its own normal metabolic processes and during infection
from the host immune system and from host intestinal microbiota. These ROS will damage DNA and proteins and cause peroxi-
dation of lipids. Consequently, identifying ROS defense mechanisms is important for understanding how Campylobacter sur-
vives this environmental stress during infection. Construction of a ACj1386 isogenic deletion mutant and phenotypic assays led
to its discovery as a novel oxidative stress defense gene. The ACj1386 mutant has an increased sensitivity toward hydrogen per-
oxide. The Cj1386 gene is located directly downstream from katA (catalase) in the C. jejuni genome. A AkatAA Cj1386 double
deletion mutant was constructed and exhibited a sensitivity to hydrogen peroxide similar to that seen in the ACj1386 and AkatA
single deletion mutants. This observation suggests that Cj1386 may be involved in the same detoxification pathway as catalase.
Despite identical KatA abundances, catalase activity assays showed that the ACj1386 mutant had a reduced catalase activity rela-
tive to that of wild-type C. jejuni. Heme quantification of KatA protein from the ACj1386 mutant revealed a significant decrease
in heme concentration. This indicates an important role for Cj1386 in heme trafficking to KatA within C. jejuni. Interestingly,
the ACj1386 mutant had a reduced ability to colonize the ceca of chicks and was outcompeted by the wild-type strain for coloni-
zation of the gastrointestinal tract of neonate piglets. These results indicate an important role for Cj1386 in Campylobacter colo-

nization and pathogenesis.

ampylobacter jejuni is the most common cause of human

food-borne bacterial gastroenteritis in both industrial and
nonindustrial countries (13). Morphologically, C. jejuni is a
Gram-negative, curved, rod-shaped bacterium that grows best
under microaerophilic conditions at temperatures ranging from
37 to 42°C (1). Infection caused by C. jejuni can occur from the
ingestion of quantities of as few as 800 organisms (12), with colo-
nization occurring in the jejunum, ileum, and colon (16). Typi-
cally, the symptoms of gastroenteritis include diarrhea, abdomi-
nal pain, nausea, fever, and fatigue which can last up to 10 days
(26). In addition, C. jejuni infection has also been associated with
the development of a rare neuromuscular disease, Guillain-Barré
syndrome, with approximately 1 in 1,000 C. jejuni infection cases
leading to the development of this disease (30).

While unable to grow at high concentrations of oxygen, C.
jejuni still requires the presence of free oxygen for growth because
of the use of an oxygen-dependent ribonucleotide reductase (41).
Additionally, C. jejuni lacks an anaerobic-type ribonucleotide re-
ductase (34, 41). Ribonucleotide reductase is essential for DNA
synthesis, resulting in C. jejuni’s dependence on oxygen for bacte-
rial growth (41). C. jejuni also utilizes oxygen as a terminal elec-
tron acceptor in its respiratory chain (43), and a consequence of
oxidative phosphorylation is the inadvertent production of reac-
tive oxygen species (ROS), specifically, the superoxide radical,
0,7, and hydrogen peroxide, H,0O, (28). These intracellular ROS
are predominantly formed due to O, oxidizing the redox enzymes
(dehydrogenases) of the respiratory chain, which generates ROS
and prevents these enzymes from being oxidized by their intended
substrates (28). Additionally, a third ROS, the hydroxyl radical
('OH), is produced within the cell via Fenton chemistry when
endogenous ferrous ion is oxidized by H,O, (27). In combination
with the production of ROS from C. jejuni’s normal metabolic
processes, the host immune system and intestinal microflora also
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expose C. jejuni to ROS (2, 40). The three sources of ROS listed
above are particularly detrimental to bacteria as they damage
DNA and proteins and cause lipid peroxidation. Therefore, bac-
teria have evolved elaborate, inducible defense mechanisms to
protect themselves from the harmful effects of these various
sources of oxidative stress (18).

C. jejuni senses oxidative stresses through the peroxide-sensing
regulator PerR (45). Recent transcriptome profiling experiments
suggested that Cj1386 might be part of the PerR regulon (32).
Cj1386 is located directly downstream from katA in the C. jejuni
NCTC11168 genome (34). KatA, the encoded catalase, is an en-
zyme responsible for the decomposition of H,O, into O, and H,O
and is an important enzyme in protecting C. jejuni against the
oxidative damage induced by H,0, (19). The genomic location of
Cj1386 downstream from katA, in conjunction with its regulatory
pattern, suggests that Cj1386 may have an important role in oxi-
dative stress defense in C. jejuni. The aim of this study was to
investigate the function of Cj1386 in response to oxidative stress
and to characterize its role in the colonization and pathogenesis of
animal models. Our work demonstrates that Cj1386 contributes
to bacterial catalase activity by trafficking heme to the KatA en-
zyme and that Cj1386 is required for the colonization of the gas-
trointestinal tract of chicks and piglets.
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TABLE 1 Bacterial strains used in this study

Cj1386 Is Involved in Heme Trafficking

Strain or plasmid Genotype® Source or reference
Strains
E. coli
K-12 endAl hsdR17(ry~ my™") supE44 thi-1 recAl gyrA96 relAl lacF' [proA*B* laclaZAM15:Tn10(Tet")] Clontech
DH5«a endAl hsdR17 (rg~ my ) supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)U169 deoR [$80dlac A(lacZAM15)] Invitrogen
BL21(DE3) F~ ompT gal dem lon hsdSy(ry~ my~) A(DE3) Novagen
AS1082 E. coli BL21(DE3) + (pGST+KatA) Amp* This study
C. jejuni
AS144 C. jejuni NCTC11168 National Collection of
Type Cultures
AS433 AS144 AkatA::Cam® Palyada et al. (32)
AS942 AS144 ACj1386:Cam® This study
AS1029 AS144 AkatA ACj1386::Cam® This study
AS978 AS433 +katA::Cam® Kan® This study
AS1028 AS942 +Cj1386:Cam* Kan® This study
AS1031 AS1029 + (katA+Cj1386)::Cam* Kan® This study
Plasmids
pRY111 Cam? resistance gene Yao et al. (50)
pRRK Cloning vector used for complementation of mutants, Kan* Reid et al. (37)
pUC19 Cloning vector, Amp* Biolabs
pGST Protein expression vector with GST tag and IPTG-inducible promoter Sheffield et al. (42)

@ Cam’, chloramphenicol resistance gene; Kan*, kanamycin resistance gene; Amp*, ampicillin resistance gene.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Escherichia coli
DH5a, K-12, and BL21 strains were grown in Luria-Bertani (LB) broth or
on LB agar plates at 37°C under aerobic conditions. LB plates and broth
were supplemented with 100 pg/ml ampicillin, 50 ug/ml kanamycin,
and/or 10 ug/ml chloramphenicol as required. Campylobacter jejuni
NCTC11168 (wild type [WT]) was cultured on Mueller-Hinton (MH)
agar plates or in biphasic flasks under microaerophilic conditions (83%
N,, 4%H,, 8% O,, and 5% CO,) at 37°C in a MACS-VA500 workstation
(Don Whitley, West Yorkshire, England). MH agar plates were supple-
mented with 10 ug/ml kanamycin and/or 20 pg/ml chloramphenicol as
required for strains containing antibiotic resistance cassettes. Minimal
essential medium alpha (MEMa; Invitrogen) was supplemented with 20
mM sodium pyruvate to enhance Campylobacter growth. The bacterial
strains used in this study are listed in Table 1.

Construction of isogenic deletion mutants. Construction of the
ACj1386 and AkatA ACj1386 mutants was performed using the In-Fusion
Dry-Down PCR cloning kit (Clontech), which uses homologous recom-
bination to clone gene products into the cloning vector in the correct
orientation. The primers used in this study are listed in Table 2. Briefly, the
gene of interest and the flanking regions were amplified using Taq poly-
merase (Invitrogen) and subsequently cloned into pUC19 using the clon-
ingkit. Inverse PCR was performed using primers designed to introduce a
deleted region into the gene of interest, yielding the amplification of
pUC19 with the gene regions flanking the end of the vector. A chloram-
phenicol resistance cassette was subsequently cloned into the vector to
disrupt the gene, and the constructed vectors were sequenced to confirm
the absence of mutations. The final constructions were naturally trans-
formed into C. jejuni NCTC11168 as previously described (48). MH agar
plates containing 20 ug/ml chloramphenicol were used to select for trans-
formed mutants. The deletion mutants were confirmed by PCR amplifi-
cation of the corresponding chromosomal regions followed by DNA se-
quencing.

Construction of complemented strains. Construction of the comple-
mented mutant strains was performed as previously described (37). The
katA, Cj1386, and katA + Cj1386 gene regions were amplified from the C.
jejuni NCTC11168 genome using either Pfx (Invitrogen) or Pwo (Roche)
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high-fidelity polymerase. The amplified PCR product was cloned into the
PRRK vector (37) using the In-Fusion Dry-Down PCR cloning kit (Clon-
tech). The resulting construct was sequenced to confirm the absence of
PCR-induced errors in the insert. The C. jejuni NCTC11168 deletion mu-
tants were subsequently naturally transformed with the final construct as
described above. Positive colonies were selected for on MH agar plates
supplemented with 20 pug/ml chloramphenicol and 10 pg/ml kanamycin.
The insertion of the gene into the chromosomal rRNA locus was con-
firmed by PCR and DNA sequencing as previously described (37).

Disk inhibition assay. Wild-type C. jejuni, ACj1386 mutant, and
complemented strains were grown on MH agar plates for 3 days. Several
colonies from each strain were subcultured in biphasic flasks and grown
overnight to mid-log phase. Next, the bacteria were pelleted by centrifu-
gation and resuspended in MH broth to an optical density at 600 nm
(ODygyq) of 1.0. For each strain, 4 ml of this bacterial suspension was added
to 100 ml of melted MH agar (cooled to 45°C), and 25 ml was poured into
petri dishes. After solidification of the agar, three 6-mm disks were placed
on the surface and 10 ul of 3% H,0,, 3% cumene hydroperoxide (CHP)
in dimethyl sulfoxide (DMSO), or 90 mM menadione sodium bisulfite
was added to the disks as previously described (32). Plates were incubated
under microaerophilic conditions for 28 h, and cleared zones of growth
inhibition were measured in mm for each strain. All experiments were
performed in quadruplicate for each strain. Averages for each zone of
inhibition were calculated, and the average of the average was statistically
analyzed with analysis of variance (ANOVA). P values of <0.05 were
considered statistically significant.

Total cell extract and cell fractionation preparation. Whole-cell ex-
tracts of C. jejuni wild-type, ACj1386 mutant, and complemented strains
were prepared using the Peripreps Periplasting kit (Epicentre Technolo-
gies, Madison, WI), which utilizes osmotic shock to disrupt the outer cell
membrane followed by the use of lysozyme to digest the cell wall. Briefly,
C. jejuni strains were grown to mid-log phase in MEMa followed by
centrifugation and resuspension to an OD, of 2.0 in fresh MEMa. Sub-
sequently, 1 ml of this culture was centrifuged, resuspended in 50 ul
Peripreps Periplasting buffer, and incubated for 5 min at room tempera-
ture. This was followed by addition of 50 ul Peripreps lysis buffer with an
additional 5-min incubation at room temperature. Cell debris was pel-

jb.asm.org 335


http://jb.asm.org

Flint et al.

TABLE 2 Primers used in this study

Primer name

Primer sequence (5'-3")¢

Cj1386-sense

CGGTACCCGGGGATCCAAGGCGTAGCACA

AAGATATGC

Cj1386-antisense CGACTCTAGAGGATCCAAAAAGAAGAAAT
TGCTGAAAAGC

Cj1386-SE-inverse GAACTAAAGGGCGCATTCTTATGAAAGCG
CTAAAATGC

Cj1386-AS-inverse GAACACCGCCGAGCAGCAAGCATAAGCAA
GCTATCG

katA + Cj1386-SE CGGTACCCGGGGATCCCGATTTTGGAAAC
ATTATAGCTGA

katA + Cj1386-AS CGACTCTAGAGGATCCTAAAAGGGGCGGT
TCCTATC

katA + Cj1386-SE-inv GAACTAAAGGGCGCAGGCGATAGCTTGCT
TATGCT

katA + Cj1386-AS-inv GAACACCGCCGAGCACGGATGAAGAATGT
CGGAGT

Cj1386-SE-comp GATTTAGATGTCTAGCGCTTCTATGGAAG
GAGTTGA

Cj1386-AS-comp GGGGAAGCTTTCTAGAAAAAGAAGAAATT
GCTGAAAAGC

katA + Cj1386-SE-comp ~ GATTTAGATGTCTAGTTACGTGCATCCCA
GTGTTC

katA + Cj1386-AS-comp GGGGAAGCTTTCTAGTAAAAGGGGCGGT
TCCTATC

Cat-SE TGCTCGGCGGTGTTCCTTTCCAAG

Cat-AS TGCGCCCTTTAGTTCCTAAAGGGT

AR56-AS CATCCTCTTCGTCTTGGTAGC

ak233-SE GCAAGAGTTTTGCTTATGTTAGCAG

ak234-SE GAAATGGGCAGAGTGTATTCTCCG

ak235-SE GTGCGGATAATGTTGTTTCTG

katA-RT-SE AAGTGGAGCTTATGGCGAAA

katA-RT-AS ACTTCGCTTTTTGCACGATT

katA-RTint-SE AGCTGCCGAGCTTATAGCAA

Cj1386-RT-SE GAGCTTTGCAAAATGGCTTT

Cj1386-RT-AS CCACATCTTTGCGTCCAAAC

Cj1386-RTint-AS TAATGGGGTTTGTCCACGAT

Cj1384c-RT-SE TGGGATGCACGTAATGAAAA

Cj1387c-RT-AS TTGATTTTCCAACAAGAGCCTTA

katA-SE-qPCR GCGATGTGAGAGGTTTTGCT

katA-AS-qPCR CAAAAATCCCAAGCAGCATT

Cj1386-SE-qPCR GGCGATAGCTTGCTTATGCT

Cj1386-AS-qPCR TAATGGGGTTTGTCCACGAT

metC_SE CTAAACTTATTCATTGTGGCAGAGG
metC_AS CTCTGTATTTTTCCAAGTTGCGTG
KatA_Ncol GCCATGGCTATGAAAAAATTGACTAACGA
KatA_Notl GCGGCCGCTTAGTTTGCCACCAAAAGTGG

a Restriction sites are shown in bold.

leted by centrifugation, and the supernatant containing the total cellular
protein fraction was transferred to a clean tube and stored at —20°C. As
required, mid-log cultures of C. jejuni were exposed to 1 mM H,O, for 15
min prior to protein extraction (described above). It has been previously
shown that exposure of C. jejuni (grown in MEMa) to 1 mM H,0, does
not affect cell viability (32).

For cytoplasmic and periplasmic protein preparations, the same pro-
cedure was employed as described above with a slight modification to
isolate the two different fractions. Bacterial cells were resuspended in 50
wl Peripreps Periplasting buffer followed by a 5-min incubation at room
temperature as described above. Next, 50 ul of chilled, purified water was
added and this suspension was incubated on ice for 5 min. The culture was
centrifuged, and the supernatant, constituting the soluble periplasmic
protein fraction, was transferred to a clean Eppendorf tube. The remain-
ing insoluble fraction (containing the spheroplasts) was resuspended in
100 pl of Peripreps lysis buffer and incubated at room temperature for 5
min. Cell debris was pelleted by centrifugation, and the supernatant con-
taining the cytoplasmic cellular protein fraction was transferred to a clean
tube and stored at —20°C.
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Catalase activity gel. The catalase activities of the wild-type C. jejuni,
AC;j1386 mutant, AkatA mutant, and complemented strains were assessed
by the use of the negative gel staining protocol as described by Woodbury
et al. (49). Whole-cell extracts were run on an 8% nondenaturing poly-
acrylamide gel at 25 mA and 4°C. The gel was washed 3 times in H,O for
5 min followed by exposure to 0.003% hydrogen peroxide for 15 min. The
gel was quickly rinsed in H,O before staining with a solution of 2% (wt/
vol) potassium ferricyanide (Sigma-Aldrich) and 2% (wt/vol) ferric chlo-
ride (Fisher Scientific) until bands became visible. The gel was washed 2
more times in H,O for 10 min and photographed using a multi-image
light cabinet (Alpha Innotech Corporation).

Catalase activity assay. Catalase activities were quantified using the
method developed by Beers and Sizer (7). Briefly, 30 ul of cytoplasmic or
periplasmic protein preparation (130 ng/ul) was added to 220 ul KH,PO,
and 250 ul 20 mM hydrogen peroxide in a 500-ul-volume quartz cuvette.
The cuvette was quickly inverted several times to ensure uniform mixing
and placed in a Beckman DU 640B spectrophotometer. Decomposition of
the 10 mM hydrogen peroxide was measured at 240 nm with absorbance
readings taken at 15-s time intervals for a total time of 3.5 min. The unit of
activity of each sample is expressed as umol hydrogen peroxide decom-
posed per min (U) and per mg of protein (umol - min~! - mg~1). Each
sample was tested in quadruplicate for each strain assayed. Statistical anal-
ysis was performed using the Student ¢ test with P values < 0.05 consid-
ered statistically significant.

RNA isolation. RNA extractions were performed as described previ-
ously (33). Briefly, strains were grown in 8 ml MH broth in biphasic flasks
or in MEMa to mid-log phase (ODg, of 0.7 or 0.2) at 37°C under mi-
croaerophilic conditions for the reverse transcriptase PCR (RT-PCR) or
quantitative RT-PCR (qRT-PCR) assays, respectively. Cells were har-
vested following the addition of 800 ul of cold RNA degradation stop
solution (10% buffer-saturated phenol [pH 4.3] in ethanol) to prevent
RNA turnover (10). The cultures were centrifuged and resuspended in
Tris-EDTA (TE) buffer, and total RNA was extracted using the hot
phenol-chloroform method (44). The RNA was subsequently precipi-
tated, resuspended in diethyl pyrocarbonate (DEPC)-treated water, and
treated with DNase I (Invitrogen) to remove contaminating DNA. Finally,
the RNA samples were further purified using the RNeasy kit (Qiagen).
PCR was performed to ensure the absence of genomic DNA. RNA integ-
rity and quantity were determined using the Experion RNA STDsens anal-
ysis kit (Bio-Rad Laboratories).

RT-PCR assay. Reverse transcriptase PCR experiments were per-
formed using the Qiagen One Step RT-PCR kit (Qiagen). All primers used
in the RT-PCR experiments are listed in Table 2. Primers were designed to
amplify transcripts specific for katA, Cj1386, and the intragenic region
between katA and Cj1386. The reverse transcription was performed at
50°C for 30 min followed by an initial PCR activation step at 95°C for 15
min. The PCR cycling steps consisted of denaturing at 94°C for 1 min,
annealing at 55°C for 1 min, and extension at 72°C for 1 min for a total of
30 cycles, followed by a final extension step at 72°C for 10 min. A positive
control using C. jejuni genomic DNA was included to confirm that the
primers were able to anneal and amplify the intended target regions. Ad-
ditionally, a negative control without reverse transcriptase was included
to ensure the absence of contaminating genomic DNA.

qRT-PCR. The relative expression levels of the Cj1386 and katA tran-
scripts in the AperR and ACj1386 mutants, respectively, were determined
using the QuantiTect Sybr green RT-PCR kit (Qiagen) and a 7300 real-
time PCR system (Applied Biosystems) as described previously (33). The
primers used for the QRT-PCR experiment are listed in Table 2. The rel-
ative expression levels of Cj1386 and katA were normalized to metC (pu-
tative cystathionine beta-lyase). metC expression levels remained un-
changed in the wild-type C. jejuni, AperR, and ACj1386 strains, ensuring
that metC was a suitable choice of gene to use as a reference for the quan-
tification of the Cj1386 and katA transcripts (37). The threshold cycle
(AAC;) method was used to calculate the relative fold change of the katA
transcript, and specific RT-PCR products were confirmed by dissociation
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curve analysis according to the manufacturer’s recommendations (Ap-
plied Biosystems). Experiments were done in biological duplicate with
technical triplicates for each gene.

Purification of C. jejuni KatA and anti-KatA antiserum production.
Overexpression of KatA was performed in E. coli BL21 cells using the
protein expression vector pGST as described previously (42). Briefly, the
C. jejuni katA gene was PCR amplified using Pfx (Invitrogen) high-fidelity
polymerase and the KatA_Ncol and KatA_NotI primers listed in Table 2.
The amplified gene was cloned into the protein overexpression vector
pGST using Ncol and Notl restriction sites, followed by transformation of
the final construct into E. coli BL21 cells. Sequencing was performed to
confirm the absence of polymerase-introduced mutations in the katA
gene. The strain containing the pGST +KatA construct was grown in 400
ml of LB broth supplemented with 100 ug/ml of ampicillin to an ODy, of
0.6 at 37°C with continual shaking. IPTG (isopropyl-B-p-thiogalactopy-
ranoside; 500 uM) was added to the broth, and the bacterial culture was
incubated for an additional 3 h at 37°C. The cells were then pelleted and
resuspended in phosphate-buffered saline (PBS) containing protease in-
hibitor (Roche), and the cell membranes were disrupted by sonication.
Cell membranes and debris were removed by centrifugation at 13,000 rpm
for 15 min. The cell lysate containing the glutathione S-transferase (GST)
—KatA fusion protein was then affinity purified using glutathione Sephar-
ose 4B resin according to the manufacturer’s specifications (GE Health-
care). Cleavage of the GST tag from KatA was performed on the resin by
addition of tobacco etch virus (TEV) protease (42) and gentle shaking
overnight at 4°C. The KatA protein was washed from the resin the follow-
ing day using 6 washes of 200 ul of PBS buffer. Purified protein was frozen
and stored at —20°C until use.

Approximately 2.5 mg of KatA protein was used for antibody produc-
tion by Immuno-Precise Antibodies Limited using 2 rabbits (Victoria,
BC, Canada). For each rabbit, a preimmune bleed was performed prior to
the primary immunization with the KatA antigen (0.5 mg) using complete
Freund’s antigen. Over the course of the project, each rabbit received 3
additional boosts with KatA antigen (0.5 mg) using incomplete Freund’s
antigen followed by a terminal bleed and serum collection. Anti-KatA
antiserum was stored at —20°C until use.

Western blotting. Protein lysates from C. jejuni strains were separated
by SDS-PAGE on a 12% denaturing gel and transferred to a polyvi-
nylidene difluoride (PVDF) membrane (Millipore) using a wet-
electroblotting transfer cell (Bio-Rad). Membranes were blocked over-
night in 5% (wt/vol) skim milk-0.1% Tween 20 in PBS followed by
incubation with 0.1 ug/ml anti-KatA antiserum in PBS for 1 h at room
temperature. The membranes were washed 6 times with PBS followed by
incubation with a 1:3,000 dilution of anti-rabbit horseradish peroxidase
(HRP)-conjugated antibody (Invitrogen) for 1 h at room temperature.
The immunoblot membrane was developed with a 1:1 mixture of
luminol-peroxide solution (Thermo Scientific) for 1 min, and chemilu-
minescence was detected by X-ray film (Thermo Scientific). Densitometry
of immunoblot results was performed with the use of Adobe Photoshop
software (version 10.0).

Immunoprecipitation of KatA. Immunoprecipitation experiments
using wild-type C. jejuni, ACj1386, AkatA, and ACj1386+Cj1386 strains
were performed using protein A-conjugated Dynabeads (Invitrogen).
Strains were grown to mid-log phase (ODg, of 0.2) in MEMa under
microaerophilic conditions at 37°C prior to harvesting total soluble pro-
teins. Bacterial strains were spun at 6,000 rpm for 10 min, resuspended in
1 ml PBS containing a bacterial protease inhibitor cocktail (Sigma) and 10
mg/ml lysozyme, and incubated on ice for 15 min. Cells were briefly son-
icated on ice (five 5-s pulses), followed by centrifugation at 13,000 rpm for
5 min at 4°C to remove membranes and cellular debris. Two hundred fifty
micrograms of anti-KatA antiserum diluted in 200 ul PBS-0.02% Tween
20 was incubated with 50 ul of Dynabeads for 1 h with end-over-end
rotation at room temperature. The anti-KatA-bound Dynabeads were
washed once with 500 ul PBS-0.02% Tween 20 before addition of 5 mg of
protein lysate. The bead-lysate mixture was incubated overnight at 4°C
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with end-over-end rotation. The beads were washed 3 times with 200 ul of
ice-chilled PBS, and KatA was eluted from the beads twice in 100 ul
soft-elution buffer (50 mM Tris, pH 8.0, 0.2% SDS, 0.1% Tween 20) (3)
with end-over-end rotation for 7 min at room temperature. Immunopre-
cipitation of KatA from each strain was visualized by SDS-PAGE run on a
10% denaturing gel followed by Coomassie blue staining. KatA protein
concentration was determined for each immunoprecipitated sample by
densitometry of the SDS-PAGE gel using Adobe Photoshop software (ver-
sion 10.0). KatA protein content was normalized, and equal amounts of
KatA (250 ng) from the wild-type NCTC11168, ACj1386, and
ACj1386+Cj1386 strains were assayed for catalase activity using the
method described above. Immunoprecipitate from the AkafA strain was
used as a negative control for the catalase activity assay. Catalase activity
assays were performed in quadruplicate, and statistical significance was
determined using the Student ¢ test. P values of <0.05 were considered
significant.

Hemin quantification assays. Heme content of KatA protein isolated
from wild-type C. jejuni NCTC11168, ACj1386, AkatA, and
ACj1386+Cj1386 strains was quantified using the hemin assay kit (Bio-
vision, Mountain View, CA), which utilizes the peroxidase activity of he-
min to produce a colored substrate which can be assayed spectrophoto-
metrically. Briefly, KatA was immunoprecipitated from wild-type C.
jejuni NCTC11168, AkatA, ACj1386, and ACj1386+Cj1386 strains using
the same method as described above with slight modification to the elu-
tion step. Elution was carried out by addition of 20 ul of 50 mM glycine,
pH 2.8, to the Dynabeads to release protein complexes and to extract
heme from the KatA protein. Samples were incubated at room tempera-
ture for 2 min with end-over-end rotation and subsequently transferred to
a clean tube. The samples were brought to neutral pH by the addition of 1
M Tris, pH 7.4. Samples were visualized by SDS-PAGE run on a 10%
denaturing gel followed by Coomassie blue staining. KatA protein content
was normalized using densitometry (Adobe Photoshop software [version
10.0]). Total hemin concentration was assayed from 40 ng of KatA protein
prepared from each immunoprecipitated sample, and the assay was per-
formed according to the manufacturer’s instructions (hemin assay kit;
Biovision, Mountain View, CA). Background absorbance of IgG (deter-
mined from the AkatA strain immunoprecipitated sample) was sub-
tracted from each of the strains assayed. Experiments were performed in
biological quadruplicate. Statistical significance was determined by the
Student ¢ test with P values of <0.05 considered significant.

Chick colonization model. The chick colonization model for C. jejuni
was used as described previously (33). One-day-old specific-pathogen-
free broiler chicks were checked upon arrival to ensure the absence of
Campylobacter contamination by culturing the fecal contents on Karmali
plates (Oxoid). Chicks were provided with water and commercial chicken
starter diet ad libitum. Wild-type C. jejuni, ACj1386 mutant, and
ACj1386+Cj1386 strains were grown to mid-log phase in MH broth un-
der microaerophilic conditions at 37°C. The strains were recovered by
centrifugation, washed in PBS, and resuspended in fresh MH broth at a
concentration of 2 X 10 cells per ml. Food and water were withheld from
the chicks for 2 h prior to inoculation. Each 3-day-old chick was inocu-
lated with 0.5 ml of the bacterial suspension (containing approximately
10*viable C. jejunibacteria). Each bacterial suspension was serially diluted
and plated on MH agar plates to confirm the inoculum. Six days later, the
chicks were euthanized and necropsy was performed. The ceca were col-
lected and weighed, and the cecal contents were extracted and homoge-
nized in MH broth. Cecal contents were serially diluted and plated onto
Karmali agar plates supplemented with either 20 ug/ml chloramphenicol
or 10 pg/ml kanamycin for the mutant and complemented strains, re-
spectively. The plates were incubated for 48 h at 42°C under microaero-
philic conditions, and the resulting colonies were counted and expressed
as CFU per gram of cecum. Statistical analysis was done using the non-
parametric Mann-Whitney rank sum test with P values of <0.05 being
considered statistically significant.
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Neonate piglet infectious model. The procedure used for the neonate
piglet infectious model has been previously described (31). Newborn pig-
lets were housed under sterile conditions at room temperature provided
with additional warmth from heat lamps. Newborn piglets were fed a milk
replacer five times daily. On the first day of feeding, piglets were syringe
fed 60 to 120 ml of the milk replacer. Wild-type, AkatA, and ACj1386
strains were grown up to mid-log phase overnight under microaerophilic
conditions at 37°C in MH broth. Piglets were inoculated orally by the use
of a syringe 1 day after they were received. Each piglet received approxi-
mately 10 ml of a 1:1 mixture of wild-type and ACj1386 mutant or wild-
type and AkatA bacterial suspension (approximately 108 viable C. jejuni
bacteria). Serial dilutions of the inoculum were spread onto MH agar
plates and MH agar plates supplemented with 20 pg/ml chloramphenicol
to confirm the ratio of ACj1386 mutant to wild type and AkatA mutant to
wild type. The piglets were euthanized 2 days following inoculation, and
necropsy was performed immediately after. Two- to three-inch segments
of the duodenum, jejunum, ileum, colon, and cecum were removed and
weighed, and the mucus layer from each segment was collected and ho-
mogenized. Serial dilutions were made for each homogenate of intestine,
of which 100 ul was spread in triplicate onto Karmali agar plates (Cam-
pylobacter selective supplement; Oxoid) with chloramphenicol added to
half the plates to select for the ACj1386 and AkatA mutants. Karmali agar
plates were held under microaerophilic conditions at 37°C for 2 days. The
resulting Campylobacter colonies were counted. The wild-type strain and
mutant strains were tested in at least 3 piglets each. The colonization levels
of the mutant strains were directly obtained by counting the colonies
present on the Karmali agar plates supplemented with chloramphenicol.
The wild-type C. jejuni titer was obtained by subtracting the number of
mutant colonies from the total number of colonies recovered on the Kar-
mali agar plates. The competitive index was calculated by dividing the in
vivo ratio of mutant to wild-type strain recovered (output ratio) by the in
vitro ratio of the mutant to wild-type strain inoculated (input ratio). The
data were analyzed for statistical significance using a nonparametric
Mann-Whitney rank sum test. P values of <0.05 were considered statis-
tically significant.

RESULTS

Cj1386 plays an important role in H,0, detoxification. Analysis
of the katA genetic region of C. jejuni NCTC11168 revealed the
presence of a downstream gene, Cj1386, encoding an ankyrin
repeat-containing protein of unknown function. Transcriptome
studies have demonstrated that Cj1386 transcript level increases
in response to iron starvation (24, 33) and suggested that Cj1386
might be a member of the PerR regulon (32). Indeed, quantitative
reverse transcriptase PCR confirmed the regulation of Cj1386 ex-
pression by PerR with up to a 72- = 24-fold increase in Cj1386
transcript abundance in the AperR mutant strain compared to the
wild type. Interestingly, orthologues for Cj1386 are conserved
among Campylobacter species, and in Pseudomonas aeruginosa a
gene encoding an ankyrin repeat-containing protein (AnkB) has
been also identified downstream of the katB gene and was found to
enhance Pseudomonas catalase activity (25). To assess the poten-
tial role for Cj1386 in defense against ROS, an isogenic deletion
mutant was constructed by allelic exchange as described in Mate-
rials and Methods. Additionally, a complemented strain was con-
structed by introducing Cj1386 into one of the three rRNA clus-
ters in the ACj1386 mutant background. Next, the ACj1386
mutant was tested for its sensitivity toward three different oxi-
dants: hydrogen peroxide (H,0,), cumene hydroperoxide (CHP),
and menadione sodium bisulfite. As shown in Table 3, the
AC;j1386 mutant exhibited increased sensitivity toward 3% H,O,
relative to the wild-type C. jejuni (P < 0.0005), and the phenotype
was fully restored by complementation with the Cj1386 gene
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TABLE 3 Sensitivity of wild-type C. jejuni, AkatA and ACj1386
mutants, and corresponding complemented
strains to three oxidants®

Diam (mm) of zone of inhibition after
exposure to oxidant:

Strain H,0, CHP MND

C. jejuni NCTC11168 19.70 + 038 22.90 £ 0.52 34.8 = 0.79
AkatA mutant 2530 = 0.07*  24.58 = 0.19  29.85 = 1.39
AkatA + katA strain 10.83 =124  23.63 =047 31.00 = 1.20
AGj1386 mutant 2521 £ 028% 2567 =076 3504 =+ 1.36
ACGj1386 + Cj1386 strain ~ 19.90 = 0.57  24.20 = 0.51  37.30 = 0.76
AkatA ACj1386 mutant 25.80 + 0.39% 2290 + 0.71  35.30 = 1.12
AkatA ACj1386 + (katA + 1070 £ 0.85  23.90 = 0.40  37.50 = 0.60

Cj1386) strain

@ The diameter of the zone of inhibition is represented as the mean clear zone =
standard error for each strain (in mm) after exposure to 10 ul of 3% H,O, (hydrogen
peroxide), 3% cumene hydroperoxide (CHP), or 90 mM menadione (MND) bisulfite.
Each experiment was repeated in quadruplicate. Values were considered significant (*)
at P < 0.05 using ANOVA statistical analysis.

(strain AC1386+Cj1386). The ACj1386 mutant was not, how-
ever, affected in its sensitivity toward either cuamene hydroperox-
ide or menadione relative to the wild-type strain. These results
indicate that Cj1386 plays an important function in resistance to
hydrogen peroxide in C. jejuni and that this function is oxidant
specific.

As indicated above, Cj1386 is located directly downstream
from katA in the NCTC11168 genome (34). The gene katA en-
codes the only catalase of C. jejuni, which is the main enzyme
responsible for the detoxification of hydrogen peroxide into oxy-
gen and water. KatA has been previously demonstrated, both in
vitro and in vivo, to have an important role in hydrogen peroxide
defense in multiple strains of C. jejuni (17). Additionally, a AkatA
mutant also displayed an increased sensitivity toward 3% H,O,
relative to the wild-type C. jejuni NCTC11168 (32) (also Table 3).
Because of the similar sensitivities of the AkatA and ACj1386 mu-
tants toward hydrogen peroxide and because of the genomic loca-
tion of Cj1386 directly downstream from katA, we postulated that
Cj1386 may be involved in the same hydrogen peroxide detoxifi-
cation pathway as KatA. To test this hypothesis, a double katA and
Cj1386 deletion mutant, the AkatA ACj1386 mutant, was con-
structed and assessed for H,O, sensitivity. In the case of two inde-
pendent H,O, detoxification pathways encoded by katA and
Cj1386, it would be expected that the loss of function of both KatA
and Cj1386 would lead to an overall increase in sensitivity toward
H,0, relative to that of the single mutants. However, this pheno-
type was not observed (Table 3). Indeed, as shown in Table 3, the
AkatA, ACj1386, and AkatA ACj1386 mutants exhibited equal
susceptibilities to H,O, (with a growth inhibition zone of approx-
imately 25 mm compared to 19.7 mm for the wild-type strain).
ANOVA statistical analysis confirmed that the three mutant
strains were not significantly different from each other (P > 0.05).
Complementation in frans of the AkatA, ACj1386, and AkatA
ACj1386 mutants with the corresponding wild-type genes re-
stored their sensitivity toward H,O, at levels comparable to the
parental strain. The increased resistance to H,0O, in the
AkatA+katA and AkatA ACj1386+ (katA+Cjl386) comple-
mented strains relative to the wild type is likely due to the loss of
iron- and H,O,-mediated regulation of the katA gene expression
(32, 45) (as it is expressed from the kanamycin promoter in our
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FIG 1 The katA and Cj1386 genes are independently transcribed. RT-PCR
products from RNA extracted from C. jejuni NCTC11168 were analyzed by
agarose gel electrophoresis for operon identification analysis. Lanes 1 to 5,
RT-PCR from RNA extracted from C. jejuni NCTC11168; lanes 6 and 7, RT-
PCR from genomic DNA extracted from C. jejuni NCTC11168. Lanes: L, 1-kb
ladder; 1, katA-RT-SE and katA-RT-AS (909-bp band visible, demonstrating
presence of katA transcript); 2, Cj1386-RT-SE and Cj1386-RT-AS (349-bp
band visible, demonstrating presence of Cj1386 transcript); 3, katA-RTint-SE
and Cj1386-RTint-AS (absence of predicted 1,062-bp band, indicating that
katA and Cj1386 are not cotranscribed); 4, Cj1384c-RT-SE and katA-RT-AS
(absence of predicted 1,560-bp band, indicating that Cj1384c and katA are not
cotranscribed); 5, Cj1386-RT-SE and Cj1387-RT-AS (absence of predicted
697-bp band, indicating that Cj1386 and Cj1387c are not cotranscribed); 6,
positive-control katA-RTint-SE and Cj1386-RTint-AS (1,062-bp band pres-
ent); 7, positive-control katA-RT-SE and Cj1386-RT-AS (1,615-bp band pres-
ent); 8, negative control (no RT added to reaction mixture).

construction). Altogether, these results indicate that Cj1386 is in-
volved in the same detoxification pathway or mechanism as KatA.
The katA and Cj1386 genes are independently transcribed.
The genetic proximity of katA and Cj1386 genes suggests that
these two genes might be cotranscribed. Therefore, to determine if
these two genes belong to the same operon, we mapped the po-
tential transcripts by RT-PCR using primers that anneal within
and across these two genes. As shown Fig. 1, amplicons of the
expected sizes were obtained for the katA (Fig. 1, lane 1) and
Cj1386 (Fig. 1, lane 2) transcripts. However, RT-PCR of the katA-
Cj1386 region using one primer annealing within katA in con-
junction with a Cj1386-specific primer failed to yield any product
(Fig. 1, lane 3). Of note, RT-PCR using the same primers but with
genomic DNA as a template was successful (Fig. 1, lane 6). These
results indicate that katA and Cj1386 are not cotranscribed.
Zymographic analysis of C. jejuni catalase activity detected a
single catalase. To further test the hypothesis that Cj1386 is in-
volved in the same H,O, detoxification pathway as KatA, we as-
sessed the catalase activity of the wild-type strain and the AkatA
and ACj1386 mutants by zymographic analysis (Fig. 2). The mu-
tants and the wild-type strain were grown in iron-limited MEMa
in order to ensure high expression of katA and Cj1386 genes (24,
33). As shown in Fig. 2, the wild-type C. jejuni strain contained a
single enzyme with catalase activity (lane 1), the AkatA mutant did
not produce detectable catalase activity (lane 2), and the ACj1386
mutant showed catalase activity, yet at a reduced level relative to
that of the wild-type strain (lane 3). The catalase activity was fully
restored in the AkatA+katA complemented strain to levels of en-
zymatic activity comparable to those of the wild-type C. jejuni.
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FIG 2 The C. jejuni strain contains a single enzyme with catalase activity, and
the ACj1386 mutant exhibits a reduced catalase activity. All bacterial strains
(C. jejuni NCTC11168 and AkatA and ACjl1386 mutants) were grown in
MEMa to mid-log phase (ODg,, of 0.2) under microaerophilic conditions at
37°C prior to cell extract preparation. When required, wild-type C. jejuni was
exposed to 1 mM H,O, for 10 min prior to total protein isolation. Fifty mi-
crograms of whole-cell extract was loaded onto an 8% nondenaturing gel run
at 25 mA at 4°C and assayed for catalase activity. BLC, bovine liver catalase
(Sigma-Aldrich).

Bovine liver catalase (Sigma) was used as a positive control for
catalase activity (lane 5). Finally, the addition of 1 mM H,0, to
wild-type C. jejuni did not induce expression of additional en-
zymes with detectable catalase activity (lane 7). These results in-
dicate that C. jejuni possesses a single enzyme with catalase activity
(KatA). Furthermore, similar levels of catalase activity were ob-
served in C. jejuni in the presence and in the absence of H,0,
exposure. This observation is in agreement with the relief of PerR
repression under iron-restricted conditions (used in this assay),
enabling high levels of katA expression (32). Overall, the reduced
catalase activity observed in the ACj1386 mutant suggests that
Cj1386 contributes to KatA enzymatic function.

Cj1386 plays a role in enhancing KatA catalase activity. Ac-
cording to our zymographic analysis, the absence of Cj1386 de-
creased catalase activity. To confirm this finding, the catalase ac-
tivities of the wild-type strain and the AkatA and ACj1386
mutants were quantified and compared according to the method
developed by Beers and Sizer (7). Unlike many other bacteria,
which have two catalases, one cytoplasmic and one periplasmic, C.
jejuni harbors a single catalase of as-yet-undefined location. A
previous study by van Vliet et al. has shown KatA to be present
within the periplasmic space in C. jejuni (45). However, it remains
unknown how KatA is transported into the periplasmic space as
the translocation process appears to be TAT (twin-arginine trans-
locase) and Sec independent due to the absence of a TAT (36) or
Sec leader sequence (SignalP) (8) in the KatA protein sequence.
Therefore, to confirm the localization of C. jejuni catalase, the
enzymatic activity was tested in both cytoplasmic and periplasmic
protein preparations from C. jejuni grown to mid-log phase
(ODgy of 0.2) in MEMa. Cytoplasmic and periplasmic protein
fractions were prepared by using the Peripreps Periplasting kit
(Epicentre Technologies, Madison, WI), which utilizes a combi-
nation of osmotic shock and lysozyme treatment. We have previ-
ously used and validated this kit to isolate periplasmic fractions
from C. jejuni (31). Nevertheless, we further confirmed the ab-
sence of significant contamination of our periplasmic protein
fractions with cytoplasmic proteins by Western blot analysis using
antibodies against the transcriptional regulator PerR, which
should be localized exclusively in the cytoplasm (Fig. 3B). Figure 3
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FIG 3 Cj1386 enhances KatA catalase activity. (A) Catalase activities of cyto-
plasmic and periplasmic cellular protein fractions for wild-type C. jejuni and
ACj1386, ACj1386+Cj1386, AkatA, and AkatA+katA strains are expressed as
pmol of hydrogen peroxide decomposed per minute per mg of protein. Error
bars indicate standard errors of the means (n = 4). An asterisk indicates a P
value of <0.05 using the Student ¢ test. (B) Cell fractionation control assay
using Western blot analysis. Five micrograms of wild-type C. jejuni and
ACj1386 mutant cytoplasmic and periplasmic protein extracts were loaded
into each well and subsequently assessed for cytoplasmic protein contamina-
tion by immunoblotting using an anti-PerR antibody.

shows the catalase activities of the wild-type C. jejuni, the AkatA
and ACj1386 mutants, and their complemented strains for both
cytoplasmic and periplasmic protein fractions. The ACj1386 mu-
tant displayed an overall decrease in KatA activity in both the
cytoplasm and periplasm. The ACj1386 mutant has significantly
reduced catalase activity (1.1 X 10* = 2.0 X 10° U/mg protein)
relative to the wild-type C. jejuni (2.0 X 10* £ 2.3 X 10° U/mg
protein) in the cytoplasmic preparation (P < 0.05). The ACj1386
mutant also had reduced catalase activity compared to the wild-
type strain in the periplasmic fraction, but this reduction was not
statistically significant. The complemented ACj1386 strain exhib-
ited catalase activity equal to that of the wild type in both the
periplasmic and cytoplasmic fractions. As expected, no apprecia-
ble catalase activity could be detected in the AkatA mutant in
either the cytoplasm or periplasmic fractions, while catalase activ-
ity was restored in the AkatA+katA complemented strain. Alto-
gether, these results indicate that that Cj1386 is important in pro-
moting proper catalase activity in C. jejuni and that C. jejuni
catalase is located in both the periplasmic and cytoplasmic frac-
tions. Catalase enzymes have also been shown to be present
within both the cytoplasmic and periplasmic spaces of other
bacterial species, including KatA in Helicobacter pylori (20),
Vibrio rumoiensis (51), and Pseudomonas aeruginosa (14); CatF
in Pseudomonas syringae (29); and a catalase/peroxidase in
Caulobacter crescentus (38).
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FIG 4 KatA expression is not affected in the ACj1386 mutant, as shown by
Western blot analysis of KatA protein content in wild-type C. jejuni; ACj1386,
AkatA, and AkatA+katA mutants; and affinity-purified C. jejuni KatA. (A)
Five micrograms of protein lysate or 100 ng of purified protein was loaded into
each lane followed by immunoblotting using anti-KatA or anti-Fur antiserum.
(Top) KatA protein level as detected by anti-KatA antiserum. (Bottom) Load-
ing control of total protein content detected by anti-Fur antiserum. (B) Quan-
tification of KatA protein level in wild-type C. jejuni, ACj1386, AkatA, and
AkatA+katA strains. Relative intensity of KatA was determined by quantifying
each band from the immunoblot and standardizing it against WT KatA. Error
bars represent the standard errors of 3 biological replicates.

The observed decrease in catalase activity in the ACj1386 mu-
tant could be explained either by a direct role for Cj1386 in KatA
function or by an effect of Cj1386 on KatA expression. To deter-
mine whether the reduction in catalase activity seen in the
ACj1386 mutant was the result of a decrease in KatA expression,
qRT-PCR and Western blot analysis were performed. No signifi-
cant difference in katA transcript abundance could be detected in
the ACj1386 mutant strain compared to the wild-type C. jejuni by
qRT-PCR analysis (data not shown). Additionally, Western blot
analysis using anti-KatA antisera to compare the relative KatA
protein levels in whole-cell extracts from wild-type C. jejuni,
ACj1386 mutant, AkatA mutant, and the complemented strains
indicated no significant decrease in the amount of KatA in the
ACj1386 mutant strain compared to the wild-type strain (Fig. 4).
The lack of a band in the AkatA mutant confirmed the specificity
of the anti-KatA antibody (Fig. 4A, lane 3). Equal loading of each
protein lysate sample was confirmed using an anti-Fur antibody
(Fig. 4A, lower panel). Quantification of the results is seen in Fig.
4B. These results demonstrate that the decrease in catalase activity
seen in the ACj1386 mutant strain is not due to a decrease in either
katA transcript or KatA protein level.

Cj1386 is involved in heme trafficking to KatA. The catalase
activity and KatA expression quantification results for the
ACj1386 strain suggest that Cj1386 is playing a direct role in KatA
function. To date, the reaction catalyzed by catalase has been well
documented and involves a two-step oxidation and reduction re-
action to detoxify hydrogen peroxide. Central to this reaction is a
heme prosthetic group, which plays an important role in electron
transfer to facilitate the redox reactions that decompose the hy-
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FIG 5 KatA immunoprecipitated from the ACj1386 mutant has decreased catalase activity relative to wild-type C. jejuni. (A) Immunoprecipitated KatA from
wild-type C. jejuni, ACj1386, AkatA, and ACj1386+Cj1386 strains eluted in 50 mM glycine, pH 2.8. Five microliters of each immunoprecipitated sample and 0.5
ug of purified C. jejuni KatA were loaded into each lane and separated on a 10% denaturing SDS-PAGE gel. (B) Catalase activity of KatA immunoprecipitated
samples eluted in soft-elution buffer from wild-type C. jejuni, ACj1386, AkatA, and ACj1386+Cj1386 strains. KatA protein concentrations were determined by
densitometry from the SDS-PAGE gel (not shown), and 250 g of KatA was assayed for activity. Catalase activity is expressed as wmol of hydrogen peroxide
decomposed per minute per mg of protein. Error bars indicate standard errors of the means (n = 4). An asterisk indicates a P value of <0.05 using the Student

t test.

drogen peroxide molecules (15). Given that there was a significant
decrease in catalase activity, but no decrease in KatA expression in
the ACj1386 strain, we hypothesized that the decrease in KatA
activity might be due to a decrease in the heme cofactor in the
expressed KatA protein. To test this hypothesis, the KatA from
the wild-type C. jejuni NCTC1168, AkatA, ACj1386, and
ACj1386+Cj1386 strains was immunoprecipitated and assayed
for catalase activity, and the heme content of the protein was
quantified. Figure 5A shows typical results of the immunoprecipi-
tation experiments with elution in 50 mM glycine, pH 2.8. The
specificity of the immunoprecipitated KatA can be seen in the
AkatA mutant strain in which the band corresponding to 54-kDa
KatA is absent. Catalase activity assays were performed on the
immunoprecipitated samples that were eluted in soft-elution buf-
fer (the soft-elution buffer did not decrease the activity of wild-
type KatA [data not shown]). Interestingly, the catalase activity of
the immunoprecipitated strains revealed that the ACj1386 mutant
KatA had a severe reduction in catalase activity (625 U/mg pro-
tein) relative to the wild-type C. jejuni KatA (5.2 X 10* U/mg
protein) (Fig. 5B). The catalase activity was restored in the com-
plemented ACj1386+Cj1386 KatA protein (4.9 X 10* U/mg pro-
tein).

Next, we quantified the heme content of the immunoprecipi-
tated KatA samples from each strain. To do this, the heme was
extracted from the immunoprecipitated KatA protein samples
under acidic conditions by suspending the KatA-conjugated
beads in 50 mM glycine solution at pH 2.8. Exposing heme-
containing proteins to low-pH conditions allows for extraction of
heme from proteins (4, 46) and also elutes the proteins bound to
the beads. Following elution from the beads, the immunoprecipi-
tated samples were brought to neutral pH by addition of 1 M Tris,
pH 7.4. No detectable catalase activity was observed in the immu-
noprecipitated samples (data not shown).

Quantification of the heme content from the immunoprecipi-
tated KatA samples (Table 4) revealed a significant reduction in
the concentration of heme present in the ACj1386 mutant strain
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(0.19 = 0.1 nM) relative to the wild-type C. jejuni (6.99 * 0.19
nM). The concentration of heme was restored to wild-type levels
in the complemented ACj1386+Cj1386 strain (6.41 = 0.54 nM).
Furthermore, the ratio of heme per KatA subunit (54 kDa) was
close to a 1:1 ratio (0.94, Table 4) as would be expected for tetra-
meric, monofunctional, heme-containing catalases (15). The
ACj1386 immunoprecipitated KatA-heme ratio was significantly
reduced at approximately 0.03 heme group per KatA subunit. This
result suggests that 97% of the immunoprecipitated KatA from
the ACj1386 mutant strain is lacking the heme prosthetic group,
providing an explanation for the significant reduction in enzy-
matic activity of this protein as assayed in Fig. 5B. These results
suggest an important role for Cj1386 in heme trafficking to KatA.

Chick colonization model. To determine whether Cj1386 is
important in the colonization of chick ceca, 1-day-old specific-
pathogen-free broiler chicks were inoculated with wild-type C.
jejuni NCTC11168, ACj1386 mutant, and the ACj1386+Cj1386
strains. As shown in Fig. 6, the wild-type C. jejuni colonized the
ceca at a level of approximately 10° CFU per gram. The ACj1386
mutant was significantly affected in its ability to colonize the ceca

TABLE 4 Quantification of heme content from KatA protein
immunoprecipitated from wild-type C. jejuni NCTC11168,
AC;j1386, and ACj1386 + Cj1386 strains®

Concn (nM) of:

Source of immunoprecipitated ~ KatA Ratio

KatA (subunits) Heme (heme/KatA)
C. jejuni NCTC11168 7.4 6.99 = 0.19 0.94
ACj1386 strain 7.4 0.19 £0.10* 0.03
ACj1386 + Cj1386 strain 7.4 6.41 = 0.54 0.87

@ The amount of heme is represented as the mean concentration of heme detected
the standard error (nM) for equal starting concentrations of KatA protein for each
strain tested. Experiments were repeated in biological quadruplicate. The Student ¢ test
was used to determine statistical significance with P values of <0.05 (*) considered
significant.
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FIG 6 The ACj1386 mutant is defective for cecal colonization of chicks.
Chicks were grouped into two sets of 10 (WT and ACj1386 + Cj1386) and one
set of 12 (ACj1386). Data points correspond to the levels of colonization of the
ceca per chick. The dashed line represents the limit of detection for the assay.
Solid bars indicate the median colonization level of bacteria for each strain.
The asterisk indicates a P value of <0.05 using a nonparametric Mann-
Whitney rank sum test.

relative to the wild-type strain and colonized at a level of approx-
imately 2.5 X 103 CFU per gram (P < 0.05). Complementation in
trans of ACj1386 with Cj1386 restored the colonization ability of
the mutant strain to levels comparable to that of the wild type.
These results indicate an important role for Cj1386 in chick colo-
nization.

Neonate piglet infectious model. It has been previously shown
that upon infection with C. jejuni, piglets become ill and display
symptoms which are similar to those observed in humans affected
by campylobacteriosis (6). Therefore, neonate piglets were used as
an infectious model to assess the importance of Cj1386 and KatA
in pathogenesis and colonization of piglet intestines. Colostrum-
deprived piglets were inoculated with a suspension containing a
1:1 ratio of wild-type C. jejuni to ACj1386 or AkatA mutant (ap-
proximately 10% viable C. jejuni bacteria). The piglets were eutha-
nized 2 days after infection, and the competitive index was calcu-
lated (as described in Materials and Methods) for each intestinal
segment. A competitive index of less than 1 indicates that the
ACj1386 mutant was outcompeted by the wild-type C. jejuni. As
shown in Fig. 7A, the median for the competitive index corre-
sponding to the five different intestinal segments from the
ACj1386—wild-type competition was less than 1 (P < 0.0013),
indicating that the ACj1386 mutant was significantly outcom-
peted by the wild-type C. jejuni in the colonization of piglet
intestines. Figure 7B shows that the AkatA mutant was signifi-
cantly outcompeted by the wild-type C. jejuni, in colonization
of all five intestinal segments (P < 0.0001). Importantly, in
vitro competitive growth assays of wild-type C. jejuni and
ACj1386 mutant strains and wild-type C. jejuni and AkatA mu-
tant strains found that the ACj1386 and AkatA mutants were
not outcompeted by the wild-type strain (data not shown).
These results indicate that the outcompetition of ACj1386 and
AkatA mutants by the wild-type strain (Fig. 7) in vivo is not due
to an in vitro growth difference between the mutants and the
wild-type strain. The data from the neonate competitive piglet
assay suggest that Cj1386 and KatA play important roles in
colonization of the piglet intestine.

342 jb.asm.org

A)
c
% 10+ L
o °
(o) B e e L L L L LT - -
< [ ]
e s -
o e —e—
‘é 011" o
= —— .
; 0.01
E | = .
[
2 0.001- ° ®
®
.
g 0.00011— . ; : ‘
o
o & & & ¢ &
& & W ® oe."
(&)
o

B)
S 10+
I
g B e i o
b, . ——
'E 0.1 ‘ . [ ]
X 0014 .
2 ] ® s
= 0.0011
[
2 .
£ 0.0001-
g .
£ 0.00001-— : . . .
(8]
& & & o &

& & e o O

0¢°& )é’\o N N &
FIG 7 ACj1386 and AkatA mutants are affected for intestinal colonization of
piglets. Competitive index in neonate piglets. Each data point represents the
competitive index for C. jejuni NCTC11168 and the ACj1386 (A) or AkatA (B)
mutant in five intestinal segments from one piglet. The dashed line represents
the ratio at which wild-type C. jejuni and the ACj1386 (A) or AkatA (B) mutant
are colonizing the intestinal segment at similar levels (one is not outcompeting
the other). Solid bars represent the medians for each segment.

DISCUSSION

Hydrogen peroxide is a harmful by-product of metabolic bacterial
activities, mainly from the electron transfer chains (28). In the
presence of iron, the Fenton reaction process converts H,O, to
hydroxyl radicals, the most powerful oxidizing species in the bio-
sphere (28). Efficient and rapid removal of H,0, is therefore vital
for allliving organisms. Hydrogen peroxide is primarily detoxified
by catalases, which degrade H,O, to water and oxygen (39). Alter-
natively, cytochrome ¢ peroxidases and peroxiredoxins could also
catalyze the reduction of H,O, to water using cytochrome ¢ or
reduced pyridine dinucleotides as the electron donor. C. jejuni
NCTC11168 contains one catalase (KatA), two cytochrome ¢ per-
oxidases (Cj0358 and Cj0020c), and three peroxiredoxins (AhpC,
Tpx, and Bep) (34). KatA, Tpx, and Bep have been shown to con-
tribute, at least to some extent, to H,0O, detoxification in C. jejuni
(5, 17), and Cj0358 and Cj0020c have been demonstrated to have
peroxidase activity (11). AhpC has also been demonstrated to
scavenge H,O, in E. coli (39) and likely performs a similar func-
tion in C. jejuni. In this study, we identified and characterized one
additional member of the C. jejuni anti-H,O, defense, Cj1386,
and demonstrated that KatA is localized in both the cytoplasmic
and periplasmic fractions. A ACj1386 mutant exhibited increased
sensitivity toward H,0,. Complementation in trans of the
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ACj1386 mutant with Cj1386 restored the wild-type levels of sen-
sitivity, confirming that the observed phenotype was due to dele-
tion of Cj1386 and not due to polar effects in surrounding genes
(in particular, katA). These observations indicate that Cj1386
functions to protect the cell from exposure to H,O, Cj1386 is an
ankyrin repeat-containing protein of 156 amino acids (34). An
ankyrin repeat is comprised of a series of 33 amino acids, and these
repeats mediate protein-protein interactions (9). Cj1386 is lo-
cated directly downstream from katA within the C. jejuni
NCTC11168 genome (34). Although katA and Cj1386 are not
cotranscribed, the AkatA, ACj1386, and AkatA ACj1386 mutants
all displayed similar sensitivities toward H,O,, indicating that
KatA and Cj1386 are involved in the same H,O, defense pathway
within the cell. Another important finding is the presence of KatA-
mediated catalase activity in both the periplasmic and cytoplasmic
fractions. Periplasmic catalase activity might endow C. jejuni with
enhanced resistance toward aggressive H,O, production during
host inflammation by detoxifying H,O, before it reaches and
damages essential cytoplasmic proteins. The ACj1386 mutant has
reduced catalase activity in both compartments (the reduction in
the periplasmic fraction, however, was not statistically signifi-
cant), suggesting that Cj1386 is required for proper KatA function
and not for KatA localization. Furthermore, the KatA enzyme in
the ACj1386 mutant strain was found to have a significant de-
crease in heme content. This finding indicates that Cj1386 is in-
volved in heme trafficking within C. jejuni. Although to date there
is little known about heme incorporation and folding of catalase
enzymes in bacteria, we favor this explanation over a role for
Cj1386 in KatA protein folding, as experiments performed with
purified, denatured bovine liver catalase have demonstrated com-
plete protein refolding and restoration of activity without the aid
of a chaperone or additional factors (35). In addition, preliminary
data from experiments carried out on the large (90-kDa) catalase
in the fungus Aspergillus terreus suggest that apocatalase enzymes
can be partially reconstituted with heme under in vitro conditions
to regain catalase activity (46). These observations suggest that
catalase enzymes are able to fold without the aid of chaperones
and that heme may play an important role in the folding process.
Given that Cj1386 contains ankyrin repeats, it is tempting to hy-
pothesize that KatA and Cj1386 may interact and that this inter-
action is required for heme transfer to the KatA protein. However,
the precise function that Cj1386 plays in heme trafficking remains
to be investigated.

Cj1386 homologs are found within several species of Campy-
lobacter, including C. coli, C. lari, C. fetus, and C. showae. The
genomic orientation of these Cj1386 homologs downstream from
katA is also conserved. Additionally, homologs of Cj1386 are also
present in many pathogenic bacteria, including Streptomyces aver-
mitilis, Pseudomonas putida, Vibrio cholerae, and Helicobacter he-
paticus, and are similarly located downstream of their respective
catalase. The conservation of Cj1386 and its genetic organization
among diverse microorganisms underscores its importance in
bacterial physiology. Studies involving genes that affect catalase
activity have been carried out in other bacterial species such as
Helicobacter pylori (20) and Pseudomonas aeruginosa (25); how-
ever, our findings demonstrate a novel role for Cj1386 compared
to these previous studies.

Helicobacter pylori possesses a gene named kapA which is lo-
cated directly downstream from its katA gene. KapA, like Cj1386,
is important in defense against hydrogen peroxide, and its gene
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genomic orientation is similar to what is observed in C. jejuni
(with respect to katA and Cj1386) (21). A kapA-deficient mutant
had decreased catalase activity in the periplasmic fraction relative
to the wild-type H. pylori strain while no differences were ob-
served in the cytosolic fraction (20). Although there is no signifi-
cant amino acid identity between KapA and Cj1386, mutations in
both of these genes disrupt the normal catalase activity levels
within the cell. However, KapA is required only for the periplas-
mic catalase activity (20) and has a distinctly different function
from Cj1386. Interestingly, the N-terminal sequence of KapA con-
tains a twin-arginine translocase (TAT)-like signal sequence and
was proposed to function as a transport accessory protein in-
volved in the translocation of KatA via the TAT secretion system
(20). This TAT-like motif is absent from Cj1386. Moreover,
Cj1386 was not identified as a potential substrate of C. jejuni TAT
secretion machinery (23, 36). However, the absence of secretion
motifs in both Cj1386 and KatA raises the question of how KatA
and possibly Cj1386 are translocated into the periplasmic space.

Cj1386 shares 31% identity at the amino acid level with AnkB
from Pseudomonas aeruginosa, which is also critical for optimal
H,O, resistance (25). ankB is located directly downstream from
the gene for its catalase enzyme, KatB, and codes for an ankyrin-
like protein. An ankB-deficient mutant was shown to exhibit an
increased sensitivity toward hydrogen peroxide and a decrease in
KatB-mediated catalase activity (determined using whole-cell ex-
tracts) (25). Interestingly, Howell et al. (25) reported that AnkB is
found primarily within the periplasmic space of P. aeruginosa.
AnkB contains a single membrane-spanning domain with a small
3-amino-acid C terminus located within the cytoplasmic space,
while the remaining N terminus of the protein is hydrophilic and
predicted to be located in the periplasmic space (25). The specific
catalase activity of the AankB mutant in the cytoplasmic and
periplasmic spaces was not reported; however, KatB activity was
found in both of these two cellular compartments. It is, therefore,
not known whether the catalase activity is affected in both the
cytoplasmic and periplasmic compartments of P. aeruginosa (as is
observed in the ACj1386 mutant) or whether the reduction in
catalase activity primarily occurs in the periplasmic space as is
reported in H. pylori. Howell et al. suggested that AnkB may be
interacting with KatB either to localize KatB to the inner mem-
brane surface (to protect H,O,-sensitive biological proteins or
molecules) or to stabilize or enhance KatB activity (25). Use of the
same transmembrane-spanning domain prediction program
(TopPred 2.0 [47]) did not indicate the presence of any putative
transmembrane domains in Cj1386. Further experiments will be
required to determine the localization of Cj1386 within the cell as
well as any interaction of Cj1386 with KatA.

We have previously shown that the ability of C. jejuni to cope
with oxidative stress is fundamental for its colonization of the
chick gastrointestinal tract. A katA-deficient mutant was signifi-
cantly altered in its ability to colonize the chick cecum compared
to the wild-type strain (32). It is, therefore, not surprising that our
ACj1386 mutant exhibited a similar colonization defect. We fur-
ther confirmed the importance of oxidative stress defense in host
colonization by testing our AkatA mutant in the neonate piglet
infectious model, revealing that the AkatA mutant was signifi-
cantly outcompeted by the wild-type C. jejuni strain. Additionally,
the ACj1386 mutant was outcompeted by the wild-type strain in
the neonate piglet infectious model, further highlighting the im-
portance of Cj1386 function for gut colonization. An analogous
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result was reported in H. pylori, where KapA was found to be
essential to sustain a long-term colonization in the murine model
of H. pyloriinfection (22). It is likely that the lower catalase activity
in the ACj1386 mutant is the cause of the reduced colonization in
both animal models, as the mutant is more susceptible to the
damaging effects of exogenously produced hydrogen peroxide (ei-
ther from the host or from the host intestinal flora). In the absence
of Cj1386, H,0, will be detoxified at lower rates, allowing the
oxidant to damage DNA, protein, and lipids.

In summary, we demonstrated that Cj1386 is important in
defense against hydrogen peroxide within the cell by promoting
optimal levels of catalase activity and by contributing to heme
trafficking to KatA. Cj1386 also plays an important role in the
colonization of the gastrointestinal tract in the chick colonization
model and in the piglet pathogenesis model. Future experiments
will determine the heme binding ability of Cj1386 and the proteins
involved in this process.
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