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Campylobacter jejuni NCTC 11168 was capable of growth to levels comparable with FeSO, in defined
iron-limited medium (minimal essential medium alpha [MEMa]) containing ferrilactoferrin, ferritransferrin,
or ferri-ovotransferrin. Iron was internalized in a contact-dependent manner, with 94% of cell-associated
radioactivity from either *>Fe-loaded transferrin or lactoferrin associated with the soluble cell fraction.
Partitioning the iron source away from bacteria significantly decreased cellular growth. Excess cold transferrin
or lactoferrin in cultures containing **Fe-loaded transferrin or lactoferrin resulted in reduced levels of °Fe
uptake. Growth of C. jejuni in the presence of ferri- and an excess of apoprotein reduced overall levels of growth.
Following incubation of cells in the presence of ferrilactoferrin, lactoferrin became associated with the cell
surface; binding levels were higher after growth under iron limitation. A strain carrying a mutation in the
¢j0178 gene from the iron uptake system Cj0173c-Cj0178 demonstrated significantly reduced growth promotion
in the presence of ferrilactoferrin in MEMa compared to wild type but was not affected in the presence of heme.
Moreover, this mutant acquired less *Fe than wild type when incubated with *Fe-loaded protein and bound
less lactoferrin. Complementation restored the wild-type phenotype when cells were grown with ferrilacto-
ferrin. A mutant in the ABC transporter system permease gene (cj0174c) showed a small but significant growth
reduction. The ¢j0176c-cj0177 intergenic region contains two separate Fur-regulated iron-repressible promot-
ers. This is the first demonstration that C. jejuni is capable of acquiring iron from members of the transferrin

protein family, and our data indicate a role for Cj0178 in this process.

Campylobacter jejuni is the leading cause of bacterial food-
borne enteritis in the developed world (55). It is a commensal
organism in the intestine of warm-blooded animals and birds
(31). Infection in humans is often derived from contaminated
poultry meat (51) and is frequently self-limiting (55) but can be
followed by autoimmune complications such as Guillain-Barré
syndrome (37). Understanding of Campylobacter pathogenicity
is incomplete, but factors including motility and chemotaxis
(26, 32) and adhesion and invasion (34) are thought to play a
key role. In addition, iron homeostasis is proposed to be vital
(56), with a large number of genes in the relatively small
genome of C. jejuni NCTC 11168 involved in iron uptake,
metabolism, and storage (41).

Iron is essential for bacteria and the human host, participat-
ing in a variety of basic metabolic pathways (5). However,
excess iron in combination with oxygen leads to the production
of damaging hydroxyl radicals by the Haber-Weiss reactions,
and so iron uptake and storage must be strictly regulated (9,
45). In bacteria, such regulation is achieved principally by the
global iron-dependent transcription regulator Fur (17). Under
high-iron conditions, Fe(II) binds as a corepressor to the Fur
dimer, and the complex binds to specific operator sequences
(Fur boxes) within the promoter regions of iron-responsive
genes, blocking transcription (16).

Under oxidizing conditions and at physiological pH, iron
exists principally in the ferric form [Fe(III)], the majority of
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which is biologically unavailable due to its very low solubility
(45). To combat this, Fe(III) is complexed in the host by
iron-binding and transport proteins such as hemoglobin, trans-
ferrin, and lactoferrin (5). This results in an iron-restricted
environment within the host (a concentration of free iron of
~107'® M) that acts as a nonspecific defense mechanism,
limiting microbial growth (5). To overcome iron limitation,
bacteria have evolved a number of mechanisms to scavenge
iron from the host environment, including uptake systems spe-
cific for iron associated with host iron-binding proteins (5, 14,
30, 47). The C. jejuni NCTC 11168 genome contains four ferric
iron uptake systems, chuABCD for iron bound to heme and
hemoglobin (47), cfrA and ceuBCDE for ferri-enterochelin
(39), and two uncharacterized systems, cj1658-cj1663 and
¢j0173c-cj0178. All these systems are composed of an outer
membrane receptor protein component, periplasmic binding
protein, and ABC transport system, with the exception of
Cj1658-Cj1663 for which there is no obvious receptor. In ad-
dition, a pseudogene, cj0444, with similarity to genes for outer
membrane receptors, is present in the NCTC 11168 genome
(41).

Members of the transferrin iron-binding protein family are
glycosylated, bilobed, monomeric proteins of around 80 kDa
(24). Each protein reversibly binds two atoms of Fe(III) in
conjunction with two bicarbonate anions (1, 3) and under nor-
mal conditions is only partially iron saturated in the host
(30%). Transferrin is primarily found in serum (24), and lac-
toferrin is present in exocrine secretions, principally milk (3,
50). The avian iron transport protein ovotransferrin, which is
present in blood serum and egg white, shares 51% and 49%
homology with human transferrin and lactoferrin, respectively
(21). The use of iron bound to lactoferrin or transferrin has



VoL. 190, 2008

CAMPYLOBACTER JEJUNI USES LACTOFERRIN-BOUND IRON

TABLE 1. Bacterial strains and plasmids
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Bacterial strain or plasmid

Characteristics

Reference and/or source

Strains
E. coli DH5ae

C. jejuni strains

Cloning host strain: F~ $80lacZAM15 A(lacZYA-argF) U169 deoR recAl endAl
hsdR17 (rx~ mg ") gal phoA supE44 N~ thi-1 gyrA96 relAl

25; Invitrogen

NCTC 11168 (11168-GS)  Wild-type genome sequenced strain 41; NCTC
480 (NCTC 12744) Clinical isolate used as host strain for maintaining plasmids/reporter assays 32; NCTC
KAR?2 NCTC 11168 ¢j0178::Kan* This study
KAR3 NCTC 11168 p19::Kan" This study
JDRS NCTC 11168 AchuA::cat 47
JDR21 NCTC 11168 Acj0178::cat This study
CEM3 NCTC 11168 Acj0174c::Kan" This study
CEM5 NCTC 11168 AcfrA::Kan* This study
CEMS8 Complementation of cj0178::Kan” with a wild-type copy of cj0178, plus cat, into cj0752  This study
Plasmids
pUCI19 Cloning/suicide vector; Amp* New England Biolabs
pMW10 E. coli/C. jejuni shuttle LacZ reporter vector; Km" 60
p23E5 Reporter construct; C. jejuni NCTC 11168 metK promoter region inserted into BamHI 59, 60
site of pMW10
pJDR13 Reporter construct; C. jejuni NCTC 11168 chuA promoter region inserted into BamHI 47
site of pMW10
pAV3S pBluescript vector containing a promotered Cm" (cat) cassette 59
pIMK30 pUC19 containing C. coli (aph-3) Km" gene flanked by multiple cloning regions 59
pcam193b8” pUC19 containing C. jejuni NCTC 11168 genomic fragment (bases 174132 to 175858)  41; from tiled genome
at Smal site library
pKAR2 pcam193b8::Kan'; insertion of kan at Psil site (base position 1128 of Cj0178) This study
pGEMCWHO01? ¢j0752 flanks with internal multiple cloning region in pGEM T-vector backbone 15
pCEM3 pUC19 containing C. jejuni NCTC 11168 cj0174c genomic fragment (bases 171562 to This study
169946) at Kpnl and PstI sites
pCEMS5 pUC19 containing C. jejuni NCTC 11168 cfrA genomic fragment (bases 705450 to This study
707540) at Kpnl and PstlI sites
pCEM9 pCEM3, cj0174c::Kan"; deletion of 1,477 bp of cj0174c ORF (bases 171520 to 170042)  This study
and insertion of Kan" (in forward orientation with respect to deleted gene) into
BgllI site created at point of deletion
pCEM11 pCEMS, AcfrA::Kan'; deletion of 1,966 bp of cfr4 ORF (bases 705484 to 707451) and ~ This study
insertion of Kan" (in forward orientation with respect to deleted gene) into BgllI
site created at point of deletion
pCEM14 Reporter construct; C. jejuni NCTC 11168 cj0176c-cj0177 promoter region (bases This study
172915 to 172695) inserted into BamHI site of pMW10 (cj0176¢ orientation)
pCEM15 Reporter construct; C. jejuni NCTC 11168 cj0176c-cj0177 promoter region (bases This study
172695 to 172915) inserted into BamHI site of pMW10 (cj0177 orientation)
pCEM16 Reporter construct; C. jejuni NCTC 11168 cj0178 promoter region (bases 173477 to This study
173763) inserted into BamHI site of pMW10
pCEM17 Reporter construct; C. jejuni NCTC 11168 exbB1 promoter region (bases 175801 to This study
176042) inserted into BamHI site of pMW10
pCEMI18 pUC19 containing C. jejuni NCTC 11168 genomic fragment (bases 172686 to 176113; This study
promoter region, ¢j0177, and ¢j0178) at Kpnl and PstI sites
pCEMI19 pCEM1S, Acj0177; deletion of 764 bp of cj0177 ORF (bases 172943 to 173706) This study
pCEM20 pCEMI19 plus cat; insertion of cat at Pstl site downstream of ¢j0178 (in forward This study

orientation with respect to wild type-copy of gene)

“ pcam193b8 was kindly provided by J. Parkhill, PSU, Sanger Centre, Cambridge, United Kingdom.
b A gift from C. Penn, University of Birmingham, Birmingham, United Kingdom.

been described for pathogenic Neisseria (24), Pasteurella spp.
(24), Haemophilus influenzae (27, 44), Pseudomonas aeruginosa
(52), Bordetella spp. (23, 35, 46), Helicobacter pylori (13, 29),
Staphylococcus aureus (40), and Candida albicans (33).

C. jejuni was previously considered incapable of utilizing
iron bound to members of the transferrin protein family (43).
Here, we demonstrate for the first time that C. jejuni can grow
in liquid culture supplemented with iron bound to lactoferrin,
transferrin, or ovotransferrin. The process of iron uptake is
dependent upon proximity and demonstrates receptor speci-
ficity. Mutants defective in the expression of potential receptor

proteins for lactoferrin/transferrin were constructed and char-
acterized, and a role for Cj0178 is proposed.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are shown in Table 1. All media were from Oxoid, and
all chemicals were obtained from Sigma-Aldrich unless otherwise indicated.
Escherichia coli DH5ae was cultured aerobically in either Luria-Bertani broth or
on Luria-Bertani agar plates at 37°C (48). Ampicillin (100 pg/ml), kanamycin (50
pg/ml), and chloramphenicol (20 wg/ml) were added as required. C. jejuni strains
were grown microaerobically (85% N,, 10% CO,, and 5% O,) at 37°C in a
variable atmosphere incubator (Don Whitley Scientific Ltd., United Kingdom) in
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TABLE 2. Primers

Primer function and name

Base sequence (5'-3")*

Product or annealing site

Cloning
0172cF GGGGTACCGAGCTATGGCAAGAGGATGTAAG pCEML1 insert
0172cR AAAACTGCAGGAGCCTTATGGCATTGATATAG
0173cF GGGGTACCGCTTTAATCACTGCTTTAATTACC pCEM?2 insert
0173cR AAAACTGCAGCATAGCCATGATCACCTGCATTG
0174cF GGGGTACCGATAGAGATCAAGCCAGACAAG pCEM3 insert
0174cR AAAACTGCAGGTTACCATAATAGCCGTAATGCC
0177F1 GGGGTACCGAGAATGTTCAGAGCAAGCAAAAG pCEM4 insert 1
0177R1 TCCCCCGGGCATTAGTAAGTTCATTGGCTTTAATGG
0177F2 TCCCCCGGGGTTGTGGTGAATTTAAGCTATGG pCEM4 insert 2
0177R2 AAAACTGCAGCCCACATATCCATTATTTTCAAGTTC
cfrAF GGGGTACCCATTCGAAGGCTCTTGTATAG pCEMS insert
cfrAR AAAACTGCAGCTTCTACCTCCATAAACAAGAC

Inverse PCR
0172cInvF GAAGATCTCCTTGGAAGATTATCGAAATG pCEM1
0172cInvR GAAGATCTCATTGCGCATTTTACAGTAG
0173cInvF GAAGATCTCTTAAAATAGGAAATCGCTTTGAG pCEM2
0173cInvR GAAGATCTCTCCTTCTTTGACATGAAGATTG
0174cInvF GAAGATCTGATGCAGCTTTGCCTTCCTTG pCEM3
0174cInvR GAAGATCTGTAAAATTGCCCCGAGTTTATAG
cfrAInvF GAAGATCTTCGCAAGTGGGAGTGGTAG pCEMS5
cfrAInvR GAAGATCTTCCCAATGGCGCAAACTG

KAR?2 complementation
0752upF GGAATAATCAAGCCTACAAAATC pGEMCWHO1
0752upR GATTTTGTAGGCTTGATTATTCC pGEMCWHO01
0752downF GTCAATCCACAATATACAAGCAAAAC pGEMCWHO1
0752downR GTTTTGCTTGTATATTGTGGATTGAC pGEMCWHO01
0178compF GGGGTACCCATAGACATTAATTCCTTTTAGATATTTTG pCEM18 insert
0178compR AACTGCAGGTATCTGTTGCATTTGCTTCTG
0177comp InvF GAAGATCTGCTATGGAGAAATAGATTTAAAAG pCEM18
0177comp InvR GAAGATCTGAATGCTTAAAATAGTATAAAATTTC

Promoter cloning and gel shifts
0176¢-77 promF CGGGATCCTAATTCCTTTTAGATATTTTG pCEM14/15 insert
0176¢-77 promR CGGGATCCTATTATTGTTACTTTCTTAG
0178promF CGGGATCCGACATTATATCCTTAAGCCATAAGC pCEM16 insert
0178promR CGGGATCCTCCTCCCCCTTATAAATCAAAAC
exbBlpromF CGGGATCCCAAAAATTCCTATTATAGTAGATTTATATTG pCEM17 insert
exbBlpromR CGGGATCCTTGTATATTCCTTAATATTTATATTCAAAAC

0176¢-p-split
0177-p-split

TTATTATAATAAAATGAAAATATTTATC
CATTTTATTATAATAAATTTTGATAATA

Promoter probes

“ Restriction enzyme sites are shown in bold.

Mueller-Hinton broth (MHB), on Mueller-Hinton agar (MHA), on Brucella
agar (BA; Becton, Dickinson and Company), in SAPT medium (2.77 mM glucose,
6.25 mM NH,NO;, 1.84 mM KH,PO,, 3.35 mM KCI, 1.01 mM MgSO,) con-
taining 50 mM Tris-HCI, pH 7.5 (19), or in minimal essential medium alpha
(MEMg; Invitrogen). All media were supplemented with vancomycin (10 pg/ml)
and trimethoprim (5 pg/ml). When necessary, further antibiotic selection was
provided by adding kanamycin (50 pg/ml) or chloramphenicol (20 pg/ml). Ad-
dition of FeSO, to a final concentration of 10 wM ensured iron-replete condi-
tions. To induce iron-restricted conditions in MHB, MHA, and BA, deferox-
amine mesylate salt (Desferal) was added to a final concentration of 20 pM (59).
Growth in unsupplemented MEMa induced iron limitation, as described previ-
ously (59).

Agar plate growth assays. C. jejuni NCTC 11168 was tested for the ability to
use human ferrilactoferrin, human ferritransferrin, or ferri-ovotransferrin as a
sole source of iron for growth as described by Pickett et al. (43), using BA or
MHA plates containing 20 uM Desferal.

Liquid medium growth assays. C. jejuni strains were grown in MEMa in the
presence of human lactoferrin, human transferrin, or ovotransferrin in both ferri-
and apo- forms (0.27 wM or 1.11 pM) or in the presence of porcine heme (25
wM). Apolactoferrin was produced by sequential dialysis of ferrilactoferrin
against 0.2 M citric acid (pH 2.3), distilled water, and 100 mM Tris-HCI (pH 7.5)
(20). Final protein concentration was determined by the Bradford assay (Sigma-

Aldrich). Receptor specificity was tested by competing an excess of apoproteins
or bovine serum albumin (BSA; 0.81 pM) against ferriproteins (0.27 uM).
Proximity dependency was tested by separating the ferriproteins from the C.
Jjejuni cells in narrow-bore dialysis tubing (6-kDa cutoff). Strains were harvested
with phosphate-buffered saline (PBS; 2 ml/plate) following 24 h of growth on
MHA plates. Cells were suspended in MEMa and used to inoculate 5 ml of
MEMau cultures to an initial optical density at 600 nm (ODg) of 0.1. Cultures
were incubated microaerobically for 12 to 16 h with agitation to achieve iron
depletion. Following this, cells were harvested and used to inoculate fresh
MEMa 10-ml cultures to an initial ODg of 0.025. Cultures were supplemented
with the appropriate iron sources and grown as described previously (47), and
OD readings were taken at intervals. Growth differences were analyzed for
significance by an unpaired Student’s ¢ test (P = <0.05; n = 6).

Molecular genetic methods. Restriction enzymes and T4 DNA ligase were
purchased from New England Biolabs; shrimp alkaline phosphatase was pur-
chased from Roche. All procedures were as previously described (48), unless
stated otherwise. PCR amplification of DNA was achieved using the primers
listed in Table 2 and Taq polymerase (Abgene) or the Triple Master Mix System
(Eppendorf), with reactions cycled in an Eppendorf Mastercycler. PCR products
were purified using a Qiagen QIAquick or Minelute PCR purification kit ac-
cording to the manufacturer’s instructions. DNA sequencing was performed
using a BigDye Terminator (version 3.1) Cycle Sequencing Kit and processed on
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an ABI 377 DNA sequencer. C. jejuni chromosomal DNA was prepared follow-
ing a standard protocol (6). Small-scale and large-scale plasmid DNA prepara-
tions were performed using Qiagen QIAprep Spin Mini- and Midi-prep kits
according to the manufacturer’s instructions. Constructs were transformed into
C. jejuni by electroporation (48, 58).

Construction of C. jejuni mutants. Genes cj0174c and cfr4 were inactivated
by inverse PCR mutagenesis (61) to produce the strains detailed in Table 1.
The genes were amplified from the C. jejuni NCTC 11168 genome using
primers designed to incorporate 500 bp of DNA flanking the deletion (Table
2). Fragments were cloned directionally into pUC19 to produce constructs
pCEM3 and pCEMS5 (Table 1). Inverse PCR was followed by insertion of a
kanamycin resistance marker to generate plasmids pCEM9 and pCEMI11
(Table 1). Insertional inactivation of ¢j0178 was achieved by cloning a kana-
mycin resistance marker into the distal Psil site within the cj0178 open
reading frame (ORF) in construct pcam193b8 to produce pKAR2 (Table 1).
The ¢j0178 mutant JDR21 was constructed by inverse PCR mutagenesis (61)
with insertion of a chloramphenicol resistance marker derived from pAV35
(Table 1). Each final construct was confirmed by sequencing and transformed
into C. jejuni NCTC 11168.

Radioactive iron uptake assays. Assays involving *>Fe-loaded transferrin and
lactoferrin were performed as described previously (20). SAPI medium (5 ml)
was supplemented with 8.33 nmol >*Fe/ml of filter-sterilized >Fe-transferrin or
-lactoferrin, either directly into the medium (mixed) or enclosed within a 1-cm
diameter dialysis membrane (partitioned). Reaction mixtures were incubated at
37°C for a minimum of 5 h. Unincorporated >>Fe was removed using a Bio-Rad
Bio-Spin 6 chromatography column. The radioactivity in each sample was mea-
sured by scintillation counting (Minaxi Tri-Carb 400 series; Canberra-Packard).
Approximately 5 ml of a C. jejuni overnight culture (2 X 10% to 3 X 10® CFU/ml)
was washed once in PBS and three times in SAPI and then added to either the
mixed or partitioned experiments and incubated for 4 h at 37°C microaerobically.
After incubation, three aliquots (1 ml) of bacteria were removed from both the
mixed and partitioned experiments, pelleted, washed once in PBS, and resus-
pended in 50 pl of PBS. The bacterial cells were then measured for >°Fe
incorporation in the tritium counting channel, using 2 ml of Emulsifier Safe
scintillation fluid per aliquot of culture or 100 wl of supernatant.

Demonstration of lactoferrin binding by C. jejuni. C. jejuni cells were harvested
from six MHA plates with confluent bacterial growth. The bacterial cells were
washed twice in MEMa and used to inoculate iron-restricted and iron-replete
5-ml MEMa cultures to an initial ODgq, of 0.1. Cultures were incubated mi-
croaerobically for 12 to 16 h with agitation. Following this, cells were harvested
and used to inoculate fresh 5-ml MEMa cultures to an initial ODy of 0.3 prior
to incubation with ferrilactoferrin for 60 min. Cells were again pelleted, washed
three times in MEMa, and suspended in 50 wl of 100 mM Tris-HCI (pH 6.8)
containing 10% (vol/vol) glycerol and 2% (wt/vol) sodium dodecyl sulfate (SDS).
This suspension was heated to 100°C for 15 min, pelleted, electrophoresed on
10% SDS-polyacrylamide gels (47, 48), and electroblotted onto polyvinylidene
difluoride membranes at 4°C in 25 mM Tris, 192 mM glycine, 0.037% (wt/vol)
SDS, and 10% (vol/vol) methanol. Blots were probed with anti-lactoferrin poly-
clonal antiserum, and binding was determined using enhanced chemilumines-
cence (20).

Complementation of ¢j0178::Kan" with a functional copy of cj0178. Comple-
mentation of ¢j0178::Kan" was performed by inserting a wild-type copy of
¢j0178 into the putative insertion element transposase pseudogene, cj0752, of
NCTC 11168 (15). Genes ¢j0178 and cj0177 and the associated promoter
region were amplified from the C. jejuni NCTC 11168 chromosome using
primers detailed in Table 2 and cloned into pUC19 to form pCEM18 (Table
1). Inverse PCR (61) was used to delete the c¢j0177 ORF, resulting in fusion
of the promoter region to ¢j0178, producing construct pCEM19 (Table 1). A
chloramphenicol resistance (cat) cassette (Table 1, pAV35) was inserted at
the Pstl site downstream of ¢j0178 in pCEM19, generating pCEM20 (Table
1). The entire region was excised using Kpnl and ligated to pGEMCWHO01
between flanking cj0752 sequences (Table 1, pCEM21); pCEM21 was intro-
duced into KAR2 by electroporation.

Determination of promoter activity levels. The region between the cj0176¢ and
¢j0177 genes and possible promoter regions immediately upstream of genes
¢j0178 and exbBI were amplified using the primers detailed in Table 2 and cloned
into pMW10 (Table 1), producing a transcriptional fusion between each putative
promoter and the promoterless lacZ gene present in the vector (57, 60) (Table
1). The resulting constructs pCEM14 to pCEM17 (Table 1) were transformed
into C. jejuni strain 480. Each construct was sequenced to confirm that the
promoter regions contained no errors. Promoter activity levels were determined
by measuring B-galactosidase activity in cultures containing reporter constructs
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grown in iron-restricted or iron-replete MHB over a 5-h period at 37°C, as
previously described (36).

EMSAs. C. jejuni Fur was expressed and purified as described previously (28).
Electrophoretic mobility shift assays (EMSAs) were used to show the binding of Fur
to Fur-regulated promoter regions between cj0176c and cj0177. Each half of the
intergenic spacer region was amplified using PCR with the primers detailed in Table
2. EMSAs were completed following a procedure described previously (28).

RESULTS

Acquisition of iron for growth from members of the trans-
ferrin protein family. C. jejuni NCTC 11168 was previously
thought to be incapable of acquiring iron for growth from
human ferrilactoferrin or human ferritransferrin (43). In order
to test this, iron-restricted MHA or BA plates inoculated with
C. jejuni (5 X 107 CFU) were spotted (10 pl) with 10 pM
FeSO, (positive control) double-distilled H,O (negative con-
trol), and 30 M human ferrilactoferrin, human ferritrans-
ferrin, or ferri-ovotransferrin. Following microaerobic incuba-
tion, a halo of growth was visible surrounding the FeSO,
(diameter, 21 mm) (data not shown), but no halo of growth was
visible around the negative control or the other iron sources,
although limited growth appeared to be present directly be-
neath each ferriprotein spot (diameter, ~5 mm) (data not
shown). These results, which suggest that iron bound to pro-
teins of the transferrin family is essentially unavailable to C.
jejuni in a plate assay format, are in agreement with those of
Pickett et al. (43).

The situation is different, however, in liquid culture (Fig. 1).
C. jejuni NCTC 11168 grew poorly in a defined iron-limited
medium, MEMa, as reported previously (59), but supplemen-
tation with human ferrilactoferrin or human ferritransferrin or
ferri-ovotransferrin (0.27 wM) resulted in growth to the same
levels as with 10 wM FeSO, (Fig. 1a). By contrast, bacterial
growth in the presence of equivalent concentrations of human
apotransferrin or apo-ovotransferrin was poorer than in un-
supplemented medium alone (Fig. 1b). There was limited
growth in the presence of the human apolactoferrin prepara-
tion (Fig. 1b), although significantly less than with the ferripro-
tein. This is probably due to incomplete iron removal during
the preparation of apolactoferrin.

Characterization of iron uptake from the transferrin pro-
tein family. In order to demonstrate that C. jejuni can take up
transferrin- or lactoferrin-bound iron, the ability to acquire
radioactive iron from >°Fe-loaded transferrin (>°Fe-trans-
ferrin) or **Fe-loaded lactoferrin (**Fe-lactoferrin) was deter-
mined. Bacteria were either in direct contact (mixed) with
SSFe-transferrin or >°Fe-lactoferrin or were separated by a
dialysis membrane (partitioned). Cells in contact with *°Fe-
transferrin accumulated approximately sixfold more radioac-
tive iron than those partitioned from the 3*Fe-loaded protein
(Fig. 2a), suggesting that acquisition of iron from transferrin
requires close proximity or direct contact with the bacterial
cells. Similar data were obtained with >*Fe-lactoferrin (data
not shown). Fractionation of cells that had acquired iron from
transferrin indicated that the majority of cell-associated radio-
activity was present in the soluble fraction, which represents
the periplasm and cytoplasm, and only 6% was associated with
the insoluble membrane fraction. Again, similar data were
obtained with >*Fe-lactoferrin (data not shown). To confirm
the necessity for proximity between ferriprotein and the bac-
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FIG. 1. Growth assays of wild-type and iron utilization gene mutants with iron supplied bound to lactoferrin, transferrin, and ovotransferrin or
as heme. All assays were conducted in MEMa with cultures incubated microaerobically with agitation. All conditions were tested in triplicate in
two independent assays. Each data point is the mean of six replicates with sample error plotted. (a) C. jejuni NCTC 11168 with ferriproteins. @,
10 uM FeSO, (iron-replete conditions); @, unsupplemented medium (iron-limited conditions); M, 0.27 wM human ferrilactoferrin; V¥, 0.27 uM
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FIG. 2. Radioactive *Fe uptake from members of the transferrin protein family by C. jejuni. All experiments were completed using 1 ml of
culture at 2 X 10% to 3 X 10® CFU/ml. Radioactivity is represented as nmol of *°Fe transported into the cell. (a) Radioactivity associated with the
C. jejuni cell pellet from three dialysis partition experiments using >*Fe-transferrin as an iron source. *Fe-transferrin was partitioned away from
the bacteria using a dialysis membrane (partitioned) or in contact with the bacteria (mixed), and associated radioactivity was measured. (b) C. jejuni
incorporation of *>Fe when incubated in direct contact with >°Fe-transferrin either alone (1), with an equivalent concentration of nonradioactive
iron saturated transferrin (2), or with an equivalent concentration of BSA (3). Each column displays the mean values of three determinations from
one experimental run. (c) Cell-associated radioactivity of C. jejuni NCTC 11168 and the ¢j0178 (JDR21) mutant strain measured from cells
incubated in SAPI medium containing **Fe-lactoferrin as an iron source. The uptake associated with the mutant strain is around half (49.93%)
that of the wild-type strain.

terial cell surface for successful iron acquisition, strain NCTC
11168 was grown in MEMa liquid culture with iron supplied in
the form of each ferriprotein (0.27 pM) either enclosed within
dialysis membrane or in direct contact with the cells (Fig. 1c).
When in contact with the iron source, C. jejuni grew to levels
comparable with the iron-replete controls, but when the fer-

riproteins were partitioned from the C. jejuni cells, growth was
significantly reduced (Fig. 1c; only transferrin is shown). As
expected, there was no significant difference between levels of
C. jejuni growth when FeSO, was mixed with or separated from
the cells. These results support the observation that proximity
is necessary for successful acquisition of iron from members of

human ferrilactoferrin; ¥, 0.27 wM human ferritransferrin; A, 0.27 wM ferri-ovotransferrin. (b) C. jejuni NCTC 11168 with apoproteins. @, 10 pM
FeSO, (iron-replete conditions); @, unsupplemented medium (iron-limited conditions); W, 0.27 pM human apolactoferrin; ¥, 0.27 uM human
apotransferrin; A, 0.27 uM apo-ovotransferrin. (c) C. jejuni NCTC 11168 mixed with the iron source or partitioned from the iron source within
dialysis tubing. ®, 10 pM FeSO, (iron-replete conditions) mixed; O, 10 uM FeSO, (iron-replete conditions) partitioned; @, unsupplemented
medium (iron-limited conditions); ¥, 0.27 uM human ferritransferrin mixed; ¥, 0.27 uM human ferritransferrin separated. (d) C. jejuni NCTC
11168 with competing apo- and ferriproteins. @, 10 uM FeSO, (iron-replete conditions); € unsupplemented medium (iron-limited conditions); H,
0.27 pM human ferrilactoferrin and 0.81 uM human apolactoferrin; V¥, 0.27 uM human ferritransferrin and 0.81 uM human apotransferrin; A,
0.27 pM ferri-ovotransferrin and 0.81 wM apo-ovotransferrin. (e) C. jejuni NCTC 11168 with competition of BSA against ferriprotein. @, 10 pM
FeSO, (iron-replete conditions); #, unsupplemented medium (iron-limited conditions); M, 0.27 uM human ferrilactoferrin and 0.81 uM BSA; V,
0.27 pM human ferritransferrin and 0.81 pM BSA; A, 0.27 uM ferri-ovotransferrin and 0.81 uM BSA. (f) C. jejuni NCTC 11168 and CEMS5
(AcfrA::Kan") with human ferrilactoferrin. @, 11168 and 10 uM FeSO, (iron-replete conditions); O, CEMS and 10 pM FeSO, (iron-replete
conditions); ¢, 11168 with unsupplemented medium (iron-limited conditions); ¢, CEM5 with unsupplemented medium (iron-limited conditions);
M, 11168 with 0.27 M human ferrilactoferrin; [ ], CEMS with 0.27 wM human ferrilactoferrin. (g) C. jejuni NCTC 11168 and KAR?2 (¢j0178::Kan")
with human ferrilactoferrin. @, 11168 with 10 uM FeSO, (iron-replete conditions); O, KAR2 with 10 .M FeSO, (iron-replete conditions); 4, 11168
with unsupplemented medium (iron-limited conditions); ¢, KAR2 with unsupplemented medium (iron-limited conditions); M, 11168 with 0.27 pM
human ferrilactoferrin; [, KAR2 with 0.27 pM human ferrilactoferrin. (h) C. jejuni NCTC 11168 and CEM3 (Acj0174c::Kan®) with human
ferrilactoferrin. @, 11168 with 10 pM FeSO, (iron-replete conditions); O, CEM3 with 10 uM FeSO, (iron-replete conditions); #, 11168 with
unsupplemented medium (iron-limited conditions); ¢, CEM3 with unsupplemented medium (iron-limited conditions); B, 11168 with 0.27 uM
human ferrilactoferrin; [], CEM3 with 0.27 wM human ferrilactoferrin. (i) C. jejuni NCTC 11168 and CEMS8 (complemented KAR2) with human
ferrilactoferrin. @, 11168 with 10 uM FeSO, (iron-replete conditions); O, CEM8 with 10 uM FeSO, (iron-replete conditions); 4, 11168 with
unsupplemented medium (iron-limited conditions); ¢, CEMS8 with unsupplemented medium (iron-limited conditions); B, 11168 with 0.27 uM
human ferrilactoferrin; [], CEMS8 with 0.27 uM human ferrilactoferrin. (j) C. jejuni NCTC 11168 and KAR?2 (cj0178::Kan") with porcine heme.
@, 11168 with 10 uM FeSO, (iron-replete conditions); O, KAR2 with 10 uM FeSO, (iron-replete conditions); 4, 11168 with unsupplemented
medium (iron-limited conditions); ¢, KAR2 with unsupplemented medium (iron-limited conditions); M, 11168 with 25 uM porcine heme; [],
KAR?2 with 25 uM porcine heme.
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FIG. 3. Summary of C. jejuni growth in the presence of competing
concentrations of different combinations of holo- and apoproteins.
Growth assays were conducted in MEMa with cultures of C. jejuni NCTC
11168 incubated microaerobically with agitation. Combinations of holo-
and apoproteins were tested in triplicate in two independent assays. Each
bar is the mean of the six replicates at 24 h with sample error shown.
Combinations are as follows: A, 10 uM FeSO, (iron-replete conditions);
B, unsupplemented medium (iron-limited conditions); C, 0.27 uM human
ferrilactoferrin and 0.81 wM human apolactoferrin (reference); D, 0.27
M human ferrilactoferrin and 0.81 wM human apotransferrin; E, 0.27
M human ferrilactoferrin and 0.81 pM apo-ovotransferrin; F, 0.27 uM
human ferritransferrin and 0.81 wM human apotransferrin (reference); G,
0.27 uM human ferritransferrin and 0.81 M human apolactoferrin; H,
0.27 pM human ferritransferrin and 0.81 wM apo-ovotransferrin; I, 0.27
wM ferri-ovotransferrin and 0.81 uM apo-ovotransferrin (reference); J,
0.27 pM ferri-ovotransferrin and 0.81 wM human apolactoferrin; K, 0.27
M ferri-ovotransferrin and 0.81 pM human apotransferrin.

the transferrin protein family and implies that iron uptake
from these sources does not require the ability to utilize sid-
erophores.

To investigate the association of transferrin or lactoferrin
with C. jejuni, *>Fe uptake assays were set up with C. jejuni in
direct contact with >*Fe-transferrin either alone or with an
equal concentration of nonradioactive ferritransferrin or with
an equivalent concentration of BSA (Fig. 2b). The presence of
cold ferritransferrin reduced the accumulation of radioactivity
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by half compared with cells incubated with >°Fe-transferrin
alone, indicating competition for C. jejuni binding sites be-
tween transferrin molecules loaded with *>Fe and those bound
to nonradioactive iron. On the other hand, cells incubated with
S>Fe-transferrin and BSA showed an equivalent level of uptake
to cells incubated with >*Fe-transferrin alone. An essentially
identical pattern of *Fe accumulation was observed with >Fe-
lactoferrin (data not shown).

Similar effects were seen in the growth response to ferripro-
teins. Wild-type cells were grown in MEMa liquid culture with
iron supplied solely as each ferriprotein (0.27 uM) with compet-
ing concentrations of either the respective apoprotein or BSA
(0.81 M) (Fig. 1d and e). Competition by excess apoprotein
limited growth to levels almost comparable with apoprotein
alone, again suggesting the presence of specific receptor sites on
the C. jejuni cell surface for which apo- and ferri- forms of the
protein compete. Overall growth levels were higher with human
apolactoferrin, probably due, as mentioned earlier, to the fact that
the preparation used may not have been completely devoid of
iron. Competition of each ferriprotein with BSA resulted in levels
of growth comparable to ferriprotein alone, indicating that BSA
did not interfere with the process of iron uptake (Fig. le). All
combinations of ferri- and apoproteins (0.27 puM and 0.81 wM,
respectively) were tested; growth limitation comparable to that
illustrated in Fig. 1d was observed with all protein combinations
(Fig. 3).

Binding of lactoferrin to the C. jejuni cell surface. C. jejuni
NCTC 11168 cells were incubated in the presence of ferrilacto-
ferrin under iron-restricted and iron-replete conditions, pel-
leted, washed, and lysed, and the proteins were separated by
SDS-polyacrylamide gel electrophoresis. Proteins were blotted
to polyvinylidene difluoride membranes and probed with poly-
clonal anti-lactoferrin antiserum (Fig. 4a). The presence of an
80-kDa band in lanes 1 and 2 running to the same position as
the mature pure lactoferrin protein (lane 3) indicates that
lactoferrin associates sufficiently strongly to the cell surface of
C. jejuni to avoid being removed by the washing step, and iron
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FIG. 4. Lactoferrin binding to C. jejuni. Western blot analysis of solubilized C. jejuni proteins (approximately 25 pg of protein separated by
SDS-polyacrylamide gel electrophoresis) prepared from iron-restricted NCTC 11168 cells (a, lane 1) and iron-replete NCTC 11168 cells (a, lane
2) incubated in the presence of lactoferrin and from iron-restricted NCTC 11168 cells (b, lane 1) and iron-restricted ¢j0178 (KAR2) mutant strain
cells (b, lane 2) incubated in the presence of lactoferrin. Lanes 3 contained pure lactoferrin protein (positive control), and blots were probed with
anti-lactoferrin antibodies. The arrow indicates the position of the mature lactoferrin (Lf) protein. Protein marker sizes are indicated in kilodaltons

to the left of each blot.
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regulation of this binding is shown by the decreased intensity of
the band in lane 2 (42% compared to lane 1). Transferrin also
bound to cells (data not shown), indicating that C. jejuni is
capable of binding either glycoprotein.

Role of known C. jejuni iron uptake systems in acquisition of
iron from lactoferrin. To determine if one or more of the C.
jejuni outer membrane receptor proteins is involved in iron
acquisition from the transferrin family, the following mutant
strains were tested for growth in liquid medium when iron was
supplied solely in the form of human ferrilactoferrin: CEMS5
(AcfrA::Kan®), KAR2 (cj0178::Kan’), KAR3 (pI9::Kan’,
periplasmic binding protein mutant), and JDRS (AchuA::cat)
(Table 1). The growth of all mutant strains under iron-replete
conditions in MHB showed no significant difference from wild-
type growth levels (data not shown). In MEMa all strains grew
similarly, with comparable growth promotion under iron-re-
plete conditions (10 uM FeSO,) and growth restriction under
iron-limited conditions (unsupplemented MEMa) (Fig. 1). In
the presence of human ferrilactoferrin (0.27 wM), strains
KAR3 (p19::Kan"), JDRS (AchuA::cat), and wild-type C. jejuni
NCTC 11168 showed no significant difference in growth (data
not shown). Strain CEMS5 (Acfr4::Kan®) showed significantly
less growth than wild type in the presence of 0.27 uM human
ferrilactoferrin (Fig. 1f). CfrA has been previously character-
ized as the ferric enterochelin receptor (39), so the role that
this protein plays in the uptake of iron from members of the
transferrin protein family requires further investigation. KAR2
(cj0178::Kan") showed the most significantly decreased growth
compared to wild type with 0.27 uM human ferrilactoferrin as
the sole iron source (Fig. 1g). Furthermore, the ¢j0178 mutant
exhibited a significantly reduced ability to acquire iron from
3SFe-lactoferrin (Fig. 2c). In the presence of equivalent con-
centrations of human ferritransferrin and ferri-ovotransferrin,
KAR?2 had the same phenotype as with human ferrilactoferrin
(data not shown). KAR2 mutant cells were tested for the
ability to bind lactoferrin in comparison to NCTC 11168 cells
(Fig. 4b). Less lactoferrin was associated with ¢j0178 mutant
cells (lane 2, 73.2%) than NCTC 11168 cells, supporting a
direct role for Cj0178 in lactoferrin binding. These results
indicate a primary role for Cj0178 in iron utilization from
members of the transferrin protein family for growth, although
the possibility that other systems are involved cannot be ex-
cluded. Under the same conditions, a strain with a deletion in
the gene encoding the cognate ABC transporter system per-
mease (CEM3, cj0174c::Kan®) showed a small, but significant
decrease in growth (Fig. 1 h). A BLAST comparison of Cj0178
showed 99% amino acid identity with a TonB-dependent co-
licin receptor protein of C. jejuni strain RM1221, but trans-
ferrin-associated iron uptake proteins of H. influenzae Rd
KW20 (31%) and Neisseria meningitidis Z2491 (24%) were also
highlighted (http://www.ncbi.nlm.nih.gov/BLASTY/).

Complementation of ¢j0178::Kan" with a functional copy of
¢j0178. Strain CEMS8 grew to the same level as wild type in
MEMa when iron was supplied solely as human ferrilacto-
ferrin (Fig. 1i), human ferritransferrin, or ferri-ovotransferrin
(data not shown).

Growth of the ¢j0178 mutant strain KAR2 is not affected
when iron is supplied solely in the form of heme. In addition to
transferrin-binding proteins, Cj0178 also demonstrates se-
quence similarity to a heme-utilization protein of H. influenzae
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(30% identity), and along with Cj0177 has been proposed to
have a role in the uptake of heme in C. jejuni NCTC 11168
(10). Although no direct role was demonstrated for Cj0178 in
the uptake of heme, Cj0177 was shown to bind heme in vitro
(10). In order to ascertain whether Cj0178 is necessary for the
acquisition of heme for growth, the mutant strain KAR2
(cj0178::Kan") was grown with iron supplied solely in the form
of heme (25 pM) in liquid medium growth assays (Fig. 1j).
There was no significant difference between KAR?2
(cj0178::Kan") and wild-type C. jejuni growth levels in the pres-
ence of heme (Fig. 1j).

The operons ¢j0176¢-cj0173c and c¢j0177-tonB1 are Fur reg-
ulated and expressed from two separate iron-responsive pro-
moters within the ¢j0176c-cj0177 intergenic region. Previous
expression level profiling of the C. jejuni iron regulon indicated
that the cj0173c-fonB1 region of the C. jejuni genome is ex-
pressed at high levels under iron restriction and at low levels
when iron is in excess (28). In a fur mutant strain, derepression
of the genes was observed under iron-replete conditions, indicat-
ing the involvement of Fur (28, 39). The intergenic region be-
tween ¢j0176c and cj0177 contains Fur box consensus sequences
(39, 56). To investigate and confirm Fur- and iron-responsive
regulation of this region, the intergenic spacer between genes
¢j0176c and cj0177 was cloned into the E. coli/C. jejuni shuttle
vector pMW10 (60). The region was incorporated into pMW10
immediately upstream of the lacZ gene in both orientations, pro-
ducing constructs pCEM14 carrying pcj0176¢::lacZ and pCEM15
carrying pcj0177:lacZ (Table 1). In addition, to determine
whether promoter regions are present adjacent to cj0178 or
exbB1, 200-bp regions immediately upstream of each gene were
cloned into pMWI10 using the same strategy, producing con-
structs pCEM16 carrying pcj0178::lacZ and pCEM17 carrying
pexbBI::lacZ (Table 1). A constitutively active promoter region
from the housekeeping gene metK (57) (p23ES carrying
pmetK::lacZ) and the iron-responsive promoter region of chuA
(47) (pJDR13 carrying pchuA::lacZ) cloned into pMW10 and
pMW10 with no promoter region were also tested. Promoter
activity levels were determined from B-galactosidase measure-
ments of iron-restricted or iron-replete C. jejuni 480 cultures
containing reporter constructs grown in MHB over a 5-h period at
37°C (36, 60). Strain 480 showed identical growth patterns to
NCTC 11168 in MHB, MEMa, and MEMa with iron (data not
shown). The promoter regions of both ¢j0176¢ and ¢j0177 dem-
onstrated significantly increased promoter activity under iron lim-
itation (Fig. 5). The regions immediately upstream of cj0178 and
exbBI demonstrated no promoter activity (Fig. 5). These data
confirm the prediction by Holmes et al. (28) that ¢j0177-fonBI are
cotranscribed from the promoter region located upstream of
¢j0177. To demonstrate Fur binding to the ¢j0176c-cj0177 inter-
genic region and confirm the presence of two separate Fur boxes,
the cj0176¢-cj0177 intergenic region was divided (using primers
described in Table 2) to produce two fragments containing either
the putative cj0176c Fur box (114-bp DNA fragment) or the
putative cj0177 Fur box (140-bp DNA fragment). EMSAs were
performed on the two regions using recombinant purified C.
jejuni Fur protein (28). As the amount of Fur protein was in-
creased, a concentration-dependent shift in the mobility of each
DNA fragment was observed (Fig. 6a and b), demonstrating the
presence of two separate functional Fur boxes in this intergenic
region. To confirm specificity of binding, competitive EMSAs
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FIG. 5. B-Galactosidase assay to determine activity levels of promoter regions across the cj0173c-fonB1 region of the C. jejuni NCTC 11168
genome. Reporter gene assay of pMW10 with no promoter region (negative control) and the promoter regions upstream of housekeeping gene
metK (positive control) (59), chuA (iron-responsive control) (47), and ¢j0176¢, ¢j0177, ¢j0178, and exbBI. Promoter activity levels were determined
from B-galactosidase activity of iron-limited (20 uM Desferal) or iron-replete (40 wM FeSO,) C. jejuni 480 cultures containing reporter constructs
(Table 1) and grown in MHB for 5 h at 37°C. All conditions were tested in triplicate in two independent assays. Each data point is the mean of

six replicates, with the standard error of the mean shown.

were completed as described previously (28) in which unlabeled
competitor DNA (to a 1,500- or 2,000-fold excess) was added to
the reaction mixture just before the Fur and labeled DNA. A
decrease in the DNA shift was visible with an increase of unla-
beled self-competitors (Fig. 6¢).

DISCUSSION

We have demonstrated for the first time that C. jejuni NCTC
11168 is capable of utilizing iron bound to members of the
transferrin protein family. The process is receptor specific with
a requirement for proximity between the iron source and the
cell surface. There appears to be a primary role for the outer
membrane receptor protein Cj0178 and a potential role for the
associated ABC transport system Cj0173¢-Cj0175c¢ in this pro-
cess. Promoter analysis demonstrated that the ¢j0173c-cj0178
region of the C. jejuni genome is iron responsive and classically
Fur regulated and has two separate promoter regions between
¢j0176¢ and cj0177, with the genes cj0177-tonB1 coexpressed.

We propose the redesignation of Cj0178 as the Campylobacter
transferrin-bound iron utilization receptor (CtuA).
Repetition of previous work (43) has confirmed that lacto-
ferrin-, transferrin-, and also ovotransferrin-bound iron is
largely unavailable to C. jejuni for growth in a plate assay.
However, liquid culture assays demonstrated that iron bound
to human ferrilactoferrin, human ferritransferrin, and ferri-
ovotransferrin is biologically available to C. jejuni for growth.
Analysis of fractionated C. jejuni cells incubated in the pres-
ence of either >Fe-transferrin or >*Fe-lactoferrin showed that
iron obtained from these host proteins accumulated primarily
within the cell. It is probable that iron is liberated from the
proteins at the cell surface, transported across the outer mem-
brane, and then transported across the inner membrane by one
of the ABC transporter systems. Another possibility is that the
ferri-glycoprotein is transported directly into the cell, but this
is unlikely, based on the known mechanisms of iron acquisition
from transferrin/lactoferrin in other gram-negative bacteria
(49). The use of transferrin/lactoferrin as a bacterial iron

FIG. 6. EMSAs of the cj0176c-cj0177 intergenic region using Fur. Digoxigenin-labeled DNA was present at 0.0775 nM. Lane 1, no protein,
lanes 2 to 5, labeled DNA fragments incubated with 30, 60, 90, and 210 ng/ul C. jejuni Fur, respectively. (a) Labeled probe of the cj0176c side of
intergenic region split by PCR to contain cj0176¢ Fur box (113 bp). (b) Labeled probe of the ¢j0177 side of intergenic region split by PCR to contain
¢j0177 Fur box (140 bp). (¢) Competitive EMSA. Digoxigenin-labeled intergenic spacer region DNA was present at 0.0775 nM. Lane 1, no protein;
lane 2, labeled DNA fragment incubated with 210 ng/ul C. jejuni Fur; lane 3, labeled DNA fragment incubated with Fur (210 ng/pl) with a
1,500-fold increase of competitors (unlabeled intergenic spacer fragment); lane 4, labeled DNA fragment incubated with Fur (210 ng/ul) with a
2,000-fold increase of competitors (unlabeled intergenic spacer fragment).
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FIG. 7. Genomic context of genes cj0173c-tonBI in the C. jejuni NCTC 11168 genome. Distances are indicated in base pairs, with cj0173c-tonB1
in black and unrelated flanking genes in gray (41) (http://xbase.bham.ac.uk/campydb/).

source has been described extensively for pathogenic Neisseria
spp., in which specific cell surface receptors that bind trans-
ferrin or lactoferrin consist of two proteins: transferrin or lac-
toferrin binding proteins A (TbpA/LbpA) and B (TbpB/
LbpB). Protein A demonstrates homology to siderophore-
receptor outer membrane proteins (7, 12), and protein B is a
bilobed lipoprotein (4, 42). An interaction between transferrin,
for example, and TbpAB induces conformational change, al-
lowing liberation of iron at the outer membrane without inter-
nalization of the protein, and iron uptake occurs via the TbpA
pore (8, 22). Once in the periplasm, iron is then bound by
FbpA (11) and delivered to the inner membrane ABC trans-
port system FbpBC, which transports it into the cytoplasm (2).
P. aeruginosa employs a siderophore-mediated mechanism of
iron acquisition from transferrin (52). Bordetella pertussis and
Bordetella bronchiseptica are proposed to be capable of both
siderophore-mediated and direct contact methods of iron up-
take from transferrin (23, 35, 46). Further examples of patho-
gens capable of iron acquisition from transferrin or lactoferrin
include H. pylori (13, 29), Pasteurella spp. (24), S. aureus (40),
and the human fungal pathogen C. albicans (33).
Competition between *°Fe-transferrin/*>Fe-lactoferrin and
nonradioactive ferritransferrin/ferrilactoferrin decreased the
amount of cell-associated radioactivity accumulated. Cellular
growth was also reduced by competing excess apoproteins
against ferriproteins. These results imply that apo- and ferri-
forms of the proteins are competing for sites on the C. jejuni
cell surface. As BSA causes no inhibition of radioactive iron
uptake or growth in the presence of ferriprotein, the sites
involved are likely to be specific receptors. As competing con-
centrations of all combinations of apo- and ferriproteins also
reduced growth, C. jejuni is not likely to possess separate re-
ceptors or binding sites specific for individual proteins, as seen
with Neisseria spp. LbpAB and TbpAB (49) but, rather, a single
receptor capable of binding lactoferrin, transferrin, and ovo-
transferrin, indicating a novel system in C. jejuni. Moreover,
iron uptake assays in which transferrin or lactoferrin was par-
titioned from the cells support the conclusion that C. jejuni
must be in contact or close proximity with the protein in order
to obtain iron. The demonstration that both lactoferrin and
transferrin can bind to C. jejuni whole cells is evidence that
there is direct contact between lactoferrin or transferrin and C.
jejuni. The demonstration of iron-responsive binding, taken
with the iron uptake and growth data, indicates the presence of
an iron-regulated iron acquisition system which requires the
interaction of ferritransferrins. There is no evidence for the
presence of siderophore biosynthesis genes in C. jejuni NCTC
11168 (41) or other Campylobacter genomes sequenced to date
(18; also http://xbase.bham.ac.uk/campydb/). Together, this im-
plies that siderophores or other exogenous substrates are not
essential for the uptake of iron from lactoferrin or transferrin

by C. jejuni. C. jejuni appears to acquire iron in a receptor-
specific, proximity-dependent manner. In the plate growth as-
say, contact between the ferriproteins and C. jejuni cell surface
was limited to directly beneath the protein spot, explaining the
limited growth observed only where the protein was in contact
with the agar.

The putative ferric iron uptake outer membrane receptor
protein Cj0178 demonstrates some similarity to several trans-
ferrin binding proteins. In addition, mutation of cj0178 results
in reduced colonization ability in a chick cecum model and
rabbit ileal loop model (39, 53). Comparison of growth pat-
terns between wild-type and mutant C. jejuni strains supplied
only with human lactoferrin-bound iron showed that the most
significant decrease in growth is seen when cj0178 of the pu-
tative Cj0173c-Cj0178 iron uptake system is mutated. More-
over, *>Fe uptake experiments demonstrated that mutation of
¢j0178 reduced uptake of iron from ferrilactoferrin into the cell
to approximately half that seen with the wild-type strain, and
ferrilactoferrin was bound less by cj0178 mutant whole cells
than NCTC 11168. The Cj0178 outer membrane receptor is
unlikely to be a close ortholog of TbpA. However, a BLAST
comparison of TbpA with the NCTC 11168 genome showed
that Cj0178 and CfrA demonstrate 24% amino acid identity,
whereas ChuA has 20% identity. In addition, the protein prod-
uct of the functional copy of the NCTC 11168 pseudogene
¢j0444 from C. jejuni strain 81-176 shows 26% sequence iden-
tity to TbpA. Growth and uptake were not completely abol-
ished in the cj0178 mutant strain, and disruption of the ferri-
enterobactin receptor CfrA (39) also affected the utilization of
iron from the transferrin protein family. Therefore, Cj0178
may not be the sole receptor, and the mechanism involved in
uptake is likely to be different from that involving TbpA. In
addition, decreased growth of a ¢j0178 mutant with human
ferritransferrin and ferriovotransferrin suggests a multiprotein
specificity for Cj0178, unlike Neisseria spp. (24). In the C. jejuni
genome, there are no obvious accessory proteins equivalent to
TbpB/LbpB, which are thought to assist TbpA/LbpA in distin-
guishing between iron-bound and iron-free transferrin or lac-
toferrin in Neisseria. This supports the proposed theory of a
novel multiprotein-specific receptor in C. jejuni rather than
separate receptors specific for transferrin or lactoferrin as seen
in Neisseria. Complementation of the ¢j0178 mutation restored
the wild-type phenotype, indicating that the growth changes
observed are not due to polarity.

The small, but significant decrease in growth observed with
CEM3 (Acj0174c::Kan") suggests a minor role for the associ-
ated ABC transport system Cj0173c-Cj0175c. Further ABC
transporter systems in the NCTC 11168 genome (28, 39, 47)
may complement Cj0173c-Cj0175¢, resulting in the limited
phenotype observed. Some redundancy of inner membrane
ABC transporter systems has been observed for heme uptake
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in a range of bacteria (47), and ABC transporter system double
mutants grew significantly less than single mutant strains when
supplied with heme as the sole source of iron (data not shown).
Alternatively, the limited phenotype of the ¢j0174c mutant may
be due to an as yet uncharacterized mechanism for uptake. The
Fur-regulated genes cj0173c-cj0178 are organized into two
operons (cj0176¢c-¢j0173c and cj0177-tonBI) (Fig. 7), with
Cj0175¢-Cj0173c demonstrating homology to the FbpABC in-
ner-membrane transport system for lactoferrin- and trans-
ferrin-derived iron of Neisseria spp. and H. influenzae (28, 39,
54). Cj0175¢ is the proposed periplasmic binding protein, and
Cj0174 and Cj0173c are the permease and ATPase constitu-
ents, respectively. Cj0176¢c and Cj0177 are putative lipopro-
teins of uncharacterized function. The operons are flanked by
cj0172¢ (a putative gene of unknown function demonstrating
homology to saccharopine dehydrogenase genes involved in
the metabolism of lysine) (http://xbase.bham.ac.uk/campydb/)
and cj0182 (encoding a putative transmembrane transport pro-
tein) (Fig. 7).

A previous study demonstrated the ability of a Cj0177 ho-
modimer to bind two cofacial heme groups (10). In addition,
when a homolog of ¢j0177 in P. aeruginosa, phuW, was mutated
and the strain was supplied solely with heme, growth was
impaired (38). Comparison of wild-type C. jejuni and cj0178
mutant growth profiles when only porcine heme was supplied
showed no significant difference. Reliance upon sequence sim-
ilarity and an in vitro demonstration of heme binding may not
be sufficient to conclusively demonstrate the role, if any, that
Cj0178 plays in heme uptake. Moreover, chuABCD has been
identified as the major heme uptake cluster in C. jejuni NCTC
11168 (47).

Previous work has suggested the presence of consensus Fur-
box-like sequences upstream of both the cj0176¢ and cj0177
genes (39, 56). The genes ¢j0173c-tonB1 have been shown to be
part of the Fur regulon and are induced under iron limitation
(28, 39). Our reporter gene studies of the intergenic spacer
region between cj0176c and c¢j0177, as well as the regions
upstream of ¢j0178 and exbBI, confirmed the iron responsive-
ness of the cj0176¢ and cj0177 promoter regions. The regions
immediately upstream of cj0178 and exbBI demonstrated no
promoter activity when iron was restricted, which is consistent
with cotranscription of ¢j0177-tonBI from the promoter region
located upstream of cj0177 (28). EMSAs demonstrated direct
Fur binding to both sides of the intergenic spacer region be-
tween cj0176c and cj0177. Holmes et al. (28) showed that
expression of cj0177-tonB1 and cj0176¢c-cj0173c was dere-
pressed in a fur mutant, suggesting Fur regulation of the re-
gion, but they suggested that a putative Fur box upstream of
¢j0177 (56) was involved in regulation of both promoter re-
gions. We have shown for the first time that Fur binds to both
promoters, indicating the presence of two Fur boxes within the
intergenic spacer region and therefore separate classical Fur-
dependent, iron-repressible regulation of the two operons.
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