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ABSTRACT 

Acquisition of iron contributes to bacterial pathogenesis. In C Jejuni, there are 

more tlian five systems which contribute to ferric iron uptake, mainly consisting of 

siderophore receptor systems. In vivo, C. jejuni encounters the anaerobic environment of 

the intestine where the predominant state of iron is likely the ferrous ion. 

A homolog of FeoB, a high-affinity ferrous iron transporter, is encoded in the C. 

jejuni genome. Initial experiments with C. jejuni demonstrated low levels of ^^Fe^^ 

uptake. Furthermore, mutations in feoB failed to inhibit ferrous iron uptake when 

compared to the parental isolate. No differences were noted between the wild type and 

mutant strains in epithelial cell invasion, macrophage survival, or peroxide sensitivity. 

The feo locus also failed to complement an E. coli AfeoB mutant. Sequence analysis 

indicated various mutations in C. jejuni strains. Notably, strains RM1221 and F38011 

contained fi-ameshifl mutations that caused early termination of the protein. Ml 29 had an 

amino acid substitution in a critical region of the protein involved in nucleotide binding. 

While the presence of magnesium significantly inhibited ^^Fe^"^ uptake (> 3-fold), 

inhibition of CorA activity did not affect uptake of ^^Fe^"^. Viability of C. jejuni required 

the fimction of CorA and mutants at this locus were lethal. 

When compared to wfld-type, a putative jhuA mutant was attenuated in epithelial 

cell invasion (~1000-fold) and intra-macrophage survival (~ 10-fold) but not in a piglet 

model of the disease. The putative mutant failed to produce a protein with similar size to 
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FhuA and an immunoblot reacted with a protein of the size of FhuA in the parent but not 

in the mutant. 
• i 

In summary, ferrous iron uptake is not mediated by FeoB or CorA in C. jejuni. 

Homologs of feoB in different strains of C. jejuni appear to have acquired various 

mutations resulting in non-functional proteins. The corA locus is absolutely required for 

growth of C jejuni since it is likely the only magnesium transporter in this species. 

The FhuABD system is required for the optimal invasion of epithelial cells and 

intra-macrophage survival of C. jejuni. However, mutants infliuABD do not attenuate the 

organism in vivo. 
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CHAPTER 1. BACKGROUND 

A. GENERAL CHARACTERISTICS OF CAMPYLOBACTER JEJUNI 

Campylobacter jejuni is the causative agent of canqjyiobacteriosis, an acute 

diarrheal disease. C. jejuni is the leading cause of bacterial gastroenteritis in the U.S. 

with over 2 million cases estimated annually (97). The organism has only recently been 

recognized as a human pathogen due in large part to the organism's difficult cultivation 

requirements and development of selective isolation techniques. 

C. jejuni are gram-negative, curved rods, 0.2-0.8 |im wide and 0.5-5 |im in length. 

The bacteria are motile by means of bipolar flagella and exhibit a darting, corkscrew-like 

motility. Stressed cells may take on a coccoidal morphology as often seen in aged 

cultures (100). It ias been reported that the coccoid form of the organism is seen when 

these bacteria are internalized by host cells (25). A viable but nonculturable state may 

also exist in C. jejuni (99), especially in aqueous enviroiunents. Interestingly, this form 

of the bacterium still retains the ability to perform protein synthesis (18). The role of this 

form in the transmission of the organism by water sources remains to be investigated. 

C. jejuni are microaerophilic and routinely incubated in an atmosphere of 

approximately 5% O2 and an optimal temperature of 42 °C. The organism is nutritionally 

fastidious and requires rich media such as Muller-Hinton to which 5% bovine blood is 

often added to enhance growth. During isolation from stool samples, as is often 

performed in clinical laboratories, selective media is used to prevent the growth of 
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competing fecal bacteria. Skirrow media contains the antibiotics vancomycin, 

trimethoprim, and polymyxin B (92) while CCDA (charcoal cefoperazone deoxycholate 

agar) contains cefoperazone (46) to which Campylobacter spp. are resistant. Various 

antifimgals (eg. amphoterican B) are included in many selective media since isolation of 

some Campylobacter spp. may require prolonged incubations. 

Recently, the genome sequence of C. jejuni NCTC11168 has been completed 

(74). The 1.6 Mbp chromosome is remarkably A+T rich (80%) with no known 

insertional elements or transposons. A lack of such features is striking in light of the 

prevalence of pathogenicity islands found in pathogenic but not laboratory-adapted 

strains of bacteria (40). Perhaps the evolution of virulence occured differently in C. 

jejuni than its gram negative relatives. 
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B. CAMPYLOBACTERIOSIS 

1. Clinical aspects of campyiobacteriosis 

Campylobacteriosis is an acute bacterial enteritis that is characterized by diarrhea, 

abdominal pain, fever, and fecal leukocytes (61). Inflammation can be found in both the 

small and large intestine. Intestinal crypt erosion and hemorrhage is found in histological 

specimens. There is also evidence that the bacterium can invade the surfece epithelia and 

survive in the lamina propria (6). Rectal biopsy samples from humans (103), and tissues 

taken from experimentally infected piglets (6) show intracellular bacteria in intestinal 

epithelial cells. 

The infective dose is highly variable but was as low as 800 bacteria in a study 

with infected human volunteers (14). The incubation period of the disease is about three 

days as determined by various point source outbreaks of the disease (93). Fever, 

abdominal pain, and diarrhea can last up to a week followed by a prolonged period of 

bacterial shedding in the feces (up to three weeks). 

Interestingly, there is a difference in the presentation of the disease between 

developed and developing countries. While the disease is characterized by inflammatory 

diarrhea in the developed world, the disease in developing countries is less severe 

involving watery diarrhea and a higher number of asymptomatic cases (21). 

Explanations for this discrepancy include exposure to the disease earlier in life resulting 

in partial immunity as well as the possibility of bacterial strain variation. 
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A serious sequel to infection with C. jejuni is Guillain-Barre syndrome (GBS), an 

autoimmune disease resulting in acute flaccid paralysis. The pathogenesis of GBS 

involves inflammatory-mediated damage to the peripheral nervous tissue and, in some 

forms, there is demylinenation of the nerve fiber. Cross reactivity between antibodies to 

C. jejuni LPS and ganglioside epitopes may be responsible for the development of GBS 

since patients with neuropathy showed antibody responses to LPS and gangliosides while 

patients with enteritis alone did not (4). 

2. Epidemiology 

The Foodbome Diseases Active Surveillance Network (FoodNet) reported an 

isolation rate of 21.7 cases per 100,000 in 1998. This figure was almost double that for 

Salmonella (12.4 cases per 100,000) during the same^ear (19). Using FoodNet data and 

a multiplier derived to determine the true incidence of Salmonella infections, Friedman 

(35) estimated that there are 2.4 million Campylobacter infections annually in the US 

causing between 50 and 150 fatalities. 

Although many domestic animals, including poultry, are colonized with 

Campylobacter spp., such colonization does not appear to result in disease (15). 

Friedman et al (35) established an association between the consumption of raw poultry 

and infection with Campylobacter. In light of the fact that the majority of retail chickens 

(69%) are contaminated with C jejuni (116), it is not surprising that cross-contamination 

of non-poultry foods and kitchen surfeces is another major source of infection (20). 
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C. PATHOGENESIS OF CAMPYLOBACTER JEJUNI 

1. Adherence 

The binding of C. jejuni to in vitro cell lines has been well established. Early 

studies by Fauchere et al (32) showed that C. jejuni isolated from patients with enteritis 

were more adherent to HeLa cells than bacteria isolated from patients without enteritis. 

The adhesive fectors do not require host cell contact and are likely translated 

constitutively since heat-killed C. jejuni bind cultured epithelial cells at rates similar to 

viable bacteria (53). 

A 28 kDa protein, termed PEBl, was reported to be involved in binding to host 

cells (75). A mutation in the gene, peblA, caused a reduction in binding to HeLa cells as 

compared to the parent isolate. Furthermore, the mutant persisted in a mouse infection 

model for a shorter duration than the parent. 

A fibronectin binding outer membrane protein, CadF, facilitates binding to 

purified fibronectin and to INT407 cells (55). In addition, a cad? mutant did not colonize 

newly hatched leghom chickens while the parent isolate colonized 43 of 60 birds (120). 

Binding of C. jejuni via CadF may indicate that the extracellular matrix is a major site of 

colonization in the host. 

A novel C. jejuni adhesin, JlpA, is a 42.3 kDa surfece exposed lipoprotein (47). 

Mutants in jlpA showed decreased adherence to HEp-2 cells and anti-JlpA antibodies 

inhibited adherence of wild type C. jejuni. 
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2. Invasion 

Invasion of epithelial cells has been well documented in a variety of cell lines 

(54). Variations of the gentamicin protection assay have been used to demonstrate that C. 

jejuni can invade and survive within epithelial cells for extended periods. Everest et al 

(31) found that strains isolated from patients wdth inflammatory diarrhea were more 

invasive in vivo than stains collected from patients with watery diarrhea. Konkel and 

Joens (57) reported that the ability of clinical C. jejuni strains to invade HEp-2 cells 

varied considerably where approximately 0.005 % - 0.2 % of inoculated bacteria were 

internalized (MOI = 1:1000). Invasiveness of C. jejuni for both INT 407 and HEp-2 cell 

lines increases after passage through primary swine intestinal cells (5). Interesting, 

recovered bacteria appeared more mucoid than the inoculum suggesting that intracellular 

conditions induce phenotypic variations. Although the nature of the mucoid phenotype 

was not determined, C. jejuni does express a phase variable polysaccharide capsule 

(encoded by kpsM) which is involved in both epithelial cell invasion and colonization of 

the ferret model (7). 

Using transmission electron microscopy, DeMelo et al (25) observed bacteria 

associated with the host cell membrane within one hour and a change frx)m spiral to 

coccoid morphology nine hours post-infection. Konkel et al (56) found both single and 

multiple bacteria contained within vacuoles at 72 hours post-infection indicating a 

potential for intracellular multiplication. Ammonium chloride and methylamine, which 

are inhibitors of endosomal acidification, did not inhibit internalization of C. jejuni (56). 
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Further evidence that bacteria survive within phagolysosomes is that the activity of acid 

phosphatase, a lysosomal enzyme, was detected in infected cells three hours post

infection (25). The survival of acidification is not limited to bacteria internalized by 

epithelial cells since C. Jejuni was also found to colocalize with acidified vacuoles in 

J774A.1 macrophages (82). 

In INT 407 cells, cytochalasin D inhibited internalization in a dose-dependent 

manner. Since cytochalasin D is a inhibitor of microfilament formation, by preventing 

the treadmilling of G-actin, uptake of C. jejuni is thought to occur by a mechanism 

involving microfilaments (56). Studies using microfilament or microtubule inhibitors 

indicated an uptake pathway exclusively utilizing microtubules in C. jejuni strain 81-

176. Uptake was not inhibited by cytochalasin D but was observed for various 

microtubule inhibitors (e.g. nocadazole) (72). Intracellular trafficking of Campylobacter-

containing vacuoles along microtubules uses the molecular motor, dynein, as 

demonstrated by colocalization of the vacuoles and dynein and by the inhibition of 

uptake by orthovanadate (an inhibitor of dynein activity) (45). In contrast to the 

O 
microfilament-independent model of uptake, Biswas et a/ (13) found that uptake in all of 

10 strains was inhibited by cytochalasin D while 2 out of 10 strains were only slightly 

inhibited by microtubule polymerization inhibitors. Such data suggests that there might 

be two uptake pathways in C. jejuni - one involving microfilaments only and another 

utilizing both microfilaments and microtubules. The uniqueness of uptake in strain 81-

176 remains an enigma. 
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Incubation of C. jejuni and INT 407 cells results in the de novo synthesis of 

proteins that are not present when C. jejuni are cultured alone (59). These proteins were 

detectable using [^^SJmethionine labeling after 60 minutes cocultivation. The appearance 

of these proteins correlated with a significant increase in internalization of C. jejuni by 

host cells. Chloramphenicol an inhibitor of bacterial protein synthesis, reduced uptake 

of bacteria by INT 407 cells but this effect was diminished when C. jejuni were 

preincubated with ceU monolayers (53). This work suggests that C. jejuni synthesizes 

proteins upon incubation with epithelial cells and that the nascent proteins may play a 

role in invasion. 

Konkel et al (58) identified a gene, ciaB, required for the internalization of C. 

jejuni into host cells. CiaB is a 73 kDa secreted protein with similarity to various 

proteins secreted via type III systems in other bacteria (i.e. SipB, IpaB) and is synthesized 

when C. jejuni is cultured with epithelial cells or in cell-conditioned media. Isogenic 

mutants in ciaB adhered to epithelial cells as well as the wild-type strain but were 

significantly impaired in the invasion of host cells. Also significant is that mutations in 

ciaB prevent the synthesis of eight additional secreted proteins. Subsequent work 

demonstrated that deoxycholate induces the synthesis of the Cia proteins {Campylobacter 

invasion antigen) while fetal bovine serum (FBS) induces the secretion of presynthesized 

proteins (87). FBS alone can both induce the synthesis and secretion of Cia proteins. 

The lack of a specialized type III secretion export system in the C jejuni genome 

sequence (74) may indicate that C. jejuni uses the flagella export system similar to the 

export of Yops in Yersinia enterocolitica (119). The importance of flagella has been 



documented in the invasion of host cells since electron micrographs show C. jejuni 

initially make contact with epithelial cells via the tips of flagella (54). A flagellin mutant, 

flaA', penetrated INT 407 cells at levels less than 1% of the wild-type strain and 

centrifiigation of the mutants onto the cell monolayer only partially restored their 

invasive ability (114). These data indicate that not only is motility necessary for maximal 

invasion but also is an intact flagellum. Presumably, contact of the flagellum with the 

host cell allows the export and translocation of the secreted proteins into the epithelial 

cell. 

Translocation of polarized cell monolayers occurs by both paracellular and 

transcellular routes since C. jejuni were observed, by transmission electron microscopy of 

infected Caco-2 monolyers, within vacuoles, at tight junctions, and between cells (60). 

Bras and Ketley (16) observed that the translocation of Caco-2 cells did not coincide with 

a reduction in transmonolayer electrical resistance (TER) suggesting that the preferred 

route of translocation is transcellular. However, recent work by Monteville et al (71) 

demonstrating that a non-invasive mutant, ciaK, is found in equal numbers to the parent 

strain in the basolateral medium of a polarized T84 cell monolayer indicating that the 

preferred route is paracellular. In vivo, translocation to the basolateral surface of the 

epithelium could occur via M cells since endocytosis of C. jejuni by M cells was 

observed in Peyer's patches fix>m infected ligated adult rabbit ileal loops (113). 
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3. Interactions with phagocytes 

C. jejuni encounter phagocytes during invasion into the lamina propria and when 

the organisms transverse M cells and are sampled by antigen presenting cells. C jejuni 

are readily phagocytized by J774G8 murine macrophage-like cells as early as 30 minutes 

after inoculation (51). Intracellular survival within J774G8 macrophages, mouse 

peritoneal macrophages, and peripheral blood monocytes occurred up to 6 to 7 days. 

Using monocytes from healthy human donors, Wassenaar etal{\\5) showed that most of 

the phagocytes killed C. jejuni isolates within 24 - 48 hours. However, 10% of the donor 

monocytes were incapable of killing the bacteria and high numbers of intracellular 

bacteria survived at 48 hours. Major diflferences between the aforementioned studies 

include the use of various cytokines to obtam adherent monocytes and the use of 

gentamicin to kill extracellular bacteria only in the study using human-derived 

monocytes. 

The oxidative burst generated by the NADPH oxidase releases a set of oxygen 

radicals and peroxides that are highly toxic. A superoxide dismutase gene, sodB, was 

cloned from C. jejuni and a sodB null mutation reduced intracellular survival within 

cultured epithelial cells (76), but not in J774A.I macrophages (61). Conversely, a 

catalase mutant, katA', survived as well as the parent isolate in epithelial cells but was 

killed within 24 hours by both porcine peritoneal macrophages and J774A.1 murine 

macrophages (24). Also significant is that inhibitors of both NADPH oxidase and of 
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nitric oxide synthase permitted the survival of the catalase mutant in J774A.1 cells. This 

indicates the concerted effects of both peroxides and NO to kill phagocytized C. jejuni. 

Preliminary work on the trafficking of the C. ye/Mrti-containing phagosome 

suggests that it follows the normal endosomal pathway and becomes acidified (82). Both 

early and late endosomal markers (Rab5 and Rab7, respectively) colocalLze to the C. 

jejuni phagosome in a time dependent manner, as does the low pH indicator, Lysotracker. 

It is tempting to speculate that C. jejuni might contain genes which allow intracellular 

survival and that such genes are acid-inducible. 

4. Toxins 

Various C. jejuni cytotoxins have been reported. Such toxins reportedly cause 

CHO and HeLa cell toxicity (41, 48) while others are toxic for Vero cells (34, 48). In 

many cases the titers required to cause cytotoxcity are relatively low. 

The best characterized is the cytolethal distending toxin (CDT) which is encoded 

by three subunits CdtA, CdtB, and CdtC (79). CDT causes elongation, swelling, and 

ultimately cell death in various cells lines (80). The active subunit of CDT is CdtB (65), 

but entry into the eukaryotic cell requires the tripartite holotoxin which can be 

reconstituted with recombinant CdtA, CdtB, and CdtC (66). CdtB is reported to be a 

deoxyribonuclease I which causes DNA damage resulting in cell cycle arrest at the G2/M 

checkpoint (65). This occurs by the prevention of dephosphorylation of CDC2, a cyclin-
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dependent kinase, thereby leaving the enzyme in its inactive state and prevention of host 

cell entry into mitosis. 

SCID mice challenged intragastrically with a cdtB' mutant showed less 

dissemination than the wild type strain only at the 2 hour time point, while no difference 

was observed at later time points (83). In addition, no diJBference was observed in the 

colonization levels between the mutant and wild-type strains. While CDT may act to 

prevent turnover of intestinal epithelial cells resulting in villous erosion, definitive data 

for an in vivo role of CDT remains to be established. 
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D. UPTAKE AND UTILIZATION OF IRON 

1. Bacterial iron uptake systems 

Iron exists in two oxidation states. The oxidized form of iron is the ferric ion, 

Fe^^, and the reduced form is the ferrous ion, Fe^"^. In an aerobic environment, ferric iron 

is not highly soluble and, therefore, is of limited availability to microorganisms. 

Nonetheless, iron is required for many biochemical reactions within living cells including 

its presence in the heme groups of cytochromes and hemoglobin, ribonucleotide 

reductase (which synthesizes dNTPs) and in the iron-sulfiir centers of glycolytic enzymes 

such as aconitase. As a result, bacteria have evolved various strategies of obtaining iron 

from their environment. 

In the host, free iron is limited by specialized iron-sequestering proteins. In the 

blood and secretions, iron is bound by the host proteins, transferrin and lactoferrin, 

respectively (3). These proteins have binding constants for iron of approximately 10^° 

(85). The amount of free iron in equilibrium with tranferrin-bound iron is 10"'^ M which 

is fer below that needed for optimal bacterial growth (-10"^ M) (17). In order to colonize 

an iron scarce environment, such as the gut, pathogenic bacteria must have the ability to 

acquire iron from the host. 

Siderophore-mediated iron uptake has been characterized in various bacterial 

pathogens in which a siderophore, having a very high dissociation constant for iron (10^ 

to 10^*^) (29), scavenges Fe^^ in the extracellular environment. Iron loaded siderophores 
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are taken up through specific outer membrane receptors and subsequently transported to 

the bacterial cytosol. 

Based on their structural properties, there are two major classes of siderophores 

(29). The catecholates, which contain ortho-dihydroxyphenyl groups, include 

enterobactin isolated fi-om Salmonella typhimurium and anguibactin isolated fi-om Vibrio 

anguillarum. The hydroxamate siderophores contain hydroxylated amides and are 

exemplified by ferrichrome, a cyclic peptide consisting of three glycine residues and 

three ornithines. 

Transport of siderophores and other iron compounds across the outer membrane 

requires the activity of the tonB-exbB-exbD system (85). It is thought that TonB uses the 

proton motive force to drive the movement of molecules across the outer membrane and 

into the periplasm (70). 

Biosynthesis and uptake of siderophores is repressed in high iron environments. 

In E. coli, transcriptional regulation is mediated by Fur (12). Fur binds to the Fe^^ 

corepressor and the entire complex binds to promoter sequences of iron-repressed genes 

(8). The DNA binding site for Fur-Fe^"^ is a sequence with dyad symmetry commonly 

called an "iron-box." Using footprinting experiments, DeLorenzo et al (27) reported a 

Fur binding site consensus sequence, ATAATtmnnATnATT. In the absence of a 

sufficient concentration of corepressor. Fur feils to bind to the consenstis sequence and 

transcription of regulated genes is derepressed. Expression of fur is autoregulated in that 

the promoter sequence of fur contains an iron-box (26). As a result. Fur is prevented 

fi'om being over expressed. 
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Iron can be acquired directly from the host proteins, transferrin and lactoferrin. 

Neisseria spp. contain the proteins TbpA and TbpB which bind transferrin and LbpA/ 

LbpB which bind lactoferrin (89). TpbA is an outer membrane receptor that channels the 

ferric ion into the periplasm in a TonB-dependent process. A double mutation in tbpA 

tbpB renders N. gonorrhoeae avirulent in human volunteers (22). 

A periplasmic binding protein, Fbp (Fe(III)-binding protein), is required for the 

transfer of Fe^^ from the periplasm to the cytoplasm (50). FbpA binds the iron in the 

periplasm and transports it to the FbpBC complex which channels the ion into the 

cytoplasm driven by ATP hydrolysis (2). 

1.1 Ferrous iron uptake 

Ferrous iron uptake in E.coli is mediated by FeoAB where FeoB is a 70 kDa 

cytoplasmic membrane protein, while the fimction of FeoA is unknown (49). 

Transcription of the feo locus is regulated by Fur, since ferrous iron uptake is constitutive 

in a fur mutant but is iron-regulated in the wild-type (43). The N-terminal domain of 

FeoB has homology to the phosphate binding domain of F-type ATPases (49). In 

Helicobacter pylori, transport via FeoB was inhibited by FCC? (carbonylcyanide-p-

trifluoromethoxyphenylhydrazone - a proton gradient uncoupler), DCCD 

(dicyclohexylcarbodiimide - an ATP synthesis inhibitor), and orthovanadate (an ATP 

hydrolysis inhibitor) indicating that ATP hydrolysis is required for ferrous iron uptake 

(110). 
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Although FeoB is a high affinity ferrous ion transporter, there are Feo-

independent uptake pathways for ferrous iron. Under low Mg^"^ concentrations, CorA, a 

magnesium transporter, may take up Fe^^ (44). However, uptake of ferrous iron by the 

magnesium transport system is toxic in E. coli and S. typhimurium (44). Mutants in corA 

do not show such toxicity. In E. coli, MntH, which is an Nramp orthologue, acts as a 

divalent metal cation transporter of Mn^^ and Fe^^ (68). MntH has less aflSnity for the 

Fe^^ ion than FeoB since its apparent Km = 10 ^M (68), while the of FeoB is about 

0.5 (43). In addition, inhibitor studies show that MntH does not require ATP but 

does require an intact membrane potential. 

The anaerobic environment of the intestine suggests that the predominant form of 

iron will be the reduced state. E. coli K-\2feoR mutants are reduced in the ability to 

colonize the mouse intestine (96). When inoculated simultaneously, the feo'^ strain was 

recoverable through 10 days while the feo' strain was lost after 4 days. Similar 

competitive colonization experiments with S. typhimurium showed significantly fewer 

feo' bacteria than the parent strain (102). Interestingly, there was no significant 

difference in the LD30 between the wild type and mutant strains in the intragastric mouse 

challenge model. Mice inoculated with the H. pylori feoR mutant had no recoverable 

bacteria in the gastric mucosa, while all of the mice were colonized by the wild-type 

strain at 2 weeks post-infection (110). 

Ferrous iron uptake is preferred over ferric uptake in Bifidobacterium breve ( I I )  

and Listeria monocytogenes (which contains an inducible Fe^^-citrate uptake system) (1), 

while Streptococcus mutans transports Fe^^ exclusively (30). feoff mutants m H. pylori 
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fail to transport iron m either the ferrous (supplied as Fe-ascorbate) or ferric (supplied as 

Fe-dicitrate) form (110). Since H. pylori contains a Fe^'^-citrate uptake system, the data 

imply that there may be a common element to both systems. Surprisingly, there is no 

feoA. orthologue in H pylori, suggesting that FeoA may be dispensable for ferrous iron 

uptake. 

Ferric reductases convert ferric iron to the ferrous form which can act as a 

substrate for ferrous uptake systems. Ferric reductase activity was reported for both B. 

breve (11) and H. pylori (110). Interestingly, the specific activity of extracellular ferric 

reductase in S. typhimurium iron uptake mutants (including feoBT) was significantly 

higher than the parental strain (109). Since such enzymes are constitutively expressed 

(109), they may fimction either independently in iron-rich environments or in conjunction 

with siderophores in iron-depleted environments. 

2. Iron metabolism and its regulation in Campylobacter jejuni 

In C. jejuni, only 7 of 26 strains produced siderophores when grovra in iron 

depleted media (33), yet the genome sequence of strain NCTC11168 does not include 

siderophore biosynthetic genes (74). All of 60 strains tested were able to use exogenous 

siderophores, including enterochelin and ferrichrome, when grown imder iron limited 

conditions (9). The genes encoding both the enterochelin (ceuBCDE) and ferrichome 

(fliuABD) uptake systems have been characterized (36, 86). C. coli null mutants in the 

components of CeuBCDE were impaired in the ability to utilize enterochelin (86). CeuB 
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and CeuC comprise a cytoplasmic membrane permease and CeuD binds ATP. A 

lipoprotein, CeuE binds the substrate in the periplasm and shuttles it to the cytoplasmic 

membrane permease (CeuBC). Interestingly, another C. jejuni periplasmic siderophore-

binding protein with homology to FatB (from Vibrio anguillarium) undergoes lipophilic 

modification (73). The fhuABD operon may be located on a pathogenicity island given 

its high G+C content (65%) compared to the rest of the C. jejuni chromosome (36). 

Noteworthy is the lack of an outer membrane receptor in the ceuBCDE operon and the 

lack of cytoplasmic ATPase in the jhuABD operon. It is possible that individual 

components of various iron-uptake systems may complement deficits in the 

aforementioned systems. 

The cfrA gene encodes a protein with homology to the siderophore receptor Bfi-A 

of Bordetella bronchiseptica (42). The siderophore utilized by this receptor is unknovm. 

cfrA was found in 27 of 33 strains tested by hybridization (42). Interestingly, fhuABD 

was found in 6 of 11 isolates tested (36). Hence, (frA and fhuABD are not present 

uniformly in C. jejuni. It is not known whether strains contain only one of these systems 

or may possess both. 

The genome sequence of C. jejuni strain NCTC11168 reveals the presence of 

three additional iron acquisition systems. A hemin uptake operon consists of four 

proteins, ChuABCD (108). Also in the genome is a putative siderophore receptor and a 

periplasmic binding protein dependent system (74). In addition to ferric uptake systems, 

there is a ferrous uptake protein with similarity to FeoB of E. coli (106). Interestingly, a 

smaller protein is encoded upstream and apparently transcriptionally coupled to the feoB 
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gene. This ORF encodes a 74 amino acid protein with only 16% identity to FeoA of E. 

coli. 

The TonB-ExbB-ExbD complex transduces the energy derived from the proton 

motive force across the periplasm for the active uptake of siderophores by outer 

membrane receptors (70). Three copies of the tonB-exbB-exbD genes are found in the C. 

jejuni genome, two of which are located in the proximity of a putative siderophore 

receptor gene and cfrA (74). In C. coli, a tonR mutation prevented uptake of 

ferrichrome, hemin, and enterochelin (42). Whether C. coli contains additional copies of 

tonB or whether the TonB homologues are uptake system specific (as in the case of V. 

cholerae (91)) is unknown. 

Fur is a repressor of iron-regulated genes in the presence of Fe^"^ which acts as a 

corepressor. In a C. jejuni fur mutant, the transcription of various iron uptake genes, 

including cfrA, became derepressed under high iron conditions (108). However, 

oxidative stress response genes such as ahpC and katA maintained iron repression. A 

second Fur homolog, PerR, was shown to repress the activity of oxidative stress genes in 

the presence of iron (105). PerR had no effect on the transcription of other iron-regulated 

genes. Hence, C. jejuni has two fur homologs that repress the activity of separate iron-

regulated genes. 

Although there are Fur-binding boxes upstream of the fur gene (117), translationai 

fiisions to lacZ foiled to show promoter activity from upstream sequences (107). It is 

possible that fur may be transcribed from the promoters of upstream genes, but, these 
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genes are not iron-regulated. While the transcriptional regulation of fur in C. jejuni 

remains unclear, it is surely diflferent than that of £. coli fur. 

Ferritin, which stores iron intracellularly and prevents oxidative damage, has been 

purified fi-om C. jejuni (112). Ferritin, encoded by eft, is a 19 kDa protein that prevents 

oxidative damage by lowering the intracellular concentration of iron which may react to 

form various oxygen radicals (111). Not only did a C jejuni eft mutant grow poorly in 

iron-depleted media but it was more sensitive to peroxide killing than the parent (111). 

Another iron storage protein encoded in the C. jejuni genome sequence is the 

heme-containing protein, bacterioferritin (Bfi-) (74). Bfi- is homologous to the H. pylori 

neutrophil-activating factor which binds iron, but its transcription is not iron-regulated 

(106). In contrast, there is a Fur-binding sequence upstream of the C. jejuni bfr 

indicating that it may be regulated by iron. 

In conclusion, C. jejuni encodes a number of iron-uptake systems for both ferric 

and ferrous ions. The role of these systems in the pathogenesis of the organism is not yet 

clear however the redundancy in fimction suggests that none will be singularly required 

for virulence. The presence of the iron storage protein, ferritin, not only protects against 

oxidative stress but might also allow the organism to weather a varied range of iron 

concentrations. 
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3. The role of iron in oxidative stress 

Iron plays a major role in the generation of oxidative stress. The Haber-Weiss 

reaction generates the superoxide anion (O2') via the reaction Fe^"^ + O2 -^Fe^"^ +O2' (69). 

In the presence of peroxides, the Fenton reaction generates the hydroxyl radical (OH*) as 

follows: Fe^^ + H2O2 Fe^"^ + OH' + OH* (101). The products of these reactions can 

cause damage to DNA resulting in mutation or cell death. As a result, bacteria have 

evolved ways to combat reactive oxygen species (ROS) which they encounter during 

ordinary cellular respiration or during the oxidative burst within the phagocyte. 

C. Jejuni encodes several oxidative defense proteins. Superoxide dismutase 

catalyzes the breakdown of superoxide to hydrogen peroxide and oxygen. The C. jejuni 

superoxide dismutase (SodB) contains an iron cofactor and is located in the cytoplasm 

(77). Given the microaerophilic requirement of C. jejuni, it is not surprising that SodB 

plays a role in the aerobic survival of the organism during stationary phase (84). 

The hydrogen peroxide generated by the activity of SodB or produced during the 

phagocytic oxidative burst is broken down to oxygen and water by catalase, which 

requires a heme group. C. jejuni encodes a single catalase gene, katA (38), which is 

regulated by PerR (105). NuU mutants in katA are not only hypersensitive to peroxide 

stress but feil to survive within macrophages (24). 

Finally, C. jejuni encodes an alkyl hydroperoxide reductase, AhpC (10), which 

converts hydroperoxides (ROOH) to alcohols (ROH). A mutant in ahpC was more 

sensitive than the parent isolate to the hydroperoxide, cumene hydroperoxide, but not to 
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hydrogen peroxide (10). In addition, the ahpC strain was less aerotolerant than the wild 

type strain which is similar to the phenotype of the stationary phase sodB' strain. Similar 

to katA, the translation of ahpC is regulated by PerR (105). 
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CHAPTER 2. FERROUS IRON UPTAKE IN CAMPYLOBACTER JEJUNI 

AND ITS ROLE IN PATHOGENISIS 

A. INTRODUCTION 

C. jejuni encodes various iron uptake pathways. Those for the uptake of 

enterochelin and ferrichrome are the best described (36, 86). Also encoded is a hemin 

uptake system (74). Interestingly, no siderophore biosynthetic genes are found in the 

genome sequence and few strains produce siderophores when grown in iron-restricted 

media (33). 

A high aflSnity ferrous iron uptake homolog, FeoB, is found in the genome 

sequence. FeoB homologs appear to be widely distributed in bacterial genomes 

including, E. coli, H. pylori, S. typhimurium, and L. pneumophila (43, 88, 102, 110). 

Notably, FeoB contributes to virulence in animal models of the aforementioned 

pathogens. In E. coli and S. typhimurium, FeoB contributes to intestinal colonization and 

is required for gastric colonization in H. pylori. While a S. typhimurium feoB null mutant 

survives in macrophages as well as the parental isolate (102), the mutation in L 

pneumophila significantly impairs intra-macrophage survival (88). 

Although FeoB is the best characterized high affinity ferrous iron uptake system, 

alternative systems exist. In E. coli and S. typhimurium, a magnesium transporter, CorA, 

can take up Fe^^ under low magnesium concentrations (102). However, ferrous iron 

uptake by this system appears to be toxic since a corA mutant is more resistant to ferrous 
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iron killing m E. coli. A divalent cation transporter, MntH, which contains homology to 

Nramp proteins, can take up Fe^'^ in addition to manganese (68). A M. tuberculosis 

MntH homolog is dispensable for virulence in a murine model of tuberculosis suggesting 

that ferrous uptake by this system is not critical for growth in vivo (28). While a corA 

homolog is encoded in the C. jejuni genome, no mntH homolog exists in the genome 

sequence. 

The objectives of this study are to clone and characterize the feo locus in C. jejuni 

and to determine if FeoB contributes to intracellular survival. Given the close genotypic 

homology between H. pylori and C. jejuni and the gathering evidence that FeoB 

contributes to virulence in multiple pathogens, it is hypothesized that FeoB is fimctional 

in C. jejuni and plays a role in the organism's pathogenesis. 
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B. MATERIALS AND METHODS 

1. Bacterial strains and cultivation 

C. jejuni strains M129 and F38011 were isolated from patients with cliniceil signs 

of campylobacteriosis at the University Medical Center, Tucson, AZ. C. jejuni were 

routinely cultured on MuUer-Hinton (MH) agar plates supplemented with 5% citrated 

bovine blood. Where indicated, kanamycin was added at 40 (ig/ml, chloramphenicol 

was added at 15 fig/ml, and tetracycline was added at 12.5 ng/ml. Plates were incubated 

for 24 hours in a humidified CO2 incubator at 42°C. 

E. coli strains were cultivated on Luria-Bertani (LB) agar plates or broth at 37°C. 

When appropriate, LB media was supplemented with ampicillin (100 ng/ml), kanamycin 

(40 [ig/ml), chloramphenicol (15 ng/ml), or tetracycline (12.5 ^g/rnl). 

Strains used in this study are listed in Table 1. 

2. Siderophore synthesis assay 

Siderophore production was assayed using a modified method of Schwyn and 

Neilands (90). A chrome azurol S (CAS) assay solution was prepared by adding a 

mixture of 1.5 ml of a I mM FeCls, 10 mM HCl solution and 7.5 ml of 2 mM CAS to 6 

ml of a 10 mM hexadecyltrimethylammonium bromide (HDTMA) solution. Separately, 

PIPES buffer (3.02 g) was dissolved in water and 1.5 ml of 10 M NaOH was added. The 
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resulting solution was slowly added to the CAS assay solution, filled to 100 ml, and 

filter-sterilized. The CAS plate media was prepared by mixing equal parts of the final 

CAS solution to Chelex-lOO-treated MH media containing agar. The resulting plates are 

blue but turn orange in the presence of siderophores, which removes the Fe^"^ from the 

CAS-HDTMA indicator. 

3. Cloning of the feo locus 

The entire feo locus (2.29 kb), including and 437 bp of upstream DNA was 

amplified from C. jejuni genomic DNA using the primers, feoUTR (5'-

GATAATCCACTAAGTTTTGAAGA-3') and feoB2 (5'-ATTTCATCATTAAAAGC 

AAG-3'). The PCR product was ligated to the T-tailed vector, pCR2.1 (Invitrogen, 

Carlsbad CA). The entire insert was sequenced at the Arizona Macro-Molecular 

Sequencing Facility (Arizona Research Laboratories) and aligned with the C. jejuni 

genome sequence using BLAST to confirm that the correct DNA was cloned. 

4. Mutagenesis 

Insertional mutagenesis of strain Ml29 was accomplished by a single cross-over 

of an insertional vector into the chromosome. The insertional vector, pBHRl, was 

generated by ligation of an 850 bp internal PCR fragment of feoB to a T-tailed pKS 
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vector at a Smal site. The internal feoB fragment was generated using the primers, feoB5 

(5'-TGATTTGCCAGGAACTTATT-3') and feoB6 (5'-TGACATATAGCCTGTGGTTT 

C-3'). Subsequently, a 1.4 kb Hindlll-EcoRl fragment containing a Kan*^ cassette, 

isolated from pILL550, was ligated into the similarly digested backbone. pBHRl was 

electroporated into C. jejuni Ml 29 using a Bio-Rad Gene Pulser II with the following 

settings; 12.5 kV/cm, 600 ohms, 25 jiF. Transformed cells were recovered overnight at 

42®C on MH plates without antibiotics and then plated on MH media containing 

kanamycin. Resistant colonies were selected after 48 hours, isolated in pure culture, and 

microscopically examined for Campylobacter morphology. The insertion in the mutant 

strain, 129MUT (/eorrkan*^), was confirmed via Southern hybridization as described 

below. 

In order to reduce polar effects and the possibility of fortuitous promoters within 

the inserted DNA of the aforementioned mutant, a double cross-over mutant was 

generated by the insertion of a chloramphenicol acetyltransferase (CAT) cassette in the 

feoB gene. The feoB internal fragment generated by PGR using primers feoB5 and feoB6 

was cloned into pCR2.1 (Invitrogen, Carlsbad, CA). A BamYQ. fragment containing the 

CAT cassette, isolated from pCATCST, was cloned into the unique Bghl site within the 

feoB internal fr-agment. The final construct, pBHR2, was electroporated in C. jejuni 

strains M129 (generating 129CAT) and F38011 (generating F38MUT) using the 

conditions stated above. 

The presence of the insertion in the mutant strains, 129CAT and F38MUT, was 

confirmed via PCR using primers flanking the feo locus, feoBl (5'-
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AACGCTCACAAAGAACTCAA-3') and feoB2 (5'-ATTTCATCATTAAAAGCAAG-

3'). In addition, both CAT flanking regions were amplified using primers directed 

outward from the CAT gene, CATfor (5'-GCAATACGCCCTGACATAT-3') or CATrev 

(5'-CAAACGGCATGATGCACTTG-3'), and the appropriate feoBl or feoB2 primer. 

Plasmids used in this study are detailed in Table 2. 

5. Southern Hybridization 

A digoxigenin (DIG)-labeled probe was generated by incorporation of dUTP-DIG 

into a PCR product as described by the manufacturer (Roche). The feoBS wx6.feoB6 

primers were used to generate the 850 bp probe. Genomic DNA was isolated from Ml29 

and 129MUT strains using a phenol-chloroform extraction procedure. Five micrograms 

of genomic DNA was digested with HindUl for 2 hours and run on a 1% TBE-agarose 

gel. The gel was depurated in 0.25 N HCl for 10 min, denatured in 0.5 N NaOH for 15 

min, and neutralized in a 1.5 NaCl, 0.5 M Tris-HCl solution. The gel was transferred to a 

positively charged nylon membrane overnight. 

The following day, the blot was fixed by heating to 80°C and allowed to hybridize 

with the probe overnight at 65°C. Subsequently, the blot was washed, blocked, and 

incubated with alkaline phosphatase-labeled anti-DIG antibody for 30 min. Finally, 

colorimetric development of the blot was performed in a solution containing nitroblue 

tetrazolium (NBT) and 5-bromo-4-chIoro-3-indolyl phosphate (BCIP). 
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Table 1. Bacterial strains used in this study. 

Strain Description Source 

E. coli 

DH5a 

S17-1 

F (jiSOd /acZAMlS A(/acZYA-o/*gF) U169 endA.\ recAX 
hs^n deaiR. thi-l supE44 gyrA96 relAl, Nal*^ 

thi thr leu tonA lacY supE 
reCi4:;RP4-Z-Tc;;(Mu kan'^r.strep'^), Strep*^ 

W3110 wild type, E. coli K-12 

CRl W3110::A/eoAB, Chl*^ 

CR2 CRI ::pFE038, Chl^ Kan" 

C. jejuni 

Ml 29 Wild type, clinical strain, spontaneous Tet*^ 

F38011 Wild type, clinical strain 

RM1221 Wild type, unfinished genome sequence by TIGR^ 

11168 Wild type, annotated genome sequence by Sanger'' 

129MUT M129 (/"eo^rW), Kan"" 

129CAT M129 (feoB::CAT), Chl"^ 

F38MUT F38011 (/eo5::CAT), Chl"^ 

Bethesda 
Research Labs 

(52) 

C. Rensing' 

C. Rensing' 

This study 

(57) 

(57) 

M. KonkeP 

(74) 

This study 

This study 

This study 

' University of Arizona, Tucson, AZ 
" The Institute for Genomic Research (TIGR), Rockville, MD 
^ Washington State University, Pullman, WA 

Sanger Institute, Cambridge, UK 
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Table 2. Plasmids used in this study. 

Plasmid Description Source 

pKS pBIuescript cloning vector, Amp*^ Stratagene 

pUOA20 E. coli-C. jejuni shuttle vector, source of CAT, Chi'' (118) 

pILL550 E. coli-C. jejuni shuttle vector, Kan"^ (64) 

pCR2.1 T-tailed PCR product cloning vector, Amp*^, Kan*^ Invitrogen 

pCATCST contains CAT from pUOA20 at EcoRV site, Chl'^, Amp*^ L.A. Joens' 

pFE038 pCR2.1 containing^eo from strain F38011, Amp^ ICan*^ This study 

pBHRl pKS containing Kan*^ on Hindlll-EcoRL insert and 
an 850 bp internal fragment offeoB (from Ml 29) at 
a Smal site, Amp*^, Kan"^ 

This study 

pBHR2 pKS containing an 850 bp internal fragment offeoB 
(from MI29) with CAT inserted at a unique BgUl site 
Chl^ Amp*^ 

This study 

' University of Arizona, Tucson, AZ 
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6. Iron uptake assays 

C. jejuni were grown overnight on MH plates and harvested in Chelex-lOO-treated 

MH media. The cells were washed twice in the same media and resuspended to an ODeoo 

of 1.0. E. coli strains were grown overnight in TY media and used to inoculate fresh 

media at an ODeoo = 0.275. Cultures were grown until ODsoo = 1.0, washed twice m 

Chelex-lOO-treated TY media, and resuspended in the same media. Aliquots were taken 

to determine the concentration of bacteria by dilution plating or to determine total protein 

concentration using the bicinchoninic acid (BCA) method (Pierce). 

One milliliter of cell suspension was supplemented with a final concentration of 3 

mM MgS04, 1 mM nitrilotriacetic acid (NTA), and 0.2 % glucose and allowed to 

equilibrate for 5 nun. was diluted to a concentration of 300 |j.M (or SOOjxM) in 100 

mM ascorbate (to maintain the iron in the Fe^"^ state) and subsequently diluted 1:100 in 

cell suspension. At the appropriate time point, cells were centrifiiged at 10,000 x g for 1 

min and washed twice in wash buffer (5 mM Tris-HCI, 0.1 mM NTA, and 0.5 mM 

EDTA). The bacterial pellet was lysed with 100 1% Triton X-100 and placed in I ml 

of Aquasol scintillation fluid. Scintillation vials were counted in a Packard LSC 1900 

CA and CPM was converted to pmol ^^Fe based on a previously determined standard 

curve. To correct for background and ^^Fe binding to the tube, CPM measured in tubes 

containing no bacteria, but otherwise treated identically, were subtracted from samples. 
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For orthovanadate inhibition studies, sodium orthovanadate (an ATP hydrolysis 

inhibitor), was added to cell suspensions at a final concentration of I mM and allowed to 

incubate for 15 min at room temperature. 

Ferric uptake assays were performed in MOPS buffer (0.2% glucose, 1 mM NTA, 

and 3 mM MgS04). The assay was initiated by the addition of a final concentration of 3 

)iM ^^FeCb in 1 mM sodium citrate to maintain the iron in the ferric state. 

7. Ferric reductase assay 

Extracellular ferric reductase activity was determined in overnight culture (MH-

broth) media. Briefly, the culture was centrifuged for 5 minutes at 6,000 X g and filtered 

through a 0.2 |im membrane. Filtered supernatant media (800 |j1) was added to a reaction 

tube. A final concentration of 1 mM Ferrozine (Sigma) and 50 fiM FeClj was added to 

the reaction in a final volume of 1 ml. The tubes were placed at 37°C for 1 hour for 

development of the magenta-colored Fe^^-Ferrozine complex. The absorbance was 

measured at 562 nm and compared to a standard curve using known concentrations of 

FeS04. An aliquot of the supernatant was taken for protein concentration determination 

by the BCA method. The ferrireductase activity was reported as nmol Fe^"^-

Ferrozine/hr/mg protein. 
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8. Macrophage survival assay 

J774A.1 (ATCC# TIB-67) murine macrophages were routinely cultured in 

Dulbecco's minimal essential media (DMEM) containing 10% fetal bovine serum (FBS) 

m 75 cm^ culture flasks. For survival assays, 24 well plates were inoculated with 10® 

macrophages per well and allowed to incubate overnight in a 37° C humidified incubator 

in an atmosphere containing 5% CO2. Cells were washed three times with DMEM 

containing 1% FBS. C. jejuni cells were harvested from plates grown overnight and 

resuspended to ODeoo = 0.3 in DMEM-1% FBS. One milliliter of the inoculated media 

was added to the washed macrophages and allowed to incubate for 3 hours. An aliquot 

was removed to determine the actual number of bacteria present by dilution plating. 

After 3 hours, the inoculum was aspirated and the cells were washed 3 times with fresh 

media. DMEM-1% FBS containing 250 pg/ml of gentamicin was added to kill 

extracellular bacteria and incubated for an additional 3 hours. Cells were then washed 3 

times in fresh media and allowed to incubate for 24 or 48 hours in DMEM-1% FBS. 

Three hours prior to the appropriate time point, media was aspirated and the wells 

were washed three times with fresh media. DMEM-1% FBS containing gentamicin (250 

(ig/nol) was added and allowed to incubate for 3 hours. Subsequently, cells were washed 

three times with PBS. 200 |il of 0.5% sodium deoxycholate (DOC) was added to each 

well and incubated at room temperature for 5 minutes. Next, 800 |il of PBS was added 

and bacteria were quantified by dilution plating. Assays were performed in triplicate. 



46 

Intracellular survival was also assayed in iron-starved macrophages. 2',2' 

dipyridyl (25 nM), a Fe^"^ chelator, was added to wells containing macrophages 24 hours 

before infection with C. jejuni and maintained in the media throughout the assay. 

Intracellular bacteria were released by treatment with DOC and counted as described 

above. 

9. Epithelial ceU invasion 

HEI epithelial cells (ATCC# CCL-6) were routinely cultured in 75 cm^ flasks 

with minimal essential Eagle's medium (MEM) containing 10% FBS. For invasion and 

survival assays, 5 x 10'' cells were seeded per well in a 24-well plate and allowed to 

incubate for 24 hours. 

Wells were washed three times with MEM containing 1% FBS and inoculated 

with approximately 10® bacteria per well in MEM-1% FBS. The infected cells were 

allowed to incubate for 3 hours to allow invasion and then washed three times with 

MEM-1% FBS. Gentamicin (250 ng/ml) was added to wells for an additional three hours 

after which cells were washed three times in PBS. To determine total adherent and 

intracellular bacteria, some wells were incubated in MEM-1% FBS without gentamicin. 

After the final PBS wash, cells were lysed with 0.5% deoxycholate, incubated for 5 

minutes at room temperature, and dilution plated to determine the number of bacteria 

present per well. 
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10. Peroxide sensitivity assay 

C. jejuni strains were harvested from MH plates, washed twice in MH broth and 

resuspended to 10® cells/ml. An aliquot was removed and used as a negative control m 

the sensitivity assay. A final concentration of 1 mM H2O2 was added to the bacterial 

suspension and dispensed in 1 ml aliquots. The cultures were incubated for 1 hour in a 

microaerophilic atmosphere and subsequently dilution plated to obtain a direct count of 

viable bacteria. 

11. Complementation analysis 

An E. coli AfeoAB strain (CRl) was complemented with the C. jejuni F38011 feo 

locus (which was PCR amplified using feoUTR and feoB2 primers) contained on the 

pCR2.1 (Kan"^) cloning vector. The construct, pFE038, was selected because the feo 

locus is oriented in the direction of transcription by the lacZ promoter, thereby generating 

a transcriptional fiision. pFE038 was transformed by electroporation into CRI and 

transformants (strain CR2) were selected on LB plates containing kanamycin. 

Expression of the feo locus was induced by the addition of 1 mM IPTG to the media. 

Determination of the presence of transcript was performed by RT-PCR. 

Approximately 10^ E. coli cells were centrifuged, resuspended in 1 ml of Trizol reagent 

(Gibco), and total RNA extracted as described by the manufecturer. One Unit/nl Rnase-

free DNase (Promega) was added to the extracted RNA, allowed to incubate at 37°C for 
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30 minutes, and inactivated by heating to 75° C for 15 minutes. Finally, RNA was used 

as template in a one-step RT-PCR kit (Qiagen). The feoB5 and feoB6 primers were used 

for the detection of the feoB transcript. 
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C. RESULTS 

1. Siderophore biosynthesis assay 

The presence of siderophores was determined by the CAS agar method under low 

iron conditions to induce siderophore biosynthesis. In this assay, a change in color of the 

media from blue to orange indicates the removal of the ferric ion from the CAS dye by a 

molecule with higher aflSnity for Fe^"^ (Le. a siderophore). 

Two positive controls were used in this experiment. E. coli DH5a developed a 

strong orange halo after 24 hours growth, while S. typhimurium gave a weaker orange 

halo. The test plate, containing C jejuni M129, produced no halo. Uninoculated plates 

also remained blue during the incubation period (data not shown). 

2. Ferrous iron uptake 

Initially, experiments were conducted to confirm the feo phenotype in E. coli as 

described by Hantke et al (43). E. coli W3110 showed ferrous iron uptake approaching 

125 pmol ^^Fe^7lO^ bacteria at 10 minutes while uptake by the isogenic mutant, strain 

CRl, was less than 20% of the wild type levels (Figure 1). 

Surprisingly, ferrous iron uptake by C. jejuni F38011 resembled that of strain 

CRl. In an eflfort to determine if the relatively low uptake kinetics of C. jejuni F38011 

were strain-specific, the uptake of three additional C Jejuni strains (Ml 29, RM1221, and 
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NCTC11168) were examined. As shown in Figure 2, uptake by the strains examined 

ranged from 21.1 pmol ^^Fe^VS min/mg protein to 39.0 pmol ^^Fe^VS min/mg protein. 

Since C. jejuni appeared to consistently take up low amounts of ferrous iron across 

strains, we sought to determine if the feoB gene of C. jejuni was functional by analysis of 

isogenic mutants. 

3. Mutagenesis offeoB in C. jejuni 

The feoB gene of strain Ml 29 was insertionally inactivated using the suicide 

plasmid, pBHRl. pBHRl contains an internal fragment of the feoB gene adjacent to a 

kanamycin resistance cassette. Transformants selected after electroporation of pBHRl 

into M129 were shown to contain an insertion within feoB by Southern hybridization 

(Figure 3). i/iwcflll-digested genomic DNA was probed with the labeled internal 

fragment yielding a 2 kb band in the parental isolate. Strain 129FEO yielded two bands 

(4.9 kb and 2.4 kb) due to the incorporation of an additional HindSl site from pBHRl. 

The sum of these two bands (7.3 kb) is consistent with the size of an insertion of a 5.3 kb 

vector (pBHRl) into the 2.0 kb parental HincMi. fragment. 

In order to reduce the potential of polar effects or fortuitous promoters from the 

inserted DNA, a double cross-over strategy was used to generate another feoB mutant. A 

chloramphenicol resistance cassette was inserted into a unique BglU. site on the 850 bp 

feoB internal fragment. 
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Figure 1. Ferrous iron uptake. ^^Fe (3 ^iM) in the presence of 1 mM sodium ascorbate 
was added to the following strains; E. coli W3110 (•, solid line), CRl (•, dotted line), 
and C. jejuni F38011 (x, solid line). Samples were taken at 2, 5, and 10 minutes. A 
representative uptake experiment is shown. 
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Figure 2. uptake of multiple C. jejuni strains. [^^Fe] = 3 pM. The assay was 
performed in Chelex-lOO-treated MH broth (0.2% glucose, 1 mM OTA, 3 mM MgS04) 
for 5 minutes. Strains were initially diluted to a ODeoo = 1-0 and aliquots were 
subsequent^ anafyzed for total protein content by the BCA method. Error bars indicate 
standard deviation (n = 3). 
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Figure 3. Southern blot analysis of M129 and 129FEO (feoBvkss^) genomic DNA 
digested with HindSL. The probe consisted of a 850 bp internal fragment of feoB. Lane 
1, M129; lane 2, 129FEO. The integration vector, pBHRl, contained an additional 
HincMl site, allowing the probe to bind to 2 bands where the sum of the molecular 
weights is equal to the size of the gene (2 kb) and the integration vector (5.3 kb). The 
molecular weights of the bands are indicated to the right. 
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The plasmid containing this construct, pBHR2, was electroporated into Ml29 to 

yield the mutant strain 129CAT. The insertion in feoB was confirmed by PGR analysis of 

the mutant strain. 

Figure 4 shows the PGR product, using primers feoBl and feoB2, which gave a 

band in the mutant strain that was 800 bp larger than that of the wild type (consistent with 

the incorporation of the 800 bp CAT cassette). Furthermore, primer combinations 

consisting of those located within the cassette with the appropriate feoB flanking primers 

amplified products of the predicted size. Primers CATfor and GATrev are convergent 

and located at the 5' and 3' boundaries of the CAT gene. The 800 bp insertion was 

located at bp 679 such that primer GATrev and feoBl amplified a product of 

approximately 1.5 kb (lane 7, Figure 4) while primers CATfor and feoB2 amplified a 

product of approximately 2.1 kb (lane 8, Figure 4). 

A feoB mutant in strain F380I1 was generated in an identical feshion. The 

insertion in this strain, F38MUT, was confirmed by PGR analysis and produced 

essentially the same PGR products as 129GAT (data not shovra). 

Growth of M129 and 129MUT were identical when grown overnight in rich 

media (MH broth). Cultures inoculated at ODeoo = O.I grew approximately 10-fold in 24 

hours (data not shown). 

The uptake of ^^Fe^^ by Ml 29 and 129MUT was monitored over 12 minutes in a 

time course experiment (Figure 5). Surprisingly, no diflferences were noted between the 

isolates. The mean uptake at 12 minutes of M129 (36.7 pmol ^^Fe^Vmg protein) was 

somewhat lower than that of 129MUT (43.3 pmol ^^Fe^Vmg protein). 
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Figure 4. Agarose gel, stained with ethidium bromide, showing PGR products 
confirming the presence of an insert in feoB. The template in lanes 2-4 is Ml 29 genomic 
DNA whfle the template in lanes 5-7 is 129CAT. Lane 1, 1 kb ladder; lane 2 and 5, 
primers feoBl and feoBl; lane 3 and 6, primer CATfor and feoB2; lane 4 and 7, primer 
CATrev and feoB\. Labels to the left and right of the figure indicate the molecular mass 
of the products shown. Essentially, the same products were produced when F38MUT 
was used as template instead of 129CAT. 
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Figure 5. Ferrous iron uptake time course. Shown are strains M129 ( A, soDd line) and 

129MUT (•, dotted line). The assay was performed in 5 jxM ^^Fe in the presence of 1 
mM sodium ascorbate. Samples were taken at 1,3, 6, 9, and 12 minutes. Error bars 
indicate standard deviation (n = 3). 



This difference is not statistically significant (P = 0.2). The rate of ferrous iron uptake 

over the course of the experiment was 2.6 (± 0.23) pmol ^^Fe^Vmin/mg protein and 3.0 (± 

0.50) pmol '^Fe^Vmin/mg protein for M129 and 129MUT, respectively. 

In a effort to determine whether the lack of a FeoB phenotype was due to the 

mutagenesis protocol or was strain-specific, allelic replacement of feoB using an 

interrupted feoB gene was performed in both Ml29 and F38011. The insertion of a 

chloramphenicol resistance cassette in feoB (as described above) of Ml 29 and F38011 

resulted in the generation of 129CAT and F38MUT, respectively. 

Figure 6 shows no difference in ferrous iron uptake between the parental isolates 

and the respective mutant strains. In this experiment, there is a small but statistically 

significantly (P < 0.001) increase in the uptake of ferrous iron by Ml29 over that of 

F38011. 

In order to confirm that mutagenesis offeoB did not affect ferric iron uptake, 

experiments were conducted with the same concentration of iron (3 (xM) as in the ferrous 

uptake assays. The iron was maintained in the ferric state by the addition of 1 mM 

sodiirai citrate. Uptake of Fe^"^ by F38011 was 28.6 (± 1.4) pmol ^^Fe^VS min/mg protein 

while F38MUT took up 25.2 (± 1.7) pmol 55Fe^V5 min/mg protein (data not shown). 

The results show that there is no statisticaDy significant difference (P > 0.05) between the 

two strains in ferric iron uptake. 
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Figure 6. Ferrous iron uptake in allelic replacement mutants. Strain F38011 and the 
isogenic mutant, F38MIJT, are shown with solid bars while strain MI29 and the isogenic 
mutant, 129CAT, are shown with slanted line bars. The assay was performed in the 
presence of 3 [xM ^^Fe^^ and 1 mM sodium ascorbate and samples were taken at 5 
minutes. Error bars indicate standard deviation (n = 3). 
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4. Complementation analysis in E. coli 

In an attempt to assess the functionality offeoB, the gene was cloned directionally 

into pCR2.1 to create a transcriptional fiision with the lacZ promoter carried on the 

vector. The complementation vector, pFE038, was electroporated into the E. coli feoAB' 

strain CRl, generating strain CR2. RT-PCR was performed on strains CRl and CR2 

(with and without 1 mM IPTG added to induce expression from the lacZ promoter) using 

primers feoBS and feoB6. As shown in figure 7A, amplification of the expected 850 bp 

product was found with CR2 even without the addition of IPTG. CRl failed to produce 

the product indicating that the RT-PCR product amplified by CR2 was indeed due to 

transcription of the C. yeyMMi-derived DNA. 

Ferrous iron uptake assays were performed with all three E. coli strains - W3110, 

CRl, and CR2. As expected, W3110 took up hi^h levels of ^^Fe^^ but strains CRl and 

CR2 were identical (Figure 7B). This result indicates that the C. jejuni feoB gene is not 

fimctional in E. coli and that this failure is not due to lack of transcription. 

5. Orthovanadate inhibition 

Sodium orthovanadate was used to inhibit ATP hydrolysis. Since feoB has been 

predicted to hydrolyze ATP, we hypothesized that, in the absence of ATP hydrolysis-

requiring redundant systems, ferrous iron uptake would not be inhibited by orthovanadate 

if C. jejuni feoB was non-functional. 
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Figure 7. Complementation of E. coli strains. Panel A. RT-PCR using primers feoBS 
and feoB6. Lane 1,1 kb ladder; lane 2, CRI; lane 3, CR2 (- I mM IPTG); lane 4, CR2 (+ 
I mM IPTG). Molecular weight standards are shown to the left. Panel B. Strains: 

W3110 (•, solid line), CRI (*, solid line), and CR2 (o, dotted line). Samples were taken 
at 2, 5, and 10 minutes. The assay was performed using 3 ^M in the presence of 1 mM 
sodium ascorbate. The graph depicts a representative uptake experiment. 
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Indeed, uptake by C. jejuni F38011 was not inhibited by orthovanadate 

while E. coli W3110 uptake in the presence of orthovanadate was 85 % of the control 

(Table 3). The lack of inhibition by orthovanadate on C. jejuni ferrous iron uptake 

suggests that alternative uptake systems probably do not rely on ATP hydrolysis. 

6. Macrophage survival assay 

In order to assess the potential of feoB mutants to survive within macrophages, 

J774A.1 cells were infected with either F38011 or F38MUT. Intra-macrophage survival 

was determined at 24 and 48 hours after infection. As shown in Figure 8, there was no 

significant diflFerence in survival of either isolate at 24 or 48 hours. Both isolates were 

recovered in much lower numbers at 48 hours (F380II - 0.0002 (±0.0001)%; F38MUT 

- 0.0003 (±0.0001) %) than at 24 hours (F380I1- 0.068 (±0.06) %; F38MUT - 0.015 

(±0.009) %). 

To deprive the macrophages of ferrous iron, 25 |jM 2', 2' dipyridyl was added to 

macrophage cultures 24 hours prior to infection and maintained in the media throughout 

the experiment. Again, there was no significant difference in the recovery of either 

isolate. Interestingly, there was a 10-fold higher survival rate of the bacteria at 24 hours 

in the dipyridyl - treated media indicating a poorer killing potential by the macrophages. 
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Table 3. Orthovanadate inhibition of uptake. 

pmol ^^Fe^VS min/10^ bacteria 
Strain - orthovanadate + orthovanadate % control 

£. CO//W3110 21.7 (±1.1) 18.5 (±1.0) 85 

C.jejuni¥3m\ 1.7 (±0.1) 1.9 (±0.3) 110 
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Figure 8. Survival of C jejuni in J774A.1 macrophages. Panel A: J774A.I grown in 

DMEM-1% FBS; Panel B: J774A.1 grown in DMEM-1% FES containing 25 2', 2'-
dipyridyl. Solid bars indicate strain F38011 and hatched bars indicate strain F38MUT. 
MOI in both experiments is approximately 500. Shown are the results of triplicate wells. 
Error bars indicate standard deviation. 
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This trend did not extend to 48 hours post-infection as the survival rate of bacteria 

in dipyridyl-treated macrophages nearly matched that of non-treated macrophages at this 

time point. 

7. Epithelial cell invasion 

F38011 and F38MUT were used to infect INT407 epithelial cells for 6 hours. In 

Figure 9, a gentamicin protection assay was used to examine invasion by C. jejuni in 

which the MOI was approximately 1000. Both strains showed similar numbers of total 

epithelial cell-associated bacteria (no gentamicin added) and strictly invasive bacteria 

(incubated with gentamicin for 3 hours). For F38011, 0.3 (±0.1)% of the inoculated 

bacteria were cell-associated by 6 hours and only 0.0001 (±0.00002)% were invasive. 

Similarly, 0.2 (± 0.05)% of F38MUT were cell-associated while 0.0002 (± 0.0001)% 

were invasive. 

8. Peroxide sensitivity assay 

To examine the sensitivity of various C. jejuni strains to peroxide stress, bacteria 

were incubated with 1 mM H2O2 for 60 minutes. The survival of bacteria exposed to 

peroxide relative to bacteria incubated in normal media was assess by counting viable 

bacteria after the incubation period. 
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Figure 9. Epithelial cell invasion assay. E^IT407 cells were infected with F38011 (8 x 
10" CFU/weU) or F38MUT (1 x lO' CFU/weU) for 6 hours, MOI = 1000. Shaded bars 
indicate wells without gentamicin (total cell-associated bacteria) and slanted-line bars 

indicate wells that received 250 fig/ml genamicin at 3 hours. Shown are the results of 
triplicate wells. Error bars indicate standard deviation. 



66 

A 
100 r 

80 f 

M129 F38011 

B 
100 T 

F380I1 F381VIUT 

Figure 10. Peroxide sensitivity assay of C. jejuni strains. Panel A; comparison of strain 
M129 and F38011; Panel B: comparison of strain F38011 and the isogenic mutant strain, 
F38FEO. The assay was performed in MH broth containing 1 mM H2O2. The results are 
given as % of the inoculum surviving at 60 minutes. Error bars represent standard 
deviation (n = 3). 
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Survival of strain M129 was 52.5 (±4.33)% wliile 61.1 (±9.62)% of strain F38011 

survived peroxide treatment (Figure 10). In a separate experiment, strain F38011 

survival was 78 (±9.6)% and the survival of F38MUT was 65 (±12)%. Neither 

comparison of M129 and F38011 nor comparison ofF38011 and F38MUT demonstrated 

significant differences. 

9. Sequence analysis offeoB 

Analysis of ferrous iron uptake in C. jejuni, demonstrated that the feoB was 

defective at the phenotypic level. As a result, we sought to identify nucleotide mutations 

that might prevent the fiinction of feoB in various C. jejuni strains. Since none of the 

strains tested had significantly high levels of ferrous iron uptake, the sequenced strain 

(NCTCI1168) was used as a reference in multiple sequence alignments. 

PCR products using primers feoBl and feoB2 were cloned and sequenced using 

various C. jejuni strains as template. Sequencing of MI 29 feoB demonstrated a variety of 

single nucleotide substitutions and no apparent nucleotide deletions. However, 

translation of the sequence showed a proline substitution at residue 19 (Figure 11). The 

site of this substitution occurs immediately after a nucleotide binding site, known as a P-

loop. The secondary structure prediction program, NNPREDICT (http://www.cmpharm. 

ucs£edu/~nomi/nnpredict.html), indicates that a proline substitution at this site reduces 

the number of residues involved in an adjacent alpha helix from 11 to 8. Hence, such a 

http://www.cmpharm


68 

mutation may aftect the function of feoB by preventing the binding of the appropriate 

nucleotide. 

Strain F38011 contains a 68 bp deletion generating a frameshift mutation. As a 

result, the amino acid sequence ends 70 residues prematurely. When compared to 

NCTC11168, the boundaries of the nucleotide deletion contain a 6 bp direct repeat 

(GATTTA) at bp 1622 and bp 1690, respectively. 

Finally, sequencing of RM1221 shows a deletion at bp 98 which generates an 

early termination codon. The frame 1 translation yields a protein of only 32 amino acids. 

After residue 32, the frame 3 translation encodes the remainder of the protein with no 

additional termination codons. 

10. Ferric reductase assay 

The substrate for FeoB, Fe^"^, can be generated by the activity of ferric reductase. 

This enzyme converts Fe^"^, in the presence of a reductant, to Fe^^. In this experiment, 

extracellular ferric reductase activity was measured in spent C. Jejuni culture media. The 

filtered media was incubated for I hour with a ferric iron source (FeCIs) and the Fe^^ 

indicator, ferrozine. Ferrozine turns purple when it binds Fe^^ and the absorbance of the 

color can be measured with a spectrophotometer. 

As expected, there was no significant difference in ferric iron reduction by either 

M129 or F38011 (Figure 12). The reduction of Fe^^ m culture supematants was 1.2 
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(±0.1) nmol ferrozine-Fe'^/hr/mg protein in Ml29 and 1.3 (±0.07) nmol ferrozine-

Fe^'^/hr/mg protein in F38011. 
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+++++++++++ 

NC MKKIKIALVt^^W^LLINALCKANMKVGNFSGVTIEKASAKTFYKNYEFEVIDLPGT 60 
F38 MKKIKIALVGQPSVSKSLLINALCKANMKVGNFSGVTIEKASAKTFYKNYEFEVIDLPGT 60 

129 MKKIKIALVGQENVOCSLI^INALCKANMKVGNFSGVTIEE^SAKTFYKNYEFEVIDLPGT 60 
RMS FSGVTIEKASAKTFYKNYEFEVIDLPGT 28 
RMl MKKIKIALViS0aM7^I,LINALCKANMKVGN* 32 

NC YSLDGYSEEEKITRHFLNQNDYDVIVNVLDATNLERNLILSAELLSLNKKMLLALNMCDE 120 

F38 YSLDGYSEEEKITRHFLNQNDYDVIVNVLDATNLERNLILSAELLSLNKKMLLALNMCDE 120 

129 YSLDGYSEEEKITRHFLNQNDYDVIVNVLDATNLERNLILSAELLSLNKKMLLALNMCDE 120 

RM3 YSLDGYSEEEKITRHFLNQNDYDVlljNVLDATNLERNLILSAELLSLNKKMLLALNMCDE 88 

NC AKKEGIELDTSILSQEFQSQVVEISAKTKENLELLLQKIIILFESKFIPRSQFYTPLCEK 180 

F38 AKKEGIELDTSQLSQEFQSQWEISAKTKENLELLLQKIIILFESKFIPRSQFYTPLCEK 180 

129 AKKEGIELDTSILSQEFQSQVVEISAKTKENLELLLQKIIILFESKFIPRSQFYTPLCEK 180 

RM3 AKKEGIELDTSILSQEFQSQVVEISAKTKENLELLLQKIIILFESKFIPRSQFYTPLCEK 148 

NC SPEKEDLLYFINELSKKIITHKKEERNLTKKIDALLIHKFFGLPIFLFLMWLLFQLTFSL 240 

F38 SPEKEDLLYFINELSKKIITHKKEERNLTKKIDALLIHKFFGLPIFLFLMWLLFQLTFSL 240 

129 SPEKEDLLYFINELSKKIITHKKEERNLTKKIDALLIHKFFGLPIFLFLMWLLFQLTFSL 240 

RM3 SPEKEDLLYFINELSKKIITHKKEERNLTKKIDALLIHKFFGLPIFLFLMWLLFQLTFSL 208 

NC GQIPMDYIESGFN@LGEFVECNNrSNTFIASALADGIIAGVGAVILFLPNIMILFLGIALI. 300 

F38 GQIPMDYIESGFNALGEFVKNNISNTFIASALADGIIAGVGAVILFLPNIMILFLGIALL 300 

129 GQIPMDYI ESGFNALGE@VKNNI SNT FIASALADGIIAGVGAVILFLPN igl LFLGIALL 300 

RM3,P:QJgMDYIESGFNALGEFVKNNISNTFIASALADGIIAGVGAVILFLPNIMILFLGIALL 268 

NC ETTGYMSRVAFLLDGILHKFGLHGKSFIPLITGFGCSVPAFMATRTLKNKRDRLLTLFVI 360 
F38 ETTGYMSRVAFLLDGILHKFGLHGKSFXPLITGFGCSVPAFMATRTLBCNKRDRLLTLFVI 360 
M29 ETTGYMSRVAFLLDGILHKFGLHGKSFIPLITGFGCSVPAFMATRTLKNKRDRLLTLFVI 360 
RM3 ETTGYMSRVAFLLDGILHKFGLHGKSFIPLITGFGCSVPAFMATRTLKNKRDRLLTLFVI 328 

NC NFMSCGARLPVYVLFIGAFFPSEKAGNYLFGIYILGAILGLCAAKFLRMTAFRGLDEPFV 420 

F38 NFMSCGARLPVYVLFIGAFFPSEKAGNYLFGIYILGAILGLCAAKFLRMTAFRGLDEPFV 420 

129 NFMSCGARLPVYVLFIGAFFPSEKAGNYLFGIYILGAILGLCAAKFLRMTAFRGLDEPFV 420 

RM3 NFMSCiARLPVYVLFIG@F@PSEKAGNYLFGIYILGAILGLC?-AKFLRMTAFRGLDEPFV 388 

NC MEMPKYRMPNHHLVWFMVYNECAKMYLKKAGTFILLASLLIWFASNFPK§]EENLNDFNAQE 480 

F38 MEMPKYRMPNWHLVWFMVYNKAKMYLKKAGTFILLASLLIWFASNFPKjSEENLNDFNAQE 480 

129 MEMPKYRMPNWHLVWFMVYNKAKMYLKKAGTFILLASLLIWFASNFPI^EENLNDFNAQE 4 80 

RM3 MEMPKYRMPNWHLVWFMVYNKAKMYLKKAGTFILLASLLIWFASNFPK^EENLNDFNAQE 448 
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NC RAIEQSYLGQFGKGIEPIF^PLELDWKLSVSLISGLAAKEVMISTMGVLYSLGKDVDETN 540 

F38 RAIEQSYLGQFGKGIEPIFKPLELDWKLSVSLISGLAAKEVMISTMGVLYSLGKDVDETN 540 

129 RAIEQSYLGQFGKGIEPIFKPLELDWKLSVSLISGLAAKEVMISTMGVLYSLGKDVDETN 540 
RM3 RAIEQSYLGQFGKGIEPIFKPLELDWKLSVSLISGLAAKEVMISTMGVLYSLGKDVDETN 508 

NC NDLKGIIAKNIPIPSAVAFILFVMIYNPCFAATIVFSKESGKLKYTLFLFLFTCTSAYIV 500 

F38 NDL* 543 

129 NDLKGIIAKNIPIPSAVAFILFVMIYNPCFAATIVFSKESGKLKYTLFLFLFTCTSAYIV 600 

RM3 NDLKGIIAKNIPIPSAVAFILFVMIYNPCFAATIVFSKESGKLKYTLFLFLFTCTSAYIV 568 

NC AFIGLHIAKILLN 613 

F38 

129 AFIGFHIAKILLN 613 

RM3 AFIGLHIAKILLN 582 

Figure 11. Multiple sequence alignment of FeoB. Strains include NCTC11168 (NC), 
F38011 (F38), M129 (129), and RM1221 (RMl and RMS). RMl refers to the fr^e 1 
translation of strain RMl221 and RM3 refers to the frame 3 translation of strain 
RMl 221. Amino acids that are not identical are boxed and (*) is used to denote early 
termination of the protein. The P-loop motif is shaded and (+) indicates residues 
involved in an alpha helix adjacent to the P-loop. 
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F38011 

Figure 12. Ferric reductase activity in spent culture media (MH broth) of C. jejuni strains 
M129 and F380I I. Activity is reported in nmol of Ferrozine-Fe^^ formed in one hour per 
mg total protein. The iron source was 50 |iM FeCb and terrozine was added at 1 mM. 
Error bars indicate standard deviation (n = 3). 
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D. DISCUSSION 

This study was initiated to determine the role of ferrous iron uptake in the 

pathogenesis of C. jejuni. Since the genome sequence encodes a single known ferrous 

iron uptake system, FeoB, it appeared likely that a feoB' mutant would be impaired in its 

ability to survive in anaerobic environments in which iron would largely be in the 

state. 

Indeed, mutants of E. coli K-12 (96) and S. typhimurium (102) are impaired 

in the ability to colonize the intestines of mice. H. pylori requires a functional FeoB to 

colonize the stomachs of experimentally infected mice (110). Although S. typhimurium 

feoK mutants were not impaired in their ability to survive within macrophages, L 

pneumophila feoB' mutants demonstrated decreased replication within macrophages as 

compared to the wild type strains (88). Significantly, null mutations offeoB in E. coli K-

12, H. pylori, and L pneumophila caused decreased uptake of ferrous iron as compared to 

the respective parental isolate. 

Given a likely role in pathogenesis for FeoB, authors have suggested that the C. 

jejuni FeoB might act similarly (104, 106). In order to support a role in pathogenesis for 

FeoB, we generated a feoB mutation and analyzed its phenotype with respect to ferrous 

iron uptake, survival of macrophage killing, invasion of epithelial cells, and survival to 

peroxide stress. 

While it is clear that ferrous iron uptake is much lower (5-foId) in C jejuni than in 

E. coli, uptake could be observed over time indicating intracellular accumulation of 
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Ferrous iron uptake in C. jejuni also occurred at a rate almost 10-fold lower in C. 

jejuni (2.6 pmol ^^Fe^Vmin/mg protein) than that reported for H. pylori (~25 pmol 

^^Fe^Vmin/mg protein) when the same concentration of iron was provided (110). 

Since insertional inactivation offeoB in strain Ml29 did not affect ferrous iron 

uptake, we sought to generate an additional mutant in this strain by allelic exchange. A 

double cross-over approach was used to limit the possibility of incorporating fortuitous 

promoters into the genome. When a second mutant in Ml 29 failed to show a reduction in 

ferrous iron uptake, an additional strain of C. jejuni was chosen for mutagenesis. Allelic 

exchange offeoB for feoB::CAT in strain F38011 generated F38MUT. This mutant was 

also shown to have identical ferrous iron uptake to that of the wild type. 

In an eflfort to consider other possible phenotypic properties of a feoff mutant, 

the intracellular survival of F38MUT in macrophages was examined. Again, no 

significant differences were observed. In addition, Fe^^ was depleted in the macrophages 

by the addition of the Fe^"^ chelator, 2', 2' dipyridyl. Although differences between the 

parent and F38MUT were not found, dipyridyl treatment allowed 10-fold more survival 

of both strains at 24 hours. It is likely that reduction of intracellular iron in the 

macrophages limits the generation of reactive oxygen radicals produced by the Fenton 

reaction. AJso identical between F38011 and F38MUT was epithelial cell invasion and 

resistance to peroxide stress. 

Given the inability to find a phenotypic property of the feoB mutant, we 

considered that the gene might be mutated at the nucleotide level. To examine this 

possibility, the feoB gene was sequenced fi-om strains Ml29, F38011, and RM1221. 



75 

When compared to the sequenced strain (NCTC11168), which was used as a reference, 

all three strains contained significant mutations. Ml29 contained a proline substitution in 

the proximity of a nucleotide binding site known as the P-loop (67). We suspect that this 

proline distorts the secondary structure of this region resulting in a dysfunctional protein. 

Both strains RM1221 and F38011 contained fi-ameshift mutations resulting in 

early termination of the proteins. Due to such mutations, F38011 does not encode the C-

terminal 70 amino acids and translation of RM1221 generates a peptide of only 37 

residues. Since mutations can be identified in three of the isolates tested, it is tempting to 

speculate that feoB might fail to function in all C. jejuni strains. Nonetheless, 

identification of feoB as a species-wide pseudogene will require the sequencing and 

phenotypic analysis of a much larger number of strains. 

If FeoB is not fimctional in C. jejuni, there must exist alternative uptake systems. 

Not only does C. jejuni take up, albeit, low levels of ferrous iron, but it also expends 

energy to synthesize an extracellular ferric reductase. The Fe^"^ generated by the activity 

of this en2yme seemingly would require a mode of entry into the bacterium. Whatever 

the identity of the alternative uptake system(s), it will likely not require ATP-hydrolysis 

for activity since sodium orthovanadate failed to inhibit uptake in F38011. One such 

system, MntH, is a manganese transporter that has been shown to have a broad specificity 

for divalent cation transport (68). In E. coli, ferrous iron was transported independently 

of FeoB (since uptake is not dependent on ATP concentration) by MntH. Orthologs of 

MntH, which conteiins homology to the Nramp proteins, are not found in the C. jejuni 

genome. 
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Another alternative uptake system is the magnesium transporter, CorA. In low 

magnesium concentrations (< 3 mM), CorA can take up ferrous iron (44). This uptake 

can be chased by the addition of magnesium to the reaction. Interestingly, ferrous iron 

uptake by this system is toxic in E. coli and S. typhimurium since wild type cells are 

killed by Fe^"^ in the presence of oxygen while corA' mutants survived throughout the 

experiment. The C. jejuni genome encodes a CorA homolog that shares 31% amino acid 

identity with the E. coli gene and 49% identity with the H. pylori gene. 

The present work underscores the need to analyze specific genes for fimctionality 

rather than reliance on nucleotide similarity alone. The increase in the availability of 

microbial genome sequences is a useful tool and should allow greater ease in the 

characterization of specific genes by phenotypic analysis of isogenic mutants. 
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CHAPTER 3. THE ROLE OF FhuA IN THE PATHOGENESIS OF C. JEJUNI 

A. INTRODUCTION 

A femchrome uptake system was identified by Galindo et al (36) in a cosmid 

library of C. jejuni M129 genomic DNA. Initially, antisera was raised against C. jejuni 

outer membrane proteins expressed in the presence of epithelial cells and used to screen 

the cosmid library. A single clone, pMEX, was identified and subcloned. The immuno-

reactive subclone, pOAXlOO, was sequenced and found to encode a ferrichrome uptake 

operon with homology to FhuABD of E. coli. The outer membrane receptor (FhuA), 

with an apparent molecular weight of 80 kDa, has an identical N-terminal amino acid 

sequence to that of the C. jejuni de «ovo-expressed protein of similar size. 

The entire 6.6 kb region present in pOAX was found to have a high G+C content 

(65%) relative to the C. jejuni genome (30%). Given the uncharacteristically high G+C 

content and absence of this region within the genome sequence of C. jejuni NCTCI1168, 

it has been suggested that the DNA may have been acquired through horizontal transfer. 

The region is not uniformly present in C. jejuni since only 6 of 11 strains tested 

hybridized to a fltuA-spoc^c probe. 

Although few strains of C. jejuni synthesize siderophores, there is evidence that 

C. jejuni can utilize ferrichrome (33). Also utilized is enterochelin (33) and hemin (81). 

C. jejuni encodes multiple copies of the TonB-ExbB-ExbD complex (74) which is 

required for the active uptake of siderophores by outer membrane receptors. 
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B. MATERIALS AND METHODS 

1. Mutagenesis ofyAu/1 

Since tlie fliuABD operon contains a single upstream promoter and the genes 

appear to be transcriptionally coupled, insertional mutagenesis offliuA should inactivate 

the downstream genes, JhuB and JhuD. Insertional inactivation offhtiA was performed 

using a suicide vector containing a PCR-amplified 850 bp internal fragment (primers: 

fhu5, 5'-CATCTATATCGCCCCGTC; fhu3, 5'-GGCGACAGGCCATTCTCG) which 

was ligated to the EcoRN site of pBluescript. Also contained on this vector was a 

kanamycin resistance cassette derived from a HincML-EcdRi. fragment of pILL550. The 

suicide vector was transformed into C. jejuni Mi29 by electroporation and colonies 

recovered on MH-blood plates containing 40 |ig/mL of kanamycin. 

Putative transformants were examined for the incorporation of the kanamycin 

resistance gene by PGR using primers kanS (5'-TAAATGGAGTGTCTTCTTC) and 

kanS (5'-GTAAAAGATACGGAAGGAAT). PGR was also performed to confiim that 

the isolates were C. jejuni using the previously described C. ye/M«/-specific primers CJl 

andCJ4 (23). 

Southern hydridization was performed on genomic DNA digested with Clal to 

identify the interruption in fhuA. The probe consisted of an 850 bp PGR product using 

primers fhu5 and fhu3 and labeled with dUTP-DIG. CM-digested pMEX was used as a 

positive control. 
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Expression of FhuA in the wild type and mutant strains was examined by SDS-

PAGE and western blot analysis using an antibody probe to FhuA. Protein for both 

procedures was extracted using a modified osmotic shock method described by van Vliet 

et al (108). Briefly, bacteria were pelleted and washed twice in TES (10 mM Tris (pH 

7.5), 10 mM EDTA, 25% sucrose). The pellet was resuspended in ice-cold water and 

incubated on ice for 10 min. Finally, cells were centrifuged for 5 min and the supernatant 

containing the predominantly periplasmic proteins was removed. 

Prior to extraction, bacteria were incubated in CheIex-100 treated MH broth under 

microaerophilic conditions for 3 hours to induce expression of the iron-repressed 

proteins. For SDS-PAGE, proteins were resolved on a 7.5% gel and stained with 

coomassie blue. 

Antibodies were generated in rabbits inoculated with a custom synthesized 

internal peptide to FhuA (QFRQNSRYMQSRIQRNEC) (Quality Controlled 

Biochemicals, MA). Hydrophobicity plots indicated that this region is likely surface 

exposed. To decrease cross-reactivity with C. jejuni proteins, the antisera was absorbed 

with plate-grown C. jejuni Ml29, centrifuged, and filtered through a 0.22 pm filter. 

Western blots were performed on PVDF membranes and biotin-labeled goat anti-

rabbit secondary antibody was used with peroxidase-labefed. strepavidin. For 

colorimeteric development of the blots, a 50:50 mixture of H202:4-chloro-l-napthoI was 

used as substrate. 
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2. Intracellular survival assays 

INT407 cells were infected with either Ml29 or the JhuA mutant. For epithelial 

cell invasion, 5x10'* cells were seeded in 24-well plates and infected with approximately 

10® C. jejuni. Assays were performed as described in Chapter 1 with the exception that 

the extended survival of bacteria at 24 hours was examined. Essentially, wells were 

washed in MEM-1% FBS after the gentamicin treatment and allowed to incubate for an 

additional 18 hours. Gentamicin (250 ^ig/ml) was added and allowed to mcubate for 3 

hours to kill extracellular bacteria. Wells were washed with PBS and cells lysed with 

0.5% sodium deoxycholate (DOC) to allow enumeration of intracellular bacteria by 

dilution plating. 

J774A.1 macrophage survival assays were performed as described in Chapter 1. 

Intracellular bacteria were enumerated at 24 and 48 hours post-infection. 

3. Animal infection studies 

Infection of colostrum-deprived neonatal piglets with M129 and the JhuA' mutant 

was carried out as described by Babakhani et al (6). 10* bacteria were diluted in 40 ml of 

Similac (Abbott Laboratories, OH) and administered orally to piglets. Groups of 5 

piglets were inoculated with Ml29 or the JhuA' mutant and housed in separate pens. 

Animals were fed Similac every 4 hours and monitored for clinical signs of 

campylobacteriosis. Rectal swabs were taken daily and streaked on MH-blood plates 
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(containing vancomycin (20 ng/ml) and trimethoprim (20 ng/ml)) to confirm shedding of 

C. jejuni. Piglets were sacrificed at day 3 and necropsied at the Veterinary Diagnostic 

Laboratory, Tucson, AZ. Liver, colon, and small intestinal tissues were examined for 

histopathological lesions. 
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C. RESULTS 

1. Characterization of a putative fhuA mutant 

Putative fhuA' mutants were initially examined by PCR (Figure 13A). 

Amplification of a 300 bp band with primers CJl and CJ4 confirmed that the putative 

mutant was C. jejuni. In addition, only the fhuA mutant produced a 500 bp band when 

primers kan5 and kan3 were used indicating the presence of the kanamycin resistance 

cassette. Unexpectedly, PCR failed to amplify the 850 bp fhuA internal firagment when 

primers fhu5 and fhu3 were used. 

To confirm the presence of an interruption in the fhuA gene of the mutant strain. 

Southern hybridization was performed using the 850 bp fhuA internal fragment as a probe 

(Figure 13B). While the 6.6 kb Clal Augment of pMEX bound the probe, there was no 

hybridization in either the mutant or wild type strain. 

Since the fltuA gene could not be located by either PCR or Southern hybridization, 

we sought to determine whether the protein was expressed. SDS-PAGE on proteins 

extracted from iron-deprived M129 or the jhuA' mutant demonstrated the presence of a 

protein of approximately 80 kDa in M129 but not in the putative mutant (Figure 14). 

Also absent in the mutant strain is a ~ 50 kDa protein. While the identity of this protein 

is unknown, we suspect it may be a breakdown product of the 80 kDa proteh. 

Given the potential expression of FhuA in Ml29 but not the mutant strain, a 

western blot was performed with an anti-FhuA antibody (Figure 15). To reduce cross-
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reactivity with other C jejuni proteins, the primary antibody was absorbed against 

bacteria grown in iron-rich media. In the wild type strain, a doublet band formed at 

approximately 80 kDa. Interestingly, the larger-sized band (apparent size = 83 kDa) was 

seen in the wild type but not the mutant. A band slightly larger than 42 kDa was also 

found in both strains. The identity of this band is unknown. 

2. Intracellular survival assays 

Invasion of INT407 epithelial cells by MI29 and the fliuA' mutant showed similar 

numbers of total adherent and invasive bacteria at 6 hrs but a greater than 600-fold 

difference between the strains in the number of strictly invasive bacteria recovered at 6 

hours (Figure 16). In extended survival assays, M129 was recovered at 1200 (± 200) 

bacteria/well while the mutant was completely absent at 24 hours. These data indicate 

that the mutant strain is either poorly invasive or is killed rapidly within epithelial cells 

since it is completely absent at 24 hours post-infection. 

In intra-macrophage survival assays, the mutant strain was recovered at levels 

lower than (~20-30-fold) the wild type at both 24 and 48 hours after infection of 

monolayers (Figure 17). At 24 hours, the survival of MI 29 and the fhuA' mutant was 7.5 

(± 3.7)% and 0.34 (± O.I4)%, respectively. At 48 hours, the survival of M129 and the 

jhuA' mutant was 1.8 (± 0.9)% and 0.06 (± 0.03)%, respectively. The difference in 

survival between the wild type and mutant strains was statistically significant at both 24 

and 48 hours (P < 0.05). 
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Figure 13. Determination of insertion in JhuA. Panel A: Agarose gel of PCR products 
using primers CJl and CJ4 (lanes 2 and 3), primers kan5 and kan3 (lanes 4 and 5) and 
primers fhu5 and fliu3 (lanes 6 and 7). Ml 29 (lanes 2, 4, and 6) or fliuA' mutant (lanes 3, 
5, and 7) genomic DNA was used as template. Panel B: Southern blot using 850 bp 
internal fragment as a probe. The following DNA was loaded: lane 1, CM-digested 
pMEX; lane 2, Ml 29 (C/al); lane 3, Ml 29 (fig/II); lane 4, JhuA' (CM); lane 5,fhuA' 
(Sg/II). Arrow points to the 6.6 kb Cla\ fragment of pMEX which hybridizes to the 
probe. 
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Figure 14. SDS-PAGE of C. Jejuni osmotic shock proteins. Lane I, MI29; Lane 2, JhuA' 
; lane 3, molecular weight markers (sizes labeled on left). Bacteria were incubated (3 
hrs) with iron-depleted media before osmotic shock protein extraction. Gel was loaded 
with 50 [ig protein/lane and stained with Coomassie blue. Arrow points to ~80 kDa 
protein. 
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Figure 15. Western blot of C jejmi strains. Membranes were probed with an anti-FhuA 

antibody. Lane 1, M129; lane 2, fhtiA'. Gei was loaded with 50 {ig protein/lane. 
Molecular weight standards are labeled on the left. Arrow points to upper band of a 
doublet found in Ml 29 but not fltuA'. 
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Figure 16. Epithelial cell invasion assay. INT407 cells were inoculated with Ml 29 (1 
xlO^ bacteria/well) or fltuA' (3.2 xlO^ bacteria/well). White bars indicate wells in which 
gentamicin was not added and cell-associated bacteria were enumerated at 6 hrs. Gray 

bars indicate wells that received 250 ng/ml gentamicin and lysed at 6 hrs. Bars with 
horizontal lines indicate 24 hr survival. Figure depicts results of triplicate wells. Error 
bars indicate standard deviation. 
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Figure 17. Intra-macrophage survival assay. J774A.1 cells were inoculated with M129 
(1.8 xlO* bacteria/well) or fhuA' (2 xlO' bacteria/well). White bars indicate M129 and 
slanted-lined bars indicate fhiiA'. Results are presented as the percent of the inoculum 
that survived at either 24 or 48 hours. Figure depicts results of triplicate wells. Error 
bars indicate standard deviation. 
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3. Neonatal piglet infection 

Neonatal piglets were inoculated with approximately 10® bacteria and sacrificed at 

day 3. Histopathological lesions were examined at the Veterinary Diagnostic Laboratory, 

Tucson, AZ. 

Three of four piglets infected with strain Ml 29 and four of five piglets infected 

with jhuA' developed significant lesions. Lesions in both strains involved congestion and 

inflammation of the small and large intestine. While there was significant villous 

deterioration in a piglet infected with M129, one infected with fliuA' had multiple focal 

hemorrhages. In addition, there was significant serosal inflammation in a separate piglet 

infected with fliuA'. 

Given the severity of lesions in both sets of piglets, it is clear that flinA' is not 

attenuated since it is as or more virulent that the parental isolate. 



90 

D. DISCUSSION 

We have been unable to confirm the presence of fhuA in Ml 29 by PCR or 

Southern hybridization. Nevertheless, we have been able to identify a protein with 

similar size to that of FhuA which is present in the wild type and not in the mutant. 

Given the inability to locate fliuA within the genome, it is not possible to perform the 

requisite experiments (eg. Southern blot) to confirm that our putative fhiiA' strain is an 

isogenic mutant. 

The data suggest that the putative mutant is attenuated in epithelial and 

macrophage survival but not in vivo. If our mutant isflmA' then it would suggest that 

siderophore uptake is important in intracellular survival. Lack of attenuation of the 

mutant in vivo may be related to the presence of alternative iron uptake systems. Ferrous 

iron uptake systems have been suggested to contribute to intestinal colonization in some 

enteric bacteria (96, 102). It is possible that such a system would be active in the JhuA' 

strain permitting colonization of the piglet. 

The high G+C content of the Jhu locus indicates its acquisition from a foreign 

source. If JhtiA is contained on a pathogenicity island or other mobile element, it is 

possible that the region may be unstable and lost in a few in vitro passages. If so, the 

mutant strain may represent a non-homologous recombinant. In such a case, it would be 

of interest to locate the inactivated gene, as it appears to play a limited role in 

intracellular survival. To this end, plasmid rescue experiments, designed to clone the 
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flanking DNA, have been unsuccessfiil. Future work will require the screening of a 

mutant genomic library for the kanamycin resistance marker. 

To clarify the issues surrounding the location of the fhu locus, experiments are 

being conducted to probe low passage frozen stocks of strain Ml 29. In addition, it would 

be informative to perform N-terminal amino acid sequencing on the ~80 kDa protein 

found in the wild type but not the .mutant strain. 
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CHAPTER 4. THE ROLE OF CorA IN IRON TRANSPORT IN C. JEJUNI 

A. INTRODUCTION 

Ferrous iron can ije acquired independently of FeoB by the magnesium 

transporter, CorA (44). In S. typhimurium, CorA is a 37 kDa, constitutively expressed 

membrane protein (95). Mutations in corA decrease uptake and confer resistance to 

Co^"^ (37). In wild type S. typhimurium, growth was inhibited by 60 Co^"^ while 

inhibition of a corA' strain required 325 fxM Co^"^. Cobalt, which is toxic, is taken up at 

significantly lower levels in cor locus mutations. 

In E. coli feoB' strains, Fe^^ uptake increases with lower concentrations of Mg^^ 

(44). In addition, high levels of Fe^"^ uptake under these conditions can be chased by the 

addition of Mg^^. Also indicative of Fe^^ uptake by CorA is the resistance to Fe^^-

dependent killing by a corA mutant. Wild type E. coli or S. typhimurium were killed in a 

dose-dependent manner by increasing concentrations of Fe^^ under oxic conditions while 

the survival of corA' mutants were unaffected. 

Pfeiflfer et al (78) reported that corA mutations in H. pylori are lethal unless high 

levels of Mg^^ (20 mM) are supplemented. While there is no growth limitation of E. coli 

corA mutants, due to alternative Mg^^ transporters (MgtA, MgtB, and MgtC) (95), results 

with H. pylori indicate that CorA is the predominant Mg^"^ transporter in that species. 

Homologs of CorA are found in virtually all genome sequences of bacteria and 

archaea (95). Use of PCR and Southern hybridization (using sequence homology to S. 
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lyphimurium cor A) demonstrated the presence of a cor A homo log in 18 strains of gram 

negative bacteria, including C. jejuni (94). Indeed, the genome sequence of C. jejuni 

NCTCl 1168 contains a cor A gene with 31% amino acid sequence identity to E. coli cor A 

and 49% identity with the homolog of H. pylori. 

Cloning and sequencing of the cor A gene from C. jejuni Ml 29 showed 100% 

amino acid identity with that of strain NCTCl 1168. Importantly, both strains include the 

YGMNF sequence, located in the second transmembrane domain, that is critical for CorA 

function (98). 

It is hypothesized that in the absence of a fimctional FeoB, CorA plays a key role 

in ferrous iron uptake in C. jejuni. It is likely that this uptake will occur in low Mg^"^ 

conditions similarly to its fiinction in E. coli. To test this hypothesis, the C. jejuni corA 

gene has been cloned and expressed in E. coli. Ferrous iron uptake by C. jejuni CorA 

was examined. 
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B. MATERIALS AND METHODS 

1. Mutagenesis olcorA in C. jejuni 

Initially, a 500 bp internal fragment of corA was PCR amplified from C. jejuni 

M129 genomic DNA using primers corl (5'-CCTTTAGCATTTCATCATAACTA-3') 

and cor2 (5'-GATAGTCAAGAACTACCGCAA-3'). The product was cloned into 

pCR2.I according to the manufacturer's protocol (Invitrogen). Subsequently, the 

fragment was cloned into the JECORI site of the C. jejuni suicide plasmid, pRY107S 

(Kan*^) (24). The resulting mutagenesis vector (pl07COR) was electroporated into E. 

coli SI7-1 which was used to conjugally deliver the plasmid to C. jejuni using the method 

of Labigne-Roussel et al (64). Briefly, 10^ E. coli S17-1 (pl07COR) were mixed with 

lO' C. jejuni in a volume of 1 ml and spread on the surface of a MH-blood plate. The 

plate was incubated for 5 hours at 42°C in a microaerophilic environment. Aliquots were 

subsequently plated on MH-blood plates containing kanamycin (40 ng/ml), cefoperazone 

(32 ixg/ml) and 20 mM MgS04. 

Another mutagenesis vector was generated by cloning the corA fragment from 

pCR2.1 into the PstHSpel sites of pBluescript-KSII (Stratagene) which contained a C. 

jejuni kanamycin resistance cassette at the EcoRHHindUl site. The resulting vector, 

pCORl, was electroporated into C. jejuni using a field strength of 12.5 kV/cm. Bacteria 

were recovered immediately on MH-blood plates containing 20 mM MgS04. After 
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overnight growth, bacteria were harvested and plated on MH-blood plates containing 

kanamycin and 20 mM MgS04. 

2. Effect of on transport 

C. jejuni were grown overnight on MH-blood plates and resuspended in HEPES 

uptake buffer. The buffer contained 30 g/L HEPES, 4.65 g/L NaCl, 1.5 g/L KCl, 1 g/L 

NH4CI, 0.425 g/L Na2S04 and 0.2% (w/v) glucose. The buffer was adjusted to pH 7.2 

and filter sterilized. Where indicated, 3 mM MgS04 was added. 

Bacteria were washed twice in the buffer, and resuspended to ODeoo = 1-0. 

Ferrous iron uptake assays were performed with 3 (xM in the presence of 1 mM 

ascorbate for 5 minutes. 

Growth and ferrous iron uptake of C. jejuni were also assayed in the presence of 

the CorA-specific inhibitor, cobalt (HI) hexaaamine chloride (1 mM). 

3. Analysis of C jejuni CorA function in E. coli 

The entire corA locus, including 58 bp of upstream DNA and 48 bp of 

downstream DNA, was PGR amplified using primers corL (5'-

TGAGTTTTAGAAACATTTTAGAAA-3') and corR (5'-CTACTTGCTCTAT 

CGCTTAGGG-3'). The 1.1 kb product was cloned into the T-tailed vector, pCR2.1 

(Invitrogen). Clones containing inserts in which corA would be transcribed by the lacZ 
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promoter were selected by restriction enzyme digestion. The resulting construct was 

called pCORA. 

E. coli containing pCORA were assayed for cobalt sensitivity by inoculating 500 

Hl of LB broth in microtiter plates containing two-fold dilutions of C0CI2 (range: 50 mM 

- 0.07 mM). 
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C. RESULTS 

1. Mutagenesis of c0r/4 

We attempted to generate mutants in the corA locus of C. jejuni. Initially, a 500 

bp internal fragment was cloned into pRY107S, a suicide vector. The vector was 

conjugated with wild type C. jejuni without success. In addition, attempts to 

electroporate the suicide vector were unsuccessful. 

In another approach, the internal fragment was cloned into a pBluescript vector 

containing a Kan^ determinant. This is essentially the same backbone of the vector used 

to mutate feoB as described in Chapter 1. Over 20 kanamycin resistant colonies were 

selected from various electroporation attempts. PCR using flanking primers to the 500 bp 

internal region were used to determine whether corA contained an insertion. All colonies 

selected contained an uninterrupted corA locus. To rule out non-homologus 

recombination, a dot blot was performed using the Kan*^ gene as a probe. Neither the 

putative mutants or wild type hybridized to the probe indicating that the colonies were 

spontaneous kanamycin resistant mutants. 
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2. CorA-specific inhibitor studies 

The inability to generate a corA mutant suggested that such a mutation might be 

lethal to C. jejuni. In order to assess the function of CorA, studies were performed using 

the CorA-specific inhibitor, cobalt (III) hexaamine chloride (63). 

Growth of C. jejuni in the presence of 1 mM cobalt (III) hexaamine completely 

inhibited growth in liquid culture. However, normal levels of growth were obtained 

when 10 mM Mg^^ was added in addition to the inhibitor. Interestingly, an equimolar 

concentration of Mg^^ (1 mM) and the inhibitor did not permit growth. Additionally, a 

normally toxic concentration of Mg^^ (50 mM) only slightly promoted growtL 

No difference was detected in ferrous iron uptake in the presence or absence of 

the CorA inhibitor. In the presence of 1 mM cobalt (HI) hexaamine, C jejuni took up 

146 (± 12) pmol ^^Fe^"^/5 min/mg protein compared to 110 (±38) pmol ^^Fe"'^/5 min/mg 

protein in the absence of the inhibitor. 

3. Effect of on uptake 

Ferrous iron uptake experiments were performed in the presence or absence of 3 

mM MgS04. C. jejuni took up significantly higher levels of ferrous iron in the absence 

of Mg^^. Under low Mg^^ conditions, C jejuni took up 123 (± 19) pmol ^^Fe^VS min/mg 

protein while under high Mg^^ conditions, the bacteria took up only 38 (± 4) pmol 
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^^Fe^'^/5 min/mg pro tern (Figure 18). This difference is statistically significant since P < 

0.01. 

Since levels of ferrous iron uptake were much higher in low Mg^^ conditions, the 

feoB mutant (129FEO) was assayed under these conditions. No difference between 

M129 and 129FEO was noted since uptake by M129 was 74.5 (± 5.1) pmol ^^Fe^'^/5 

min/mg protein while uptake by 129FEO was 68.7 (± 2.3) pmol ^^Fe^VS min/mg protein. 
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Figure 18. Effect of on Fe^^ uptake. C. jejuni Ml 29 was assayed for ferrous iron 
uptake (3 |iM ^^Fe^"^ for 5 minutes in HEPES uptake buflFer. Where indicated, 3 mM 
MgSOiV was added. Error bars indicate standard deviation (n = 3). 



101 

4. Expression of C jejuni CorA in E. coli 

Phenotypic properties of C. jejuni CorA were investigated by cloning the corA 

locus of C. jejuni and expressing the gene in E. coli under the regulation of the lacZ 

promoter. 

E. coli DH5a was transformed with either the empty vector, pCR2.1, or the vector 

containing the full-length corA from C. jejuni (pCORA). To assess the ability of C 

jejuni CorA to take up ferrous iron, both strains were assayed as previously described. 

No significant difference was found since E. coli (pCORA) took up 317 (± 30) pmol 

^^Fe^VS min/mg protein while E. coli containing the vector alone took up 272 (± 15) 

pmol ^^e^VS min/mg protein (Figure 19A). 

Spontaneous cor mutants were selected in E. coli W3110 be multiple passages in 

LB media containing C0CI2. A cor mutant, C0R7, was able to grow in LB containing 2 

mM C0CI2, while the wild type could not grow in media containing more than 750 f^M 

C0CI2. As shown in Figure 19B, ferrous iron uptake by C0R7 was significantly inhibited 

(P < 0.001). Within 5 minutes, C0R7 took up 170.5 (± 10.9) pmol ^^Fe^^/lO' bacteria 

while uptake by W3110 was 570.0 (± 9.0) pmol ^^Fe^^/lO' bacteria. C. jejuni CorA, 

encoded by pCORA, was not able to complement the impaired ferrous iron uptake of the 

cor mutant. Uptake by C0R7 (pCORA) was 145.1 (± 6.6) pmol ^^Fe^VlO' bacteria. 

Differences in uptake between the experiments shown in Figure 19 is probably 

related to the use of strain DH5a in the overexpression experiment and strain W3110 in 

the generation of the spontaneous cor mutant. 
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Figure 19. Overexpression of C. jejuni CorA in E. coli. Panel A: E. coli containing 
either the empty vector (pCR2.1) or the C. jejuni cor A (pCORA) were assayed for ferrous 
iron uptake using 3 (xM of Panel B: Ferrous iron uptake in E. coli W3110, C0R7 
(a spontaneous cor mutant), and C0R7 (pCORA). Error bars indicate standard deviation 
(n = 3). 
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D. DISCUSSION 

CorA was initially described as a magnesium transporter of S. typhimurium and 

mutants at the corA locus could confer cobalt resistance (37). Uptake experiments 

indicated that CorA played a role in the acquisition of Co^"^, and Ni^^. In S. 

typhimurium, a corA mutant was approximately five times more resistant to C0CI2. 

In Bifidobacterium thermophilum, ferrous iron uptake was inhibited by in a 

dose-dependent manner (62). In subsequent studies by Hantke (44), part of the ferrous 

iron taken up by E. coli in the absence of Mg^^ could be chased by the addition of MgS04 

to the bacteria. Both an E. coli and S. typhimurium corA' mutant survived ferrous iron 

killing while the survival of the respective parent strains was significantly inhibited. 

These results indicated that ferrous iron uptake via CorA may be toxic. However, Smith 

and Maguire (95), argue that uptake of Fe^"^ by CorA is unlikely since neither ferric nor 

ferrous iron inhibit Mg^"^ uptake. 

To determine if C jejuni CorA was involved in Fe^"^ uptake, we attempted to 

generate a mutant in this locus. Since these attempts repeatedly foiled, even when Mg^"^ 

was added to the recovery media, we considered that CorA might be essential for 

viability. Not only is CorA the only magnesium transporter in the C jejuni genome 

sequence but the gene was also found to be required for viability in H. pylori (78). 

Although corA' mutants could be recovered in H pylori in the presence of 20 mM Mg'^, 

function of this gene was assessed in E. coli to avoid interference of such high 

concentrations of Mg^"^ in the assays. 
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In C. jejuni, uptake was significantly inhibited in the presence of 3 mM 

Mg^^. To determine if the higher level of Fe^^ uptake was due to CorA uptake of Fe^^ in 

the absence of Mg^^, ferrous iron uptake was assessed in the presence of the CorA-

specific inhibitor, cobalt (III) hexaamine chloride (63). No significant difference in 

ferrous iron uptake occurred in the presence or absence of the inhibitor, suggesting that 

CorA does not play a role in Fe^^ uptake. 

Interestingly, cobalt (III) hexaamine completely inhibited overnight growth of C. 

jejuni in liquid culture. This result was analogous to that seen in a S typhimurium CorA-

dependent strain (63) indicating that CorA is likely the only magnesium transporter in C. 

jejuni. Growth was recovered when 10 mM MgS04 was added to the media. At 50 mM 

MgS04, a toxic level of Mg^^ growth was only slightly higher than that of the inhibitor 

alone. The recovery of growth suggests that the inhibitor fimctions in a competitive 

manner with Mg^^ for the binding site on CorA. 

When the C. jejuni CorA was overexpressed in E. coli, ferrous iron uptake was 

not significantly increased. This provided additional evidence that CorA is not involved 

b Fe^"^ uptake. Nonetheless, the expression of C. jejuni CorA in E. coli resulted in a 

three-fold lower minimal inhibitory concentration for C0CI2. It is probable that 

overexpression of CorA leads to increased uptake of Co^% which is toxic, resulting in a 

lower minimal inhibitory concentration. 

Taken together, these results suggest that CorA is required for viability of C 

jejuni and that CorA plays a role in Mg^^ and Co^^ uptake but not Fe^"^. Given that FeoB 

was shown to be defective in ferrous iron transport, we speculate that Fe^^ may be 
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transported by either a passive process or thorough an unknown transporter. One 

candidate might be a ZupT homolog which has been shown in E. coli to take up zinc and 

is suggested to be a transporter of other divalent cations (39). Nonetheless, ferrous iron 

uptake in C. jejuni appears to occur at levels much lower than that described for E. coli. 

As a result, uptake of ferrous iron probably plays a minor role in colonization in vivo. It 

is unclear why ferrous iron uptake by FeoB is important for colonization of the intestine 

by E. coli but not for C. jejuni. It may be that disruption of ferrous iron uptake in E. coli 

interferes with global regulatory fimctions that do not have counterparts in C. jejuni. 
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