TGRSR A —FIHEENFIECE R RS
AR - Salmonella choleraesuis 7 # RGN R 155 13 B1(2/3)
Z1-35450% © NSC 89-2313-B-002-141

STHR : 894E 8 H I HE 4 TH 3L H
AQRYERRERSHARME - 0F 11 H 12
FHEA RER

H-F{S%6 © cfchang@ccms.ntu.edu.tw

WITHESE R BB SR SRR



i

R Salmonella choleraesuis & B EFREIE P AEIHI A (Fur regulon) + ATERKE
FRSSRANAN T M (Pur timation assay; FURTA) + #8 10,000 (B3R RTAL AT S
choleraesuis T HEEE R B R i SR R ET S FT METAYEE 7832 - Hoh—{& FURTA [&4%:
SR pSC4 > LS. yyphi ERBBINAE irod BREE (locus) 1Y iroB BRAEEM: - b
JEFF 8. choleraesuis & iroBCDE cluster f{] iroN 332 irod 32 ERE » 255 9848
bp 8L 5. typhi i iroA BRERIGT BEFETIEHEMEE 97% « 8. choleraesuis 7 irod 305
SR 53 531 A B R T » 4 45— 18 Fur box = IroN - R Y catechol AEASRIE -
B2 TonB R M:S1 RSN B 18 BB IR A R M A S A I B LR » iroN,
coti * B[EIRHE « DA T7 RNA SRERFRIE rroN B[ + EHEM 20C B » rlroN £IEEE
REMD B ER - AR doN M E roN TRAEES - EEIRDRE S
choleraesuis ZVRRFEIMBESENIETILE S. choleraesuis =8 BIRIIETIIEET 114
57Z FepA - IroN I FhuE - [EFSHER R RIHESE S. choleraesuis 7 iroN S
SRR (iroN: Kan) » SRS BEIRBBS ML RB — 80 kDa B - ST AMRR
ST - KBS iroN BER B i Fur box & AN A 2k - ] R7EZemi s 4
HILARE o DAREREPHESTEE wild type 328880k BALB/c /NRAIALBGTEI B (LDso) » 4%
AT R - BT S, choleraesuis 7 iroN SEERBHET -

T © RS LCAPET - FURTA - SARELT - SHERTISREEHT, iroN Jeist



Cloning and Characterization of an lron-Regulated Locus, iroA4, in
Salmonella enterica serovar Choleraesuis

Chao-Fu Chang

Department of Veterinary Medicine, National Taiwan University, Taipei, Taiwan

E-mail: cfchang(@ccms.ntu.edu.tw
Phone: 2-2363 2333
Fax: 2-2363 2436



ABSTRACT

To identify genes belonging to the Fur regulon of Salmonella enterica serovar
Choleraesuis, the Fur titration assay (FURTA) was used to screen a genomic library for Fur
promoters and iron-regulated genes. Fifteen FURTA-positive clones were identified and
DNA-sequence analysis showed that eleven had a Fur-binding site (Fur box), and six showed
homology to the iron-regulated genes of S. enterica serovar Typhi and/or £. coli. One of these
clones (pSC4) showed homology to the iroB gene of the irod locus of . enterica serovar Typhi.
The irod locus of S. emterica serovar Choleraesuis was cloned from a A-dash library and
subjected to DNA sequencing. The complete nucleotide sequence of 9,848 bp of the /rod locus
of S. enferica serovar Choleraesuis, which consists of iroB, C, D, E, and N genes and was
transcriptionally regulated by Fur, was 97% identical to that of 8. enterica serovar Typhi. The
IroN showed homology to the family of TonB-dependent outer membrane receptors and a
putative virulence factor, IroNg cos, of the extraintestinal pathogen E. coli. The convalescent
porcine sera contained antibodies against the three major iron-regulated outer membrane
proteins of S. enferica serovar Choleraesuis. 'An insertional inactivation of the iroN gene of .
enterica serovar Choleraesuis by allelic exchange resulted in the loss of expression of the 78-
Da protein. However, this mutant had an LDso for mice similar to that of the parent strain when

administered by the intraperitoneal route.



INTRODUCTION

Pathogenic bacteria are capable of sequestering iron within the host, from the
environment, and can compete effectively with the host’s iren-binding compounds, transferrin
and lactoferrin, by one or more energy-dependent, iron-regulafed uptake systems that secrete
low molecular weight, high-affinity iron chelators termed siderophores (36, 40, 41). Transport
of these siderophores occurs through iron-regglated outer membrane receptors that are specific
for each ferrisiderophore complex (27). Production of those iron-uptake systems is regulated
by Fur (ferric uptake regulator) and is dependent on the iron concentration. The Fur regulon —
expression of the gehes of which is under the control of Fur — contains genes that are involved
in iron acquisition, which is essential for bacterial multiplication (15, 24, 41).

Iron seems to be particularly important in the pathogenesis of §. emterica serovar
Choleraesuts. Kramer ef a/. directly correlated virulence with iron availability (21); virulent S.
enterica serovar Choleraesuis more effectively captured iron from serum and had more total
iron-binding capacity than an avirulent strain (21). Furman et al. found S. enterica serovar
Typht to be defective in enterochelin synthesis or iron-transport mutants had decreased
montality and showed marked increases in the 50% lethal dose (LDsp} in mice (18).

In this paper, we report that eleven FURTA-positive clones, which are homologous to that
of 8. enterica serovar Typhi and E. coli, were identified with the Fur titration assay and the
insert DNA of one of these clones (pSC4) was used as a probe to screen a A-dash library. The
iroA locus from S, enterica serovar Choleraesuis strain 1459 was cloned, sequenced, and the

gene encoding IronN, the catechol siderophore receptor, was characterized.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains, and plasmids used

in this study are described in Table 1. Bacterial strains were maintained at —70°C until used. All
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bacteria were cultured aerobically at 37°Cin Luria-Bertani (LB) broth or on LB agar plates as
required. To create iron-limiting or iron-sufficient conditions, 0.2 mM 2,2’-dipyridyl or 0.1
mM FeCl; was added, respectively. The appropriate antibiotics were added to the medium in
the f‘o'liowing concentrations: ampicillin (Ap), 50 pg/mL; chloramphenicol (Cm), 35 pg/mL,

kanamycin (Km), 50 ug/mL .

Recombinant DNA techniques. Chromosomal and plasmid DNA extractions, restriction
endonuclease digestions, DNA ligations, plasmid transformations, and dot-blot hybridizations

were performed according to standard methods (31).

Library construction and Fur titration assay (FURTA). A gencomic library was constructed
by using Sau3A partially digested S. enterica serovar Choleraesuis 1459 chromosomal DNA
{0.5-3 or 9-20 kb) ligated to a BamHI digestion, bacterial alkaline phosphatase treated
pSUKSI or A-dash and transferred into £ coli DH5a or i vitro package as previously
described (10-12). For the plasmid gene bank, a total of 10,000 independent transformants
were pooled into five groups and the plasmid DNA was isolated from each group. FURTA was
performed as previously described (34, 35). The JacZ expression was performed with
MacConkey lactose plates (Difco, Detroit, M1} supplemented with 0.04 mM FeSQy. The red
transformants were selected and the plasmid DNA was isolated and subjected to DNA

sequencing.

Cloning and expression of the recombinant lroN (rIroN) in E. cofi. To construct an iroN
expression clone (35), the DNA fragment containing the iro/N coding sequence was amplified
with primers iroN| (5" AAGCTTATAACCCATCAAAACGAG 3, underline: Hindlll cutting
site) and iroN2 (5° GGGATCCGGAATGGGTATGA 3°, underline: BamHI cutting site), which

generated a BamHI1 and a HindIll cutting site and the BamHI-HindllI fragment was ligated into
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pRSETA with the same restriction enzyme digestion to create a pRSETAiroN and transferred
into E. coli BE21{DE3)pLysS strain. |

E. coli BL21(DE3)pLysS strain harboring pRSETAiroN was grown in LB broth to ODgog
of 0.5, isopropyl-B-D-thiogalactopyranoside (IPTG) was added to a final concentration of
ImM. Two hours after IPTG induction, the cells were harvested by centrifugation and
suspended in 10 mL of Buffer A (50 mM Tris, 10 mM EDTA, 50 mM NaCl, 0.1 mM
phenylmethyl sulfonylfluoride) and washed twice with Buffer A. Cells were ruptured by
passage through a Freﬁch pressure cell (American Instrument Co., Rochester, NY) and washed
three times with Buffer A contained 1% Triton X-100 (23). The insoluble cell-fraction
sediment was obtained by centrifugation and boiled in SDS-PAGE sample buffer at 100°C for 5

min. The proteins were resclved by SDS-12.5% PAGE and were visualized with Coomassie

blue staining.

Preparation anti rlroN serum in rabbit. The recombinant proteins (rlroN) were visualized
after staining with Coomassie Blue and the rIroN band was excised, homogenized and injected
into a New Zealand female rabbit. Polyclonal antiserum to rlroN was raised as previously

described (11, 12).

Preparation and analysis of outer membrane proteins. Outer membrane proteins of §.
enterica serovar Choleraesuis strains 807 from iron-sufficient and iron-limiting media, were
isolated as previously described (32). The outer membrane proteins were subjected to

SDS-PAGE and Western blot analysis.

SDS-PAGE and Western blotting. The procedures for the SDS-PAGE and Western blot
analysis were as previously described (7-9). For identification of rlroN expression as a fusion

protein, MADb against the Xpress'™ epitope (Invitrogen, Carlsbad, CA) was used as a primary
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antibody. The secondary antibody, goat anti-mouse IgG-alkaline phosphatase conjugated
(KPL, Gaithersburg, MD), was used at a dilution of 1:5,000. For detection of the expression of
IroN in 8. enterica serovar Choleraesuis, the rabbit anti rIroN antiserum was served as the
primary antibody (1:500). The goat anti rabbit IgG-alkaline phosphatase conjugate (KPL) was
used as a secondary antibody (1:5,000). To determine whether the convalescent porcine sera
contain antibodies against iron-regulated outer membrane proteins, outer membrane proteins
of 5. enterica serovar Choleraesuis either from iron-sufficient or iron-limiting conditions were
isolated and each used as an antigen and subjected tb SDS-PAGE and Western blot analysis.
Convalescent sera (1:500) from naturally infected pigs were used as a primary antibody,
followed by goat anti-swine 1gG-alkaline phosphate conjugated (1:5,000) (KPL) as a second

antibody.

Construction of a 8. enferica serovar Choleraesuis iroN mutant by allelic exchange. S.
enterica serovar Choleraesuis irolN insertion mutant was constructed by allelic exchange using
a suicide vector, pGP704 (24). A 1,253-bp Hincll fragment containing a kanamycin cassette
was tsolated from pUC4K (Amersham Pharmacia, Piscataway, NJ}, and ligated into the iroNV
gene at the Smal site to form pBSNKan. The disrupted iroN determinant was isolated and
cloned into the suicide vector, pGP704 to form pGPNKan. pGPNKan was transferred into 5.
eniterica serovar Choleraesuis strain 807 by electroporation {18.0 kV/cm with a time constant
of approximately 5 ms in a Gene pluser (Bio-Rad, Hercules, CA)}. The double crossover
transformant was identified by its kanémycin-resistance and ampicillin-sensitivity and then, by

dot-blot hybridization and PCR to confirm the construction.

DNA sequencing and analysis. Automated DNA sequencing was done on the Applied
Biosystems Model 373A DNA system by using the T3 and T7 universal primers and primers

complementary to regions already sequenced in the plasmid. The thermal cycling of the
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sequencing reactions utilized the Taq DyeDeoxy'™ Terminator Cycle sequencing kit. Both

strands of the cloned DN A were completely sequenced. The nucleotide sequence was analyzed

using the BLAST programs of the National Center for Biotechnology Information

Virulence testing in mice. The LD;s, assays were performed by intraperitoneal inoculation of
8-week-oldBALB/c mice with serial ten-fold dilutions of the bacterial suspensions of the
wild-type 807, and mutant 80521 grown in LB medium and suspendéd in sterile
phosphate-buffered saline (PBS, pH7.4). Five mice were used per dose of bacteria. The LDsg

was estimated by the method of Reed and Muench (29).

Nucleotide sequence accession number. The nucleotide sequences of iro4 locus (iroBCDE
and N) of §. enterica serovar Choleraesuis 1459 have been deposited in the GenBank under the

accession number AY029471.

RESULTS
Screen for Fur-regulated promoters and sequence analyses of DNA regions identified by
FURTA. Fur-regulated promoters and iron-binding proteins carried on a plasmid were
transferred into £. coli HI717 (34), which carries fhuf:lacZ, a Fur-regulated gene fusion
sensitive to changes in repressor (Fur-Fe'?) concentration. Transformant-carrying plasmids
that contain a Fur-binding site or encoding an iron-binding protein form a red colony on
MacConkey lactose with FeSO, platés. Initially, a total of fifteen FURTA-positive colonies
were identified. After sequence analyses, only eleven clones carrying a Fur box were identified,
Plasmid pSC4 contained the 5’ end of an ORF with homology to S. fyphi iroB gene encoding a
glucosyl-transferase (2). A putative Fur box matching the consensus E. coli Fur box (15) in
seventeen of nineteen bases was present in an upstream region of the iroB homology of pSC4

(Table 2 and Fig. 1). One of the clones, pSC5 contained an ORF that was homologous to £. cofi
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cir, the outer membrane receptor for colicin I. A potential Fur-binding site matching the
consensus sequence in fourteen of nineteen bases was located upstream of this sequence (Table
2 and Fig. I). The ins;ert of two FURTA-positive clones, pSC9 and pSCI10, contained the
promoter region and the 5’ end of an ORF homologous to that of fepBDGC, a gene cluster
encoding the binding-protein-dependent transport system of E. coli known to transport
catechol siderophores (Table 2 and Fig. l).' Clones, pSC2 and pSCl4, contained an ORF
homologous to that of fes and fepA, encoding enterochelin esterase and the ferric enterochelin
receptor of £ coli, respectively, and putative Fur boxes were identified upstream of these
sequences (Table 2 and Fig. 1). The DNA sequence of the clone, pSC8, showed Homology to
protein |5 and to the terminase of bacteriophage P22. A putative Fur box matching the

consensus sequence in thirteen of nineteen bases of £. coli was located in a region upstream of

this sequence (Table 2 and Fig. 1). The DNA sequence of clone pSC3 showed homology to
0xd-6¢??7, a transmembrane protein with a Fur box (Table 2 and Fig. 1). The DNA sequence of
clone pSC12, showed homologous to ord-6¢ with a putative Fur box matching the consensus
sequence in twelve of nineteen bases (Table 2 and Fig. 1). One of these clones, pSC13, showed
homology to hypothetical glutaredoxin-like protein of S. enterica serovar Typhimurium, and
the putative Fur box matched the consensus sequence in twelve of nineteen bases (Table 2 and
Fig. 1). One of these clones, pSC16, which was homologous to cytochrome O ubiquinol
oxidase subunit 11, and had a putative Fur box matching the consensus sequence in fourteen of

nineteen bases (Table 2 and Fig. 1).

Screen of the A-dash library. The A-dash library was screened by probing with the insert
DNA from pSC4 as previously described (12). Four positive clones were identified and
sequenced. Clone pLT1, which contained the whole irod locus, was subject to further

characterization (Fig. 2).
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Nucleotide sequence analysis and predicted protein. The complete nucleotide sequence of
the irod locus of 8. enterica serovar Choleraesuis strain 1459, included /roBC'DE and N genes,
has 9,848 bp and showed a 97% identity to that of S. enferica serovar Typhi. These five ORFs
were designated as ireBCDE and N, but iroN appeared in the opposite orientation to other
ORFs (Fig. 2). A putative Rho-independent transcription terminator (stem bp 7294 to 7303,
loop bp 7304 to 7306; stem bp 7307 to 7316) was located on the intergenic region of the irof
and #roN. The iroBCDE cluster and iroN gene form an operon. A putative Fur box was
identified at the individual upstream regions of iroB and iroN that match the £. coli consensus

sequence,

Overexpression of recombinant IroN protein (rlroN) in E. cofi. A 2,181-bp iroN coding
sequence was amplified and cloned into pRSETA as previously described. This construct
(pRSETAiroN) was transferred into £. coli and expressed as an 82-kDa rlroN that contains a
6xHis Tag and a Xpress' "-epitope on its N-terminal, which was specifically recognized by
MAD anti Xpress™ antibody (data not shown). The partial purification of rIroN from the £
coli lysate was done by washing with Triton X-100 since it formed insoluble inclusion bodies.
The molecular mass of the partially purified recombinant protein was found by SDS-PAGE,
Rabbit anti-rlroN serum was used to localize the 78-kDa lronN of S. emterica serovar

Choleraesuis (Fig. 3).

In vive expression of irnn-regulatt;d outer membrane proteins in 5. enterica serovar
Choleraesuis. To determine whether convalescent porcine serum contained iron-regulated
outer membrane protein antibodies, three naturally infected and cne normal porcine sera were
used for Western blot analysis of the outer membrane proteins of S. ewferica serovar
Choleraesuis, which was cultured under the iron-limiting condition, with apparent molecular

masses of 83, 78, and 69 kDa, representing FepA (4), IroN, and FhuE (17), respectively (Fig.



4).

Construction of an iroN mutant of S enferica serovar Choleraesuis by allelic exchange
(strain 80521). To introduce an insertional inactivation of /ro/N gene into the chromosome of 5.
enferica serovar Choleraesuis by allelic exchange, we constructed plasmid pGPNKan, a
suicide vector containing a 1,253-bp kanamycin cassette within iroN . Plasmid pGPNKan was
e]éctroporated into S. enterica serovar Choleraesuis 807, with selection on medium containing
kanamycin and ampicillin for the meradiploid state, which pGPNKan had integrated into the
chromosomal iroN by a first crossover event. An iroN mutant, strain 80521, was identified by
its phenotype of kanamycin-resistance and ampicillin-sensitivity after duplicate replication of
the merodiploid strain without any remaining integrated plasmid. The double-crossover
transformant was further proved by dot-blot hybridization and PCR. For dot-blot hybridization,
the genomic DNA was prepared from both parental and mutant strains and hybridized to a
probe derived from plasmid pGP704, to confirm loss of the suicide vector from the mutated
allele. On dot-blot hybridization, the parental and mutant strain did not show any hybridization
signal (data not shown). PCR amplification of the jroN mutant strain using primers
iroNFurF-BamHI (5* GGGATCCAGAGAGTCATATTGCAA 3°, underline: BamHI cutting
site) and iroNFurR-Hindlll (5° GAAGCTTATAACCCATCAAAACGAG 3°, underline:
Hindlll cutting site), resulted in a 3,603-bp[h] product larger than the 2350 bp of the expected
iroN PCR product from the wild type {data no shown).

The outer membrane proteins of the parental strain 807 and the iroN mutant strain 80521
under the iron-sufficient and iron-limiting conditions were compared. The parental strain,
grown under iron-limiting media had apparent molecular masses of 83, 78, and 69 kDa of the
three major iron-regulated outer membrane proteins. Mutant strain 80521 showed loss of the
78-kDa protein. The complete iroN gene, including the upstream region of Fur box, was

subcloned into pACYC 184 to yield pACYCiroN. Mutant strains containing pACYCiroN were
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able to restore the expression of IroN that showed an apparent 78-kDa outer membrane protein

under iron-hmiting conditions (Fig. 5).

Virulence assay. To determine whether iro/N has a role in the virulence of §. enferica serovar
Choleraesuis in mice, the LDsp assays of the wild-type 807 and mutant 80521 were performed
via intraperitoneal inoculation. The LDsg of both the wild type and mutant were 1.5 x 10°. The

result showed that iro is not a virulence factor of 5. emterica serovar Choleraesuis in mice

during infection.

DISCUSSION

FURTA was developed to identify Fur-regulated genes or iron-binding proteins of
Gram-negative bacteria (34, 38). Since then, this technique has been used to identify
iron-regulated genes of S. enterica serovar Typhimurium (38) and Typhi (2). By FURTA, we
identified fifteen positive clones of S. enterica serovar Choleraesuis from 10,000 clones in a
Salmonella plasmid library. DNA sequencing indicated that eleven of the fifteen had a putative
Fur box. Among these eleven clones, six are homologous to the iron uptake and/or iron
transport genes in §. enferica serovar Typhi (2) and/or £. coli (34). The Fur regulon has been
studied in E. coli with at least thirty-six Fur-regulated genes (34). Iﬁ S. enterica serovar
Typhimurium, the expression of at least thirty proteins is negatively regulated at the
transcription level by Fur (1). Also, many of the Fur-regulated proteins were present both in E.
coli and in Salmonelia spp. Although ;ve have identified only eleven genes from this study, it is
expected that more Fur-regulated genes exist in §. enferica serovar Choleraesuis. Our results
also suggest that & emterica serovar Choleraesuis possesses outer membrane
siderophore-receptor proteins Ii-ke_ IroN, FepA, and Cir, which may increase the capability of
obtaining iron via siderophore piracy.

A new iron-regulated iroA4 locus with iroBCDE and N genes has been identified in §.
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enierica serovar Typhi (1, 2). In this study, we have also identified this locus with the same
gene order. The DNA sequences of these genes also indicated that each showed 97%
homelogy with 5. emterica serovar Typhi at the nucleic acid level. IroB is a bacterial
glycosyl-transferase (2), 1IroC is a member of the ATP-binding cassette family of transport
proteins (2), IroD is an enterochelin esterase (26), IroE is similar to the amino acid sequences
of an ORF located downstream of pfed, the enterochelin receptor gene of Psewdomonas
aeruginosa (16).

It is interesting that S. enferica serovar Choleraesuis causes disease mainly in pigs. The
iroA locus is also almost identical to other members of §. enterica. IroN serves as a receptor for
catecholate siderophores and the acquisition of iroN by S. enterica provided them a new
protein for uptake of iron (1). It has been reported that substrates excreted by soil bacterta, such
as the siderophores 2,N,6-N-bis(2,3-dihydroxybenzoyl)-L-lysine and
2,N,6—N-bis(2,3-dihydroxybenzoyl)- L-lysine amide produced by Azotobacter vinelandii (13)
and myxochelin A (22) from Angiococcus disciformans were utilized by §. enferica through
IroN receptor (1). Thus, IroN may facilitate the growth of 5. enterica in soil that ﬁ]ight increase
the fecal oral transmission of this pathogen.

Location of [roN on the outer membrane exposes it to the host’s immune system during
infection. Sera from naturally recovered pigs did recognize iron-regulated outer membrane
proteins. In several bacterial infections such as, P aernginosa (6), Vibrio cholerae (33),
Neisseria meningitidis (5), E coli (19), andS.' emterica serovar Typhi (17), antibodies produced
against iron-regulated outer membrane proteins to combat iron uptake have been shown to be
present in sera from convalescent patients. Thus, acquisition of iron-uptake outer membrane
protein genes in §. enterica introduces antigens that present as a target for the host immune
system.

In this study, we have also identified other iron-uptake proteins, such as fepA, and cir.

These proteins, including lroN, are able to transport various siderophores, such as enterochelin,
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DBS, benzaldehyde-2,3-dihydroxybenzhydrazone, 2,N,6-N-bis
{(2.3-dihydroxybenzoyl)-L-lysine, 2,N,6-N-bis(2,3-dihydroxybenzoyl)-L-lysine amide and
myxochelin A (1, 28). These proteins have overlapping substrate specificities the may enable
them to take up enough iron under iron-limiting environments (1).

In £. coli, a gene homologous to IroN of 5. enterica was also identified (30). The £. coi,
iroNE con, gene is linked to the P-pilus and FIC fimbrial gene clusters on a pathogenicity island
and seemé to have been acquired by /51230-mediated horizontal transmission (30). It is
considered to be a putative virulence gene of E. cofi (20, 30). The contribution of
siderophore-dependent iron-uptake systems to the virulence of enteric bacteria appears to vary
according to the pathogen. Siderophores are reported not to be essential for shigellae to survive
within the intestinal lumen or for invasion of the intestinal epithelium and intracellular survival
and multiplication {25). The siderophore aerobactin appears to be a more important virulence
factor for enteric bacteria than the siderophore eﬁterobactin (14).

The siderophore enterobactin of . enterica serovar Typhimurium is not required for the
virulence of the pathogen (3). However, the enterochelin-mediated iron transported of
pathogenicity in 8. enferica serovar Typhi is consistent with decreased mortality and LDsy of
mice infected with enterochelin-deficient or iron-transport deficient strains that have lost the
83- and 68-kDa iron-regulated outer membrane proteins (18). To address whether the iroN is a
vitulence factor of 5. enferica serovar Choleraesuis in mice, an /7o insertional inactivation
mutant was constructed by allelic exchange. However, the LDs, values showed no significant
differences between the iroN mutant and its parental strain. Since several iron-uptake systems
exist in Sa/monella spp., the mutation of one system may be compensated by another system. It
has been reported that Sa/monella pathogenicity island 2 (SPI-2) mutant is avirulent in mice
whereas it causes lethal morbidity and diarrhea in cattle (37, 39). Therefore, attenuation in
mice is not always predictive of the degree to which a mutation will reduce pathogeneicity for

other species. Whether this will be the case in pigs is unknown; further study is warranted.

15



ACKNOWLEDGMENTS
We thank A.J. Baumler for providing plasmid pSUK]!, K. Hanke for providing £. coli
H1717. and J.J. Mekalanos for providing pGP704. This work was supported by National

Science Council, Taiwan.

16



REFERENCES

Baumler, A. J., T. L. Norris, T. Lasco, W. Voight, R. Reissbrodt, W. Rabsch, and F.
Heffron. 1998. lroN, a novel outer membrane siderophore receptor characteristic of
Safméneﬂa enterica. ) Bacteriol 180:1446-53.

Baumler, A. J., R. M. Tsolis, A. W. van der Velden, L. Stojiljkovic, S. Anic, and F,
Heffron. 1996, Identification of a new iron regulated locus of Salmonella Hphi. Gene
183:207-13.

Benjamin, W. H., Jr, C. L. Turnbough, Jr, B. S. Posey, and D. E. Briles. 1985. The
ability of Saintonella typhimurium to produce the siderophore enterobactin is not a
virulence factor in mouse typhoid. Infect Immun 50:392-7.

Bennett, R. L., and L. 1. Rothfield. 1976, Genetic and physiological regulation of
intrinsic proteins of the outer membrane of Salmonella typhimurium. ] Bacieriol
127:498-504.

Black, J. R., D. W. Dyer, M. K. Thompson, and P. F. Sparling. 1986. Human immune
response to iron-repressible outer membrane proteins of Neisseria meningitidis, Infect
immun 54:710-3.

Brown, M. R. W,, H. Anwar, and P. A. Lambert. 1984 Evidence that mucoid
Psendomonas aeruginosa in the cystic fibrosis lung grows under iron-restrcited
conditions. FEMS Microbiol. Lett. 21:113-117.

Chang, Y. F, M. J. Appel, R. H. Jacobson, S. J. Shin, P, Harpending, R. Straubinger,
L. A. Patrican, H. Mohamméd, and B. A. Summers. 1995. Recombinant OspA
protects dogs against infection and disease caused by Borrelia burgdorferi. Infect Immun
63:3543-9.

Chang, Y. F, D. P. Ma, J. Shi, and .M. M. Chengappa. 1993. Molecular
characterization of a leukotoxin gene from a Pastenrella haemolytica-like organism,

encoding a new member of the RTX toxin family. Infect Immun 61:2089-95.

17



10.

1.

12.

13.

4.

15.

16.

17.

18.

19.

Chang, Y. F,, J. Shi, D. P. Ma, S. J. Shin, and D. H. Lein. 1993. Molecular analysis of
the Actinobaciltus plewropneumoniae RTX toxin-1lI gene cluster. DNA Cell Biol

12:351-62.

Chang, Y. F, R. Young, T. L. Mnulds, and D. K. Struck 1989. Secretion of the
Pastenrella leukotoxin by Escherichia coli. FEMS Microbiol Lett 5§1:169-73.

Chang, Y. F, R. Young, D. Post, and D. K. Struck. 1987. Identification and
characterization of the Pasteurella haemolytica leukotoxin. Infect Immun 55:2348-54.
Chang, Y. F,, R. Young, and D. K, Struck. 1989, Cloning and characterization of a
hemolysin gene from Actinobacillus (Haemophitus) plevropnenmoniae. Dna 8:635-47.
Corbin, J. L., and W. A. Bulen. 1969. The isolation and identification of
2.3-dihydroxybenzoic acid and 2-N,6-N-di-92,3-dihydroxybenzoyl)-L-lysine formed by
iron-deficient Azofobacter vinelandii. Biochemistry 8:757-62.

de Lorenzo, V., and J. L. Martinez. 1988. Aerobactin production as a virulence factor: a
reevaluation. Eur J Clin Microbiol Infect Dis 7:621-9.

de Lorenzo, V., S. Wee, M. Herrero, and J. B. Neilands. 1987. Operator sequences of
the aerobactin operon of plasmid ColV-K30 binding the ferric uptake regulation (fur)
repressor. J Bacteriol 169:2624-30.

Dean, C. R., and K. Poole. 1993. Cloning and characterization of the ferric enterobactin
receptor gene (pfeA) of Psendomonas aeruginosa. J Bacteriol 175:317-24, |
Fernandez-Beros, M. E., C. Gonzalez, M. A. McIntosh, and F. C. Cabello. 1989.
Immune response to the iron-deﬁrivation—induced proteins of Salmonelia typhi in typhoid
fever. Infect Immun 57: 127]-5.

Furman, M., A. Fica, M. Saxena, J. L. Di Fabio, and F. C. Cabello. 1994, Sa/moneila
typhi iron uptake mutants are attenuated in mice. Infect Immun 62:4091-4.

Griffiths, E., P. Stevenson, and P. Joyce. 1983. Pathogenic Escherichia coli express new

outer membrane proteins when growing in vivo. FEMS Microbiol. Lett. 16.

18



20

2l.

22.

23

24

25,

26.

27.

28.

29

Johnson, J. R, T. A, Russo, P. L. Tary, U. Carlino, S. S. Bilge, J. C. Vary, Jr, and A. L.
Stell. 2000. Molecular epidemioclogical and phylogenetic associations of two novel
putative virulence genes, iha and iroN(E. coli), among Escherichia coli isolates from
patients with urosepsts, vol. 68.

Kramer, T. T., R. W. Griffith, and L. Saucke. 1985. Iron and transferrin in acute
experime.ntal Salmonella cholerae-suis infection in pigs. Am J Vet Res 46:451-5,

Kunze, B., N. Bedorf, W. Kohl, G. Hofle, and H. Reichenbach. 1989. Myxochelin A, a
new iron-chelating compound from Angiococcus disciformis (Myxobacterales).
Production, isolation, physico-chemical and biclogical properties. J Antibiot (Tokyo)
42:14-7.

Marston, F, A. O., I. A. Lowe, M. T. Doel, J. M. Schoemaker, S. White, and S, Angal.
1984, Purification of calf prochymosin (prorennin) synthesized in Escherichia coli.
Biotech. 2:800-804.

Mekalanos, J. J. 1992. Environmental signals controlling expression of virulence
determinants in bacteria. J Bacteriol 174:1-7,

Payne, S. M. 1989. Iron and virulence in Shigella. Mol Microbiol 3:1301-6.

Pettis, G. S., T. J. Brickman, and M. A. Mclntosh, 1988, Transcriptional mapping and
nucleotide sequence of the Escherichia coli fepA4-fes enterobactin region. Identification of
a unique iron-regulated bidirectional promoter. J Biol Chem 263:18857-63.

Rabsch, W., B. M. Hargis, R. M. Tsolis, R. A. Kingsley, K. H. Rinz, H. Tschape, and
A. J. Baumler. 2000 Competitive exclusion of Salmonella enteritidis by Salmonella
gallinarum in poultry. Emerg Infect Dis 6:443-8,

Rabsch, W., W. Voigt, R. Reissbrodt, R. M. Tsolis, and A. J. Baumler., 1999
Salmonella typhimurium 1roN and FepA proteins mediate uptake of enterobactin but
differ in their specificity for other siderophores. J Bacteriol 181:3610-2.

Reed, J., and H. A. Muench. 1938.. A simple method of estimating fifty percent

19



30.

3l

32.

33

34.

35.

3o.

37.

38.

39.

endpoints. Am. J. Hyg. 27:493-497.

Russo, T. A., U. B. Carlino, A. Mong, and S. T. Jodush. 1999. Identification of genes in
an extraintestinal isolate of Escheh’chia coli with increased expression after exposure to
human urine. Infect Immun 67:5306-14.

Sambrook J, F. E., Maniatis T. 1989. Molecular cloning: a laboratory manual, 2" ed.
Cold Spring Harbor, N. Y.

Schnaitman, C. A. 1971. Solubilization of the cytoplasmic membrane of Escherichia
cofi by Triton X-100. J Bacteriol 108:545-52.

Sciortino, C. V., and R. A. Finkelstein, 1983. Vibrio cholerae expresses iron-regulated
outer membrane proteins in vivo. Infect Inmun 42:990-6.

Stojiljkovic, L, A. J. Baumler, and K. Hantke. 1994. Fur regulon in gram-negative
bacteria. Identification and characterization of new iron-regulated Escherichia coli genes
by a fur titration assay. J Mol Biol 236:531-45.

Taber, S., and C, C. Richardson. 1992. A bacteriophage T7 RNA polymerase/promoter
system for controlled exclusive expression of specific genes. 1985, Biotechnology
24:280-4,

Thompson, J. M., H. A. Jones, and R. D. Perry. 1999. Molecular characterization of the
hemin uptake locus (hmu) from Yersinia pestis and analysis of hmu mutants for hemin and
hemoprotein utilization. Infect Immun 67:3879-92,

Tsolis, R. M., L. G. Adams, T. A. Ficht, and A. J. Baumler. 1999. Contribution of
Salmonella typhimurium virulence factors to diarrheal disease in calves. Infect [mmun
67:4879-85,

Tsolis, R. M., A. J. Baumler, L. Stojiljkovic, and F. Heffron. 1995, Fur regulon of
Salmonella  typhimurium: identification of new iron-regulated genes. J Bacteriol
177:4628-37.

Tsolis, R. M., R. A. Kingsley, S. M. Townsend, T. A. Ficht, L. G. Adams, and A, J.

20



Baumler. 1999. Of mice, calves, and men. Comparison of the mouse typhoid model with
other Safmonella infections. Adv Exp Med Biol 473:261-74.
40. Webster, A. C., and C. M. Litwin. 2000. Cloning and characterization of vuuA, a gene

encoding the Vibrio vulnificus ferric vulnibactin receptor. Infect Immun 68:526-34.

41. Wooldridge, K. G., and P. H. Williams. 1993. Iron uptake mechanisms of pathogenic
bacteria. FEMS Microbiol Rev 12:325-48,

21



TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Genotype or relevant characteristic(s)”

Reference or source

E. coli strains

BL21(DE3)pLysS F ompT hsdSu(rs'my) gal dem (DE3) pLysS Cm;

DH5a

HI1717

S17-1 Apir

S emterica serovar

Choleraesuis strains
1459

807

80521
Plasmids

pACYCI184

pACYCiroN

pBluescript SK+

host for inducing protein expression

F endA ThsdR1T(rk-mk-) supEA4t hi-1 recAl gyrd
relAl A(lacZ¥A-argF) U169 deoR (¢80 dlac
A(lacZ)M15} X' cloning host

aral139 AlargF-lac) U169 reldl rpsLfibB deoC
PIsF rbsR aroB fhuk:. AplacMu53

Prp thi recA hsdR; chromosomal PR4-2 (Thi: I5Rf
tet: Mu Km::Tu7), Apir

Wild-type strain isolated from swine septicemia Ap"
Km'"

Wild-type strain isolated from swine septicemia

807 iroN::km km'

4,625 bp shuttle vector; Tc' Cm"

2.3 kb HindlI-BamHl modified iroN gene
(including the Fur box of downstream region of the
irod locus) cloned into pACYC184

3.0-k cloning vector; Ap"

[nvitrogen

Laboratory stock

Laboratory stock

Laboratory stock

This study

This study
This study

New England Biolabs
This study

Laboratory stock

pBSNKan pBluescript SK+ with BamHI-Hindlll insertion of This study
2,181 bp iroN gene containing an internal insertion
of 1,253 bp kanamycin cassette; Ap" Km'

pLT1 The 9.8 kp of Safl insertion of the completed iro4  This study
locus cloned into pHG165; Ap”

pLT2 The 2.3 kb of Sall insertion cloned into pHG165;  This study
Ap’

pLT3 The 5.2 kb of Sail insertion cloned into pHG 165, This study
Ap'

pLT4 The 6.8 kb of Safl insertion cloned into pHG165; This study
Ap'

pGP704 3.7 kb oriT oriV Ap’ 26
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TABLE 1. Bacterial strains and plasmids (continued)

Strain or plasmid Genotype or Relevant characteristic(s)" Reference or source
PGPNKan pGP704 with Sall-Xbal insertion of pBSNKan This study
containing an internal insertion mutated iroN
gene; Ap’ Km'
pRSETA - T7 promoter expression vector lnvitrogen
pRSETAIiroN 2,181 bp PCR product generated from 5. enferica  This study
serovar Choleraesuis cloned into pRSETA,
His-tagged IroN
pSUKSI pSUI9 with Haell fragment of pBCSK+ 35
pUC4K pUC vector with kanamycin cassette Amersham Pharmacia
Phage
Lambda dash red gam 8

* Ap', ampicillin resistance; Cm", chloramphenicol resistance; Kim', kanamycin resistance.
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TABLE 2. Comparison of potential Fur box found in FURTA-positive clones with the

consensus sequence found by de Lorenzo ef al. (15).

Consensus GATAATGAT A ATCATTATC Matches
pSC2; GATAACTAT T TGCATTTGC (13/19)
pSC3: GATACTGAT T ATGGTTTAT (13/19)
pSC4: GATATTGGT A ATTATTATC  (17/19)
pSCS: GCAAACAAT A ATAATTATC  (14/19)
pSC3. GTTAATCAT A ACCGTGATA  (13/19)
pSC9: GAAAATGAG A AGCATTAAC (15/19)
pSClo: GATAATCAC T ATCATTATC (17/19)
pSCI12: GATACTGAT T ATGGTTTAT (12/19)
pSCl4: GCAAATGCA A ATAGTTATC  (13/19)
pSC15 CTTGAAGAT A ATGGTTACC  (12/19)

PSCl6 GATAATGAA A AAGGTTATG  (14/19)
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Figure Legends:

FIG. 1. FURTA-positive clones from 3. enferica serovar Choleraesuis. Open arrows indicate
ORFs. Black boxes indicate the presence of a consensus Fur box. T3 and T7 primers used for
sequencing. The open arrow indicates ORFs and the director of promoter. The black boxes

indicate the presence of a putative Fur box.

FIG. 2. The genetic map of iroA locus of 5. enterica serovar Choleraesuis. The positions and
orientations of ORFs identified by sequence analysis were indicated by open arrows. pSC4 is a
FURTA-positive clone and the position and size of insert of /704 locus were indicated. The

dense squares indicate the Fur box.

F1G. 3. SDS-PAGE and Western blot analysis of the rlroN and OMP of §. enterica serovar
Choleraesuis probed with rabbit anti-rlroN serum. (A) SDS-PAGE analysis of the OMP profile
of 8. enterica serovar Choleraesuis grown either in iron-rich (lane 1) or iren-limiting (lane 2}
conditions and the rlroN (lane 3). (B) Western blot analysis of the OMP and rlroN with rabbit
anti rlroN serum. The rabbit anti-rIroN serum recognized the protein band (Lane 2 and 3). The
arrowheads indicate the natural iroN (78 kDa) and the arrows indicate the rlroN (82 kDa). M,

The numbers on the left indicate the position of standard marker (Bio-Rad} in kDa.

F1G. 4. Western blot analysis of the iron-regulated outer membrane proteins of 5. enterica
serovar Choleraesuis with convales_cent porcine sera. The outer membrane proteins were
isolated from the §. emerica serovar Choleraesuis which was grown in iron-limiting condition.
Lanes I, 2 and 3 (convalescent porcine sera); lane 4 (normal porcine serum). The positions of
standard protein marker in kDa are shown on the left. The arrows indicate the three major

iron-regulated outer membrane proteins.
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FIG. 5. The outer membrane proteins (SDS-PAGE) profiles of S. enterica serovar Choleraesuis.
Wild type (807), iroN mutant (80521) and 80521(pACYCiroN) were grown either in
iron-sufficient medium (lanes 1, 3, and 5) or in iron-limiting medium (lanes 2, 4 and 6),
respectively. Lane M provided standard protein markers (Bio-Rad) w.ith kDa shown on the left.

The IroN is indicated by an arrow.
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