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Iron (Fe) in soluble elemental form is found in the tissues and fluids of animals at concentrations insufficient
for sustaining growth of bacteria. Consequently, to promote colonization and persistence, pathogenic bacteria
evolved a myriad of scavenging mechanisms to acquire Fe from the host. Bordetella bronchiseptica, the etiologic
agent of upper respiratory infections in a wide range of mammalian hosts, expresses a number of proteins for
acquisition of Fe. Using proteomic and genomic approaches, three Fe-regulated genes were identified in the
bordetellae: bfrH, a gene encoding a putative siderophore receptor; ecfl, a gene encoding a putative extracel-
lular function (ECF) sigma factor; and ecfR, a gene encoding a putative Ecfl modulator. All three genes are
highly conserved in B. pertussis, B. parapertussis, and B. avium. Genetic analysis revealed that transcription of
bfrH was coregulated by ecfl, ecfR, and furl, one of two fur homologues carried by B. bronchiseptica. Overex-
pression of ecfT decoupled bfrH from Fe-dependent regulation. In contrast, expression of bfrH was significantly
reduced in an ecfl deletion mutant. Deletion of ecfR, however, was correlated with a significant increase in
expression of bfrH, due in part to a cis-acting nucleotide sequence within ecfR which likely reduces the
frequency of readthrough transcription of bfrH from the Fe-dependent ecfIR promoter. Using a murine
competition infection model, bfrH was shown to be required for optimal virulence of B. bronchiseptica. These
experiments revealed ecfIR-bfrH as a locus encoding a new member of the growing family of Fe and ECF sigma

factor-modulated regulons in the bordetellae.

Due to its involvement in various metabolic processes, iron
(Fe) is an essential growth factor for both nonpathogenic and
pathogenic bacteria. Enzymes involved in processes of glycol-
ysis, ATP synthesis, and DNA replication in bacteria require
Fe as a cofactor or as a requisite prosthetic group (60). Se-
questration of the metal by high-affinity Fe-binding proteins,
such as transferrin, lactoferrin, ferritin, and hemoproteins, de-
creases the concentration of elemental Fe in mammalian tis-
sues and fluids to <10~ '® M, a level which is insufficient to
support the growth of invading microorganisms (19, 60). Thus,
to thrive and elicit an infection in this hostile environment,
pathogenic microorganisms evolved a wide range of regulated
mechanisms for scavenging Fe from the host. In Neisseria spp.
and Haemophilus influenzae, for example, expression of specific
surface proteins involved in acquiring Fe from heme, xeno-
siderophores, or ferriproteins is upregulated when the bacteria
encounter Fe-limiting environments (19, 53, 60, 65). Bacteria
in various genera, including Escherichia, Klebsiella, and Shi-
gella, obtain Fe from the local environment by expression and
secretion of Fe-scavenging siderophores (19, 53, 60, 65). Bind-
ing of the siderophores to specific Fe-regulated outer mem-
brane (OM) receptors initiates uptake of the molecules into
the cytoplasm for utilization of the bound Fe.
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Commonly, expression of Fe-responsive genes in bacteria is
tightly regulated. Global Fe-responsive regulatory proteins,
such as Fur (Fe uptake regulator), expressed by numerous
types of bacteria, and DtxR (diphtheria toxin regulator) of
Corynebacterium diphtheriae, have essential regulatory roles in
maintaining Fe homeostasis in the cell (38, 40, 58, 65). Both
Fur and DtxR mediate expression of their regulons by repress-
ing expression from promoters (7, 58). The Fe-complexed form
of Fur, a regulatory protein found almost ubiquitously in
Gram-negative and Gram-positive bacteria, exhibits binding
affinity for a 19-bp consensus nucleotide sequence (Fur box)
located near or within the promoters of many Fe-responsive
genes (40, 58). Binding of Fur to a Fur box represses expres-
sion of the fur-regulated genes, ostensibly by excluding RNA
polymerase from the promoter sequences (40). During periods
of Fe stress, loss of Fe from Fur (apo-Fur) reduces Fur’s
binding affinity for the Fur box. Dissociation of apo-Fur from
the Fur box derepresses the promoter and permits transcrip-
tion of the Fur-regulated gene (40).

A more complicated signal transduction cascade for control-
ling expression of Fe-dependent genes, however, has been de-
scribed for Escherichia coli (3), Pseudomonas spp. (37, 39, 54),
Bordetella spp. (36), and several other bacteria (10, 56). In
these systems, a special class of sigma factor, the extracellular
function (ECF) sigma factor, is activated by extracellular sig-
nals and interacts with specific promoters to drive expression
of one or more genes involved in Fe acquisition (11, 29, 36, 37,
53). Like other sigma factors, ECF sigma factors reversibly
interact with core RNA polymerase and specific nucleotide
sequences to recruit the holoenzyme to the cognate ECF sigma
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factor-regulated promoters. Unlike members of the sigma 70
family, which routinely control expression of housekeeping
genes, ECF sigma factors commonly regulate the expression of
genes involved in adaptation of the bacterium to particular
environments (29, 47).

ECF sigma factors implicated in the regulation of Fe acqui-
sition genes have been denoted Fe starvation ECF sigma fac-
tors (71). The molecular cascade by which an Fe starvation
ECF sigma factor regulates gene expression has been studied
most extensively with the fecIR-fecABCD system of E. coli (9,
11). Under Fe-stressed growth conditions, FecA, the OM re-
ceptor for iron citrate, is basally expressed by readthrough
transcription originating upstream from P, .z, a promoter
which controls expression of o™ and FecR (9). Upon binding
to extracellular ferric citrate, FecA undergoes a conforma-
tional change which transmits a signal across the periplasm to
FecR, which in turn transmits an activation signal across the
plasma membrane and into the cytoplasm to ™', Once acti-
vated, o"°! associates with the core RNA polymerase, which
induces transcription from Py, 45 to drive prolific expression
of the polycistronic fecABCD operon (9, 11). ECF sigma fac-
tors are usually coexpressed with a second regulator which, in
turn, modulates the activity of the cognate ECF sigma factor.
FecR of E. coli appears to positively modulate o™*" when the
bacterium encounters the specific extracellular inducing ligand
ferric citrate (9, 11). In Pseudomonas putida, however, PupR
inhibits the activity of o*"P' in the absence of the extracellular
signal and functions as a sequestering type of anti-sigma factor
(37). In Bordetella bronchiseptica, o™ regulates expression of
the bhuRSTUV operon, which encodes receptor and transport
proteins required for acquisition of exogenous heme (67).
HurR of B. bronchiseptica positively modulates o™ in the
presence of heme (67), and AurP, a gene encoding a prospec-
tive plasma membrane-associated protease, is also required to
mediate the heme-dependent expression of BhuR, the outer
membrane heme receptor (34).

Four members of the genus Bordetella have been described
as causative agents of several upper respiratory diseases in a
variety of animals. B. pertussis and B. parapertussis are obligate
human pathogens which elicit whooping cough and a whooping
cough-related disease, respectively (45). B. avium, a major
environmental and agricultural pathogen, infects a number of
species of wild and domestic birds (36). B. bronchiseptica ex-
hibits the broadest host range, having the capacity to infect
mice, dogs, pigs, birds, porcupines, rabbits, horses, monkeys,
and humans (45, 72). It is believed that B. bronchiseptica is the
evolutionary progenitor of B. pertussis and B. parapertussis
(51). To date, three Fe-scavenging systems have been charac-
terized for the pathogenic bordetellae (2, 6, 14-16, 67): (i) the
BhuR system for acquisition of heme (12, 16, 67); (ii) the FauA
system for uptake of alcaligin, the endogenous siderophore of
the bordetellae (14-16); and (iii) the BfeA system for retrieval
of the xenosiderophore enterobactin (2, 6, 12, 16). Each of
these systems has an important role in pathogenesis. Mixed-
infection experiments using a murine infection model demon-
strated that these three acquisition systems are essential for
optimal virulence of B. pertussis (12, 16-18).

To identify additional proteins likely to be involved in Fe
uptake and pathogenesis, a proteomic approach was employed
to analyze OM proteins isolated from several different species
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of Bordetella. Herein we characterize the Fe-dependent regu-
latory mechanisms by which BfrH, a prospective OM protein
expressed by Fe-stressed B. bronchiseptica, is expressed. Ge-
netic experiments revealed that expression of bfrH depends
upon (i) the Fe environment, (ii) one of two fur genes carried
by B. bronchiseptica, and (iii) genes encoding a cognate ECF
sigma factor and sigma factor regulator. In combination with
results obtained from an experimental infection model em-
ploying a bfrH-deficient mutant, these data provide strong ev-
idence that the ecfIR-bfrH locus encodes a highly conserved,
ECF-regulated Fe retrieval system in B. bronchiseptica which is
important for optimal virulence of the bacterium.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids uti-
lized in this study are described in Table 1. Unless otherwise stated, strains of B.
bronchiseptica RB50 were maintained on brain heart infusion (BHI) agar plates
or in BHI broth (Difco Laboratories, Detroit, MI). E. coli strains were main-
tained on Luria-Bertani (LB) agar or in LB broth. Bacteria utilized for the
murine infection assay were maintained on Bordet Gengou (BG) plates supple-
mented with 15% sheep blood (Crane Laboratories Inc., Syracuse, NY) and
cultured in modified Stainer Scholte (SS) broth (30, 46), which contained the
following (per liter): 10.72 g glutamic acid (monosodium salt), 1.525 g Tris, 2.5 g
NaCl, 3.67 ml 1 M KH,PO,, 2.68 ml 1 M KCl, 0.490 ml 1 M MgCl,, 0.136 ml 1
M CaCl,, 10 ml proline supplement, 10 ml SS supplement, and 15 ml 10%
Casamino Acids. To establish Fe-replete conditions, BHI and SS cultures were
supplemented with 36 uM FeSO,. Fe-stressed growth conditions were instituted
by supplementing BHI cultures with 25 to 50 wM ethylenediamine di-o-hydroxy-
phenylacetic acid (EDDHA; Sigma Biochemicals, St. Louis, MO). Fe-stressed
growth of bacteria in SS cultures was achieved by not supplementing the medium
with Fe. Antibiotics were obtained from Sigma Biochemicals and Amresco (Solon,
OH). Unless otherwise noted, ampicillin was utilized at 200 wg/ml, streptomycin
at 200 pg/ml, tetracycline at 10 wg/ml, gentamicin at 40 pg/ml, and kanamycin at
50 pg/ml.

Escherichia coli strains DH5aF'kan and DH5aF'tet were used as host strains
for recombinant engineering. E. coli MC4100\pir and HB101(pRK2013) were
employed as helper strains for triparental matings, while SM10\pir was used as
a donor strain for biparental matings.

Synthetic oligonucleotides and PCR amplification of DNA from B. bronchi-
septica. All synthetic oligonucleotides (Integrated DNA Technologies, Coralville,
TA) used for PCR, reverse transcription-PCR (RT-PCR), or quantitative RT-
PCR (qRT-PCR) or for engineering recombinant strains and plasmids are listed
in Table 2. PCR was used to generate DNA from B. bronchiseptica for use in the
construction of plasmids and for engineering of mutants. Unless otherwise indi-
cated, DNA was amplified using either EasyA polymerase or Pfu Turbo poly-
merase (Stratagene, La Jolla, CA). PCR mixtures contained 1 unit polymerase,
1X EasyA or Pfu Turbo buffer (Stratagene), 10% dimethyl sulfoxide (DMSO), a
62.5 uM or 125 pM concentration of each deoxynucleoside triphosphate, re-
spectively, and a 0.4 pM concentration of each oligonucleotide primer. PCR
products were resolved by agarose gel electrophoresis, purified using a GFX
purification kit (GE Healthcare, Piscataway, NJ), and cloned into pGEM-T
(Promega, Madison, WI), pTOPO (Invitrogen, Carlsbad, CA), or pBluescript
KS(+) (Stratagene), as indicated. All PCR-amplified DNAs were confirmed by
nucleotide sequencing (Roswell Park Cancer Institute, Buffalo, NY).

Construction of pRK-furl-1. The 547-bp furl open reading frame (ORF)
(BB3942) (Sanger Institute Wellcome Trust Genome Campus, Cambridge,
United Kingdom) (51) was amplified from RB50 chromosomal DNA by PCR
using synthetic oligonucleotides (fur/HIII and fur]ERI3), EasyA polymerase
(Stratagene), and the following parameters: 30 cycles of 95°C for 45 s, 50°C for
45 s, and 72°C for 1 min 30 s. The purified PCR product was cloned into
pGEM-T (Promega) to produce pGEM-furI-1. Subsequently, furl was direction-
ally cloned into pRK415 (32) at the HindIII/EcoRI sites to orient the ORF with
P,,. of the vector to produce pRK-furl-1.

Construction of pJB7.1. The 2,505-bp bfrH open reading frame (Sanger anno-
tation, BB3658) (51) was amplified from RB50 chromosomal DNA by PCR using
synthetic oligonucleotides (bfrHwt5'pET21 and bfrHWT3'HispET21"), EasyA poly-
merase (Stratagene), and the following parameters: 30 cycles of 95°C for 45 s, 55°C
for 45 s, and 72°C for 3 min. The purified PCR product was ligated into pTOPO
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TABLE 1. Plasmids and strains used in this study

Strain or plasmid Relevant characteristic(s) f:flé rrien;g
Strains
B. bronchiseptica strains
RB50 Wild type 22
RB50AbfrH Chromosomal deletion of bfrH in RB50 This study
RB50AbfrH::Kan Kan" cassette insertion into bfrH of RB50 This study
RB50AecfR Chromosomal deletion of ecfR in RB50 This study
RB50ecfRK-1 Knock-in of ecfR at the ecfR locus This study
RB50AecfT Chromosomal deletion of ecfI in RB50 This study
RB50Afurl Chromosomal deletion of furl in RB50 This study
E. coli strains
DH5aF kan x80dlacZM15 A(lacZYA-argF)U169 deoR recAl phoA hsdR17(ry~ my ") supE44\ thi-1 gyrA96 Invitrogen
relAI [F' proAB lac'ZAM15 Tn5(Kan")]
DH5aF'tet DH5a transconjugant with [F' proAB lac®ZAM15 Tnl0(Tet")] Invitrogen
HB101(pRK2013) F~ A(gpt-proA)62 leuB6 ginV44 ara-14 galK2 lacY1A(mcr-mirr) rpsL20 xyl-5 mtl-1 recA13; Stp* 23
MC4100Apir F~ araD139 A(argF-lac)U169 rpsL150 relAl flbB5301 deoCl ptsF25 rbsR (\pir); pRK2013 64
SM10Apir Conjugation helper strain; RP4 plasmid integrated into the chromosome 49
BL21(DE3)(pLysS) F~ ompT hsdSg (rg~ mg~) dem gal N(DE3); pLysS; Cm* Promega
Plasmids
pTOPO Cloning vector; Amp" Stratagene
pBluescriptKS(+) Cloning vector; Amp" Stratagene
pET21a Protein expression vector; Amp* Novagen
pGEM-T Cloning vector; Amp" Promega
pCVD442tet Allelic exchange vector; \pir sacB Amp" Tet" 49
pRK415 Mobilizable broad-host-range expression vector; Tet" 32
pRK415A Gene encoding the LacZ alpha peptide in pRK415 frameshifted at the Xhol site 36
pRK2013 Conjugative helper plasmid; Kan" 23
pKSAC Kan" cassette Pfizer
pDIM41A Promoterless lacZ from pRS415 in pUFR047 36
pTOPOKan Kan" cassette from pKSAC ligated into pTOPO This study
pJB3 166-bp fragment containing 3’ region of ecfR (30 bp), ecfR-bfrH intergenic region (93 bp), and This study
5’ region of bfrH (43 bp) in pTOPO
pJB3.1 166 bp from pJB3 in pDIM41A This study
pJB7 RB50 bfrH-His with pET21a-derived RBS in pTOPO This study
pJB7.1 RB50 bfrH-His with pET21a-derived RBS in pET21a This study
pJBS8 Fragment containing 612 bp upstream of bfrH, bfrH, and 587 bp downstream of bfrH in pTOPO This study
pJBS.1 Self-ligated inverse PCR fragment generated from pJBS8 containing 612 bp upstream of bfrH This study
and 587 bp downstream of bfrH
pJBS.2 Fragment from pJB8.1 containing 612 bp upstream of bfrH and 587 bp downstream of bfrH in This study
pCVD442tet
pJB8.3 Kan" cassette from pTOPOKan ligated to inverse PCR fragment generated from pJBS, This study
containing 612 bp upstream of bfrH and 587 bp downstream of bfrH
pJBS8.4 Fragment from pJB8.3 containing 612 bp upstream of bfrH, Kan" cassette, and 587 bp This study
downstream of bfrH in pCVD442tet
pJB10 Fragment in pGEM-T containing 643 bp upstream of ecfR, the ecfR ORF, and 603 bp This study
downstream of ecfR
pJB10.1 Self-ligated inverse PCR fragment generated from pJB10, containing 643 bp upstream of ecfR This study
and 603 bp downstream of ecfR
pJB10.3 Generated from pJB10.1, containing 643 bp upstream of ecfR and 603 bp downstream of ecfR This study
in pTOPO
pJB10.4 Fragment from pJB10.3 containing 643 bp upstream of ecfR and 603 bp downstream of ecfR in This study
pCVD442tet
pJB10Xbal Fragment containing 643 bp upstream of ecfR, ecfR, and 603 bp downstream of ecfR in pTOPO This study
pJB10.5 Fragment from pJB10Xbal in pCVD442tet This study
pJB11 Fragment containing 600 bp upstream of furl, furl, and 600 bp downstream of furl in pTOPO This study
pJB11.1 Self-ligated inverse PCR fragment generated from pJB11, containing 600 bp upstream of fur! This study
and 600 bp downstream of fur!
pJB11.2 Fragment from pJB11.1 containing 600 bp upstream of fur!/ and 600 bp downstream of furl in This study
pCVD442tet
pJB16 Fragment containing 604 bp upstream of ecf], ecfl, and 600 bp downstream of ecfl in pGEM-T This study
pJBl6.1 Self-ligated inverse PCR fragment generated from pJB16, containing 604 bp upstream of ecf! This study
and 100 bp upstream of the TGA stop codon of ecfl
pJB16.2 Fragment from pJB16.1 containing 604 bp upstream of ecfl and 100 bp upstream of the TGA This study
stop codon of ecfl in pCVD442tet
pGEM-furl-1 furl in pGEM-T This study
pRK-furl-1 RB50 furl in pRK415 This study
pGEMTecfl RB50 ecfl in pGEM-T This study
pecfl RB50 ecfl in pRK415 This study
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TABLE 2. Synthetic oligonucleotides used in this study

Primer

Amplified region

Sequence (5'-3"“)

Primers for allelic
exchange

Afurl-5
Afurl-3
furlinvPCR1
furlinvPCR2
AbfrH-5
AbfrH-3
bfrHinvPCR1
bfrHinvPCR2
pTOPOKan5
pTOPOKan3
AecfI-5
Aecfl-3
ecflinvPCR1
ecflinvPCR2
AecfR-5
AecfR-3
ecfRinvPCR1
ecfRinvPCR2
pJB10.1ecfRUpXbal
pJB10.1ecfRdXbal-2

Primers for recombinant
plasmids
furTHIIT
furl ERI3
bfrHwt5'pET21

bFHWT3 HispET21’
Bpbfils'
Bphfil3’

Primers for end-point
RT-PCR
RTbhuRS
RTbhuR3
RTbfrHS
RTbfrH3
RPAecfI5
RPAecfI3
RTecfR5
RTecfR3
RPAecfIRS
RPAecfIR3
bfrHPromRPAS
bfrHPromRPA3
RTrecAS
RTrecA3

Primers for qRT-PCR
qRTbfrHS
qRTbfrH3
qRTPbhfrH1
qRTPbfrH2
qRTrecAS
qRTrecA3

600 bp upstream of furl, furl, and 600 bp downstream of fur!
600 bp upstream of furl and 600 bp downstream of furl

612 bp upstream of bfrH, bfrH, and 587 bp downstream of bfrH
612 bp upstream of bfrH and 587 bp downstream of bfrH

5" end of Kan® cassette in pKSAC

3’ end of Kan" cassette in pKSAC

604 bp upstream of ecfl, ecfl, and 600 bp downstream of ecfl
604 bp upstream of ecfl and 600 bp downstream of ecf!

643 bp upstream of ecfR, ecfR, and 603 bp downstream of ecfR
643 bp upstream of ecfR and 603 bp downstream of ecfR

643 bp upstream of ecfR and 603 bp downstream of ecfR

547-bp ORF of furl

2,505-bp ORF of bfrH

534-bp OREF of ecfI

513-bp internal region of bhuR
598-bp internal region of bfrH
218-bp internal region of ecfl

488-bp internal region of ecfR
288-bp overlapping region of ecfIR
237-bp intergenic region of ecfR-bfrH

402-bp internal region of recA

11-bp internal region of bfrH
98-bp region of ecfR-bfrH

118-bp internal region of recA

CTAGTCTAGACCTTGTCGATGCCTTCCTG
CGAGCTCGCAGACCCTGTCCATGCAG
GGTGTAATCGCTCTCCATC (5" phosphorylated)
TCCTCCGGCTCTACCAACC (5' phosphorylated)
CTAGTCTAGAGCCATAGCGCTGTTGCGTG
CGAGCTCCGCATCAGCAGCTTGGACC
GGGAACTCTCCTATGCGTTAG (5’ phosphorylated)
ATCCGGGATTTGGTCGGAAATT (5’ phosphorylated)
CCGGAATTCGATATCAAAGCCACGTTGTGTCTCA
CGCGGATCCGATATCTTAGAAAAACTCATCGAGC
CTAGTCTAGACGAGCCCAGGGGAGGCTC
CTAGTCTAGACTGCCCGCATACACGCCG
AACGGCAATACCATCGGGGC (5’ phosphorylated)
CTATGCCGAGATCGCGCAA (5’ phosphorylated)
GGAAGATCTGCCTTGGGCGGTTTGCGG
AAAAGTACTGCGAGTCACCACCGAAATC
CTACTCATGGAATGCCATGTA (5’ phosphorylated)
GCGCGGTTACAAAACAATCGC (5’ phosphorylated)
CTAGTCTAGAGCCTTGGGCGGTTTGCGC
CTAGTCTAGAGCGAGTCACCACCGAAATC

CGCAAGCTTGATAGTTCCGTGGGGCAG
GGGGAATTCGGTAGAGCCGGAGGATCA
CTAGTCTAGAAAGGAGATATACATATGTTTTCTC
GCAGTCAGAA
CGAGCTCTCACACCACCACCACCACCACCACTTA
TCTCAGTCTTTCCCCTG
GGTCTAGAGAAGGAGATATACATATGCCTGCCA
GCCTGATCACTTCG
GGGAATTCCTACTCATGGAATGCCATGTA

TGTTCGACAACCGCTACCAGAACT
GCACGTTGATGGCTTCCCAGTATT
TACGGCGCCAGCAACAACAATTAC
ATTTCACGCCGACCTCATACTGCT
CCCAAGCTTACGCAGGATGTGTTCGTGC
GGATCCCAGCAGCTCGGCCTGCTGT
TGGCGAAATGCTGGTGGATGT
GCGTCACGCTGAGCCAGTAA
CCCAAGCTTACGCAGGATGTGTTCGTGC
CGCGGATCCCGCCAGCCAGGCGCGAC
CCCAAGCTTCCGCCGTGCGCCAGAGC
CGCGGATCCATGGCGACAGGCGCCAGG
GCACCAACTGCATGGTCATCTTCA
SCGATGGCCATTTCCTTGTGCTCTT

ATCAACTGGAGCATCGCTTCAACG
TAGCCGTAATTGTTGTTGCTGGCG
CCGTCCTTGCAGATTCGGCTTT
AACACGGGAACTCTCCTATGCGTT
GCAACGCGCTCAAGTTCTATTCCT
ACCTTGTTCTTGACCACCTTGACG

¢ Various restriction sites incorporated into the oligonucleotides are underlined.

(Invitrogen) to produce pJB7. The DNA fragment carrying bfrH was then direction-
ally cloned into pET21a (Promega) at the Xbal and SacI sites to produce pJB7.1.

Construction of pecfl. The 534-bp ecfI open reading frame (Sanger annotation,
BB3942) (51) was amplified from RB50 chromosomal DNA by PCR, using synthetic
oligonucleotides (BpbfrI5' and Bpbfi13'), EasyA polymerase (Stratagene), and the
following parameters: 30 cycles of 95°C for 45 s, 53°C for 45 s, and 72°C for 1 min.
The purified PCR product was ligated into pGEM-T (Promega) to produce
pGEMTecfl. The DNA fragment carrying ecfl was then directionally cloned into
pRK415 (32) at the BamHI and EcoRI sites to produce pecf.

pIB3.1.

Construction of pJB3.1. A region encompassing the last 30 bp of ecfR, the 93-bp
ecfR-bfrH intergenic region, and the first 43 bp of bfrH was amplified from RB50
chromosomal DNA by PCR, using synthetic oligonucleotides (BpbfrHprom5 and
BpbfrHprom3), EasyA polymerase (Stratagene), and the following parameters:
30 cycles of 95°C for 45 s, 50°C for 45 s, and 72°C for 1 min. The purified PCR
product was ligated into pTOPO (Invitrogen) to produce pJB3. The DNA frag-
ment carrying the putative bfrH promoter was liberated from pJB3 by digestion
with EcoRI and BamHI and directionally cloned into pDJM41A (36) to produce
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Engineering of RB50Afurl. The furl gene (51) was deleted from the chromo-
some of RB50 by use of allelic exchange. Nucleotide sequences encoding the fur!
OREF and the respective 5'- and 3’-flanking regions were amplified from RB50
chromosomal DNA by a PCR utilizing oligonucleotide primers (Afurl-5 and
Afurl-3) whose nucleotide sequences were homologous to regions located 601 bp
upstream of the fur! ATG start codon and 600 bp downstream of the furl TGA
stop codon, respectively. PCR was performed using EasyA polymerase (Strat-
agene) under the following conditions: 30 cycles of 95°C for 1 min, 55°C for 1
min, and 72°C for 4 min 30 s. The purified PCR product was ligated into pTOPO
(Invitrogen) to produce pJB11. To remove the nucleotide sequences carrying the
furl ORF from the amplified fragment, inverse PCR was performed, with pJB11
as the template and with 5'-phosphorylated oligonucleotide primers
(furlinvPCR1 and furlinvPCR2) whose sequences were homologous to nucleo-
tide sequences located immediately upstream of the fur! ATG start codon and
immediately downstream of the fur/ TGA stop codon, respectively. PCR was
performed using Pfu Turbo polymerase (Stratagene) and the following param-
eters: 30 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 4 min 30 s.
Purified PCR products were self-ligated to produce pJB11.1. The 1.2-kb DNA
fragment containing the furl flanking sequences was removed from pJB11.1 and
ligated into the allelic exchange vector pCVD442fet (49) at the Xbal and Sacl
sites to produce pJB11.2, which was introduced by conjugation into the chromo-
some of RB50 at the furl locus.

Engineering of RB50AbfrH and RB50AbfrH::Kan. Allelic exchange was em-
ployed to remove the bfrH gene (Sanger annotation, BB3658) (51) from the
RB50 chromosome. DNA including the 5'- and 3'-flanking sequences and bfrH
was amplified from RB50 chromosomal DNA by a PCR utilizing oligonucleotide
primers (AbfrH-5 and AbfrH-3) with nucleotide sequences which were homolo-
gous to regions located 612 bp upstream of the bfrH GTG start codon and 590
bp downstream of the bfrH TGA stop codon, respectively. PCR was performed
using Pfu Turbo polymerase (Stratagene) and the following parameters: 30 cycles
of 95°C for 45 s, 52°C for 45 s, and 72°C for 5 min 30 s. Purified PCR products
were digested with Xbal and Sacl, and the digested fragment was directionally
cloned into pBluescriptKS(+) (Stratagene) to produce pJBS. To remove nucle-
otide sequences carrying the bfrH ORF from the amplified fragment, inverse
PCR was performed, utilizing 5’-phosphorylated oligonucleotide primers (bfrHinvPCR1
and bfrHinvPCR2) with homology to nucleotide sequences located immediately
upstream of the GTG start codon and directly downstream of the TAA stop
codon of bfrH, respectively. The amplicon was generated using pJB8.0 as a DNA
template, and PCR was performed using Pfu Turbo polymerase (Stratagene) and
the following parameters: 30 cycles of 95°C for 45 s, 58°C for 45 s, and 72°C for
4 min 30 s. Purified PCR products were self-ligated to produce pJB8.1. The
1.2-kb fragment of pJBS8.1 containing the flanking sequences of bfrH was re-
moved from pJB8.1 and ligated into pCVD442fer (49) at the Xbal and Sacl sites
to produce pJB8.2, which was introduced into RB50 by conjugation.

A second bfrH deletion mutant of RB50 (RB50AbfrH::Kan) was engineered by
replacing the chromosomal copy of the bfrH gene with a nonpolar kanamycin
resistance cassette. A 926-bp cassette encoding resistance to kanamycin from
Tn903 was obtained from pKSAC (Pfizer, New York, NY) by PCR (50). Syn-
thetic oligonucleotides pTOPOKan5 and pTOPOKan3 were used as PCR prim-
ers. The amplicon was generated using EasyA polymerase (Stratagene) and the
following parameters: 30 cycles of 95°C for 45 s, 50°C for 45 s, and 72°C for 2 min.
Purified PCR products were ligated into pTOPO (Invitrogen) to produce
pTOPOKan. To engineer a bfrH::Kan mutant of RB50, nucleotide sequences
flanking bfrH were amplified via inverse PCR by utilizing the oligonucleotide
primers bfrHinvPCR1 and bfrHinvPCR2. The amplicon was generated using
pIB8 as a template, Pfu Turbo polymerase (Stratagene), and the following
parameters: 30 cycles of 95°C for 45 s, 60°C for 45 s, and 72°C for 4 min 30 s.
pJB8.3 was produced by ligating the purified PCR product to the 927-bp DNA
fragment encoding the Kan" determinant, which was obtained from pTOPOKan
via digestion with EcoRV. The 2.1-kb DNA fragment of pJB8.3 containing the
bfrH flanking sequences and the Kan" gene was ligated into pCVD442¢tet (49) at
the Xbal and Sacl sites to produce pJB8.4, which was introduced into RB50 by
conjugation.

Engineering of RB50AecfI. Allelic exchange was employed to delete ecfl (51)
from the RB50 chromosome. DNA including the 5’- and 3'-flanking sequences
and ecfl was amplified from RB50 chromosomal DNA by utilizing oligonucleo-
tides (Aecfl-5 and AecfI-3) which mapped 604 bp upstream of the ATG start
codon and 600 bp downstream of the TGA stop codon of ecfI, respectively. DNA
was amplified using Pfu Turbo polymerase (Stratagene) and the following
parameters: 30 cycles of 95°C for 45 s, 55°C for 45 s, and 72°C for 2 min 30 s.
pJB16 was produced by ligating the purified PCR product into pBluescript
KS(+) (Invitrogen) at the Xbal site. To remove ecfl from the amplified frag-
ment, inverse PCR was performed, utilizing 5'-phosphorylated oligonucleotides
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(ecflinvPCR1 and ecflinvPCR2) which mapped immediately upstream of the
ATG start codon and 100 bp upstream of the TGA stop codon of ecfI, respec-
tively. pJB16 was used as a template for a PCR with Pfu Turbo polymerase
(Stratagene) and the following parameters: 30 cycles of 95°C for 45 s, 60°C for
45 s, and 72°C for 5 min 30 s. pJB16.1 was produced by self-ligating the purified
PCR product. The 1.2-kb DNA fragment containing the ecfT flanking sequences
in pJB16.1 was ligated into pCVD442set (49) at the Xbal site to produce pJB16.2,
which was introduced into RB50 by conjugation.

Engineering of RB50AecfR. Methods similar to those used to delete ecfl were
employed to engineer an ecfR mutant of RB50. DNA including the 5'- and 3'-
flanking sequences and ecfR was amplified from RB50 chromosomal DNA by
utilizing oligonucleotide primers (AecfR-5 and AecfR-3) homologous to nucleotide
sequences located 643 bp upstream of the ecfR ATG start codon and 603 bp
downstream of the TGA stop codon of ecfR, respectively. The amplicon was gen-
erated by a PCR with EasyA polymerase (Stratagene) and the following parameters:
30 cycles of 95°C for 45 s, 50°C for 45 s, and 72°C for 2 min 30 s. pJB10 was produced
by ligating the purified amplicon into pGEM-T (Promega). To remove ecfR from
the amplified fragment, two 5'-phosphorylated oligonucleotides (ecfRinvPCR1 and
ecfRinvPCR?2), which mapped 5 bp downstream of the ATG start codon of ecfR and
directly downstream of the gene’s TGA stop codon, respectively, were employed in
an inverse PCR with the template, pJB10, Pfu Turbo polymerase (Stratagene), and
the following parameters: 30 cycles of 95°C for 45 s, 58°C for 45 s, and 72°C for 4 min
30 s. pBJ10.1 was engineered by self-ligating the purified PCR product. The 1.2-kb
fragment containing the ecfR flanking sequences was reamplified utilizing the
oligonucleotides pJB10.1ecfRUpXbal and pJB10.1lecfRdXbal-2, EasyA polymerase
(Stratagene), and the following parameters: 30 cycles of 95°C for 45 s, 55°C for 45 s,
and 72°C for 2 min. pJB10.3 was produced by ligating the purified amplicon into
pTOPO (Invitrogen). The 1.2-kb DNA fragment containing the ecfR flanking se-
quences was removed from pJB10.3 and ligated into pCVD442¢er (49) at the Xbal
site to produce pJB10.4, which was introduced into RB50 by conjugation.

Engineering of RB50ecfRK-I. To generate an ecfR knock-in strain, a wild-type
(wt) copy of ecfR was reintroduced into the genome at the gene’s original
locus. DNA including the 5’- and 3’-flanking sequences and ecfR was ampli-
fied from RB50 chromosomal DNA by utilizing oligonucleotide primers
pJB10.1ecfRUpXbal and pJB10.1lecfRdXbal-2. The amplicon was generated
using Taq polymerase (1 unit), 1X EasyA polymerase buffer (Stratagene),
10% DMSO, a 62.5 pM concentration of each deoxynucleoside triphosphate,
a 0.4 pM concentration of each oligonucleotide primer, and the following
parameters: 30 cycles of 95°C for 45 s, 64°C for 45 s, and 72°C for 3 min 30 s.
pJB10Xbal was produced by ligating the purified amplicon into pTOPO
(Invitrogen). The plasmid pJB10.5 was produced by ligating the 2.2-kb DNA
fragment containing ecfR and the flanking sequences within pJB10Xbal into
pCVD442tet (49) at the Xbal site for conjugation into RB50ecfR.

Conjugation and sucrose selection of engineered mutants. pCVD442tet-de-
rived plasmids were introduced into the B. bronchiseptica chromosome by use of
conjugation, employing E. coli SM10\pir (49). Transconjugants were selected on
BHI agar supplemented with streptomycin and tetracycline. To select for plasmid
disintegration, transconjugants were cultured in BHI broth in the presence of
streptomycin, and dilutions were plated onto BHI agar supplemented with strep-
tomycin and 20% sucrose. Sucrose-resistant colonies were screened for plasmid
disintegration by replica patching on BHI agar plates containing either strepto-
mycin or streptomycin and tetracycline. Sucrose-sensitive colonies were further
analyzed by colony lift hybridization, colony PCR, and Southern hybridization to
confirm integration and subsequent disintegration of the plasmid.

Isolation of total RNA. Total RNA was harvested from bacteria by a modifi-
cation of the acid phenol method (36, 73). Bacterial strains cultured in Fe-replete
or Fe-limiting BHI broth were grown to an optical density at 600 nm (ODj) of
0.6. Twenty-five ml of culture was mixed with 5 ml of ice-cold RNA Protect
(Qiagen, Valencia, CA). The cells were pelleted at 3,220 X g and 4°C for 30 min.
The supernatant was discarded, and the cell pellets were quickly frozen in liquid
nitrogen. Cells were resuspended in 1.5 ml ice-cold buffer A (0.02 M sodium
acetate [pH 5.3], 1 mM EDTA [pH 8.0]) and 200 pl of RNA Protect (Qiagen).
The cell suspension was transferred to a solution containing 160 pl 10% SDS, 2
ml buffer A, and 3.5 ml acid phenol (pH 6.6) which was preheated at 65°C. The
mixture was incubated at 65°C for 5 min and vortexed for 30 s, followed by
incubation for 2 min at 65°C. The mixture was vortexed for 1 min, followed by
incubation for 5 min at 65°C. Cells were centrifuged at 5,927 X g and 4°C for 5
min. The aqueous phase was extracted once with 3 ml of acid phenol-chloroform-
isoamyl alcohol (25:24:1) and once with 3 ml of chloroform. For each extraction,
phases were separated by centrifugation at 5,927 X g and 4°C for 5 min. RNA was
precipitated by adding a 1/10 volume of 3 M sodium acetate and 2 volumes of
100% ethanol and was kept overnight at —80°C. Precipitated RNA was pelleted
by centrifugation at 12,096 X g and 4°C for 45 min. RNA pellets were washed
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with 1 ml of 70% ethanol, air dried, and resuspended in 160 pl diethyl pyrocar-
bonate (DEPC)-treated water. Total RNA preparations were treated with
DNase I to remove DNA contamination. After treatment, DNase I was removed
from the RNA by extraction using acid phenol-chloroform-isoamyl alcohol and
chloroform. RNA was reprecipitated as described above. The precipitated RNA
was pelleted by centrifugation at 13,900 X g and 4°C for 30 min and then washed
with 1 ml of 70% ethanol. After removal of all residual ethanol, RNA was
resuspended in 100 pl of DEPC-treated water and stored at —80°C.

End-point RT-PCR. RT-PCR was performed using a One Step RT-PCR kit
(Qiagen) according to the vendor’s suggested reaction conditions. Initially, 10 ng
total RNA was reverse transcribed into cDNA (one 30-min cycle at 50°C, 15 min
at 95°C). As a control to check for possible genomic DNA contamination,
identical reaction mixtures were prepared and kept on ice for 30 min, followed
by 95°C for 15 min to inactivate reverse transcriptase. Secondly, cDNA was
amplified by PCR (30 cycles of 45 s at 95°C, 45 s at 50°C, and 1 min at 72°C).
Amplified DNAs were resolved by electrophoresis using 2% agarose gels.

qRT-PCR. Transcription of bfrH and the ecfR-bfrH intergenic region was
measured by use of a modified qRT-PCR protocol (59). Briefly, cDNA was
reverse transcribed from 500 ng of total RNA by use of an iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA). Synthesized cDNA was utilized as the
PCR template. IQ SYBR green supermix (Bio-Rad) and an iCycler thermal
cycler (Bio-Rad) were used for the reactions. PCR mixtures initially heated to
95°C for 3 min were subjected to 40 cycles of 95°C for 30 s, 56°C for 30 s, and
72°C for 30 s. RB50 chromosomal DNA was used as a PCR template to generate
a standard curve for each gene. Starting quantities (SQs) of mRNAs for bfrH, the
ecfR-bfrH intergenic region, and recA were calculated from the corresponding
standard curves. Transcription of rec4A was employed as an internal control, and
the quantities of bfrH and the ecfR-bfrH intergenic region were normalized to the
quantity of recA detected for each experimental condition.

B-Galactosidase assay. Expression of the lacZ reporter gene in pJB3.1 was
determined by performing a B-galactosidase assay as previously described (36).
Briefly, overnight Fe-replete or Fe-stressed cultures were pelleted, resuspended
in Z buffer (60 mM Na,HPO,-7H,0, 40 mM NaH,PO,-H,0, 10 mM KCl, 1 mM
MgS0O,-H,0, 38 mM B-mercaptoethanol), and adjusted to an ODy, of 0.30 to
0.70. After dilution, 400 pl of the suspension was permeabilized with 45 ul of
0.1% SDS and 90 pl of chloroform, vortexed for 10 s, and incubated at 30°C for
30 min. Enzymatic reactions were initiated by adding 160 wl of 4-mg/ml o-nitro-
phenyl-B-p-galactopyranoside (ONPG) and incubating the mixtures at room
temperature. The reactions were allowed to continue until a yellow pigment was
observed, at which point 400 pl of 1 M Na,CO; was added to terminate the
reaction. To pellet the cellular debris and chloroform, the reactions were cen-
trifuged for 2 min at 16,000 X g at room temperature, the OD ,, and ODss, were
obtained, and the B-galactosidase activity was calculated by use of the following
formula: 1,000[0OD,5, — 1.75(0ODss0)]/(£)(0.4)(ODgq0)-

Isolation of OMs. OMs were isolated using previously described methods (36,
49). Strains were cultured in Fe-replete and Fe-stressed BHI broth to a final
ODg of 0.6. Cells pelleted by centrifugation at 3,000 X g for 20 min at 4°C were
washed three times with (and resuspended in) 20 ml of 1 mM ice-cold 10 mM
HEPES (pH 7.4) supplemented with the protease inhibitor phenylmethylsulfonyl
fluoride (PMSF) (0.1 mM). Cells were frozen and kept at —80°C overnight. After
thawing on ice, cells were disrupted by sonication (four 2-min pulses at 50% duty
cycle), using a sonifier (Branson Ultrasonics Corp., Dansbury, CT) fitted with a
microtip. Unbroken cells were removed from the lysate by centrifugation at
3,000 X g for 20 min at 4°C. The lysate was centrifuged at 100,000 X g at 4°C, and
the pellet containing the total membrane fraction was resuspended in 10 ml of
1% Sarkosyl in 10 mM HEPES (pH 7.4) supplemented with PMSF (0.1 mM) and
mixed at room temperature for 1 h by gentle agitation. After centrifugation at
100,000 X g and 4°C for 1 h, the pellet, containing the OM fraction, was retreated
with the solution of 1% Sarkosyl in 10 mM HEPES (pH 7.4) supplemented with
PMSF (0.1 mM). The remaining OMs were pelleted by centrifugation at
100,000 X g and 4°C for 1 h, resuspended in 200 pl of deionized water, and stored
at —80°C. Total proteins in the OMs were measured using a Micro BCA protein
assay kit (Thermo Scientific, Rockford, IL), with bovine serum albumin as the
standard.

Production of rabbit anti-BfrH-peptide antiserum and purification of poly-
clonal antibody. Production of rabbit anti-BfrH-peptide antiserum and purifica-
tion of IgG antibody from the antiserum were performed as previously described
(48). Briefly, a synthetic peptide (N-LGPNHYDGDADFEKS-C) with an amino
acid sequence identical to an internal amino acid sequence of BfrH predicted by
Psipred (31), Yaspin (42), and PhD (57) to be antigenic was chosen as the
immunogen. Antipeptide antiserum was produced commercially by Sigma Genosys
(St. Louis, MO). The peptide-specific polyclonal antibodies in the antiserum
were purified by affinity chromatography, using a Sulfolink peptide affinity col-
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umn (Pierce, Rockford, IL) to which the immunizing peptide had been coupled.
After adding 1 ml of antiserum, the column was washed with 12 ml of phosphate-
buffered saline (PBS) (pH 7.4), and the bound peptide-specific antibodies were
eluted in 1-ml fractions, using 3.0 M glycine (pH 2.0). Eluates were immediately
neutralized by the addition of 1 ml of 1 M Tris-HCI (pH 8.0) and were analyzed
spectrophotometrically (OD,g5) for protein. Peak fractions were combined and
dialyzed exhaustively against PBS (pH 7.4).

Immunodetection of BfrH. Aliquots of OMs containing 200 wg of total protein
were resolved using SDS-PAGE with 7.5% (wt/vol) polyacrylamide gels. Proteins
were electrotransferred to Optitran BA-S 83 nitrocellulose membranes (What-
man-Schleicher and Schuell, Dassel, Germany), and the membranes were probed
overnight at 4°C with purified anti-BfrH-peptide polyclonal antibodies (1:50).
After being washed, the membranes were probed with a goat anti-rabbit horse-
radish peroxidase-conjugated secondary antibody (1:8,000) (Southern Biotech,
Birmingham, AL). Immunoreactive proteins were visualized with SuperSignal
West Pico chemiluminescent substrate (Pierce, Rockford, IL).

In vitro growth analysis. Initial broth cultures of bacteria were prepared by
subculturing single colonies taken from BG agar plates into SS broth. After
overnight incubation at 37°C, cultures were standardized to an ODy of 1.0 and
250 pl of the culture was utilized to inoculate 25 ml of Fe-stressed or Fe-replete
SS broth. All cultures were prepared in triplicate and incubated at 37°C in an
Innova 4330 incubator shaker (New Brunswick Scientific, Edison, NJ). The
ODy values for samples taken at various time points were measured using a
Beckman Coulter DU640 spectrophotometer (Fullerton, CA).

Murine infection assay. Female BALB/c mice (4 to 6 weeks) were obtained
from Harlan Sprague, Inc. (Indianapolis, IN). RB50 and RB50AbfrH::Kan were
maintained on BG agar plates and subsequently cultured in SS broth for infec-
tion studies. A total of nine female mice lightly sedated with 5% isoflurane were
inoculated intranasally with a 1:1 mixture of 2.5 X 10° CFU of RB50 and 2.5 X
10° CFU of RB50AbfrH::Kan in a 20-pl PBS resuspension or with 20 ul of PBS.
The bvg" status of both strains was confirmed by analyzing actively growing
cultures for the ability to bind Congo red (25). Colonization was assessed at 5 and
10 days postinfection. At each time point, mice were euthanized and the nasal
cavity, tracheal, and lung tissues were separately harvested and homogenized in
1 ml of PBS. Serial dilutions of the homogenates were plated onto BHI agar
plates supplemented with streptomycin to select for total bacteria and onto BHI
agar plates supplemented with streptomycin and kanamycin to select for mutant
bacteria. Bacterial colony counts were enumerated after 2 days of incubation at
37°C. The competitive index (CI) was calculated as the mutant/wild-type CFU
ratio for each tissue at the indicated time point divided by the mutant/wild-type
ratio of the starting inoculums.

Statistical methods. Student’s ¢ test (paired, two-tailed) was used to determine
whether the mean CI (n = 9) for each tissue at each time point examined in the
murine infection assay differed significantly from a hypothetical value of 1.00 (the
mutant/wild-type ratio predicted given no difference in the ability of either strain
to successfully colonize the host). P values of =0.05 were considered significant.
All other experimental results were compared statistically using unpaired ¢ tests
(InStat, version 3.00; GraphPad Software Inc., San Diego, CA).

RESULTS

Identification of bfrH. To identify Fe-regulated membrane
proteins in the pathogenic bordetellae, proteomic investiga-
tions using two-dimensional difference in-gel electrophoresis
(2D-DIGE) (Bio-Rad) were initiated using B. pertussis and B.
avium, the two most distantly related pathogenic members of
the genus (61). Total OMs from these bacteria, each cultured
under Fe-replete or Fe-limiting conditions, were separately
labeled with different fluorescent dyes, combined, and simul-
taneously resolved by 2D gel electrophoresis (data not shown).
Two polypeptides with similar electrophoretic mobilities were
identified which were highly expressed when the bacteria were
cultured under Fe-limiting conditions but were absent or
barely detectable when the bacteria were cultured under Fe-
replete conditions. Matrix-assisted laser desorption ionization—
time-of-flight (MALDI-TOF) mass spectrometry identified the
polypeptides as the product of bfrH, a gene predicted in the
annotated genomes of B. avium, B. pertussis, B. bronchiseptica,
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CGGCGCCGGCACGCCTTGGGCGGTTTGCGGCGGGGCTGGCTGCCAATCG
ATATTGATAATGCAAGTAGTTATCAATTAATATCCAGCGTTTGATCGTCCA
TTCATCGCCGCCCCGATGGTATTGCCGTTGTG

C

TGAGCGCGGTTACAAAACAATCGCCGCCGTCCTTGCAGATTCGGCTTTCC
CGCGCIGGAATAIGCTCATGGAAGAAGATAACGOATAGGAGAGTTCCCGTG

FIG. 1. Genetic organization of the ecfIR-bfrH locus. (A) Sche-
matic arrangement of the ecfIR-bfrH locus in B. bronchiseptica. ecfl and
ecfR encode a putative ECF sigma factor and a putative sigma factor
regulator, respectively. bfrH exhibits homology to genes for OM pro-
teins involved in siderophore uptake. The length of each ORF is
denoted above the gene; the molecular mass of each of the predicted
polypeptides is denoted below the gene. Positions of the two putative
promoters, P,z and P,;p, and the direction of transcription are
denoted by arrows. (B) Sequences at P, This promoter contains
regions homologous to ¢’’-type promoters. Putative —10 and —35
regions of P, are boxed. Sequences homologous to the consensus
Fur box of E. coli are underlined; nucleotides in bold are perfectly
conserved in RB50 and in the consensus Fur box of E. coli. The
translational GTG start codon of ecfl is denoted in bold. (C) Se-
quences at P, This region contains homology to other ECF sigma
factor-regulated promoters. Putative —10 and —35 regions of Py, are
boxed. Sequences homologous to the consensus Fur box of E. coli are
underlined; nucleotides in bold are perfectly conserved in RB50 and in
the consensus Fur box of E. coli. The translational stop codon of ecfR
and the translational start codon of bfrH are denoted in bold.

and B. parapertussis (51) to encode a putative Fe-regulated
OM protein (N. D. King-Lyons and T. D. Connell, unpub-
lished data). While all four pathogenic Bordetella species car-
ried the gene, subsequent investigations to reveal the mecha-
nisms by which bfrH was regulated in response to Fe and the
role(s) of BfrH in pathogenesis were performed with B. bron-
chiseptica, the member of the genus which has the broadest
host range and for which facile genetics and a mouse challenge
model are available.

The ORF of bfrH is composed of 2,505 bp with a coding
capacity for a polypeptide of ~90 kDa (~87 kDa in the ab-
sence of the predicted signal peptide) (Fig. 1A). BfrH exhibits
significant homology to FhuA, a ferrichrome receptor of E. coli
(38% identity, 56% similarity), and to FpvA, a pyoverdine
receptor of Pseudomonas aeruginosa (37% identity, 55% sim-
ilarity) (9, 21, 52, 62). Pfam protein software predicted that
BfrH contains an N-terminal TonB-binding domain similar to
the TonB-binding domains located in PupB, a pseudobactin
receptor of P. putida (37), and in FecA, a ferric citrate receptor
in E. coli (24). Structural analysis indicated that BfrH likely
possesses a Plug domain, which in FecA and FhuA is believed
to interact specifically with the receptors’ cognate ligands (24).
These in silico data provided strong support for a model in
which BfrH of B. bronchiseptica was likely a new Fe-regulated
siderophore receptor.

ecfl and ecfR. Further analysis of the genome of B. bronchi-
septica in the vicinity of bfrH revealed the presence of two
smaller ORFs (ecfI and ecfR) which were located 93 bp imme-
diately upstream of bfrH (Fig. 1A).

The 534-bp ORF located most distal to bfrH, designated ecfI,
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encoded a polypeptide of 19.7 kDa. Database comparisons
revealed that Ecfl exhibited strong homology to several Fe
starvation-induced ECF sigma factors, including Hurl of B.
bronchiseptica (44% identical), Pupl of P. putida (39% identi-
cal), and Fecl of E. coli (39% identical). Several recognizable
domains are routinely found in ECF sigma factors. Region 2
interacts with RNA core polymerase; region 4 binds the ECF
sigma factor to the —35 hexameric region of ECF sigma factor-
responsive promoters (3, 43); and region 1, a domain found
within the ¢’ family of sigma factors which regulates binding
of the sigma factor to promoters only when the sigma factor is
associated with RNA polymerase, is shortened or missing in
ECF sigma factors (43). Amino acid analysis indicated that
regions 2 and 4 were significantly conserved in Ecfl. Further-
more, a shortened region 1 was recognizable in Ecfl. From
these observations, it was determined that ecfT likely encoded
a new ECF sigma factor of B. bronchiseptica.

Of the two ORFs, ecfR, which was comprised of 963 bp
encoding a polypeptide of 33.8 kDa, was located proximal to
bfrH (Fig. 1A). The 5’ end of ecfR (TAG) overlapped the 3’
end of ecfl (ATG) by 8 bp (5'-ATGAGTAG-3'), and the 3’
end of ecfR was positioned 93 bp upstream of the 5’ end of
bfrH. EcfR exhibited 29% identity to FecR of E. coli (69) and
was 34% identical to HurR of B. bronchiseptica (66) and 34%
identical to PupR of P. aeruginosa (37). Amino acid sequences
consistent with a transmembrane region and a signal peptide
indicated that EcfR was likely integrated into the plasma mem-
brane. Collectively, these data were consistent with EcfR hav-
ing the major attributes of an ECF sigma factor regulator.
Since ecfR is genetically linked to ecfI, it was hypothesized that
EcfR was a ligand-dependent regulator of Ecfl.

P, 4r and Py ;. An evaluation of the region located imme-
diately upstream of ecfIR revealed the occurrence of nucleo-
tides consistent with a promoter sequence (P,.;z) (Fig. 1A).
Putative —35 (5'-TTGATA-3") and —10 (5'-TTAATA-3")
hexameric regions of P, exhibited similarities to promoters
usually regulated by ¢’° (Fig. 1B) (36). Further inspection
indicated a region near P,z which was homologous to the
consensus Fur box of E. coli (14 of 19 nucleotides [nt]) (Fig.
1B) (58).

Putative promoter sequences (P,,,) were located within the
region flanked by ecfR and bfrH (Fig. 1A). These sequences
exhibited characteristics common to promoters controlling the
expression of other ECF sigma factor-responsive genes (Fig.
1C) (68). Nucleotide sequences within the prospective P,
included a —35 hexameric region (5'-GGAATA-3") located 40
bp upstream of the prospective GTG start codon and a region
located 15 bp downstream from the putative —35 hexamer
sequence with features similar to a —10 consensus promoter
sequence (5'-TAACGC-3") (Fig. 1C). A nucleotide sequence
with homology to a consensus Fur box (9 of 19 nt) was iden-
tified within the putative P, (Fig. 1C).

Overall, the architecture of the ecfIR-bfrH locus was remi-
niscent of the arrangement of genes encoding other ECF sigma
factor-regulated bacterial Fe uptake systems, including fecIR-
fecABCDE of E. coli (11), pupIR-pupB of P. putida (37), rhulR-
bhuRSTUV of B. avium (49), and hurIR-bhuRSTUV of B. bron-
chiseptica and B. pertussis (67). These observations were
consistent with a model in which (i) genes within the ecfIR-bfrH
locus were coordinately regulated by Fur and (ii) Ecfl and
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FIG. 2. Fe-dependent transcription of the ecfIR-bfrH locus. Total
RNAs were isolated from Fe-replete and Fe-stressed RB50 cultures.
Oligonucleotide primer sets used in the reaction mixtures targeted a
218-bp internal region of ecfI, a 288-bp overlap region containing the
3" end of ecfl and the 5’ end of ecfR (ecfIR), a 488-bp internal region
ecfR, a 237-bp region overlapping ecfR, bfrH, and a 93-bp region
between ecfR and bfrH (ecfR-bfrH intergenic), a 598-bp internal re-
gion of bfrH, a 513-bp internal region of bhuR, and a 402-bp internal
region of recA. Amplified DNA from each RT-PCR was resolved in a
2% agarose gel and visualized by ethidium bromide staining. Fe+,
Fe-replete conditions; Fe—, Fe-stressed conditions.

EcfR were likely involved in the coregulated expression of bfrH
in response to an extracellular ligand.

Transcriptional characterization of the ecfIR-bfrH locus. To
ascertain whether ecfl, ecfR, and bfrH were expressed in B.
bronchiseptica, end-point RT-PCR was performed using total
RNA obtained from B. bronchiseptica RB50 cells that had been
cultured under Fe-replete and Fe-stressed growth conditions.

Strong transcriptional signals for ecfl and ecfR were ob-
served only when cells had been cultured under Fe-stressed
conditions (Fig. 2). An identical transcriptional profile was
detected for the ecfl-ecfR overlapping region (ecfIR), the ecfR-
bfrH intergenic region, and bfrH. Expression of bhuR, a previ-
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ously described Fe-regulated OM protein (66), was employed
as a positive control. As expected, bhuR exhibited an enhanced
transcriptional signal when cells were cultured under Fe-
stressed conditions. Transcription of recA, employed as an
internal control, remained unchanged regardless of the pres-
ence of Fe. No transcriptional signals were observed when
reverse transcriptase was omitted from the reaction mixtures
(data not shown).

Collectively, these data indicated that ecfl, ecfR, and bfrH
were transcribed when B. bronchiseptica was cultured under
Fe-stressed conditions. Moreover, these data illustrated that
ecfl and ecfR were likely cotranscribed and that, in Fe-stressed
cells, bfrH was polycistronically transcribed with ecfIR, most
likely by a process of readthrough transcription from P, ;z. A
similar polycistronic mRNA derived from readthrough tran-
scription was described for B. bronchiseptica for the ECF sigma
factor-regulated heme acquisition locus (hurlR-bhuR) (68).

Fe-dependent regulation of ecfIR-bfrH by furl. Since the
RT-PCR experiments demonstrated that ecfl, ecfR, and bfrH
were transcribed in an Fe-dependent manner and that both
P, sr and Py, contained a potential Fur box (Fig. 1A), it was
surmised that expression of the ecfIR-bfrH locus was likely to
be influenced by a Fur homologue. In silico analysis of the
RB50 chromosome (51) revealed two genes (BB3942 and
BB0215) which were homologous to fur of E. coli. BB3942
(furl) encoded a polypeptide with 54% amino acid sequence
homology to the Fur protein of E. coli, and BB0215 (fur2)
encoded a polypeptide with only 42% homology to the Fur
protein of E. coli. In most Fur proteins, two metal binding sites,
composed of discontinuous amino acid sequences and contain-
ing histidines and glutamates, are conserved (Fig. 3A) (26, 44).
Amino acid sequence alignment with the Fur protein of E. coli

A.
Fur MTDNNTALKKAGLKVTLPRLKILEVLQEPDNHHVSAEDLYKRLIDMGEEIGLATVYRVLN
Furl MSDQ-SELKNMGLKATFPRLKILDIFRKSDLRHLSAEDVYRALIAENVEIGLATVYRVLT
*:*: . **: ***.*:******:::::.* :*:****:*: * % ***********_
Fur QFDDAGIVTRHNFEGGKSVFELTQQHHHDHLICLDCGKVIEFSDDSIEARQREIAAKHGI
Furl QFEQAGILTRSQFDTGKAVFELNDGDHHDHLICTNCGTVFEFSDPDIEKRQYKVAKDNGF
**::***:** :*: **:****.: .******* :**‘*:**** .** * % ::* .:*:
Fur RLTNHSLYLYGHCAEGDCREDEHAHEGK
Furl VLESHAMVLYGICGN--CQK------ GR
A ¥R HEE Fnd Al x73
B. Murl Murl
RBS50 Aurl (pRK-furl-1)  (pRK415A)
Fe + — + — + — + -

I
e e
e -
P o

FIG. 3. Regulation of the ecfIR-bfrH locus by furl. (A) Alignment of Furl sequence with sequence of Fur of E. coli. Amino acids within metal
binding site 1 are indicated in bold and underlined, and amino acids within metal binding site 2 are denoted only in bold. (B) Furl-dependent
transcription of the ecfIR-bfrH locus. RT-PCR was performed using total RNAs obtained from Fe-replete and Fe-stressed cells, utilizing
oligonucleotide primers which targeted the overlap region encompassing the 3’ end of ecfI and the 5" end of ecfR (ecfIR), bfrH, bhuR, and recA.
Amplified DNA from each RT-PCR was resolved in a 2% agarose gel and visualized by ethidium bromide staining. +, Fe-replete conditions; —,

Fe-stressed conditions.
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revealed that both sites are conserved in Furl (Fig. 3A). Nei-
ther of these two sites is conserved in Fur2 (data not shown).

To determine if either furl or fur2 influenced expression of
ecfIR-bfrH, attempts were made to engineer isogenic mutants
for each of the two genes in RB50. Unfortunately, repeated
attempts to engineer a mutant of fur2 were unsuccessful,
thereby suggesting that this gene is critical for survival of
RBS50. In contrast, an isogenic furl mutant of RB50 was ob-
tained.

The effects of the furl mutation on the regulation of ecfIR
and bfrH were assessed by end-point RT-PCR, using total
RNAs isolated from wt and furl-deficient cells, with each strain
cultured under Fe-replete and Fe-stressed conditions (Fig.
3B). For RB50, transcription of ecfl, ecfR, and bfrH was ob-
served only in Fe-stressed cells. In contrast, all three genes
were transcribed in RB50Afur! and in RB50Afurl (pRK415A),
the vector control strain, regardless of the Fe environment. An
identical Fe-dependent transcriptional profile was observed in
B. pertussis for bhuR, a gene known to be controlled by fur
(only a single fur gene is carried by B. pertussis) (66). To ensure
that overall transcription was not altered in RB50 by the fur!
deficiency, the level of transcription of recA, a gene which is
not regulated by Fe, was determined. Expression of recA was
equivalent in all strains, regardless of the Fe status of the cells.
Complementation of RB50Afur! with pRK-furl-1, a plasmid
carrying a wt copy of furl, reestablished Fe-dependent regula-
tion of ecfl, ecf/R, and bfrH. No transcriptional signals were
observed when reverse transcriptase was omitted from the
reaction mixtures (data not shown). These data suggested that
expression of ecfl, ecfR, and bfrH was regulated, at least in part,
by furl and that Fe-dependent repression of ecfIR and bfrH was
fur dependent.

Regulation of bfrH by ecfl. To promote transcription of the
cognate gene in ECF-regulated loci, ECF sigma factors must
be either liberated from or activated by the associated ECF
sigma factor modulators after induction by the extracellular
ligand (36, 37, 67). Unfortunately, the inducing ligand for bfrH
has not yet been discovered, which limited the types of exper-
iments which could be performed to characterize ecfl. But an
alternative approach revealed in other ECF-regulated systems
was employed. In several other systems, overexpression of the
cognate ECF sigma factor decouples ECF sigma factor-regu-
lated systems from ligand-dependent induction. When the
ECF sigma factor is overexpressed, the regulated gene is con-
stitutively expressed (36, 37, 53). To determine if Ecfl regu-
lated expression of bfrH, an expression plasmid carrying a wt
copy of ecfI (pecfl) was introduced by conjugation into RB50
and the level of transcription of bfrH was evaluated after
growth of the bacterium under various Fe conditions. As ex-
pected, introduction of pecfI into RB50 promoted high-level
transcription of the recombinant ecfl gene, regardless of the Fe
environment in which the cells were cultured (Fig. 4A). Con-
stitutive expression of bfrH was also observed in RB50(pecfT)
when cells were cultured under conditions in which Fe was
either plentiful or limiting. In contrast, transcription of the
region of ecfl-ecfR overlap and the intergenic region located
between ecfR and bfrH was unaltered by overexpression of ecfI.
No transcriptional signals were observed when RNA was not
reverse transcribed before PCR amplification (data not
shown). These data demonstrated that constitutive expression
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of bfrH in RB50(pecfI) was not mediated by modulation of
P,.zr by Ecfl. Rather, the data are consistent with a model in
which expression of bfrH is promoted by modulation of P, by
Ecfl. Since overexpression of ecfl did not alter the transcrip-
tion profile of the polycistronic ecfIR mRNA, these data also
indicated that EcfI is not an autoregulatory ECF sigma factor.

To further establish that EcfI regulated the expression of
bfrH, transcriptional patterns were evaluated with RB50AecfT,
a mutant in which ecfl was deleted from the chromosome (Fig.
4B). qRT-PCR was performed utilizing total RNAs obtained
from cells after culture under Fe-replete and Fe-stressed
growth conditions. As expected, an increase in transcription of
bfrH was observed when RB50 was cultured under Fe-stressed
conditions in comparison to transcription of bfrH in RB50
cultured under Fe-replete conditions. Deletion of ecfl pro-
duced a remarkable decrease, but not a total abrogation, of
transcription of bfrH in cells cultured under Fe-stressed con-
ditions. A significant increase in transcription of bfrH was ob-
served when RBS50Aecfl was complemented with pecfl
[RB50AecfI(pecfl)], regardless of the Fe environment. Collec-
tively, the results from these experiments strongly indicate that
EcflI regulates Fe-dependent transcription of bfrH from Py,

End-point RT-PCR data (Fig. 2 and 3B) suggested that ecf,
ecfR, and bfrH were all transcribed from a putative promoter
(P,7) located upstream of ecfI (Fig. 1A). When ecfl was con-
stitutively expressed in frans, however, transcription of bfrH
was decoupled from transcription of either ecfl or ecfR (Fig.
4A). These data suggested that Ecfl-dependent transcription
of bfrH is likely driven from a promoter located downstream of
ecfR. To determine if the ecfR-bfrH intergenic region con-
tained a functional promoter, a Py :lacZ promoter-reporter
plasmid (pJB3.1) was introduced into RB50, and the transcrip-
tional activity of P, was determined by measuring the 3-ga-
lactosidase activity of bacteria cultured under Fe-replete and
Fe-stressed conditions (Fig. 4C). pDIM41A, a vector control
plasmid containing a promoterless lacZ gene, exhibited no
detectable B-galactosidase activity when expressed in RBS50,
regardless of the Fe content of the culture medium. Fe-replete
cultures of RB50(pJB3.1), however, displayed a small but sig-
nificant amount of B-galactosidase activity that increased ~3-
fold when measured from bacteria cultured under conditions
of Fe stress. These data indicated that the ecfR-bfrH intergenic
region contains a functional promoter (P,,,) which is respon-
sive to Fe and which, in addition to P,4, drives expression of
bfrH.

To ascertain whether transcriptional regulation of bfrH by Ecfl
was reflected in synthesis of BfrH and to confirm that BfrH is an
OM protein, whole-cell lysates or OMs from bacteria cultured
under Fe-replete and Fe-stressed conditions were immunoblotted
using a peptide-specific polyclonal antibody to an internal region
of BfrH. The antiserum was validated using BL21DE3
(pLysS)(pJB7.1), a strain of E. coli which encodes recombinant
BfrH (rBfrH). A faint band corresponding to an 87-kDa polypep-
tide was detected by the anti-BfrH antiserum in whole-cell ex-
tracts obtained from BL21DE3(pLysS)(pJB7.1); this band was
absent in whole-cell extracts of BL21DE3(pLysS)(pET21a), the
vector control strain (Fig. 4D).

Using the anti-BfrH antiserum, a polypeptide of identical
size to that of rBfrH was detected in OMs isolated from Fe-
stressed RB50(pRK415A) (Fig. 4D). A stronger signal from a
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FIG. 4. Regulation of bfrH by Ecfl. (A) Effects of overexpression of
EcfI on expression of bfrH. RT-PCR was performed using total RNAs
isolated from Fe-replete and Fe-stressed cells. Oligonucleotide primer
sets used in the reaction mixtures targeted a 218-bp region of ecfl, a
288-bp overlap region encompassing the 3’ end of ecfI and the 5’ end
of ecfR (ecfIR), a 237-bp region overlapping ecfR, bfrH, and a 93-bp
region between ecfR and bfrH (ecfR-bfrH intergenic), a 598-bp internal
region of bfrH, a 513-bp internal region of bhuR, and a 402-bp internal
region of recA. Amplified DNA from each RT-PCR was resolved in a
2% agarose gel and visualized by ethidium bromide staining. +, Fe-
replete conditions; —, Fe-stressed conditions. (B) Expression of bfrH
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band of equivalent size was observed for OM proteins obtained
from Fe-stressed RB50(pecfT). This immunoreactive polypep-
tide was not evident in OMs obtained from Fe-stressed
RB50AbfrH (Fig. 4D) or in OMs obtained from RBS50
(pRK415A) cultured under Fe-replete conditions. Surprisingly,
an immunoreactive polypeptide was not observed in OMs ob-
tained from RB50(pecfT) cultured under Fe-replete conditions;
transcripts of bfrH were evident in RB50(pecfI) cultured under
the same conditions (Fig. 4A). The absence of BfrH expression
in RB50(pecfl) could be due to unknown posttranscriptional
processes which inhibit translation of bfrH mRNA. Alterna-
tively, BfrH may be rapidly degraded when expressed under
conditions where Fe is plentiful. Nonetheless, these immuno-
blotting experiments indicated that BfrH is an Fe-regulated,
Ecfl-dependent OM protein.

Regulation of bfrH by ecfR. In other ECF-regulated systems,
an ECF sigma factor regulator located in the cytoplasmic
membrane (e.g., HurR, RhuR, PupR, and FecR) is essential
for modulating expression of the regulated protein (BhuR,
PupB, and FecA, respectively) (11, 35, 37, 67). To begin to
elucidate the function of EcfR, the prospective Ecfl regulator,
transcription of bfrH was examined in an isogenic ecfR mutant
of RB50 (Fig. 5A). As expected, RB50 and RB50Aec/fR did not
produce a bfrH transcript when cells were cultured under Fe-
replete conditions (Fig. S5A). In contrast, transcription of bfrH
was evident in RB50 and RB50AecfR when those strains were
cultured under conditions of Fe stress. Surprisingly, transcrip-
tion of bfrH was significantly elevated in RB50AecfR in com-
parison to transcription of the gene in RB50 (Fig. 5A). At-
tempts were made to genetically complement RB50AecfR by
introducing pecfR, a plasmid carrying a wt copy of ecfR, into
the mutant strain. Unfortunately, the expected wt phenotype
of Fe-dependent expression of bfrH was not reestablished in
RB50AecfR(pecfR) (data not shown). In contrast, the expected
wt phenotype was reestablished in RB50ecfRK-1, a knock-in
strain in which a wt copy of ecfR was reinserted into the
original chromosomal locus. These results were consistent with
a model in which EcfR behaves as a typical sequestering anti-
sigma factor and its absence enables unsequestered Ecfl to
drive transcription from P,

While it was clear that ecfR exerted an influence on expres-
sion of bfrH, subsequent experiments suggested an additional
form of control exerted by ecfR in modulating transcription of

in RB50Aecfl. qRT-PCR was performed on total RNAs isolated from
Fe-replete and Fe-stressed cells, using oligonucleotides targeting se-
quences within bfrH. Data are expressed as means and standard errors
and were obtained by calculating the relative SQ of the respective
mRNA after normalizing to the amount of recA mRNA expressed by
the cell. *, statistically significantly different from Fe-stressed RB50
(P < 0.05). (C) B-Galactosidase activities of RB50(pJB3.1) and
RB50(pDJM41A) cultured under Fe-repelete (Fe+) and Fe-stressed
(Fe—) conditions. *, statistically significantly different from Fe-replete
RB50(pJB3.1) (P < 0.05). (D) Western immunoblot of BfrH. OMs
were prepared from Fe-replete and Fe-stressed cells. OMs were re-
solved in a 7.5% SDS-PAGE gel and immunoblotted with anti-BfrH-
peptide rabbit polyclonal antibodies. +, Fe-replete conditions; —, Fe-
stressed conditions; rBfrH, whole-cell extract of IPTG-induced
BL21(DE3)(pLysS)(pJB7.1); Vec, whole-cell extract of the IPTG-in-
duced vector control [BL21(DE3)(pLysS)(pET21a)].
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FIG. 5. Regulation of bfrH by ecfR. qRT-PCR analysis was per-
formed using total RNAs isolated from Fe-replete and Fe-stressed
cells and oligonucleotides targeting an internal sequence of bfrH (A
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between Fe-stressed RB50AecfR(pecfl) and Fe-stressed RB50(pecfT)
(P < 0.05).
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the OM protein. Earlier experiments showed that a polycis-
tronic transcript containing ecfR and bfrH was expressed in
Fe-stressed RB50 (Fig. 2). Some transcription of bfrH, there-
fore, likely occurred by readthrough transcription from the
Fe-dependent P, (Fig. 2). Since RB50AecfR differed from
RB50 not only in the absence of EcfR but also in the absence
of the ecfR ORF, it was deemed feasible that the increased
transcription of bfrH observed in RB50Aec/R was due to the
absence of a cis-acting sequence within ecfR in the mutant
strain. This cis-acting factor(s) was hypothesized to reduce
readthrough transcription from P,.;x. To elucidate whether
ecfR contained a cis-acting factor, additional qRT-PCR exper-
iments were performed to measure the amount of readthrough
transcription in RB50, RB5S0AecfR, and RB50ecfRK-I by eval-
uating transcription of the ecfR-bfrH intergenic region (Fig.
5B). Transcription of ecfR-bfrH in RB50AecfR was dramati-
cally increased in comparison to transcription in RB50 when
cells were cultured under Fe-stressed conditions. In
RB50ecfRK-1, transcription of the ecfR-bfrH intergenic region
was restored to wt levels (Fig. 5B). Since the ecfR-bfrH tran-
script appears to be derived from P, , these data indicated
the presence of sequences within ecfR which suppress the level
of readthrough transcription from that promoter.

To further analyze the effects of EcfR on the activity of Ecfl
with respect to transcription of bfrH, qRT-PCR was conducted
on the ecfR mutant in which ecfl was overexpressed. Total
RNAs for qRT-PCR were obtained from RB50, RB50Aec/R,
RB50AecfR(pRK415A), RB50AecfR(pecfl), and RB50(pecfT) cul-
tured under Fe-replete and Fe-stressed conditions. Again, in
comparison to RB50, a significant increase in transcription of
bfrH was observed in RB50AecfR and RB50AecfR(pRK415A)
when these strains were cultured under Fe-stressed conditions,
but not when the cells were cultured under Fe-replete condi-
tions (Fig. 5C). Consistent with the effects of pecfl on bfrH
expression in RB50, a significant increase in bfrH transcription
was observed in Fe-replete cultures of RB50AecfR(pecf),
while only a modest increase in bfrH transcription was ob-
served in Fe-stressed cultures of RB50AecfR(pecfl) compared
to that in RB50AecfR or RB50AecfR(pRK415A) (Fig. 5C).
Expression of bfrH in RB50AecfR(pecfl) was significantly ele-
vated in comparison to expression of bfrH in RB50(pecfI) when
these strains were cultured under Fe-stressed conditions (Fig.
5C). These data suggested that the effects of pecfI and the ecfR
deletion on Fe-regulated transcription of bfrH were indepen-
dent.

Collectively, these data indicated that ecfR had a unique role
in regulating transcription of bfrH. Although difficult to con-
firm in the absence of the inducing ligand, it is likely that EcfR
directly or indirectly regulates the activity of Ecfl. At the ge-
netic level, however, ecfR harbors a cis-acting element which
hinders maximal readthrough transcription of bfrH in the ab-
sence of the unknown extracellular inducing ligand. Efforts are
currently being made to further understand this dual regula-
tory mechanism.

BfrH is required for optimal virulence. To determine
whether BfrH had an effect on virulence of RB50, a well-
established mouse competition model (28) was employed, us-
ing RB50 and RB50AbfrH::Kan, an isogenic mutant of RB50 in
which a nonpolar kanamycin cassette was substituted for bfrH.
Deletion of bfrH had no evident effect on growth of the bac-
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FIG. 6. BfrH is required for optimal virulence of RB50. (A) Growth
of RB50 (solid symbols, dotted lines) and RB50AbfrH::Kan (open sym-
bols, solid lines) cultured in SS liquid medium supplemented with 36 uM
FeSO, (+Fe; squares) or left unsupplemented (—Fe; circles). Samples of
each culture were taken at time points between 0 and 50 h, and the ODy,
was used as a measure of growth. (B) Two groups (n = 9) of female
BALB/c mice (4 to 6 weeks old) were inoculated intranasally with 20 pl of
PBS or with PBS containing a 1:1 mixture of 2.5 X 10° CFU of RB50 and
2.5 X 10° CFU of RB50AbfrH::Kan. The amount of colonization by each
strain in the lungs, trachea, and nasal cavity of each mouse was deter-
mined on days 5 and 10 postinfection, and the CFU of RB50 and
RB50AbfrH::Kan were used to determine the mean CI = SEM. A paired
two-tailed ¢ test was used to determine statistical significance. *, P < 0.05;
=%, P < 0.001.

terium in vitro. RB50 and RB50AbfrH::Kan exhibited identical
patterns of growth (P = 0.98 in unpaired ¢ test; n = 3) when
cultured in either Fe-replete or Fe-stressed SS broth (Fig. 6A).
Congo red binding of the actively growing cultures was em-
ployed to confirm that cells used for the inoculums were pri-
marily in the bvg™" state (data not shown).

To determine whether bfrH was required for optimal viru-
lence, BALB/c mice were inoculated intranasally with a mix-
ture of equal numbers of RB50 and RB50AbfrH::Kan. As a

INFECT. IMMUN.

measure of colonization capacity, bacterial counts of RB50 and
RB50AbfrH::Kan were obtained from nasal cavity, trachea, and
lung tissues at two different time points (Fig. 6B). The CFU of
RB50 and RB50AbfrH::Kan were used to calculate the mean
CI = standard error of the mean (SEM). On day 5, a signifi-
cant difference in the levels of colonization was observed in the
tracheal tissues, with a CI of 0.164 + 0.024 (P < 0.0001). CI
values of 0.476 = 0.143 (P = 0.006) and 0.539 = 0.169 (P =
0.025) were determined for the lung and nasal cavity, respec-
tively. By day 10, there was no significant difference in coloni-
zation between RB50 and RB50AbfrH::Kan in either the lung
or nasal cavity (CI value = 0.749 £ 0.239 [P = 0.324] and CI
value = 1.827 = 0.868 [P = 0.368], respectively). In the tra-
cheal tissues, however, RB50 continued to exhibit a significant
competitive advantage over RB50AbfrH::Kan (CI = 0.404 =
0.137 [P = 0.003]), although the differences were less compel-
ling than that on day 5. These experiments indicated that B.
bronchiseptica requires bfrH for optimal virulence during early
stages of infection. The importance of BfrH in infection, how-
ever, appears to diminish in the later stages of infection.

DISCUSSION

A variety of well-conserved Fe uptake mechanisms have
been characterized for the bordetellae. Two of those systems
have been implicated in the transport of siderophores such as
enterobactin (2, 6, 12, 16) and alcaligin (14-16). A third system
is required for acquisition of heme (12, 16, 66). Although
several other OM proteins (BfrA, BfrB, BfrC, and BfrZ) have
been shown to be expressed in response to Fe, the specific
role(s) of those proteins in Fe uptake has yet to be elucidated
(4, 5, 53). Possessing a variety of Fe retrieval systems may
engender optimal flexibility of microorganisms for acquiring a
variety of Fe-containing molecules, which in turn provides the
microorganism the capacity to successfully colonize different
niches in the infected host.

It is a growing trend that ECF sigma factors regulate a
variety of critical functions in bacteria. ECF sigma factors have
been identified in a number of bacterial species, and many
bacteria encode more than one ECF sigma factor, with each
regulating expression of a specific protein or family of proteins.
For example, 7 ECF sigma factors have been described for
Bacillus subtilis, with 10 ECF sigma factors for Mycobacterium
tuberculosis, 19 ECF sigma factors for Pseudomonas aerugi-
nosa, and, incredibly, 50 ECF sigma factors for Streptomyces
coelicolor (29). Genomic analysis indicates that B. bronchisep-
tica encodes eight different ECF sigma factors (N. King-Lyons,
unpublished data). Two of these ECF sigma factors, Hurl and
Bupl, have been implicated as modulators of Fe acquisition
systems. Acquisition of heme by B. bronchiseptica requires
Hurl (66, 67); expression of BfrZ, a putative xenosiderophore
receptor, requires participation of Bupl (53). In this study, a
third ECF sigma factor-modulated system was described, com-
prised of a putative ECF sigma factor encoded by ecf, a sigma
factor regulator encoded by ecfR, and a prospective xenosider-
ophore receptor encoded by bfrH. What features of ecfIR-bfrH
initially supported that model? First, the genetic architecture
of the ecfIR-bfrH locus is identical to that of other well-de-
scribed ECF sigma factor-regulated loci in Gram-negative bac-
teria, including the fecIR-fecABCDE locus of E. coli, the pu-
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pIR-pupB locus of P. putida, and the hurIR-bhuRSTUYV locus of
B. bronchiseptica (Fig. 1A). Second, a hexameric sequence with
homology to ECF-regulated —35 promoter regions (5'-GGA
ATA-3") was identified at a position located 40 bp upstream of
the GTG start codon for bfrH (Fig. 1B) (68). Based upon these
factors, it was hypothesized that Ecfl and EcfR were compo-
nents of an ECF sigma factor-regulated system for modulating
expression of bfrH.

Transcriptional analysis demonstrated that expression of
ecfl, ecfR, and bfrH was inversely correlated with the local
concentration of Fe (Fig. 2). Since the ORFs of ecfl and ecfR
overlap by 8 bp, it was not surprising to find that these two
genes were cotranscribed from P, gz, which was confirmed by
detection of a transcript that contained the 3’ terminus of ecfl
and the 5’ end of ecfR (Fig. 2). Furthermore, under Fe-limiting
growth conditions, a polycistronic transcript containing bfrH
likely originated by readthrough transcription from P,.;z; a
transcript encompassing the ecfR-bfrH intergenic region was
observed when cells were cultured under Fe stress but not
when cells were grown under Fe-sufficient conditions. This
process of readthrough transcription within an ECF locus is
similar to the pattern of transcription described for the rhulR-
bhuR locus in B. avium and the hurIR-bhuR locus of B. bron-
chiseptica (33, 68). It is proposed that readthrough transcrip-
tion from the Fe-dependent (fur-regulated) P,z promoter
enables B. bronchiseptica to preposition Ecfl in the cytoplasm,
EcfR in the plasma membrane, and small amounts of BfrH in
the OM to quickly detect and respond to the inducing extra-
cellular ligand. Once bound to the prepositioned BfrH, the
inducing ligand (here predicted to be one or more xenosider-
ophores) would activate a signal transduction event from BfrH
to EcfR and from EcfR to Ecfl. Ecfl, in combination with
RNA polymerase, would promote high-level expression of
BfrH to enable maximal acquisition of the Fe-bound xeno-
siderophore (Fig. 7).

In silico scanning of the nucleotide sequences in the ecfIR-
bfrH locus suggested that expression from P, ;r and P, was
likely influenced by a Fur-like regulator. Both prospective pro-
moters contain regions which are homologous to the consensus
Fur box of E. coli (40, 58). Surprisingly, searches of the B.
bronchiseptica genome for a gene with homology to the E. coli
fur gene revealed the presence of two separate ORFs (BB3942
and BB0215). The predicted amino acid sequences of BB3942,
which we denoted furl, and BB0215, which we denoted fur2,
exhibited 54% and 42% identities, respectively, to the amino
acid sequence of Fur of E. coli (55). Moreover, Furl was 100%
identical in amino acid sequence to the previously published
Fur sequence from B. pertussis (13). It is not uncommon, how-
ever, for a bacterium to contain multiple genes encoding Fur-
like proteins. Three Fur homologues are expressed by B. sub-
tilis, while S. coelicolor carries four fur-like genes (27). The
functions of the homologues in these two bacteria are diverse.
In B. subtilis, one of the Fur proteins regulates the uptake of
Fe; the other homologue, denoted Zur, regulates acquisition of
zinc (27). PerR, the third Fur homologue in B. subtilis, re-
presses the peroxide regulon (27). In S. coelicolor, FurA and
CatR control expression of peroxidase and catalase A, respec-
tively (1, 27, 63). Nur, which is implicated in nickel homeosta-
sis, and Zur were recently described for S. coelicolor (1, 63). To
determine the roles of fur! and fur2 in expression of ecfIR-bfrH

ECF SIGMA FACTOR REGULATION OF bfrH 1159

Siderophore/s

Fe-limiting conditions

@RNAP

EcfI binds to

RNA core polymerase
PecﬂR be”H
[ el eoR_ [ bfiH

Z7}-----------*
Negative regulating
cis-acting factor

Promoters not repressed by apoFurl

FIG. 7. Genetic and expression model of the ecfIR-bfrH locus. Un-
der conditions of Fe sufficiency, Furl represses transcription of the
ecfIR-bfrH locus. Upon encountering Fe-limiting conditions, Furl dis-
sociates from P,.;r and possibly also from P, thus derepressing
expression of ecfl and ecfR and enabling readthrough transcription
from P,z into bfrH. At the genetic level, a cis-acting element (solid
black line) in ecfR limits readthrough transcription of bfrH from P, p.
A transduction signal initiated by BfrH after binding of the extracel-
lular inducing ligand (an unknown siderophore) is transmitted through
EcfR and EcfI to highly upregulate expression of bfrH from P, The
extracellular inducing ligand for the ecfIR-bfrH locus is believed to be
an unknown xenosiderophore. OM, outer membrane; IM, cytoplasmic
membrane; RNAP, RNA core polymerase.

in B. bronchiseptica, attempts were made to engineer deletion
mutants of each of the genes. Although it is perilous to inter-
pret negative data, the failure to obtain a mutant of fur2 sug-
gested that fur2 may have one or more essential functions in B.
bronchiseptica. Efforts to establish the role of fur!l in regulation
of bfrH were more successful. Transcription of ecfIR and bfrH
was decoupled from Fe dependency in a mutant deficient in
expression of furl. Likewise, expression of bhuR, a gene which
has previously been shown to be Fur regulated in B. avium and
B. bronchiseptica, was also rendered constitutive in the furl
mutant. These experiments clearly implicated Furl as the
global Fe-regulatory protein in B. bronchiseptica. Experiments
are under way to determine the functional role(s) of fur2 in the
biology of the pathogen.

ECF sigma factor-regulated systems are defined by their
response to cognate extracellular ligands, which, upon binding
to the surface receptor, initiate a signal transduction cascade
required for inducing additional expression of the receptor.
Since BfrH had homology to siderophore receptors, it was
hypothesized that the inducing ligand for the ecfIR-bfrH locus
would be a xenosiderophore. Although a number of xenosider-
ophores were screened, a siderophore with the capacity to
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induce expression of bfrH above the level induced solely by Fe
stress has not been identified (data not shown). Therefore, in
the absence of the inducing ligand, other strategies were em-
ployed to confirm the role of Ecfl in regulating expression of
bfrH. Overexpression of an ECF sigma factor often abrogates
the need for an inducing ligand to upregulate expression of the
cognate receptor (36, 37, 53). For example, overexpression of
Rhul in B. avium elicited high-level expression of BhuR and
decoupled expression of that heme receptor from Fe depen-
dency (36). A similar approach was employed to determine if
overexpression of Ecfl in B. bronchiseptica would stimulate
expression of bfrH. Introduction of a plasmid carrying a wt
copy of ecfI into B. bronchiseptica elicited constitutive expres-
sion of bfrH regardless of the Fe status of the culture medium
(Fig. 4A). In contrast, constitutively expressed transcripts car-
rying either ecfIR or the ecfR-bfrH intergenic region were not
detected in the RNA of either strain (Fig. 4A). Fe starvation
ECF sigma factors, including Fecl, Pupl, and Hasl, are also
nonautoregulatory (8, 20). The transcriptional profile noted
above indicated that Ecfl also did not regulate its own pro-
moter (P, z). It is likely that Ecfl-dependent transcription of
bfrH is driven from the P,;,, promoter. A lacZ reporter plas-
mid was also utilized to confirm the promoter activity of the
ecfR-bfrH intergenic region. The results of those experiments
suggested that Py, is located within this region (Fig. 4C).

To further elucidate the transcriptional effects of EcfI on the
expression of bfrH, a mutant deficient in expression of Ecfl was
engineered. In comparison to transcription of bfrH in RB50
cultured under Fe-stressed conditions, RBS0AecfI exhibited a
significantly lower level of transcription of the gene. These data
indicated that Ecfl is required for low-level transcription of
bfrH and that this level of transcription occurred in the absence
of an inducing ligand. It is surmised, therefore, that Ecfl has
the capacity to interact with P, in a ligand-independent
manner. Similar regulatory effects were demonstrated for the
ECF sigma factor-regulated rhulR-bhuRSTUV locus in B.
avium (33).

Again, in the absence of the inducing ligand, experiments to
precisely determine the role of ecfR in regulating expression of
bfrH were not feasible. Yet, even in the absence of an inducing
ligand, investigations employing an ecfR-deficient mutant re-
vealed a regulatory mechanism which has yet to be described
for other ECF sigma factor-regulated systems. Deletion of ecfR
was correlated with a remarkable increase in transcription of
bfrH in comparison to transcription in RB50 when cells were
cultured in Fe-limiting conditions (Fig. SA). The amount of
polycistronic transcript containing both ecfR and bfrH, how-
ever, was significantly increased in the ecfR mutant (Fig. 5B).
This result suggested that the increase in bfrH expression was
due to increased transcription from the upstream P,z pro-
moter, rather than from P, Furthermore, since EcfI is not
autoregulatory, the data indicated that this increase in expres-
sion of bfrH was Ecfl independent. These experiments, there-
fore, do not support the model that EcfR is a typical anti-sigma
factor that sequesters Ecfl in the absence of an inducing li-
gand. Reinsertion of ecfR into the ecfR locus of RB50AecfR
reestablished a wt level of expression of bfrH.

Readthrough transcription into bfrH from P, is also mod-
ulated by a cis-acting factor which is situated within ecfR. In the
absence of the inducing ligand, only small amounts of BfrH are
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needed in the OM to serve as a trigger for ligand-specific signal
transduction. Thus, this cis-acting factor may have evolved to
suppress the amount of BfrH produced by readthrough tran-
scription from P, 4z to optimize the levels of the receptor in
the OM under noninducing conditions. We are not aware of
any other ECF sigma factor-regulated system which employs a
similar cis-acting level of control. Experiments are ongoing to
identify the cis-acting sequences in ecfR.

A failure to visualize the OM protein by SDS-PAGE and
Coomassie blue staining demonstrated the apparent low level
of expression of BfrH in the absence of inducing conditions. To
assess the translational profile of BfrH, a higher-resolution
method was utilized. Western immunoblotting using a poly-
clonal anti-BfrH-peptide antibody revealed recognized a
polypeptide of ~87 kDa in OMs isolated from RB50 which was
absent in OMs isolated from RB50AbfrH (Fig. 4D). Surpris-
ingly, BfrH was detected in RB50(pecfI) only when the cells
were grown under Fe-stressed conditions. This pattern of ex-
pression was in contrast to the transcriptional studies in which
high levels of bfrH transcripts were observed in RB50(pecfT)
cultured under either Fe-replete or Fe-stressed conditions. It
was surmised that under Fe-replete environments, the bfrH
transcript may undergo posttranscriptional modifications
which hinder translation of BfrH. Alternatively, BfrH may be
quickly degraded when cells have sufficient Fe for growth.
Additional experiments must be performed to distinguish be-
tween those two possibilities.

To establish infection, bacteria must successfully colonize
the host. Genes encoding proteins for Fe acquisition, there-
fore, are likely to be important in establishing a foothold in the
Fe-limited tissues and fluids of the prospective host. A typical
strategy to test that hypothesis is to delete the gene and ask if
the mutant has decreased virulence in an infection model.
Unfortunately, the effects of Fe uptake systems on virulence
are often subtle. Furthermore, frequent redundancy in the
systems often confounds the usefulness of such genetic strate-
gies to probe the importance of the systems in virulence. For
example, wt B. avium and an isogenic bhuR-deficient mutant were
not distinguishably different in virulence in a direct challenge
virulence model (49). In contrast, the wt parent outcompeted the
bhuR mutant in a competition virulence model. Likewise, mixed-
infection experiments were successful in demonstrating that
BfeA, the enterobactin receptor, and FauA, the alcaligin recep-
tor, were required for optimal virulence of B. pertussis (12, 16-18).
Using a similar competition challenge model, RB50AbfrH::Kan
was shown to colonize less well than RB50 in the nasal cavity,
trachea, and the lungs (Fig. 6B).

From these data, it was surmised that the xenosiderophores
available to B. bronchiseptica via BfrH are likely found in these
tissues. Alternatively, BfrH may have a dual function, first as a
siderophore receptor and also as an accessory adherence factor
for ligands on the surfaces of cells located in the trachea. Such a
situation has been described for E. coli. The Tha receptor has been
implicated in utilization of catecholate as a nutrient and in ad-
herence of the bacterium to epithelial cells (41). B. pertussis cul-
tured under Fe-stressed conditions exhibited enhanced attach-
ment to epithelial cells (70). The Fe-dependent adhesin which
mediates this attachment has not been firmly identified.

Differences in colonization between the wt and the bfrH
mutant strain were reduced by day 10 postinfection (Fig. 6B).
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These data suggested that BfrH was important in virulence
only during the early stages of infection. BfrH is one of many
putative siderophore receptors encoded in the B. bronchisep-
tica genome. Therefore, it is likely that the mutant eventually
supports colonization by acquiring Fe from other sources, pos-
sibly by the activities of other receptors, such as BfeA, FauA,
or BhuR (16-18). A model for Bordetella virulence was pro-
posed in which BfeA and FauA, two siderophore receptors of
B. pertussis, were deemed to be important only during the early
phases of infection (16, 17). In contrast, BhuR, the heme
receptor, appeared to be more important in later stages after
colonization, when the pathological effects of released toxins
increase heme availability from damaged host cells (18). These
observations suggest a general trend with regard to the roles
of siderophore receptors and virulence in the pathogenic
bordetellae.

In summary, ecfIR-bfrH was revealed as a locus encoding
three new members of the growing family of Fe-regulated
proteins of B. bronchiseptica. This locus is highly conserved in
B. pertussis, B. parapertussis, B. avium, and B. bronchiseptica,
implying the evolutionary importance of this system in Borde-
tella virulence. Regulation of expression of bfrH is controlled
on several levels (Fig. 7): (i) the ecfIR-bfrH locus is regulated
by Furl, one of two Fur homologues encoded by B. bronchi-
septica; (ii) ecfl, a gene encoding a new ECF sigma factor in the
genus, modulates expression of BfrH from P,,; and (iii) a
novel cis-acting element, possibly located in ecfR, suppresses
readthrough transcription of bffH from P, and reduces ex-
pression of the receptor in the absence of the inducing ligand.

As additional members of the ECF sigma factor-regulated
systems are described for B. bronchiseptica, it will be intriguing
to determine if cross talk between the systems is employed to
better coordinate the various mechanisms for Fe acquisition.
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