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Efficient utilization of heme as an iron (Fe) source by Bordetella avium requires bhuR, an Fe-regulated gene
which encodes an outer membrane heme receptor. Upstream of bhuR is a 507-bp open reading frame, hereby
designated rhul (for regulator of heme uptake), which codes for a 19-kDa polypeptide. Whereas the 19-kDa
polypeptide had homology to a subfamily of alternative sigma factors known as the extracytoplasmic function
(ECF) sigma factors, it was hypothesized that rhul encoded a potential in-frans regulator of the heme receptor
gene in frans. Support for the model was strengthened by the identification of nucleotide sequences common
to ECF sigma-dependent promoters in the region immediately upstream of bhuR. Experimental evidence for the
regulatory activities of rhul was first revealed by recombinant experiments in which overproduction of rhul was
correlated with a dramatically increased expression of BhuR. A putative rhul-dependent bhuR promoter was
identified in the 199-bp region located proximal to bhuR. When a transcriptional fusion of the 199-bp region
and a promoterless lacZ gene was introduced into Escherichia coli, promoter activity was evident, but only when
rhul was coexpressed in the cell. Sigma competition experiments in E. coli demonstrated that rhul conferred
biological properties on the cell that were consistent with Rhul having sigma factor activity. Heme, hemoglobin,
and several other heme-containing proteins were shown to be the extracellular inducers of the rhul-dependent

regulatory system. Fur titration assays indicated that expression of rhul was probably Fur dependent.

Gene regulation in response to the local iron (Fe) concen-
tration is a common adaptive response for nearly all patho-
genic bacteria. Fe is an essential nutrient which must be ob-
tained from the extracellular milieu, and many of the genes
which are involved in acquisition of Fe are regulated in re-
sponse to the metal (24). It has become clear, however, that
some pathogenic bacteria recognize Fe starvation as a general
signal to upregulate expression of virulence genes (24, 45). The
Fe-associated induction of diphtheria toxin is one such exam-
ple (41).

Of the various Fe-responsive regulatory factors, the global
regulator Fur (Fe uptake regulator) (15) of Escherichia coli has
been described in the greatest detail. Fur is a traditional re-
pressor protein which, in the presence of Fe, binds to an
operator sequence (Fur box) located upstream of a promoter.
Binding of Fur to the Fur box blocks transcription by compet-
ing with RNA polymerase for promoter sequences (10). The
activities of Fur, however, may extend beyond typical repressor
functions. Fur was shown to activate the superoxide dismutase
gene in E. coli (8). Functional Fur proteins have been identi-
fied in numerous bacteria (10). For many years, Fur was ac-
cepted as the major, if not sole, Fe-responsive regulator in
prokaryotes. In contrast, the picture of bacterial Fe-dependent
gene regulation has become increasingly complex, with a vari-
ety of other Fe-responsive regulatory proteins having been
identified: Pseudomonas aeruginosa encodes PchR, an AraC-
type regulator, which both activates and represses the expres-
sion of a siderophore receptor (17); irgA of Vibrio cholerae is
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upregulated by the LysR-type activator IrgB (13); Irr, a GntR-
type regulator, has been shown to regulate heme biosynthesis
in Bradyrhizobium japonicum in an Fe-dependent manner (14);
and the diphtheria toxin genes of Corynebacterium diphtheriae
are repressed under high-Fe conditions by DtxR (36).

Recently, a new family of Fe-responsive regulatory proteins
which have characteristics of sigma factors and that respond
indirectly to Fe was identified (21, 22, 37, 43). Sigma factors are
small polypeptides which provide transcriptional specificity to
RNA polymerase for promoter sequences (47). In contrast to
other sigma factors, this new class of Fe-responsive sigma fac-
tors requires extracellular molecules to induce their biological
activities (21, 22, 37, 43). To differentiate these inducible tran-
scriptional regulators from other alternative sigma factors,
these sigma factors have been designated extracytoplasmic
function (ECF) sigma factors. Lonetto et al. described ECF
sigma factors as a subfamily of o’-type proteins which control
an organism’s response to the environment by regulating genes
encoding adaptive proteins (26).

Expression of some ECF sigma factors has been shown to be
directly controlled by Fur, and thus, indirectly by local Fe
concentrations (28). A variety of Fur-dependent ECF sigma
factors and the proteins which they regulate have been de-
scribed. Pupl in Pseudomonas putida regulates expression of
the outer membrane receptor for the siderophore pseudobac-
tin BN8 (21). PbrA in P. fluorescens regulates the transcription
of genes for siderophore production and uptake, as well as the
gene encoding a casein protease (37). In P. aeruginosa, PvdS, a
virulence-associated ECF sigma factor, activates transcription
of the genes for synthesis of the siderophore pyoverdin and
regulates the expression of three other genes whose products
control the expression of exotoxin A (22, 44). The paradigm for
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description

Source or reference

B. avium strains

4169 Wild type 34
4169rif Spontaneous Rif" mutant of 4169 This study
Pho20 4169rif bhuR::TnphoA 5
Pho20(fur) Pho20, fur gene interrupted by insertional integration of ptr5-1 This study

E. coli strains
H1717 Chromosomal lacZ under the control of a strong Fur-regulated promoter 40
MGIQ1 K-12 derivative; lacI9' Kan® V. J. Hernandez
AF633 MC4100 N (uspB-lacZ) 11

Plasmids
pCOS5 Cosmid vector; Amp" Tet" 4
pl016 45-kbp fragment of 4169 chromosome encoding the rhul-rhuR-bhuR locus Murphy and Connell, unpublished

ligated into pCOS5
pMECA Cloning vector, Amp" W. A. Parrott
pERM1 3-kbp EcoRI fragment of p1016 ligated into pMECA Murphy and Connell, unpublished
pBluescript KS High-copy-number expression vector; Amp" Stratagene
pAEK10 199-bp rhuR-bhuR intergenic region ligated into pBluescript KS This study
pAEK13 142-bp rhul promoter region ligated into pBluescript KS This study
p1910 Mobilizable ColE1 replicon; Amp* S. Stibitz
ptr5-1 Truncated fur with the ATG start codon mutated to TGA; mutant gene 29
ligated into p1910

pMGJI66 lacI*'-containing plasmid; Tet" M. G. Jobling
placl lacI" allelle from pMGJ66 ligated into pUFR047 This study
pET21a Expression vector; Amp" Novagen
pFI-7 rhul OREF ligated into pET21a This study
pRK415 Bordetella spp. expression vector, Tet" 19
pERM26 rhul ORF from pFI-7 ligated into pRK415 This study
pERM26.4 rhul frameshifted at the Xhol site ligated into pRK415 This study
pRK415A Alpha peptide gene in pRK415 frameshifted at the Xhol site This study
pRS415 Promoter reporter vector; Amp* 38
pDIM31 rhuR-bhuR intergenic region ligated into pRS415 This study
pUFR047 E. coli/Bordetella spp. shuttle vector; Amp" Gm" 6
pDIM41 Fragment of pDIM31 containing the tandem transcription terminators, the This study

rhuR-bhuR intergenic region, and the lacZYA locus ligated into pUFR047

Fur-regulated ECF sigma factors, however, is Fecl of E. coli
for which the extracellular inducer is ferric dicitrate (32).

The E. coli fec system is comprised of two genetically linked
polycistrons. The upstream operon encodes fec/ and its re-
sponse regulator, fecR. The downstream operon consists of five
genes (fecABCDE) which encode the ferric dicitrate uptake
machinery (9, 32). Upon Fe starvation, Fecl and FecR are
synthesized in a Fur-dependent manner (39). Binding of ferric
dicitrate to the extracellular domain of FecA induces a signal
which is transmitted to FecR, the FecA-dependent response
regulator which is located in the plasma membrane (20). Once
stimulated, FecR activates cytoplasmic FecI (30). Neither the
composition of the signals nor the process by which the signal
is transmitted from FecA to FecR or from FecR to Fecl has
been elucidated. Binding of activated Fecl to core RNA poly-
merase subsequently promotes transcription of the fecA
operon by directing the holoenzyme to a promoter located
immediately upstream of fec4 (31). The result of this regula-
tory cascade is a ferric dicitrate-dependent induction of fecA
and its accessory genes fecBCDE.

Bordetella avium is a gram-negative bacillus which is the
causative agent of coryza, an avian upper respiratory illness.
Coryza has many symptomatic similarities to whooping cough,
a human upper respiratory illness produced by Bordetella per-
tussis. We have identified BhuR, an Fe-regulated outer mem-

brane receptor in B. avium, which is required for efficient
utilization of heme and heme-containing proteins as sources of
nutrient Fe (E. R. Murphy and T. D. Connell, unpublished
data). We have identified two genes, raul and rhuR, which are
located proximal to the bhuR gene in the B. avium chromo-
some. Experimental results presented here demonstrate that
expression of BhuR is dependent upon Rhul and that Rhul
activation requires extracellular heme or hemoprotein induc-
tion. These experimental results support the model that Rhul
is a member of the ECF subfamily of o’°-type sigma factors.
This is the first report of an ECF sigma factor which regulates
a heme and hemoprotein utilization system and that responds
to multiple inducers.

MATERIALS AND METHODS

Strains, antibiotics, and reagents. Bacterial strains used in this study are listed
in Table 1. B. avium strains were maintained on brain heart infusion (BHI) agar
or in BHI broth (Difco Laboratories, Detroit, Mich.). E. coli strains were cul-
tured on Luria-Bertani (LB) agar. BHI was supplemented with 144 pM FeSO,
for Fe-replete growth conditions. Fe stress conditions were achieved by supple-
menting BHI with 100 wM ethylenediamine di-o-hydroxyphenylacetic acid
(EDDHA). Unless otherwise noted, the following antibiotics and concentrations
were used: ampicillin (200 pg/ml), rifampin (10 pg/ml), streptomycin (200 g/
ml), tetracycline (10 pg/ml), kanamycin (50 wg/ml), and gentamicin (10 pg/ml).
Antibiotics were obtained from Sigma Biochemicals (St. Louis, Mo.) and Am-
resco (Solon, Ohio). Biochemical reagents were purchased from Life Technol-
ogies, Inc. (Frederick, Md.) and Sigma Biochemicals. Restriction enzymes and
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DNA-modifying enzymes were obtained from Fermentas, Inc. (Hanover, Md.).
Deionized water with an electrical resistance of >18 M{) was used for all
solutions.

Construction of B. avium Pho20(fur). The allelic-exchange construction ptr5-1
(29) was used to engineer a fur mutation in the B. avium strain Pho20. ptr5-1
contains a C-terminally truncated fur whose ATG start codon has been mutated
to a TGA nonsense codon. The plasmid was conjugated into Pho20, and the
transconjugants were plated on BHI agar containing ampicillin. Since ptr5-1 does
not replicate in B. avium, plating transconjugants on ampicillin-containing me-
dium selects for a plasmid integration at the chromosomal fur. Integration of
ptr5-1 causes a gene duplication in which one copy of the fur gene is truncated
and the other copy is substituted at the ATG start codon with a translation
termination codon (TGA). The genotype of the fur mutant was confirmed by
PCR analysis and Southern hybridization (data not shown).

Construction of pERM26. The 507-bp rhul open reading frame (ORF) was
amplified by PCR from the plasmid pERM1 (Murphy and Connell, unpublished)
using synthetic oligonucleotides which were homologous to the 3’ terminus
(5'-CTTGCAACATATGTTCTCTGCTTCCCAGG-3' [Ndel site underlined])
and the 5’ terminus (5'-GGAATTCTCATGACGCATCCATCACCAGA —3'
[EcoRI site underlined]) of the gene. The 3’ primer incorporated an ATG codon
in place of the wild-type GTG codon at the start of rAul to maximize expression
of the cloned gene in E. coli. (PCR was done with a DNA thermal cycler [model
480; Perkin-Elmer, Norwalk, Conn.]. PCR was performed in a solution of 1X
PCR amplification buffer [Life Technologies], 1 uM (each) oligonucleotides, 25
wM (each) deoxynucleoside triphosphates, 2.5 mM MgCl,, and 5% dimethyl
sulfoxide. Thirty cycles of PCR were done, with one cycle consisting of denatur-
ation at 92°C for 1 min, annealing at 45°C for 1 min, and extension at 72°C for
6 min.) The resulting product was directionally cloned into pET21a (Novagen,
Madison, Wis.) at the Ndel/EcoRI sites, which placed rhul under control of the
vector’s T7 promoter, producing the plasmid pFI-7. To overexpress Rhul in
strains lacking the T7 polymerase, a fragment containing the rhul ORF and the
pET21a-encoded ribosomal binding sequence was isolated by digestion of pFI-7
with EcoRI and Xbal. The 520-bp fragment was directionally cloned into
pRK415 (19), which placed the gene under the control of the lac promoter. This
plasmid was designated pERM?26.

To assure that results acquired with pPERM26 were due to expression of the
Rhul protein and not to the presence of extra copies of the rhul gene, a
frameshift was engineered in the rhul gene of pERM26. Digestion with Xhol
(restriction site located at nucleotide 274 of the rhul ORF) was used to linearize
the plasmid, and the overhanging ends were repaired using Klenow polymerase.
The linearized and blunted DNA was religated, transformed into E. coli, and the
rhul gene in the plasmid (pERM26.4) was sequenced to confirm that the gene
had been shifted out of its proper reading frame.

Measurement of alkaline phosphatase activity. Expression of the bhuR::phoA
fusion of B. avium Pho20 was determined using a modified p-nitrophenyl phos-
phate assay (NPP) (35). Pho20 and Pho20 containing various plasmids were
cultured to stationary phase in Fe-limited BHI broth. Fe-stressed cells were used
to inoculate a secondary culture in BHI broth containing 144 uM FeSO, or BHI
broth containing 100 uM EDDHA. At stationary phase, 1 ml of the secondary
culture was centrifuged at 3,000 X g for 5 min to pellet the bacteria. Cells were
resuspended in 1 ml of 1 M Tris (pH 8.0), after which the optical density at 600
nm (ODg) of the cell suspension was recorded. The substrate NPP was added
to the cell suspension (100 pl of 4-mg/ml NPP) and the OD at 420 and 550 nm
(OD,5/550) Was recorded at 30- to 90-min intervals over a period of 8 h using a
Beckman DU 640B spectrophotometer (Fullerton, Calif.). A final OD 5,550 Was
recorded after 24 h. Alkaline phosphatase activity was calculated by use of the
following formula (35): activity = {[(OD,,y — ODss()/0.0162]/ODg}. Activity
is reported as the mean from triplicate assays and is representative of at least two
separate experiments.

Measurement of B-galactosidase activity. Expression of the lacZ reporter gene
in pRS415-derived plasmids (38) was determined using a combination of two
previously described methods (2, 27). Primary overnight cultures were used to
inoculate a 3-ml secondary culture. For experiments in E. coli, secondary cultures
were induced after a 2-h incubation at 37°C with 1 mM isopropyl-p-p-thiogalac-
topyranoside (IPTG) and incubated for an additional 2 h. For experiments in B.
avium, the secondary culture was incubated at 37°C for 16 h. After the appro-
priate incubation, bacteria in 1 ml of culture were pelleted by centrifugation for
5 min at 3,000 X g. The cell pellet was resuspended in 1 ml of Z buffer (60 mM
Na,HPO, - 7H,0, 40 mM NaH,PO, - H,0, 10 mM KCl, 1 mM MgSO, - 7H,0,
38 mM B-mercaptoethanol), and the ODg, was adjusted to 0.2 to 0.7. Four
hundred microliters of cell suspension, diluted with 400 pl of Z buffer, were
permeabilized with 45 wl of 0.1% sodium dodecyl sulfate (SDS) and 90 pl of
chloroform and incubated at 30°C for 15 min. o-Nitrophenyl-B-D-galactopyrano-
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side (ONPG) was added (160 pl of a 4-mg/ml solution) to the permeabilized
cells, and the reaction was incubated at 30°C until yellow color developed. The
reaction was stopped by the addition of 400 pl of 1 M Na,COs. The reactions
were centrifuged briefly to pellet debris, and the OD,,550 of the solution was
recorded. B-galactosidase activity was calculated by use of the formula:
{1,000[0OD 5y — 1.75(0Ds50]}/()(V)(ODgq), where ¢ is the time of reaction (in
minutes) and V is the volume (in milliliters) of cell suspension used in the
reaction. Relative enzymatic activity is reported as the mean of triplicate assays
and was derived from at least two separate experiments.

Outer membrane protein isolation. B. avium outer membranes were isolated
by a modified version of the protocol of Leyh and Griffith (23). Bacterial strains
were cultured at 37°C to stationary phase in BHI broth supplemented with 100
wM EDDHA. The stationary-phase cultures were used to inoculate 25- to 500-ml
secondary cultures in BHI supplemented with appropriate Fe supplements. After
24 h of incubation at 37°C in a shaking incubator, cells were pelleted by centrif-
ugation for 10 min at 5,000 X g, resuspended in 20 ml of ice-cold 10 mM HEPES
(pH 7.4) supplemented with the protease inhibitor phenylmethylsulfonyl fluoride
(PMSF) (0.1 mM), and frozen overnight at —80°C to facilitate cell disruption.
After thawing on ice, the cells were sonicated (four 1-min pulses) at 50% duty
cycle using a sonifier (Branson Ultrasonics Corp., Dansbury, Conn.) fitted with
a microtip. The lysed cells were incubated on ice for 1 h, and a second sonication
was performed (two 1-min pulses). Unbroken cells were removed from the lysate
by centrifugation (3,000 X g for 20 min). The cleared lysate was centrifuged at
100,000 X g for 1 h to pellet total membranes which were subsequently treated
with a solution of 10 mM HEPES (pH 7.4), 1% (wt/vol) N-lauroylsarcosine
(Sarkosyl) for 1 h at room temperature by gentle agitation to dissolve cytoplasmic
membranes. After centrifugation at 100,000 X g for 60 min, the lysate was treated
a second time with the Sarkosyl solution. Outer membranes which remained in
the lysate were pelleted by centrifugation as described above, resuspended in 200
wl of deionized water, and stored at —80°C. Total protein concentrations of the
outer membranes were determined using the Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, Calif.) by comparison to a bovine serum albumin stan-
dard. Proteins were separated on SDS-8.75% polyacrylamide gels and visualized
by staining with Coomassie brilliant blue.

Construction of Py, . reporters. A 200-bp DNA fragment containing the 3’
terminus of rauR, the 102-bp intergenic region, and the 5’ terminus of bhAuR was
amplified by PCR from the plasmid pERM1 (Murphy and Connell, unpub-
lished). Synthetic oligonucleotides pAD3-29E (5'-GGAATTCGCCGTATTGG
ATCGT-3' [the EcoRI site underlined]) and pAD3-30.1B (5'-CGGGATCCTC
ACGTGAGAACAGACGA-3' [the BamHI site underlined and the stop codon
in bold type]) were used as primers for the reaction. (PCR was performed in a
solution of 1X PCR amplification buffer, 10% dimethyl sulfoxide, 1 uM (each)
oligonucleotides, and 50 pM (each) deoxynucleoside triphosphates. Thirty cycles
of PCR were done, with one cycle consisting of denaturation at 94°C for 1 min,
annealing at 50°C for 1 min, and extension at 72°C for 1 min.) A translational
stop codon (TGA) was incorporated at the 3’ end of the fragment to prevent
formation of a BhuR-LacZ translational fusion. The amplified fragment was
directionally cloned into the promoter reporter vector pRS415 (38) at the EcoRI
and BamHI sites, a position that was 5’ to a promoterless lacZYA reporter, to
engineer pDJM31. Four tandem transcription terminators are situated in the
vector at a region directly upstream of the insertion site to block readthrough
transcription from vector promoters.

For examination of the promoter activity in B. avium, the 8.5-kbp region
containing the multiple terminators, P,,,», and the lacZYA reporter was re-
moved by digestion of pDJM31 with PstI and Sall, and ligated into pUFR047 (6),
a Bordetella shuttle vector. The plasmid was designated pDJM41.

Determination of Fur binding sites. The Fur titration assay (FURTA) was
used to determine whether promoter sequences were capable of binding Fur. E.
coli strain H1717, a strain harboring a wild-type fur gene, was engineered so as
to include a chromosomal lacZ reporter gene under the control of a Fur-
regulated promoter (40). Transformation of H1717 with a high-copy-number
vector bearing a DNA sequence capable of binding Fur elicits an increase in
B-galactosidase activity due to titration of Fur from the chromosomal reporter.
A DNA fragment encoding the rhuR-bhuR intergenic region was isolated from
pDJM31 by double digestion with EcoRI/BamHI and ligated into the EcoRI/
BamHI sites of the high-copy-number vector pBluescript KS (Stratagene, La
Jolla, Calif.) to produce pAEK10. The rhul promoter region was amplified by
PCR from pERMI1 (Murphy and Connell, unpublished) using the synthetic
oligonucleotides pfrgl-5E (5'-GGAATTCTGACCTCGCCTGAGCCT-3' [EcoRI
site underlined]) and pfrgl-3B (5'-CGGGATCCTCATGGGAAGCAGAGA
A-3'" [BamHI site underlined]) as primers. (PCR was performed in a solution of
1x Extensor Hi-Fidelity PCR Master Mix, buffer 2 [Marsh Bioproducts, Roch-
ester, N.Y.], and 0.1 pM (each) oligonucleotides. Thirty cycles of PCR were
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FIG. 1. Fur-dependent regulation of bhuR:phoA in B. avium
Pho20. A fur knockout in Pho20 was engineered by integration of
ptr5-1 (29) into the fur gene of Pho20. Pho20 and Pho20(fur) were
cultured in Fe-replete and Fe-stressed BHI broth. Expression of the
bhuR::;phoA reporter in each strain was determined by measuring al-
kaline phosphatase activity using a colorimetric assay (35). Activity is
reported as micromoles of NPP hydrolyzed per minute per ODy, unit.
The mean = 1 standard deviation from the mean (indicated by the
error bar) is shown for each value. Asterisks indicate that the
Pho20(fur) values are significantly different (P < 0.05) from the values
for Pho20 cultured under identical conditions, as determined by the
Student ¢ test.

done, with one cycle consisting of denaturation at 94°C for 1 min, annealing at
45°C for 30 s, and extension at 72°C for 45 s). To construct pAEK13, the
amplified 158-bp fragment was digested with EcoRI and BamHI and ligated into
the high-copy-number vector pBluescript KS.

After the plasmids were transferred into E. coli H1717, stationary-phase cul-
tures of the transformants were used to inoculate a secondary culture in LB
supplemented with 144 uM FeSO, to activate the Fur repressor. The secondary
culture was incubated at 37°C until mid-log phase at which time the B-galacto-
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sidase activity of the cells was determined by a modified version of the Miller
assay (2, 27) as described above.

Nucleotide sequencing and sequence analysis. Nucleotide sequencing was
performed by the CAMBI Nucleotide Sequencing Facility at The University at
Buffalo, The State University of New York, and by the Biopolymer Facility at
Roswell Park Cancer Institute (Buffalo, N.Y.). Sequence analysis was performed
using the Wisconsin Package version 9.0 software package (Genetics Computer
Group, Madison, Wis.) and ClustalW (http://www.ebi.ac.uk/clustalw).

RESULTS

Fur regulation of bhuR. In initial efforts to identify Fe-
regulated outer membrane proteins of B. avium, a TnphoA-
derived library was screened for mutants which expressed Fe-
dependent PhoA fusion proteins (5). Pho20, one of the seven
mutants which were identified, was shown to have a TnphoA
insertion in a 2,567-bp ORF which was designated bhuR (for
Bordetella heme uptake receptor). Subsequent analysis dem-
onstrated that bhuR encodes an outer membrane protein with
significant homology to heme and hemoglobin receptors of
other species (Murphy and Connell, unpublished). Recently,
Vanderpool and Armstrong reported that the bAuR homolog
in B. pertussis is necessary for iron acquisition from heme and
heme complexes (42). Expression of bhuR was shown to be Fe
responsive in that, compared to expression of the bhuR::;phoA
fusion in Pho20 cells cultured in Fe-replete BHI broth, the
reporter fusion in cells cultured under Fe stress was stimulated
at least 54-fold (Fig. 1). To assess the contribution of Fur to the
regulation of bhuR, the nucleotide sequence directly upstream
of bhuR was analyzed by the FURTA (40). This region exhib-
ited a weak but significant titration activity for the Fur repres-
sor of E. coli (32.2 = 1.8 versus 24.6 = 2.3 Miller units for the
vector control). Upon close inspection of the region, a nucle-
otide sequence with weak homology to the E. coli consensus
Fur box (7) was identified (8 of 19 nucleotides) (Fig. 2C). Little

A.
N i T Y DhuR [ bhus [ b | bhul ] bl =
rhul bhuR

B.

1 10 20 30 40 50 60 70 80 90 100

éCTGGCGGc%GTTGTCGAACI-;AGAAGTGTAAAAACCGTTCGT(ETGCATTTAMGAGA&TGATTTTCA%TTATATTTC%TGCAAAAAG-II-G

235 -10
C.
20 40 50 60 70 80 90 100 108

1 10 30
| |

| 1 | | | | | |
TAAATGATTCCTGTTACTAAATAGATTCGTAAAAACTGTCCGGTTCGATGAGAACCTIGGGTCATTGGAAGCAR ACGCCTCCCCTCGACCGGAAAGCTCTCATG

-35

-10

FIG. 2. Genetic organization of the rhulR-bhuRSTUV locus of B. avium. (A) Schematic of the organization of the rhu-bhu locus in B. avium.
rhul and rhuR are homologous to genes encoding ECF sigma factor regulatory systems. bhuR has been shown to encode an outer membrane heme
receptor (Murphy and Connell, unpublished). bhuSTUV are homologous to accessory genes of other known heme and hemoglobin receptors.
Arrows denote putative promoter sequences. Inverted triangles represent putative Fur binding sites. The map is not drawn to scale. (B) Nucleotide

sequence 5’ of the rhul ORF contains sequences homologous to ””

-type promoters. The putative —35 and —10 regions of the P,,,,; promoter are

boxed. Underlined sequences share 13 of 19 nucleotides with the consensus E. coli Fur operator sequence (7). The GTG start codon of rhul is
indicated in bold type. (C) Nucleotide sequence of the 102-bp rhuR-bhuR intergenic region contains sequences homologous to ECF-dependent
promoters. Nucleotides are numbered from the TAA stop codon of rhuR (bold) to the ATG start codon of bhuR (bold). Putative —35 and —10
regions of the Rhul-dependent bhuR promoter are boxed. Nucleotide sequences which have identity at 8 of 19 nucleotide positions with the E.

coli consensus Fur operator sequence (Fur box) (7) are underlined.
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RhuI
FecI
PupI

----VFSASQDDVHRFYADHHGWLNGWLRKKILGNSFDAADLAQDTFVRVLRHRRELPGVR
MSDRATTTASILTFESLYGTHHGWLKSWLTRKLQSAFDADDIAQDTFLRVMVS~ETLSTIR
~MLPSSDPLLICDVALLYRQQHSWLTRWLRQRILNCSQSAADLAQDTFIRLLNK-EQVPQLH

_______ *____*__*Y__*H*WL*_WL_**L__*_*A*D*AQDTF*R**___*_**_**

Rhul
FecI
Pupl

EPRAYLVTIAGRLLLNHYRRRSLERAYEEALAVMPLESAPSPEQRLLIFEALDQIDTLLS
DPRSFLCTIAKRVMVDLFRRNALEKAYLEMLALMPEGGAPSPEERESQLETLQLLDSMLD
APRTFLAKVAQSVLCNHYRRQKLERAYLEALAMLPEPVVPSLETQAILLETLIALDAALD

~PR**L—**A~—**—* _*RR*~LE*AY~E-LA**P-——*PS-E-*-——*E*L--*D*-L*

-35 recognition

Rhul
FecI
Pupl

ALPLKTRRAFLLAQVEQLPYAETAEQLQISVRTVQRHILRAYEQCILVMDAS---
GLNGKTREAFLLSQLDGLTYSEIAHKLGVSISSVKKYVAKAVEHCLLERLEYGL-
GLERPVREAFLLSQVDGLGHTEIAQRLAVSVTTVKRYITIKAGALCIMIIDHSLDLP

*L___*R*AFLL*Q**_L_**EIA**L_*S*_*V****_*A___C*** _______

FIG. 3. Comparison of the amino acid sequence of Rhul to those of two Fur-regulated ECF sigma factors. The predicted amino acid sequence
of Rhul was aligned with the amino acid sequences of Fecl of E. coli (1) and Pupl of P. putida (21) using ClustalW software (http://www.ebi.ac.uk
/clustalw/). Regions 2.1 and 4.2, regions important for the function of ECF sigma factors, are boxed, and their functions, core binding and —35
recognition, respectively, are noted. Amino acids are designated by the single-letter code. Dashes in the three sequences represent gaps introduced
to maximize alignment. The consensus sequence for the three sequences is shown below the three sequences; in the consensus sequence, positions
with amino acid similarity are indicated by asterisks, and positions with nonidentity are designated with dashes. The putative start codon (GTG)

of rhul codes for valine.

is known about the Fur repressor of B. avium (29). Thus, B.
avium Fur may recognize significantly different nucleotide se-
quences than does E. coli Fur. To further investigate the in-
fluence of Fur in the regulation of bhuR, a derivative of Pho20
was engineered in which fur was genetically inactivated using a
strategy similar to that used to produce the fur mutant of B.
avium Pho6 (29). As expected, Pho20(fur) cultured in Fe-
replete conditions exhibited derepressed expression of the
bhuR::phoA translation fusion (Fig. 1). However, expression in
Fe-replete conditions was not equivalent to expression in Fe-
limiting conditions. Rather, expression of the bhuR::;phoA fu-
sion of Pho20(fur) was greater in Fe-replete conditions (Fig.
1). This discrepancy in Fur dependency suggested that bhuR is
regulated only partly by Fur and that additional regulatory
factors are likely involved in expression of the gene.

rhul encodes a putative ECF sigma factor. Genes encoding
regulatory proteins are often found in close proximity to the
genes which are regulated. Cosmid clone p1016 contains an
approximately 45-kbp segment of the B. avium chromosome
within which is encoded bhuR (Murphy and Connell, unpub-
lished). To search for regulatory elements, nucleotide se-
quence was obtained from the region upstream of the bhuR
gene in pl016. Analysis of the nucleotide sequences revealed
two ORFs located 102 bp upstream of bhuR (Fig. 2A). The
distal 507-bp OREF, designated rhul (for regulator of heme
uptake), codes for a polypeptide of 19.4 kDa. Overlapping the
3’ terminus of raul by 4 bp and located proximal to bhuR was
a second ORF of 923 bp which encodes a predicted polypep-
tide of 33.6 kDa. The second ORF was designated rhuR.
BLAST searches revealed that Rhul shares 56% amino acid
similarity to the Fe-regulated ECF sigma factor Fecl of E. coli
(32) and 57% amino acid similarity to the Fe-regulated ECF
sigma factor Pupl of P. putida (21) (Fig. 3). Similar database

searches for polypeptides with homology to RhuR revealed
that the predicted polypeptide has 38% amino acid similarity
to the antisigma factors FecR of E. coli (32) and 42% amino
acid similarity to PupR of P. putida (21). Both antisigma fac-
tors are intimately involved in the Fe-dependent regulatory
activities of Fecl and Pupl, respectively. Based on the similar
genetic organizations of the fec, pup, and bhu loci (Fig. 2), we
hypothesized that rhul and rhuR are likely Fe-dependent reg-
ulators of bhuR expression.

Fur regulation of rhul expression. Fur has been shown to
regulate both fecl and pupl, and Fur binding sites have been
identified in the promoters of those genes (21, 43). To inves-
tigate whether rhul has similar Fur-dependent regulatory fea-
tures, the region upstream of rhul was analyzed for Fur binding
sequences. Nucleotide sequence analysis revealed a region lo-
cated 20 bp upstream of the rhul translational start codon in
which 13 of 19 positions were identical to the consensus Fur
box of E. coli (7) (Fig. 2B). Additionally, nucleotide sequences
consistent with —35 (TTGCAG) and —10 (TAGAA) regions
of o7°-dependent promoters (47) were also identified upstream
of rhul (Fig. 2B). The putative Fur box overlaps the predicted
—10 sequence. To determine whether the region contained a
functional Fur binding box, a 142-bp region encompassing the
predicted promoter, the Fur box, and the first 20 bp of rhul was
analyzed by FURTA (40). As expected, the 142-bp region
titrated Fur from the Fur-regulated chromosomal reporter in
the E. coli FURTA strain (78.7 + 4.4 versus 24.6 = 2.3 Miller
units for the vector control). These data indicated that the
region contains a strong Fur binding site and supported the
hypothesis that the rhul gene of B. avium is Fur regulated.

Expression of bhuR is dependent upon rhul . To test the
hypothesis that Rhul is an Fe-dependent ECF sigma factor
regulating bhuR expression, we took advantage of the obser-
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TABLE 2. Rhul upregulates bhuR::;phoA expression in
B. avium Pho20“

Rhul Alkaline phosphatase activity”
Plasmid .
expression Fe-replete Fe-limited
pRK415 - 0.003 (0.0) 0.137 (0.0)
pERM26 + 1.127 (0.1)* 3.087 (0.1)*

¢ Plasmids were conjugated into B. avium Pho20, which contains a bhuR::phoA
translational fusion reporter in the bhu locus. Cells were cultured in Fe-replete
BHI broth (100 pM EDDHA and 144 pM FeSO,) or in Fe-limited BHI broth
(100 pM EDDHA).

® Alkaline phosphatase activity was determined by the colorimetric NPP assay
(35). The mean and standard deviation (in parentheses) are shown for each
value. Activity is reported as micromoles of NPP hydrolyzed per minute per
ODy unit. Asterisks indicate the values that are significantly different (P <
0.05) from the value for the vector control when each strain is cultured under
identical conditions, as determined by the Student ¢ test.

vation that overexpression of a sigma factor commonly upregu-
lates expression from its respective sigma factor-dependent
promoter (21, 46). This effect was observed in P. putida, in
which overexpression of pupl stimulated expression from the
pupB promoter (21). When pERM26, a pRK415-derived plas-
mid that expresses rhul from a strong constitutive promoter,
was introduced by conjugation into B. avium Pho20, a 22.5-fold
induction of the bhuR:phoA gene over that of the control
strain was observed when both strains were cultured in Fe-
limited broth (3.087 versus 0.137 U) (Table 2). B. avium
Pho20(pERM26) cultured in Fe-replete broth also exhibited
rhul-dependent expression of the fusion reporter (1.127 versus
0.003 U) (Table 2). Thus, the local availability of Fe did not
appear to exert a dramatic effect on expression of the
bhuR::phoA gene in the mutant strain. The greater expression
of the bhuR::;phoA reporter in Fe-stressed cells is likely attrib-
utable to the direct influence of Fur on the bhuR promoter. In
Fe-replete cells, Fur would be expected to exert a negative
influence on expression from the bhuR promoter by binding to
the Fur box in the rhulR-bhuR intergenic region; in Fe-stressed
cells, the Rhul-dependent bhiuR promoter would be dere-
pressed.

To complement the experiments performed with B. avium
Pho20, pERM26 was also introduced into 4169rif, a spontane-
ous rifampin-resistant mutant of B. avium which contains a
wild-type chromosomal copy of bhuR. The outer membrane of
Fe-stressed B. avium contains at least four major Fe-regulated
proteins (5) (Fig. 4). Two of these Fe-regulated proteins (93
and 91.5 kDa) have been determined by amino acid sequence
analysis to be encoded by bhuR (Murphy and Connell, unpub-
lished). Analysis of proteolytic fragments of both polypeptides
indicated that the 91.5-kDa polypeptide is likely a cleavage
product of the 93-kDa BhuR protein. In B. avium 4169rif-
(pPERM26), both the 93- and 91.5-kDa proteins were upregu-
lated (Fig. 4). Furthermore, the level of expression of BhuR in
4169rif(pERM26) when cultured in Fe-replete (Fig. 4, FeSO,)
broth was equivalent to the level of expression of BhuR in the
vector control when those cells were cultured under Fe stress
(Fig. 4, EDDHA). These data indicated that constitutive ex-
pression of rhul in B. avium was correlated with increased
expression of BhuR, yet constitutive expression of rhul did not
absolutely abrogate the regulatory effects of Fe on expression of
BhuR in 4169rif(pERM26). In comparison to Fe-replete
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FIG. 4. Overexpression of Rhul upregulates expression of BhuR.
B. avium 4169rif containing either pPERM26 (rhul overexpressing plas-
mid) or pRK415 (vector control) were cultured in Fe-replete broth
(BHI plus 144 uM FeSO,) or in Fe-stressed broth (BHI plus 100 .M
EDDHA). Outer membrane proteins from each strain were resolved
on an SDS-8.75% polyacrylamide gel and stained with Coomassie
brilliant blue. Each lane was loaded with 8 pg of total protein. The
positions (in kilodaltons) of molecular mass standards (M) are shown
to the right of the gel. The two forms of the Fe-regulated BhuR outer
membrane protein of 4169rif (93 and 91.5 kDa) are denoted by aster-
isks. Arrows denote the positions of the 74- and 50-kDa outer mem-
brane proteins which are influenced by Rhul overexpression.

4169rif(pERM26), Fe-stressed 4169rif(pERM26) cells pro-
duced significantly higher levels of BhuR (Fig. 4). We attrib-
uted this difference to the influence of Fur on the bhuR pro-
moter. Nonetheless, the data obtained from the Rhul
overexpression experiments strongly indicated that the Fe-re-
sponsive regulation of bhuR is dependent, at least in part, on
Rhul.

The regulatory role of rhul may not be limited to bhuR
expression. Production of two other outer membrane proteins
was influenced either negatively or positively by Rhul (Fig. 4).
While synthesis of a 74-kDa protein was upregulated by Rhul
overexpression, production of a 50-kDa protein was downregu-
lated. The roles of these proteins in Fe acquisition have yet to
be determined.

Rhul dependence of the bhuR promoter. In the paralogous
fec (9) and pup (21) systems, the ECF sigma factor-dependent
promoter is located directly upstream of the genes encoding
the regulated receptors (fecA and pupB). Nucleotide sequence
analysis was performed to ascertain whether promoter se-
quences were evident within the region located immediately
upstream of bhuR. Although nucleotide sequences similar to
the consensus o’® promoter sequence were absent, nucleotide
sequences consistent with an ECF sigma factor-responsive pro-
moter (28) were detected within the 102-bp rhuR-bhuR inter-
genic region (Fig. 2C). A conserved —35 site (5'-GAACGT-3")
was located 48 bp upstream of the ATG start codon of bhuR,
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TABLE 3. The rhuR-bhuR intergenic region exhibits
Rhul-dependent promoter activity”
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TABLE 4. Rhul competes with ¢° for binding to
E. coli RNA polymerase”

B-Galactosidase activity

B-Galactosidase activity

Plasmids Rhul Growth (Miller units)® Plasmid Rhul (Miller units)”
expression condition® expression

—IPTG +IPTG —IPTG +IPTG

pDIM31 + - FeSO, 46.5 (1.7) 49.1 (0.5) pRK415 109.2 (3.9) 100.3 (3.9)
pRK415A pERM26 + 114.0 (4.9) 86.7 (1.6)*

EDDHA 119.0 (4.2)F 124.0 (5.5)+ - - -

“ Plasmids were transformed into E. coli AF633 which contains a lacZYA
i reporter operon under the control of the oS-dependent uspB promoter (11).
le;Igll{?’;/[% + FeSO, 1,706.8 (52.3) 3,069.8 (112.6) Expression of a sigma factor other than ¢ in this strain results in a decreased

EDDHA  2,260.0 (142.4)*% 3,958.1 (186.2)*t

“ Reporter and expression plasmids were cotransformed into E. coli MGIQ1,
an engineered K-12 strain that encodes a chromosomal lacI4" allele (V.J. Her-
nandez). Cells were induced at mid-log stage for 2 h by adding IPTG to a final
concentration of 1 mM to the culture broth.

b Primary cultures were incubated overnight in LB supplemented with 100 uM
EDDHA. The Fe-stressed overnight cultures were used to inoculate secondary
cultures under the indicated conditions. FeSO,, LB supplemented with 100 pM
EDDHA and 144 uM FeSO,; EDDHA, LB supplemented with 100 uM
EDDHA.

¢ Reporter activity was determined by a modified version of the Miller assay (2,
27). The mean and standard deviation (in parentheses) are shown for each value.
Values that are significantly different (P < 0.05) from the value for the vector
control, as determined by the Student ¢ test, are indicated by asterisks. Values
that are significantly different (P < 0.05) from the value for the Fe-replete strain,
as determined by the Student ¢ test, are indicated by daggers.

and a sequence with similarity to the consensus —10 region
(5'-TCGCA-3") was identified at a site 16 bp downstream of
the putative —35 region. To determine whether the intergenic
region encoded a promoter which responds to Rhul, a 199-bp
fragment containing the intergenic region, 32 bp of rhuR, and
48 bp of bhuR obtained from pERMI1 by PCR was ligated
directionally into the promoter probe vector pRS415 at a site
immediately upstream of a promoterless lacZYA reporter
operon (38). Four transcriptional terminators located in a tan-
dem array upstream of the insertion site in pRS415 efficiently
isolated the DNA fragment containing the putative bhuR pro-
moter (P,,,.z) and the lacZYA reporter from plasmid-encoded
promoters. pDJM31 was transformed into E. coli MGIQ1, a
strain encoding the lacl%" allele (a gift from V. J. Hernandez).
To demonstrate that a Rhul-dependent promoter was located
within the intergenic region, MGIQ1(pDJM31) was subse-
quently transformed with the Rhul-expressing plasmid
pERM26. Cells induced for expression of Rhul by addition of
IPTG to the culture medium were assayed for production of
B-galactosidase activity as an indirect measure of promoter
activity. Upon induction of rhul by IPTG, MGIQ1(pDIM31,
pERM26) exhibited a 62-fold increase in B-galactosidase ac-
tivity (3,069.8 versus 49.1 Miller units) when the strain was
cultured in Fe-replete broth compared to the vector control
(Table 3). In the absence of IPTG induction, lower but still
significant differences in Rhul-induced promoter activity (37-
fold) were evident (1,706.8 versus 46.5 Miller units) (Table 3).
This activity was likely a result of leaky expression of the
plasmid-encoded rhul gene. To further demonstrate that ex-
pression of the Rhul polypeptide was needed for bhuR pro-
moter induction, the rhul gene in pERM26 was mutated by
frameshifting the gene at a single codon. Introduction of this
plasmid, pPERM26.4, into MGIQ1(pDJM31) did not stimulate
expression of the reporter gene (data not shown). Taken to-
gether, these data support the hypothesis that the 102-bp re-

expression of the LacZ reporter. All plasmids were cotransformed with placl as
a source of the Lacl9! repressor. Cells were induced for Rhul expression by the
addition of IPTG to a final concentration 0.1 mM at the time of inoculation.

b Reporter activity was determined by a modified version of the Miller assay (2,
27). The mean and standard deviation (in parentheses) are shown for each value.
The asterisk indicates that the value is significantly different from the value for
the uninduced control (P < 0.05), as determined by the Student ¢ test.

gion located immediately upstream to bhuR encompasses a
promoter (P, ) whose activity is responsive in trans to stim-
ulation by Rhul.

To assess the contribution of Fur to the regulation of bhuR,
the Rhul-dependent P, reporter was analyzed in E. coli for
responsiveness to local Fe availability. Consistent with Fur
regulation, Fe-limited cells expressed a higher level of B-ga-
lactosidase activity than did cells cultured in Fe-replete condi-
tions. Expression of the reporter was independent of Rhul or
IPTG (Table 3). Compared to activity in Fe-replete cells, re-
porter activity increased by 76% when E. coli MGIQ1(pDIM31,
pPERM26) cells were Fe stressed. Unexpectedly, the reporter
responded weakly in the absence of Rhul (Table 3), which
indicated that P, is responsive to an unknown E. coli sigma
factor. This responsiveness was not influenced by the endoge-
nous E. coli fec system; Fe-dependent P, activity was unaf-
fected by adding citrate to the culture (data not shown). It was
clear from these experiments that P, in E. coli is regulated
in a direct manner by Rhul and Fur.

Competition of oS-dependent transcription by Rhul. Al-
though homology comparisons are useful in predicting the
molecular role of a new protein, functional assays are required
before a biochemical role can be assigned to any protein. In the
case of sigma factors, gel shift experiments and coimmunopre-
cipitations using core RNA polymerase are routinely used to
characterize their biological activities. Significant amounts of
purified proteins, however, are required for both assays. Var-
ious attempts to purify properly folded, recombinant Rhul
were unsuccessful (data not shown). As an alternative to gel
shift and coimmunoprecipitation experiments, a genetic model
of sigma factor competition for RNA polymerase was utilized
to demonstrate that Rhul had biological properties which were
consistent with a sigma factor (11). Transcription of uspB, a
gene which encodes a universal stress protein, is controlled by
¢°, a stationary-phase sigma factor (12). When o’° was over-
expressed in the cell, transcription from the uspB promoter was
significantly decreased due to competition between ¢’ and o°
for binding to core RNA polymerase (11). When pERM26 was
transformed into AF633, an engineered strain of E. coli (11)
which contains a transcriptional fusion of the uspB promoter
and a B-galactosidase reporter gene, and the recombinant
strain was IPTG induced for high-level expression of Rhul, a
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FIG. 5. Hemin and hemoproteins induce expression from the bhuR
promoter. B. avium 4169rif(pDJM41) was cultured in BHI broth sup-
plemented with 100 uM EDDHA in combination with each of the
following molecules: FeSO,, hemin, turkey hemoglobin, myoglobin,
catalase, or protoporphyrin IX. Each of the molecules was used at a
concentration such that the total Fe concentration was 5 pM. B-Ga-
lactosidase activity was determined by using a modified version of the
Miller assay (2, 27). The mean * 1 standard deviation from the mean
(indicated by the error bar) is shown for each value. Asterisks indicate
the values that are significantly different (P < 0.05) from the value for
EDDHA alone, as determined by the Student ¢ test.

24% decrease in P, activity was observed (114.0 versus 86.7
Miller units) (Table 4). No significant difference in P, ac-
tivity (109.2 versus 114.0 Miller units) was observed in cells
when IPTG was omitted from the culture (Table 4). The Rhul-
dependent decrease in P, activity was not associated with
general disruption of cellular metabolism, since both
AF633(pERM26, placl) and AF633(pRK415, placl) grew in
culture broth with equal proficiency and to similar cell densi-
ties (data not shown). Thus, these experimental results were
consistent with a model in which the sigma factor Rhul suc-
cessfully competed in vivo with ¢° for binding to core RNA
polymerase.

Induction of Rhul-dependent expression of bhuR by heme
and hemoglobin. In genetic systems regulated by ECF sigma
factors, maximal activation of ECF sigma factors was pro-
moted by binding of the cognate extracellular ligands to the
surface-exposed receptors (16, 21). In E. coli, ferric dicitrate,
the molecule that is bound by FecA receptor, is the inducer for
the fecABCDE polycistron (16). The inductive signal is trans-
mitted from FecA to Fecl via the cytoplasmic membrane pro-
tein FecR (30). Similarly, the siderophore pseudobactin was
shown to induce the activity of Pupl in P. putida via PupB,
the outer membrane pseudobactin receptor (21). Prior stud-
ies in our laboratory demonstrated that B. avium requires
BhuR for the efficient acquisition of heme, hemoglobin,
myoglobin, and catalase as sources of nutrient Fe (Murphy
and Connell, unpublished). To test whether heme and he-
moproteins are the cognate inducers for Rhul-dependent
transcription of bhuR, a P, reporter plasmid (pDIM41)
was engineered in pUFRO047 (6) for use in B. avium. When
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B. avium 4169rif(pDJM41) was cultured in BHI broth which
had been supplemented with FeSO,, B-galactosidase activity
from the P, r-lacZYA reporter fusion was negligible (Fig. 5).
Addition of 0.16 wuM hemin to the Fe-replete culture had no
effect on the basal reporter activity (data not shown). However,
addition of hemin to BHI broth which had been reduced for
free Fe by supplementation with EDDHA stimulated a seven-
fold increase in reporter activity over that observed with cells
cultured in BHI supplemented with EDDHA alone (Fig. 5). A
similar experiment was performed to investigate whether the
heme-containing molecules hemoglobin, myoglobin, and cata-
lase would induce P, . Addition of these three hemoproteins
(hemoglobin, myoglobin, and catalase) to the Fe-stressed cul-
tures resulted in a significant induction of P, in all cases
(Fig. 5). Since Fe uptake systems in other bacteria often re-
quire that the ferromolecules are complexed with Fe, proto-
porphyrin IX, the Fe-free precursor of heme, was also tested
for inductive potential. Unexpectedly, protoporphyrin IX elic-
ited a weak potential for induction of P, (Fig. 5, Protopor-
phyrin IX). This slight inductive capacity of the molecule was
attributed to a weak binding affinity of the outer membrane
receptor BhuR for protoporphyrin IX. It is not yet clear
whether the hemoproteins per se are responsible for induction,
as it is feasible that heme is released from the molecules by an
undescribed cell surface or extracellular degradase. Prelimi-
nary experiments, however, revealed that neither culture su-
pernatants nor intact B. avium cells had hemoglobin degrada-
tive activity (T. D. Connell, unpublished data). Nonetheless,
these experiments firmly established that free heme and sev-
eral heme-containing molecules induced expression of bAuR in
a Rhul-dependent manner.

Heme induction of P,,,, . requires expression of BhuR. For
E. coli and P. aeruginosa, the FecA and PupB outer membrane
receptors, respectively, are integral components of the ligand-
responsive signaling cascades (16, 21). A reasonable hypothesis
for B. avium was that BhuR is the ligand sensor for induced
expression of bhuR. To test this hypothesis, pDJM41 was con-
jugated into B. avium Pho20. In contrast to B. avium 4169rif-
(pDJM41) (Fig. 5), Pho20(pDJM41) was unresponsive to
heme in either Fe-replete or Fe-stressed media (data not
shown). These data supported a model in which BhuR is an
essential participant in the heme-sensing pathway of B. avium.

DISCUSSION

Prokaryotic regulatory systems evolved in response to evo-
lutionary pressures that selected for pathways to minimize
wasteful expenditures of energy. The evolutionary advantage
to the bacterium is that only the most optimal metabolic path-
way(s) will be expressed at any one moment and under any
particular environmental condition. Ideally, bacteria would
downregulate genes encoding specific nutrient uptake and uti-
lization pathways when the nutrient is available at high con-
centrations in the local environment. Conversely, the bacte-
rium would be expected to upregulate these genes when it is
starved for that particular nutrient. This predicted pattern of
gene expression is evident in the expression of bacterial sys-
tems for Fe acquisition. In response to local Fe concentrations,
bacteria tightly regulate those genes which encode for Fe ac-
quisition proteins. Fur, an Fe-responsive global regulator, has
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been shown to be the major regulatory molecule for a variety
of bacterial Fe acquisition systems. In the case of bacterial
pathogens, however, more-complicated regulatory mecha-
nisms for mediating expression of genes for Fe acquisition are
often encountered. While Fe starvation is a sufficient stimulus
for some pathogens to upregulate transport systems, other
bacteria do not respond to free Fe but require induction by
particular Fe-containing molecules (14, 21, 43). One of the
most efficient bacterial systems to control expression of Fe
acquisition machinery, the ECF sigma factor mechanism, uti-
lizes both inducer-activated and Fur-regulated mediators. In
our model, the Rhul/RhuR ECF regulatory system exerts both
positive and negative control on expression of the bhu heme
utilization regulon in B. avium. When Fe is limiting, repression
of the Fur-dependent rhulR polycistron is released and the
regulatory proteins Rhul and RhuR are synthesized. Upon
appropriate indirect stimulation by extracellular heme, these
regulatory proteins promote increased expression of bAuR.
When Fe is abundant, expression of #hul and rhuR, and thus,
bhuR is repressed, most likely in a Fur-dependent manner.

Regulated expression of the heme utilization system by B.
avium requires both transcriptional activation and ligand sens-
ing. In this regard, BhuR is an essential component of the
regulatory cascade for heme acquisition. Our current model is
that BhuR is simultaneously a heme receptor and a heme
response sensor. Under Fe stress, low but adequate amounts of
BhuR are produced to prime the cell for heme-dependent
induction of the rhulR/bhuR regulon. When heme or other
heme-containing molecules become locally available, binding
of the ligand(s) to BhuR initiates the regulatory cascade to
dramatically upregulate expression of bhuR in a Rhul-depen-
dent manner. The independent, but converging fur and rhu
regulatory systems, therefore, tightly regulate transcription of
bhuR. As a result, biosynthetic energy is conserved until the
cell experiences both Fe stress and the presence of heme or
heme-containing molecules in the local environment.

There is convincing comparative evidence that Rhul is a new
member of the ECF subfamily of sigma factors. Rhul has
significant amino acid homology to FeclI (32) and PuplI (21),
two well-described ECF sigma factors, particularly in regions
2.1, 4.2, and 3 (Fig. 3). Each of those domains is known to be
important for sigma factor function (25). Region 2.1 has been
implicated in RNA polymerase core binding, region 4.2 has
been implicated in —35 region recognition (Fig. 3), and region
3 has the potential to form a helix-turn-helix motif which is
thought to contribute DNA-binding activity to the protein (25).
Rhul has no detectable homology to a domain (region 1) that
is found in most o’’-type sigma factors but which is absent in
ECF sigma factors (26). Additional evidence to support inclu-
sion of Rhul into the ECF sigma factor subfamily is provided
by analysis of the genetic structure of the putative Rhul-de-
pendent bhuR promoter. Nucleotide sequences that are remi-
niscent of other ECF sigma factor-dependent promoters are
observed within the putative —35 region (GAACGT) of P,z
(Fig. 2C). An adenine dinucleotide at the second and third
positions, the guanosine at the 5’ position, and the thymidine
at the 3’ position are present in most promoters that are
regulated by ECF sigma factors (26). Conversely, the putative
—10 regions of ECF-dependent promoters are not highly con-
served with the exception of a relative abundance of thymidine
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nucleotides (26). Since a species may produce multiple ECF
sigma factors (3, 28), a system to discriminate between differ-
ent promoters is a logical necessity. From the patterns of se-
quence conservation, it is reasonable to propose that the —35
region of ECF-dependent promoters provides broad specificity
for all ECF sigma factors, while narrow specificity of the pro-
moters for their cognate ECF sigma factors is likely to be
mediated by the divergence in the —10 sequences. Evidence
for this model was demonstrated in Bacillus subtilis in which
the —10 regions of the ECF sigma ¢*- and o -dependent
promoters were genetically switched. In these mutants, the
sigma specificity of the promoters was shown to be dependent
upon the respective —10 regions (33).

Promoter reporter experiments performed in E. coli estab-
lished that the rhuR-bhuR intergenic region had promoter ac-
tivity and that the promoter was responsive to Rhul. In control
experiments, however, P, was weakly active in the absence
of Rhul (Table 3, pDIJM31 and pRK415A). We hypothesize
that an endogenous and unknown E. coli sigma factor interacts
with P,,,.. Subsequent experiments confirmed that the hy-
pothesized sigma factor is not Fecl, an endogenous ECF sigma
factor of E. coli, since conditions known to induce Fecl tran-
scriptional activity did not increase expression from P, x
(data not shown). The responsiveness of P, to the hypo-
thetical sigma factor is apparently species specific, as a similar
Fe dependency was not evident in promoter experiments per-
formed in B. avium 4169rif(pDJM41). Specifically, P, in
4169rif(pDJM41) was unresponsive to Fe limitation in the
absence of heme or other extracellular inducers (Fig. 5).

Expression of P,z was elicited in E. coli without concur-
rent expression of RhuR, the putative antisigma factor of
Rhul. We concluded from those data that, under those exper-
imental conditions, RhuR must not be essential for Rhul ac-
tivation. At first glance, these data supported the traditional
model that RhuR is a member of the sequestering subfamily of
antisigma factors. One would predict that in B. avium, RhuR,
induced during Fe stress, would sequester Rhul and, thereby,
limit expression of P, ., yet the converse was observed. In
promoter experiments performed in B. avium, expression of
BhuR::PhoA in Fe-starved Pho20(pERM26) exceeded expres-
sion of BhuR::PhoA in Fe-replete Pho20(pERM26) cells (Ta-
ble 2). The explanation for this somewhat perplexing observa-
tion may reside in copy number considerations; i.e., the single
chromosomal copy of rhuR likely produced insufficient
amounts of RhuR to sequester the prodigious amounts of
recombinant Rhul that was expressed from pERM26. Al-
though most antisigma factors are negative regulators (18),
positive regulation by antisigma factors has been documented
(30), and RhuR may be of this latter class. Experiments to
examine the character of RhuR in Rhul stimulation or activa-
tion are in progress.

Overexpression of Rhul evoked a dramatic increase in the
amount of BhuR in the outer membrane of B. avium 4169rif
(Fig. 4). Both the 93-kDa form of the protein and the smaller
91.5-kDa form of BhuR were upregulated in response to con-
stitutive expression of Rhul. Fe availability, however, altered
the stoichiometric expression of the two forms. Whereas the
93-kDa form of BhuR predominated in the outer membrane of
Fe-stressed 4169rif(pRK415), the 91.5-kDa form was present
only in low amounts (Fig. 4). In contrast, in Fe-stressed
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4169rif(pERM26) in which Rhul was overexpressed, the two
forms of BhuR were synthesized in essentially equivalent
amounts (Fig. 4). In Fe-replete cells overexpressing Rhul, the
smaller form of BhuR predominated. This pattern of expres-
sion suggested that the processing of BhuR from the 93-kDa
form to the 91.5-kDa form may be a regulated event in re-
sponse to Fe concentration. Furthermore, processing of BhuR
may be influenced, directly or indirectly, by overexpression of
Rhul. Neither the functional significance of the two forms of
BhuR in the outer membrane of B. avium nor the role of Rhul
in synthesis of the two forms has been elucidated, but the
observations are consistent with a model in which expression of
activity of a specific protease is controlled by Rhul.

In E. coli and P. aeruginosa, the ECF sigma factor regulons
are activated only after binding of the pertinent extracellular
inducers to their cognate receptors (16, 21). We hypothesized
a similar model for BhuR regulation in that Rhul activity in B.
avium is induced by the presence of extracellular heme. Pro-
moter reporter experiments using B. avium 4169rif(pDJM41)
confirmed that the bhuR promoter responded to heme (Fig. 5).
To our surprise, promoter activity was also induced by the
heme-containing proteins hemoglobin, myoglobin, and cata-
lase. Each of these molecules was shown to induce expression
from P, in an Rhul-dependent manner (Fig. 5). The level of
Fe responsiveness of the bhuR promoter was dependent upon
the context in which it was presented. While the bhuR::;phoA
reporter gene in B. avium Pho20(pRK415) was responsive to Fe
stress (Table 2), the plasmid-encoded P, in 4169rif (pDIM41)
was unresponsive to Fe limitation unless inducer was present
(Fig. 5). This seemingly paradoxical observation is resolved by
considering the differences between the two reporter systems.
In Pho20, the bhuR::;phoA reporter gene resides on the chro-
mosome. In contrast, the P, element in 4169rif(pDIM41) is
encoded on an extrachromosomal element (i.e., pDIJM41). The
most likely source of the cis-acting Fe-dependent regulation of
bhuR::phoA is the Fur box located immediately upstream of
rhul. The data are consistent with the following model. Under
Fe stress, the Fur-dependent vhulR promoter in strain Pho20
(and in the wild-type strain 4169rif) is derepressed, enabling
RNA polymerase to transcribe rhul and rhuR. At an unknown
frequency, a longer transcript is produced by readthrough tran-
scription when RNA polymerase continues to transcribe be-
yond rhulR and into bhuR. Biologically, such inefficient tran-
scriptional termination would be adaptive, in that small
amounts of BhuR would be produced in the absence of heme
induction during Fe stress. That small amount of BhuR in the
outer membrane would thus prime the cell for detection of
heme should the inducer become available. At that time, bind-
ing of inducer to the limited number of receptors would initiate
the RhulR-BhuR regulatory cascade, thus stimulating a dra-
matic increase in BhuR synthesis. The model, however, does
not resolve the conundrum of why Pho20(fur) does not exhibit
equivalent expression of bhuR::phoA regardless of Fe availabil-
ity (Fig. 1). We hypothesize that B. avium has a third regulatory
mechanism for the expression of bhuR that has yet to be iden-
tified. Transcriptional experiments are ongoing in B. avium to
investigate the role of readthrough transcription under various
conditions of Fe availability in bhuR expression.

Recently, three ORFs, designated hurl, hurR, and bhuR,
with sequence homology to the rhul, rhuR, and bhuR genes of

INFECT. IMMUN.

B. avium have been identified in B. pertussis (42). While the
structural sequences of the three genes of B. pertussis were
highly homologous to their respective partners in B. avium,
there was significant divergence in the nucleotide sequences of
the rhuR-bhuR intergenic regions. Experiments similar to
those detailed in this study performed in our laboratory dem-
onstrated that the rhuR-bhuR intergenic region of B. pertussis
has promoter activity that is responsive to Rhul of B. avium
(data not shown). These experiments provide convincing evi-
dence that B. pertussis expresses a rhul-dependent heme-induc-
ible system for heme uptake that is functionally similar to that
expressed by B. avium. Examining the incomplete genomes of
Bordetella parapertussis and Bordetella bronchiseptica by using
the Sanger Center database (Bordetella sequencing group of
the Sanger Center [http://www.sanger.ac.uk/Projects]) revealed
rhulR sequences in these species as well. Additionally, BhuR in
B. bronchiseptica has been shown to be heme induced (42).
Future experiments will investigate whether the rhulR (hurIR)
and bhuR genes of B. pertussis, B. parapertussis, and B. bron-
chiseptica are the functional equivalents of the respective genes
in B. avium.
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