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Ornibactins are linear hydroxamate siderophores produced by Burkholderia cepacia with peptide structures
similar to that of pyoverdines produced by the fluorescent pseudomonads. The gene encoding the outer
membrane receptor (orbA) was identified, sequenced, and demonstrated to have significant homology with
hydroxamate receptors produced by other organisms. The orbA precursor was predicted to be a protein with
a molecular mass of 81 kDa. An orbA mutant was constructed and demonstrated to be unable to take up
5%Fe-ornibactins or to grow in medium supplemented with ornibactins. Outer membrane protein profiles from
the parent strain, K56-2, revealed an iron-regulated outer membrane protein of 78 kDa that was not detectable
in the K560rbA::tp mutant. When this mutant harbored a plasmid containing the orbA gene, the 78-kDa protein
was present in the outer membrane protein profiles and the mutant was able to utilize ornibactin to acquire
iron. The orbA mutant was less virulent in a chronic respiratory infection model than the parent strain,
indicating that ornibactin uptake and utilization are important in the pathogenesis of B. cepacia respiratory

infections.

Burkholderia cepacia is an opportunistic pathogen that can
cause severe respiratory infections in individuals with cystic
fibrosis (CF) or chronic granulomatous disease (18). The inci-
dence of B. cepacia infections in CF patients varies geograph-
ically, but prevalence has been reported as high as 40% in
some North American centers. Approximately 20% of CF pa-
tients colonized with B. cepacia experience a rapid and often
fatal pulmonary decline, sometimes associated with septice-
mia, even in patients with previously mild disease (reviewed in
references 17 and 18). Potential virulence factors that may
contribute to the severity of B. cepacia infections include sid-
erophores.

Iron is essential for microbial growth, and bacterial patho-
gens must contend with an iron-restricted environment when
colonizing mammalian hosts since iron is bound to transferrin
and lactoferrin rendering it essentially unavailable to microbial
invaders (30). Pathogenic bacteria require specialized iron ac-
quisition systems to overcome the iron limitation imposed by
the host. The most common mechanism of iron acquisition is
the secretion of small chelators, called siderophores, that bind
ferric iron and transport it into the cell via specific receptor-
mediated membrane-associated uptake mechanisms (reviewed
in references 8, 31, and 33). Siderophore-mediated iron acqui-
sition is dependent on the activities of the TonB, ExbB, and
ExbD proteins, which provide energy to the outer membrane
receptor to translocate iron across the bacterial membrane
(31).

B. cepacia has been reported to produce four different sid-
erophores: ornibactins, pyochelin, salicyclic acid (SA; formerly
azurechelin), and cepabactin (28, 29, 41, 43, 45, 49). Ornibac-
tins and SA are the predominant siderophores produced by
clinical isolates of B. cepacia and are produced by 87 and 92%,
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respectively, of B. cepacia random amplified polymorphic
DNA types isolated from CF patients (9). Ornibactins are
linear hydroxamate/hydroxycarboxylate siderophores com-
posed of the conserved tetrapeptide L-Orn'(N°>-OH,N®-acyl)-
D-threo-Asp(B-OH)-L-Ser-L-Orn*(N°-OH,N°-formyl)-1,4-di-
aminobutane. The acyl groups of Orn' vary in length and
include 3-hydroxybutanoic acid, 3-hydroxyhexanoic acid, and
3-hydroxyoctanoic acid, forming the three different ornibac-
tins, designated ornibactin-C4, ornibactin-C6, and ornibac-
tin-C8 according to their acyl chain lengths (45, 46). The pep-
tide structures of ornibactins are similar to that of the
pyoverdines produced by the fluorescent pseudomonads,
Pseudomonas aeruginosa and Pseudomonas fluorescens, but
lack a chromophore (29, 45).

In a previous study, we used transposon mutagenesis to
identify two genes required for ornibactin synthesis (42). The
pvdA gene encodes the enzyme L-ornithine N’-oxygenase,
which is responsible for catalyzing the hydroxylation of L-orni-
thine and for the formation of the hydroxamate ligands (42).
The identification of the B. cepacia pvdA gene was based on its
homology to the P. aeruginosa pvdA gene, which codes for the
same enzyme and which is required for the synthesis of the
siderophore pyoverdine (48). The B. cepacia pvdA gene prod-
uct was shown to be required for both ornibactin biosynthesis
and uptake, and pvd4 mutants were less virulent than the
parent strain in both chronic and acute models of respiratory
infection (42). A pvdD homolog that demonstrated homology
to peptide synthetases involved in nonribosomal peptide syn-
thesis in a range of bacterial and fungal species was also iden-
tified (27). In the present study, we describe the identification
and characterization of a gene located downstream of pvdA
that codes for the outer membrane receptor for ornibactin.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The bacterial strains and plasmids
used in this study are described in Table 1. B. cepacia strain K56-2 was originally
isolated from the sputum of a CF patient. This strain produces SA and ornibac-
tins and negligible amounts of pyochelin and does not produce cepabactin (9,
23). It belongs to B. cepacia genomovar IIT and has the c¢blA gene and B. cepacia
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference(s) or source
Strains
E. coli
DHS5a F' ®f80dlacZAM15A(lacZYA-argF)recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl deoR U169 Life Technologies
SM10 Mobilizing strain; RP4 tra genes integrated in chromosome; Km* 40
B. cepacia
K56-2 Clinical isolate; genomovar IIT 9, 23, 25
KS6orbA:tp  orbA:tp" derivative of K56-2 This study
Plasmids
pNOTI19 Modified pUC19 cloning vector; Ap" 37
pUCP26 Broad-host-range vector; IncP OriT; pRO1600 ori; Tc" 38
pPD519 pNOT19 with 6.1-kb Sphl fragment from K56-2 containing the pvdA, orbA, and pvdF genes 42
pEX18Tc Suicide vector; sacB Tc" 20
pEX18Ap Suicide vector; sacB Ap* 20
p34E-Tp Source of tp cassette; Tp" 12
pRK2013 ColE1 Tra (RK2)*" Km"* 14
pCC524 pEX18TC with a 3-kb EcoRI-Bgl/II fragment containing orbA cloned into the EcoRI-BamHI sites This study
pCC524T pCC524 with a Sall fragment containing the 0.6-kb Tp* cassette from p34E-Tp inserted in the This study
Xhol site in the orbA gene
pPD524 pEX18Ap with a 3-kb EcoRI-Bg/II fragment containing orbA cloned into the EcoRI-BamHI sites This study
pPD526 pUCP26 with a 3-kb EcoRI-HindIII fragment from pPD524 cloned into the EcoRI-HindIII sites This study

epidemic strain marker (BCESM) (25). For genetic manipulations, cultures were
routinely grown at 37°C in Luria-Bertani broth (Life Technologies, Burlington,
Ontario, Canada) or Bacto-Terrific broth (Difco, Detroit, Mich.). Trypticase soy
agar was used to quantitate bacteria in lung homogenates. When appropriate,
antibiotics were added at the following concentrations: 100 pg of ampicillin, 15
ng of tetracycline, and 1.5 mg of trimethoprim per ml for E. coli and 300 pg of
tetracycline, 100 pg of streptomycin, and 100 pg of trimethoprim per ml for B.
cepacia.

For siderophore-iron uptake assays, growth curves, outer membrane prepara-
tions, and animal experiments, cultures were grown at 32°C with maximum
aeration in TSB-DC as previously described (35). All glassware was washed with
acid and rinsed with deionized water to remove iron. All reagents were made
with water purified by the Milli-Q system (Millipore, Mississauga, Ontario, Can-
ada).

For outer membrane protein isolation, 20-ml cultures were grown for 16 h and
used to inoculate 500-ml cultures that were grown to an A4, of approximately
1.0. The medium was sometimes supplemented with 20 wM ethylenediamine-
di(o-hydroxyphenylacetic acid) (EDDHA) or 50 wM FeCl;. Strains
K56-20rbA::tp and K56-20rbA::tp(pUCP26) will not grow in the presence of
EDDHA, so EDDHA was not added to the medium of these strains.

DNA manipulations. Molecular biology techniques were performed as gener-
ally described by Sambrook et al. (36). Genomic DNA was isolated from K56-2
as described by Ausubel et al. (2). Recombinant plasmids were electroporated
into Escherichia coli strain DH5« using a Gene Pulser (Bio-Rad, Richmond,
Calif.) according to the manufacturer’s recommendations or into B. cepacia
K56-20rbA::tp as previously described (11).

For construction of an orbA allelic exchange mutant, a 3-kb EcoRI-Bg/II
fragment from plasmid pPD519 containing orbA4 (42) was cloned into pEX18Tc
(20) to construct plasmid pCC524. A 0.6-kb Sall fragment containing the Tp"
cassette from p34E-Tp (12) was inserted into the Xhol site in the orbA gene. This
plasmid (pCC524T) was transferred from E. coli to K56-2 by triparental mating
using pRK2013 (14) as a mobilizing plasmid. Tp" transconjugants were plated on
medium supplemented with 5% sucrose to select for excision of the plasmid.
Insertional inactivation of orbA was confirmed by Southern hybridization and
PCR using primers internal to orbA, which flanked the Xhol site. Primers orbl
(5'-TGCCGCATGTTGACCCAGTC-3") and orb2 (5'-AACAACGACCAACG
CTCGC-3") amplified an approximately 700-bp product from K56-2 and an
approximately 1,300-bp product from K560rbA::tp.

Nucleotide sequencing. Nucleotide sequencing was performed using the ABI
PRISM BigDyeTM terminator cycle sequencing ready reaction kit with Ampli-
Taq DNA polymerase (Perkin-Elmer Corp., Mississauga, Ontario, Canada).
DNA sequencing reactions were analyzed with an ABI373A DNA sequencer by
the University Core DNA Services (University of Calgary). Custom oligonucle-
otides were synthesized by Life Technologies. Analysis of the sequence was
performed with PC/Gene (Intelligenetics, Mountain View, Calif.), DNAMAN
software (Lynnon Biosoft, Vaudreuil, Quebec, Canada), and ORF finder (http://
www.ncbi.nlm.nih.gov/Tools/index.html). BLASTX and BLASTP programs were
used to search the nonredundant sequence database for homologous sequences
(1, 24). The presence of PROSITE protein patterns in the OrbA sequence was

determined using the Scan-Prosite tool of the EXPASy molecular biology server
of the Swiss Institute of Bioinformatics. The PSORT program on the ExPASy
server was used to predict protein localization.

Iron uptake assays. Cultures were grown to an Agy, of 0.3, washed, and
resuspended to a final A4 of 0.3 in TSB-DC medium (30, 44). Ornibactins (3.6
mmol) were mixed with an equal amount of **FeCl; in a total volume of 100 pl
and equilibrated for 10 to 30 min prior to the assay. Uptake reactions were
initiated by the addition of 100 ul of the *°Fe-ornibactin mixture to 10 ml of cells.
One-milliliter samples of these reaction mixtures were removed at selected
intervals, filtered through cellulose acetate (0.45-pM-pore-size) filters (Sartorius
GmbH, Goettingen, Germany), and washed with 3 ml of 10 mM Tris (pH
7.5)-0.9% NaCl. The amount of *°Fe accumulated on the filters was measured in
an LKB Compugamma counter. SA uptake assays were performed as described
above except that 7.2 nmol of SA was equilibrated with 3.6 nmol of **FeCl; and
100 pl of *Fe-SA was used to initiate the uptake reactions (43).

Ornibactin assays. Production of ornibactins was determined using the
Chrome Azurol S (CAS) assay as previously described (39, 42). SA produced by
K56-2 is not detectable in the CAS assay (42).

Growth determinations. To determine the effects of siderophores on growth,
overnight cultures were subcultured into 15 ml of medium at an initial cell
density corresponding to an A4y, of 0.005. Pyochelin, SA, or ornibactins were
added to the medium at a final concentration of 10 pg/ml. Growth experiments
were performed in triplicate, and growth was measured by determining the A4y
of the cultures at selected intervals.

Outer membrane protein isolation. Outer membranes were prepared by a
modification of the methods of Hancock and Nikaido (19) and Gotoh et al. (16).
Cells were grown to an A, of approximately 1.0 and washed once in 30 mM
Tris-HCI (pH 8.0), and the cell pellets were frozen at —70°C. The pellets were
thawed, resuspended in a solution containing 10 ml of 20% sucrose, 5 mg of
DNAse/ml, and 5 mg of RNAse/ml (Sigma, St. Louis, Mo.), and disrupted by
oscillation with a sonicator (Branson Cell Disruptor 350) equipped with a me-
dium tip (continuous output; power 8 for a total time of 90 s). Cell debris was
removed by centrifugation at 1,000 X g for 10 min. The supernatant was layered
onto a seven-step sucrose density gradient consisting of 7 ml of 70% (wt/vol)
sucrose, 7 ml of 58% (wt/vol) sucrose, 7 ml of 52% (wt/vol) sucrose, 5 ml of 48%
(wt/vol) sucrose, 3 ml of 40% (wt/vol) sucrose, and 3 ml of 30% (wt/vol) sucrose
prepared in 30 mM Tris-HCI (pH 8.0) and centrifuged at 100,000 X g for 10 to
15 h. The protein bands between the 52 and 58% sucrose layers and the 58 and
70% sucrose layers containing the outer membrane fraction were collected and
pooled. This material was diluted with 30 mM Tris-HCI (pH 8.0), centrifuged at
17,000 X g for 15 min, and resuspended in 1 ml of 30 mM Tris-HCI (pH 8.0).
Proteins were quantitated using the Bio-Rad protein assay. Ten micrograms of
protein was electrophoresed on sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis (SDS-10% PAGE) gel (22).

Animal studies. Infection experiments were performed in the chronic respi-
ratory infection model with rats as described by Cash et al. (5). Groups of 16
male Sprague-Dawley rats weighing 150 to 170 g (Charles River Canada, Inc.)
were tracheostomized under anesthesia and inoculated with the appropriate
strain embedded in agar beads as previously described. On days 7 and 28 postin-
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FIG. 1. Comparison of the organization of pyoverdine and ornibactin recep-
tor genes between B. cepacia K56-2 and P. aeruginosa PAO. (A) Gene organi-
zation in K56-2. Solid arrows, genes that have been sequenced; open arrow,
partial sequence of potential ORF encoding a protein with weak homology to
nonribosomal peptide synthetases. (B) Gene organization in PAO (accession no.
U07359).

fection (p.i.) the lungs from four animals in each group were removed aseptically
and homogenized (Polytron Homogenizer; Brinkman Instruments, Westbury,
N.Y.) in 3 ml of phosphate-buffered saline (0.05 M, pH 7.2, containing 0.9%
saline). Serial dilutions were plated on Trypticase soy agar and Trypticase soy
agar plus the appropriate antibiotic. The lungs of four additional animals in each
group were removed en bloc, fixed in 10% formalin, and examined for qualitative
and quantitative pathological changes as previously described (13, 44). Infil-
tration of the lung with inflammatory cells and exudate was measured by the
point counting method (13, 44). Briefly, with an integrating eyepiece (Zeiss,
Oberkochen, Germany), the number of points overlying the surface area of the
infiltrate was divided by the total number of points counted over the entire
surface area of the section of the left lobe to obtain a measure of the percentage
of infiltration.

Nucleotide sequence accession number. The nucleotide sequences for the
orbA and pvdF genes have been deposited in GenBank and assigned accession
no. AF262994.

RESULTS

Identification of the B. cepacia ornibactin receptor gene. In
a previous study, we cloned and characterized a pvdA4 homolog,
the gene for the enzyme L-ornithine N°-oxygenase, and deter-
mined that it was required for the biosynthesis of ornibactin in
B. cepacia (42). The pvdA gene was cloned on a 6.1-kb Sphl
fragment from strain K56-2 (Fig. 1). To determine if this frag-
ment contained additional genes involved in siderophore bio-
synthesis or uptake, the nucleotide sequence downstream of
the pvdA gene was determined. An open reading frame (ORF)
was identified 64 bp downstream of the stop codon of pvdA in
the same frame and orientation; this ORF was predicted to
code for a protein with significant homology to siderophore
receptor proteins. when this ORF was used to search the Gen-
Bank database using the BlastP algorithm (1, 24), the se-
quences with the highest scoring alignments identified were
receptors for hydroxymate type siderophores. The percent sim-
ilarity between the deduced amino acid sequence encoded by
this ORF and those of the most similar hydroxymate sid-
erophores ranged from 50% for P. aeruginosa FiuA (34), a
hydroxamate receptor homolog proposed to be the receptor
for ferrioxamine B (47), 46 to 49% for ferrioxamine receptors
such as E. coli FhuA (7), Yersinia enterocolitica FoxA (3), and
Erwinia amylovora FoxR (10). Interestingly, PupB (21) and
FpvA (26), the receptors for pseudobactin and pyoverdine,
respectively, were only 37% similar to the putative siderophore
receptor from B. cepacia although these siderophores are the
most similar in structure to the ornibactins.

The gene encoding the B. cepacia ferric siderophore precur-
sor, designated orbA, is predicted to encode a 755-amino-acid
polypeptide with a calculated molecular mass of 81,706 Da and
an isoelectric point (pI) of 8.49. A potential signal sequence
cleavage site was detected between amino acid residues 38 and
39 using the SignalP search program (33). The predicted mo-
lecular mass of the mature protein is 77,745 Da. A PROSITE
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FIG. 2. Uptake of >°Fe-siderophore complexes by B. cepacia K56-2 and
KS560rbA::tp. (A) Uptake assays were initiated by the addition of **Fe-ornibac-
tins; (B) uptake assays were initiated by the addition of >*Fe-SA. Samples of 1 ml
were removed at intervals, and the amount of °Fe accumulated was determined
from a standard curve. Values are means * standard deviations of triplicate
assays. These experiments were repeated at least three times with similar results.

database search detected a signature sequence for TonB-de-
pendent receptor proteins at C-terminal amino acids 738 to 755,
with 15 of 18 residues matching the consensus pattern ([LYG
STANE]-XXX-[GSTAENQ]-X-[PGE]-R-X-[LIVFYWA]-X-
[LIVMFTA]-[STAGNQ]-[LIVMFYGTA]-X-[LIVMFYWGT
ADQ]-X-F) (PROSITE PDOC00354) characteristic of most
TonB-dependent receptor proteins. By PSORT analysis, the
predicted location of OrbA was the outer membrane.

Beginning 86 bp downstream of the orbA coding region is an
OREF encoding a polypeptide with 64% identity and 74% sim-
ilarity to P. aeruginosa pyoverdine synthetase F (PvdF; acces-
sion no. AAB6021), which is required for synthesis of pyover-
dine, although its specific function has not be described. No
other homologs were identified in the database. We have ten-
tatively designated this gene B. cepacia pvdF.

Role of OrbA in siderophore transport. Because of its prox-
imity to genes involved in ornibactin biosynthesis, we hypoth-
esized that orbA was the ornibactin receptor gene. To deter-
mine if orbA was required for ornibactin uptake, an orbA
mutant was constructed by inserting a trimethoprim resistance
cassette into the chromosome by allelic exchange and was
designated K56orbA::tp. To determine if this mutant was ca-
pable of utilizing ornibactin, its ability to take up *’Fe-orni-
bactins was compared to that of the parent strain. K56orbA::tp
was not able to take up *°Fe-ornibactins during the 20-min
assay period (Fig. 2A). When the mutant was complemented
with pPD526, which contains the orbA gene, the ability of
K560rbA:tp to take up *Fe-ornibactins was restored (Fig.
2A). To determine if the iron uptake defect was specific for
ferric ornibactins, the ability of K560rbA::tp to take up *°Fe-SA
was also examined (Fig. 2B). The mutant was able to accumu-
late 3°Fe-SA and interestingly, accumulated this siderophore at
a slightly faster rate than K56-2, indicating that orbA4 was re-
quired for ornibactin but not SA uptake.

To confirm that orbA is required for ornibactin utilization,
the ability of K560rbA::tp to utilize ornibactins, SA, and pyoch-
elin for growth was examined. In TSB-DC medium
K560rbA::tp and K56-2 grew at similar rates in the absence of
added siderophores (Fig. 3A). No differences in growth rate
were observed when either SA or pyochelin was added to the
medium. When ornibactins were added to the medium,
K560rbA::tp grew very poorly and did not reach an optical
density greater than 0.1 (Fig. 3A). When the mutant was com-
plemented with pPD526, the growth rate in the presence of
ornibactin was restored to parental levels (Fig. 3B).
K560rbA::tp was also not able to grow in the presence of the
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FIG. 3. Effect of added siderophores on growth of B. cepacia K56-2 and K560rbA::tp. (A) Comparison of growth rates in medium containing 10 pg of either
ornibactins, pyochelin, or SA/ml. K56-2, solid lines; K56orbaA::tp, dashed lines. (B) Ability of the orbA gene in trans to complement the growth of K560rbA::tp in the
presence of 10 pg of ornibactins/ml. Optical densities of the cultures were determined at selected intervals. Values are means * standard deviations of triplicate assays.

These experiments were repeated twice with similar results.

iron chelator EDDHA unless complemented with pPD526
gdata not shown). The inability of K56orbA::tp to take up
°Fe-ornibactins or grow in the presence of ornibactins indi-
cates that orbA is required for ornibactin utilization.

The ability to utilize ornibactins is not required for produc-
tion of ornibactins. Ornibactin yields in culture supernatants
were measured using the CAS assay (39, 42). Culture super-
natants from K56-2 and K56orbA::tp (20 pl) contained CAS
activity represented by Ag3o/Agoo ratios of 0.99 = 0.2 and
0.45 = 0.4, respectively. Although there was a significant dif-
ference in ornibactin yields (P < 0.001; ¢ test for unpaired
observations), K56orbA::tp was able to produce ornibactins.
Since the presence of ornibactins inhibits growth of K56orbA::tp,
it is likely that ornibactin production is partially repressed in
the mutant compared to that in the parent strain.

Identification of the ornibactin receptor. Outer membrane
preparations were isolated from K56-2 and K560rbA::tp grown
in low-iron and high-iron media and analyzed for the presence
of iron-regulated proteins by SDS-PAGE. K56-2 had a protein
with a molecular mass of approximately 78 kDa that was ex-
pressed in low-iron medium but not in medium supplemented
with 50 uM FeCl; (Fig. 4A, compare lanes 2 and 4). In con-
trast, K560rbA::tp did not express this 78-kDa protein in either
low- or high-iron medium (Fig. 4A, compare lanes 5 and 6).
The size of this iron-regulated protein correlates with the pre-
dicted mass of 77.7 kDa for mature OrbA. Expression of the
pyoverdine siderophore receptors in P. aeruginosa and Pseudo-
monas putida has been shown to be inducible by the presence
of the cognate siderophore (15, 21). When K56-2 was grown in
the presence of ornibactin, there was no apparent increase in
the expression of the 78-kDa protein (Fig. 4A, compare lanes
2 and 3), suggesting that the expression of this protein is not
inducible by the presence of ornibactin under these growth
conditions. Outer membrane preparations from KS560rbA::tp
(pPD526) did contain the 78-kDa protein, indicating that the
orbA gene on a plasmid was able to complement the defect in
expression of this protein (Fig. 4B, compare lanes 3 and 4).

Effect of an orbA mutation on virulence. Previously we dem-
onstrated that mutations in the pvdA gene markedly reduced
the ability of B. cepacia to colonize and persist in acute and
chronic models of respiratory infection. In addition to being
unable to synthesize ornibactin the pvd4 mutant was also de-
ficient in the ability to take up Fe-ornibactins, Fe-SA, or Fe-

pyochelin (42). Therefore, this mutant was restricted in iron
acquisition via all known siderophore-mediated pathways. To
determine the importance of ornibactin-mediated iron acqui-
sition in a strain that could utilize SA to acquire iron, the
virulence of K56orbA::tp was compared to that of the parent
strain in a chronic respiratory infection model.

Rats were infected with K56-2 and KS60rbA::tp, and on days
7 and 28 p.i. quantitative bacteriology and quantitative his-
topathological analyses were performed on lungs removed
from infected animals. On day 7 p.i., there was a difference of
approximately 3 log units in the number of bacteria (CFU per
milliliter) recovered from the lungs between the mutant and
the parent strain (Table 2). On day 28 p.i., there was a 4-log-
unit difference between the mutant and the parent strain, and
in fact the mutant was only recovered from the lungs of one of
four animals at this time. K56-2 had similar numbers of bac-
teria recovered from the lungs on both days 7 and 28 p.i.,
indicating that the parent strain was able to persist in the lung.

228

102
7

46

FIG. 4. Outer membrane protein profiles of B. cepacia K56-2 and
K560rbA::tp electrophoresed on SDS-10% PAGE gel and stained with Coomas-
sie brilliant blue. (A) Lane 1, molecular mass markers (kilodaltons) indicated on
the left; lanes 2 to 6, 10 pg of outer membrane protein preparations; lane 2,
K56-2 grown in medium with 20 uM EDDHA; lane 3, K56-2 grown in medium
with 20 pM EDDHA and 10 pg of ornibactins/ml; lane 4, K56-2 grown in
medium with 50 pM FeCls; lane 5, K56orbA::tp grown in medium with no
additions; lane 6, KS60rbA::tp grown in medium with 50 uM FeCl;. (B) Comple-
mentation of K560rbA::tp with the orbA gene. Lane 1, molecular mass markers
(kilodaltons) indicated on the left; lane 2, K56-2 grown in medium with 20 M
EDDHA; lane 3, K560rbA::tp(pUCP26); lane 4, K560rbA::tp(pPD526).
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TABLE 2. Comparison of the virulence of K56-2 with that of K56orbA::tp in a chronic respiratory infection model

Virulence” at p.i. day:

Strain 7 28
CFU/ml/lung % Pathology CFU/ml/lung % Pathology
K56-2 1.5 X 10° = 2.4 X 10° 405 =42 24 X 10° + 45 x 10° 39.0 = 4.7
K560rbA::tp 23X 10° + 1.3 X 10%* 35.7+35 1.0 X 10" £ 2.1 x 10" 11.5 = 2.6°

“ Values are means = standard deviations for four animals.

b K560rbA::tp was significantly different from K56-2 (P < 0.05) by analysis of variance (ANOVA) and Dunn’s multiple comparisons test.

¢ KS560rbA::tp was significantly different from K56-2 (P < 0.05) by ANOVA.

On day 7 p.i., no significant difference in the percent lung
pathology between the mutant and the parent strains was ob-
served (Table 2). On day 28 the lungs infected with the orbA
mutant had 70% less pathological involvement than did lungs
infected with K56-2. The percent pathologies were nearly iden-
tical for K56-2-infected lungs on both days 7 and 28. The
observed difference in lung pathology between K56-2 and
K560rbA::tp on day 28 is likely due to the number of bacteria
present in the lung. These data indicate that the ornibactin-
mediated iron uptake pathway is important for the virulence of
B. cepacia even in a strain with a functional SA-mediated iron
uptake pathway.

DISCUSSION

In this study we have identified a gene that encodes the outer
membrane receptor for the siderophore ornibactin. The gene,
designated orbA, is predicted to encode a precursor protein
with a molecular mass of 81,706 Da. The predicted mass of the
mature protein is 77,745 Da. Examination of the outer mem-
brane protein profiles revealed that a 78-kDa iron-regulated
protein was present in the parent strain but not present in an
orbA mutant. The orbA mutant was not able to utilize ornibac-
tin for iron transport or growth.

Previously, we demonstrated that B. cepacia pvdA mutants
were markedly less virulent than the parent strain, K56-2, in a
chronic respiratory infection model (42). These mutants were
cleared from the lungs of the majority of animals examined on
day 28 p.i. In addition to not producing ornibactin these mu-
tants were also reduced in their ability to take up iron com-
plexes to either ornibactin or SA (42). The orbA mutant
showed a reduction in virulence similar to that of the pvdA4
mutants in the respiratory infection model in that it was also
cleared from the lungs of animals examined on day 28 p.i.
Although K560rbA::tp produced SA and could take up >°Fe-
SA at a higher rate than the parent, the SA-mediated iron
acquisition system was not able to compensate for the defect in
ornibactin utilization. These studies indicate that, although SA
can function as a siderophore in in vitro assays (43, 49), it is not
able to compete with host iron binding proteins in vivo and
promote iron acquisition. SA was also not able to compete with
ornibactin in the in vitro growth assay, since addition of ex-
ogenous ornibactin almost completely inhibited growth of
K560rbA::tp (Fig. 3). Previously, a mutant with a Tn5 insertion
in the pvdA gene was shown to hyperproduce SA (42). This
mutant did not produce detectable zones on CAS agar (39),
however, indicating that SA also does not compete effectively
with the CAS dye for iron in the medium used for these assays.
K56-2 does not produce cepabactin and produces only negli-
gible amounts of pyochelin (9). It would be interesting to
determine the effects of an ornibactin uptake mutation in
strains that produce pyochelin and/or cepabactin to determine

if these siderophore-mediated iron acquisition systems could
compensate for a defect in ornibactin utilization in vivo.

Infection with K560rbA::tp resulted in lung histopathologic
changes similar to those produced by the parent strain on day
7 p.i., although on day 28 p.i. the histopathologic changes were
70% less in lungs infected with K560rbA::tp than in lungs
infected with K56-2 (Table 2). Animals infected with pvdA
mutants; however, had 50 to 60% less histopathologic changes
in the lungs on day 7 p.i. than animals infected with K56-2 (42).
The differences in pathology observed on day 7 p.i. between
the pvdA and orbA mutants cannot be attributed to differences
in the number of bacteria since the CFUs of K560rbA::tp and
K560rbA::tp recovered from the lungs were not significantly
different and in both cases were approximately 3 log units
lower than the number of bacteria recovered from the lungs of
K56-2-infected animals. Since K560rbA::tp produces approxi-
mately 45% of parental ornibactin levels and since the pvdA4
mutant does not produce ornibactins, it is possible that orni-
bactin produced by K560rbA::tp contributes to lung damage. P.
aeruginosa pyochelin, when loaded with iron, has been shown
to generate hydroxyl radicals in the presence of neutrophil
sources of superoxide and hydrogen peroxide (4, 6). Fer-
ripyochelin was also shown to promote hydroxyl radical-medi-
ated damage to airway epithelial cells (4). Ferripyoverdine,
which is more related to ornibactins in terms of structure than
pyochelin, did not catalyze the generation of hydroxyl radicals
(6). It has not been reported if ornibactins have properties
similar to those of pyochelin in terms of hydroxyl radical gen-
eration.

The orbA gene is located between pvdA, which is required
for ornibactin synthesis, and a pvdF homolog, which is report-
edly required for pyoverdine synthesis in P. aeruginosa. The
orbA mutant produced ornibactin (data not shown), suggesting
that the insertion of the trimethoprim cassette did not affect
the expression of either of the flanking genes. Expression of
the ornibactin receptor was restored to K56orbA::tp by intro-
duction of pPD526 containing the orbA gene on a 3-kb frag-
ment. There were no obvious —35 and —10 consensus se-
quences identified upstream of orbA; however, these results
suggest that orb4 may have its own promoter. We were unable
to identify any consensus promoter sequences upstream of
pvdA (42). Few promoter sequences have been determined in
Burkholderia spp. for comparison with consensus promoter
sequences.

The genes involved in ornibactin synthesis and uptake in B.
cepacia K56-2 are arranged quite differently from the corre-
sponding genes in P. aeruginosa PAO (Fig. 1). In P. aeruginosa,
the pyoverdine receptor gene, fpvA, is located between pvdE
and pvdD, which are divergently transcribed. pvdF is located
upstream of pvdD and transcribed in the opposite orientation.
The pvdA gene is located approximately 11.9 kb downstream
of pvdF (Pseudomonas Genome Project; www.pseudomonas
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.com). At least seven ORFs have been identified between pvdA4
and pvdF, and these ORFs are presumably not involved in iron
transport mechanisms. In B. cepacia and orbA receptor is lo-
cated between pvdA4 and pvdF and all three ORFs are in the
same orientation. An ORF which encodes a protein that ex-
hibits weak homology to nonribosomal peptide synthetases was
identified in the same orientation upstream of pvdA. This
OREF, which is only partially contained on the 6.1-kb Sphl
fragment, may be involved in the synthesis of ornibactins. The
differences in gene organization between B. cepacia and P.
aeruginosa may indicate that there are differences in regulation
or possibly function between these two iron transport systems.
Further studies on both the ornibactin and pyoverdine biosyn-
thesis and uptake systems are needed to explore this possibil-
ity.

B. cepacia produces three different ornibactins, ornibactin-
C4, ornibactin-C6, and ornibactin-C8 (45, 46). The preparation
of purified ornibactins used in the growth experiments and the
39Fe-ornibactin uptake assays contained a mixture of these
three ornibactin molecules purified from strain K56-2. The fact
that K560rbA::tp was not able to take up the *°Fe-ornibactin
mixture or grow in the presence of ornibactins added to the
culture medium suggests that OrbA is the receptor for all three
ornibactin molecules, regardless of the acyl side chain.

B. cepacia produces at least four siderophores, ornibactins,
pyochelin, SA, and cepabactin. Little is known about the genes
or their products involved in the biosynthesis and uptake of
these siderophores in this organism. In this study we have
reported the first identification of a siderophore receptor in B.
cepacia and have extended our studies which indicate that the
ornibactin-mediated iron acquisition system is required for
virulence of B. cepacia in chronic respiratory infections.
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