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A panel of 30 previously characterized strains representing five genomovars from the Burkholderia cepacia
complex (E. Mahenthiralingam, T. Coenye, J. W. Chung, D. P. Speert, J. R. W. Govan, P. Taylor, and P.
Vandamme, J. Clin. Microbiol. 38:910–913, 2000) were examined for their iron protoporphyrin IX-binding
ability. These included B. cepacia genomovars I and III and B. stabilis (formerly B. cepacia genomovar IV), B.
multivorans (formerly B. cepacia genomovar II), and B. vietnamiensis (formerly B. cepacia genomovar V). Cells
were exposed to m-oxo bisheme of iron protoporphyrin IX (m-oxo dimers) and examined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis under nonreducing, nondenaturing conditions for the presence of
heme-binding proteins using tetramethylbenzidine-H2O2 staining. Seven of the 30 strains, each belonging to B.
cepacia genomovar III and designated epidemic (in possessing the B. cepacia epidemic strain marker), ex-
pressed a 96- to 100-kDa heme-binding protein which was located in the outer membrane. The heme-binding
protein of B. cepacia genomovar III epidemic strain C5424 bound iron(III) protoporphyrin IX in both the
monomeric and m-oxo bisheme forms. Cells of all strains grown on Columbia agar bound iron protoporphyrin
IX in the m-oxo bisheme (dimeric) form. There were no statistical differences between the five genomovars, or
those possessing the heme-binding protein, in their m-oxo bisheme-binding ability. Possession of the outer
membrane heme-binding protein may be a pathogenicity trait in enabling the bacterium to withstand oxidative
stresses in inflammatory exudates in the lung and may aid identification of invasive epidemic strains of
B. cepacia.

Burkholderia cepacia is an opportunistic gram-negative
pathogen which can colonize the respiratory airways in patients
with cystic fibrosis (CF). Chronic microbial colonization is the
major cause of morbidity and mortality in these patients, who
have impaired mucociliary clearance. Although not all strains
of B. cepacia are epidemic, some of them can be easily trans-
mitted from person to person and are characterized as highly
epidemic (13). Patients becoming colonized with epidemic
strains develop the so-called cepacia syndrome, a necrotizing
pneumonia with fever and bacteremia, which leads to a rapid
and fatal clinical deterioration (15, 17).

The B. cepacia complex comprises at least five genomovars,
including B. cepacia genomovars I and III, B. multivorans (for-
merly genomovar II), B. stabilis (formerly genomovar IV), and
B. vietnamiensis (formerly genomovar V) (45, 46). A number of
pathogenic factors which may contribute to tissue damage and
lung pathogenesis during infection have been attributed to
such strains (see reference 13 for a review). These include
possession of mucin sulfatase activity (18), which may render
highly sulfated (and normally protective) respiratory mucins of
CF patients more susceptible to bacterial degradation, increas-
ing substrate availability and providing binding sites for bacte-
rial adherence and colonization. Lipopolysacharide (LPS)
from B. cepacia can stimulate larger amounts of tumor necrosis
factor alpha than LPS from other CF pathogens such as

Pseudomonas aeruginosa (37, 49). Macrophage and monocyte
superoxide generation in response to infection (1) aids killing
of phagocytosed bacteria, and its increased production, as a
result of B. cepacia LPS-mediated priming (16), is thought to
play a considerable role in disease pathology in CF patients
(6). Other virulence factors include hemeolytic, proteolytic,
and phospholipase C activities (11, 21, 29, 33, 48) and the
production of iron-binding siderophores (10, 30, 42, 43).

The ability to avoid neutrophil surveillance and oxidant kill-
ing is, however, a major factor in colonization and infection in
the CF lung, and it is noteworthy that a melanin-like pigment
which functions as a scavenger of superoxide radicals during
the respiratory burst has been characterized from an isolate of
B. cepacia genomovar III (50). In a preliminary survey using
laser Raman microscopy and pyridine-hemochrome assays (R.
Withnall, J. W. Smalley, J. Silver, and C. A. Hart, unpub-
lished data), we have detected iron(III) protoporphyrin IX
[Fe(III)PPIX] on the surface of epidemic, melanin-like pig-
ment-producing strains of B. cepacia when the strains are
grown on blood agar. Iron protoporphyrin IX accumulation by
the periodontal pathogen Porphyromonas gingivalis is respon-
sible for the black pigmentation during growth on blood agar
(40). The major heme species in the pigment is the m-oxo
bisheme (dimeric) form of Fe(III)PPIX, [Fe(III)PPIX]2O (40), a
structure involving two Fe(III)PPIX molecules joined by an
oxygen atom interbridge (31, 38). Formation of m-oxo bisheme
through the reaction of hemoglobin-derived Fe(II)PPIX
monomers with oxygen is considered to be an oxidative buffer
through which dioxygen and reactive oxygen species are elim-
inated to generate an impervious cell surface heme layer (40).
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The accumulation of m-oxo bisheme and monomeric Fe(III)P-
PIX is an important pathogenicity factor for P. gingivalis, as
both soluble and cell surface aggregated forms protect cells
against hydrogen peroxide (41) by virtue of their inherent
catalase activity.

Expression of heme-binding proteins (HBPs) leading to
heme binding and accumulation is associated with virulence in
other gram-negative pathogens (24). The detection of cell-
associated free Fe(III)PPIX (Withnall et al., unpublished data)
prompted us to investigate heme binding and the possibility
that HPBs are expressed by isolates of B. cepacia known to
cause disease in humans. The ability to generate, bind, and
accumulate Fe(III)PPIX from heme proteins would be an ad-
vantage to B. cepacia in subverting neutrophil-derived perox-
ide in the CF lung during episodes of inflammation. In this
study we examined a well-characterized panel of clinically im-
portant representative isolates of the B. cepacia complex (26,
46) for the ability to bind m-oxo bisheme in vitro. These strains
were also examined for presence of HBPs using sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and tetramethylbenzidine-H2O2 staining.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The panel of strains used has been
extensively characterized (26, 46) and was kindly provided by J. Govan, Depart-
ment of Medical Microbiology, The University of Edinburgh. These strains are

listed in Table 1. All 30 strains were maintained by routine subculture on 5%
(vol/vol) horse blood agar (blood agar base no. 2; LAB M, Bury, United King-
dom), from which they were subcultured onto Columbia agar (Oxoid Ltd.,
Basingstoke, United Kingdom). Lawn growths from the Columbia agar plates,
after subculture at least three times to minimize carryover of any heme-contain-
ing components, were harvested with plastic sterile loops after 3 days of growth
in air at 37°C, and the cells were washed by suspension in 0.14 M NaCl–0.1 M
Tris (pH 7.4) (NaCl-Tris buffer) and mild agitation for 2 min using a water bath
sonicator. After pelleting by centrifugation at 13,000 3 g for 10 min at 20°C, the
supernatants were removed and the cells were resuspended in a small volume of
the same buffer and frozen at 240°C until required. For some experiments cells
were grown on M9 minimal salts medium agar (Sigma Chemicals Ltd., Poole,
United Kingdom) supplemented with 0.5% (wt/vol) glucose but containing no
FePPIX. Cells were subcultured three times on this solid medium before lawn
growths were harvested and treated as described above for the Columbia agar-
grown cells.

Fe(III)PPIX preparations. Bovine FePPIX chloride [hemin; Fe(III)PPIX.Cl]
(Sigma Chemicals Ltd.) was initially dissolved in 0.14 M NaCl–0.1 M Tris (pH
9.8) to give a 1 mM stock solution. Preparation of the m-oxo bisheme was
achieved by addition of dilute HCl to reduce the pH of the stock solution to 7.5,
at which the Fe(III)PPIX exists predominantly in the m-oxo bisheme (dimeric)
form, [Fe(III)PPIX]2O (31, 38). Monomeric hematin [Fe(III)PPIX.OH.H2O]
was made by lowering the pH of the hemin stock solution to 6.8.

Assay for m-oxo bisheme binding. Binding of m-oxo bisheme was carried out as
previously described (40), with a slight modification. Suspensions of Columbia
agar-grown cells, standardized to give '1 mg of protein ml21, were incubated
with m-oxo bisheme (50 mM) in a volume of 1 ml for 30 min at 37°C on an orbi-
tal shaker at 90 rpm. After centrifugation, the cell pellets were resuspended in
1 ml of NaCl-Tris buffer, and the concentration of cell surface-bound
[Fe(III)PPIX]2O was measured by pyridine-hemochrome assay. This assay is
based on the generation of the Fe(II)PPIX-bispyridine complex (with absor-

TABLE 1. Panel of strains from the B. cepacia complex

Species Strain Genomovar Sourcea BCESMb CblAc HBPd

B. vietnamiensis LMG 16232 V CF, Sweden 2 2
B. multivorans C5393 II CF, Canada 2 2
B. multivorans C1576 II CF-e, United Kingdom 2 2
B. cepacia CEP511 III CF-e, Australia 1 2 1
B. vietnamiensis FC441 V CGD, Canada 2 2
B. vietnamiensis PC259 V CF, United States 2 2
B. multivorans C1962 II Clinic, United Kingdom 2 2
B. multivorans 249-2 II Laboratory, United States 2 2
B. multivorans ATCC 17616 II Soil, United States 2 2
B. multivorans CF-A1-1 II CF-e, United Kingdom 2 2
B. vietnamiensis LMG 10929 V Rice, Vietnam 2 2
B. cepacia C5424 III CF-e, Canada 1 1 1
B. cepacia J2315 III CF-e, United Kingdom 1 1 1
B. cepacia CEP509 I CF, Australia 2 2
B. multivorans LMG 13010 II CF, Belgium 2 2
B. cepacia C6433 III CF, Canada 1 2 1
B. stabilis LMG 18888 IV Clinical, Belgium 2 2
B. cepacia ATCC 17765 III UTI, United Kingdom 1 2
B. stabilis C7322 IV CF, Canada 2 2
B. cepacia PC184 III CF-e, United States 1 2 1
B. cepacia ATCC 17759 I Soil, Trinidad 2 2
B. cepacia J415 III CF, United Kingdom 2 2 1
B. cepacia BC-7 III CF-e, Canada 1 1 1
B. cepacia LMG 17997 I UTI, Sweden 2 2
B. cepacia ATCC 25416 I Onion, United States 2 2
B. stabilis LMG 14294 IV CF, Belgium 2 2
B. cepacia K56-2 III CF-e, Canada 1 1
B. stabilis LMG 14086 IV Respirator, United Kingdom 2 2
B. multivorans JTC II CGD, United States 2 2
B. cepacia C1394 III CF-e, United Kingdom 1 2

a CF, infection of a CF patient; CF-e, strain spread epidemically among patients with CF; CGD, infection in a patient with chronic granulomatous disease; UTI,
urinary tract infection.

b See reference 27.
c CblA, presence of cable pilus subunit gene (36).
d This study.
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bance maxima at 419, 525, and 555 nm) resulting from the reaction of
Fe(III)PPIX with pyridine in the presence of sodium dithionite. Cell suspensions
('1 mg of protein ml21) were agitated in a sonicating water bath in 1 ml of 0.14
M NaCl–0.1 M Tris-HCl (pH 7.4) containing freshly prepared Na2S2O4 (10 mM)
and 1 M pyridine. Preliminary experiments indicated that maximum pyridine-
hemochrome production occurred after 10 min. Bovine hemin [Fe(III)PPIX.Cl;
Sigma Chemicals Ltd.] initially dissolved in 0.14 M NaCl–0.1 M Tris (pH 10),
which was then adjusted to pH 7.4, was used as a Fe(III)PPIX standard. A419

values were used to calculate the concentration of Fe(III)PPIX in each sample,
and assays were carried out in triplicate. Cell suspensions incubated in NaCl-Tris
buffer plus 10 mM sodium dithionite for 10 min were used to correct for back-
ground absorbance. The amounts of heme bound by the strains from each
genomovar [expressed as Fe(III)PPIX monomer] were plotted using the Graph-
Pad Prism and analyzed using the unpaired t test.

Detection of HPBs. HBPs were identified on SDS-polyacrylamide gels as
previously described (39) using tetramethylbenzidine-H2O2 staining, which de-
tects the presence of heme-associated peroxidase activity (9, 45). Briefly, whole-
cell samples ('1 mg of protein) from growth on Columbia agar were exposed to
m-oxo bisheme (4 mM) in NaCl-Tris buffer for 30 min at 37°C. Excess unbound
heme was removed from the cell pellets by washing three times in the NaCl-Tris
buffer, and the cells were solubilized at 37°C for 1 h in nonreducing sample
application buffer and electrophoresed on 10% polyacrylamide gels. Each gel
track was loaded with a nominal 200 mg of protein. The gels were stained and
developed with tetramethylbenzidine-H2O2. Duplicate samples, electrophoresed
under the same conditions, were stained for protein with Coomassie blue. In
some experiments cells grown on M9 minimal salts agar were exposed to
Fe(III)PPIX in the m-oxo bisheme and monomeric forms before electrophoresis
and tetramethylbenzidine-H2O2 staining.

Outer membrane extraction. Outer membranes were extracted by EDTA
shearing according to the method of Mansheim and Kasper (28). Briefly, 3-day
lawn growths from Columbia agar were suspended in 0.01 M phosphate-buffered
0.14 M NaCl (pH 7.3), mixed with an equal volume of 0.02 mM Na3EDTA in the
same buffer, and incubated for 30 min at 37°C. The suspension was syringed twice
through a 25-gauge needle. The cells were pelleted by centrifugation at 20,000 3
g for 30 min at 4°C, and the outer membrane-containing supernatant was dia-

lyzed first against the same buffer for 4 h and then against repeated changes of
distilled-deionized water for a further 20 h. The outer membrane was recovered
by freeze-drying.

Spectrophotometry. UV-visible spectrophotometry was performed using an
Ultrospec 2000 scanning spectrophotometer (Amersham-Pharmacia-Biotech
Ltd., St. Albans, United Kingdom) using plastic 1-ml microcuvettes (BDH Ltd.,
Poole, United Kingdom) with a 1-cm path length.

Protein assay. Whole-cell protein was measured using the Lowry method with
bovine serum albumin (Sigma Chemicals Ltd.) as a standard.

RESULTS

Detection of HPBs. To identify HPBs, whole-cell samples
were exposed to m-oxo bisheme, solubilized at 37°C, and elec-
trophoresed under nonreducing conditions, and the gels were
stained with tetramethylbenzidine-H2O2. While the Coomassie
blue-stained proteins were less distinct using these solubiliza-
tion and electrophoretic conditions (Fig. 1, top row), HPBs
were clearly detected after staining with tetramethylbenzidine-
H2O2. Intensely stained bands were revealed as the main stain-
ing component in strains CEP511, C5424, J2315, C6433, and
BC-7 (Fig. 1, bottom row, lanes 4, 12, 13, 16, and 23, respec-
tively), while less intensely tetramethylbenzidine-stained bands
were obtained for strains PC184 and J415 (Fig. 1, bottom row,
lanes 20 and 22, respectively). The Rfs of these bands varied
between 0.20 and 0.18, corresponding to molecular masses of
96 to 100 kDa. Diffuse Coomassie blue-stained proteins with
the same Rfs as those of the tetramethylbenzidine-stained
bands were observed in these strains (Fig. 1, top row, arrows).
The faint tetramethylbenzidine-positive staining observed in

FIG. 1. SDS-PAGE on 10% polyacrylamide gels of cells grown on Columbia agar, exposed to m-oxo bisheme (4 mM) for 30 min, and solubilized
under nonreducing, nondenaturing conditions. (Top row) Separated proteins were stained with Coomassie blue. (Bottom row) Gels stained with
tetramethylbenzidine-H2O2 to reveal HPBs. Arrows indicate HBPs; asterisks indicate staining from sample carryover from adjacent lanes. Each
gel lane was loaded with a nominal 200 mg of protein. The mobilities of standard molecular mass markers are indicated.
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strains C1576 and CEP509 (Fig. 1, bottom row, lanes 3 and 14,
asterisks) was due to sample carryover from adjacent HPB-
positive tracks. These were confirmed as HPB-negative strains
after reelectrophoresis and staining (data not shown). All of
the isolates staining positive for the HPB belonged to B. cepa-
cia genomovar III. We observed that there was no direct cor-
relation between the amount of Coomassie blue staining of the
HBPs and tetramethylbenzidine-H2O2 staining. The reason for
this is not known, but it is likely that the presence of bound
heme masks the uptake of Coomassie blue by the HBP or that
the HBPs from different strains have different heme- to pro-
tein-binding stoichiometries.

Further investigations were carried out on the HPB-positive
strain C5424. The electrophoretic mobility of the HBP was
unaltered following sample solubilization under denaturing
conditions (100°C for 5 min), with or without 50 mM dithio-
threitol (data not presented). However, as previously observed
for the HPBs of P. gingivalis (39), tetramethylbenzidine stain-
ing of the B. cepacia HPB was abrogated by heating at 100°C
alone or by incubation at 37°C with 50 mM dithiothreitol,
treatments which would disrupt the heme-protein interaction
and destroy the H2O2 (45). Outer membranes from B. cepacia
(genomovar III) strain C5424 and B. vietnamiensis strain
FC441 (HBP negative) were prepared by EDTA shearing,
electrophoresed under nonreducing conditions, and stained
for protein and for HPBs. This revealed the presence of a
diffuse Coomassie blue-stained band with a molecular mass of
97 kDa and a tetramethylbenzidine-stained component with
the same mobility in strain C5424. These components were not
present in strain FC441 (Fig. 2).

Tetramethylbenzidine-positive staining of HPBs was also
observed in cells which had not been exposed to added m-oxo
bisheme (data not shown), suggesting that heme acquisition

from heme-containing growth medium components had oc-
curred during culture on Columbia agar. This possibility was
supported by the detection of free FePPIX (by pyridine-hemo-
chrome assay) in suspensions of these cells. The heme-binding
ability of the protein was confirmed by experiments carried out
on cells of strain C5424 grown on M9 minimal salts medium
containing no FePPIX. Coomassie blue staining revealed the
presence of a 97-kDa component (Fig. 3, lane 1), but this
protein was not stained with tetramethylbenzidine-H2O2 un-
less the cells were exposed to either monomeric hematin or
m-oxo bisheme (Fig. 3, lanes 2 and 3, respectively).

Cellular m-oxo bisheme binding. All strains tested bound
FePPIX in the m-oxo bisheme form (Fig. 4). The amounts of

FIG. 2. SDS-PAGE of outer membranes from B. cepacia genomo-
var III strain C5424 (lanes 1 and 2) and B. vietnamiensis strain FC441
(lanes 3 and 4). Outer membranes were solubilized at 37°C and elec-
trophoresed under nonreducing conditions. Proteins in lanes 1 and 3
were stained with Coomassie blue, while those in lanes 2 and 4 were
stained with tetramethylbenzidine-H2O2. The HPB is marked with an
arrow. Mobilities of standard molecular mass markers are indicated.

FIG. 3. Cells of HBP-positive B. cepacia strain C5424 (genomovar
III) grown on M9 minimal salts medium without FePPIX. Lanes: 1,
cells stained with Coomassie blue; 2, cells exposed to monomeric
hematin; 3, cells exposed to m-oxo bisheme; 4, cells not exposed to
heme prior to electrophoresis. Lanes 2, 3, and 4 show the results of
staining with tetramethylbenzidine-H2O2. Each lane was loaded with a
nominal 200 mg of protein.

FIG. 4. Binding of m-oxo bisheme in vitro by the panel of strains.
Suspensions of cells (' 1 mg of cell protein) were incubated with 50
mM m-oxo bisheme in 0.14 M NaCl–0.1 M Tris-HCl (pH 7.5) for 30
min at 37°C. The excess unbound heme was removed by washing three
times in the same buffer, and the cell-bound heme was quantified by
pyridine-hemochrome assay. The amounts of bound heme are ex-
pressed as nanomoles of heme monomer per milligram of cell protein.
(a) B. cepacia genomovar I; (b) B. multivorans; (c) B. cepacia genomo-
var III; (d) B. stabilis; (e) B. vietnamiensis. Asterisks indicate possession
of HBPs. Error bars indicate standard deviations.
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heme bound [expressed as Fe(III)PPIX monomer] varied be-
tween 23.3 and 67.3 nmol ml21 mg of cell protein21. There was
no statistical difference in the mean amounts of heme bound
between the strains expressing the HPB and isolates from the
other strains grouped as genomovars.

DISCUSSION

In this study we have demonstrated binding of m-oxo bish-
eme and the presence of an outer membrane HBP in some
bacteria in the B. cepacia complex. HBPs with molecular
masses of 96 to 100 kDa were detected by SDS-PAGE and
tetramethylbenzidine-H2O2 staining in 7 out of 10 strains be-
longing to B. cepacia genomovar III. These proteins were not
heat modifiable, nor could they be dissociated into subunits by
treatment with dithiothreitol. Investigations with B. cepacia
genomovar III strain C5424 revealed that the HPB was present
in the outer membrane. HBPs have not been reported previ-
ously for B. cepacia, although an 80-kDa outer membrane
heme receptor protein (34) and a multimeric bacterioferritin
composed of 17- to19-kDa subunits with both iron- and heme-
binding activities (32) have been observed in P. aeruginosa.
Outer membrane HPBs similar in size to those detected in this
study have been characterized from Neisseria gonorrhoeae (22),
Neisseria meningitidis (23), Shigella flexneri, and enteroinvasive
Escherichia coli (44). It is not yet known whether the B. cepacia
HBP is solely cell associated or is also secreted, although a
lower-molecular-mass extracellular HPB ('22 kDa) has been
observed in P. aeruginosa (25).

The function of the B. cepacia HPB is, as yet, unclear. Ex-
pression of HPBs is associated with virulence in other gram-
negative pathogens (24). In the heme-pigmenting species Yer-
sinia pestis and Aeromonas salmonicida, cell surface expression
of HPBs correlates with virulence and both the binding and
accumulation of FePPIX (20, 35). In P. gingivalis, a 32-kDa
outer membrane HPB expressed under heme limitation (5, 39)
acts as a receptor for subsequent translocation of FePPIX
across the outer membrane (4) to be used as an iron source (3).
Although B. cepacia produces siderophores (10, 30, 42, 43), it
is not known whether this species has an absolute requirement
for intact iron porphyrins or whether they are utilized as a
source of ferric ions. The in vivo expression of an HBP may
function both for reception of monomeric and/or m-oxo
dimeric Fe(III)PPIX under conditions of heme scarcity and as
a seed to initiate cell-surface heme deposition.

It is noteworthy that six out of seven of the HBP-positive
strains were isolated from epidemic spreads, possessed the B.
cepacia epidemic strain marker (BCESM) (27), and were as-
sociated with severe pulmonary disease in CF patients (14).
The HBP-positive strain J415, however, was not associated
with patient-to-patient spread (12) and did not possess the
BCESM, whereas strain ATCC 17765, which was isolated from
a urinary tract infection, did carry the BCESM.

In our unpublished survey (Withnall et al., unpublished
data), using Raman spectroscopy and pyridine-hemochrome
assays, we have detected cell-associated Fe(III)PPIX in 26 out
of the present 30 strains when the strains were grown on blood
agar. In the present study, strains of all species examined
bound m-oxo bisheme {i.e., [Fe(III)PPIX]2O} in vitro. How-
ever, we found no quantitative differences between the five

genomovars, or those possessing HBPs, in their ability to bind
this heme species from a fixed single concentration of the
ligand, suggesting that the m-oxo bisheme binding may have
been nonspecific. It is not known, however, if epidemic HBP-
expressing strains accumulate more heme than HBP-negative
strains during growth on blood-containing media (where he-
moglobin is the major heme source) or whether they display
differences in their avidity for heme compared to HBP-nega-
tive strains. More-detailed analyses are needed to determine
the cellular affinities for FePPIX and the contribution made by
the HBP to heme binding.

It is noteworthy that the HPB of B. cepacia genomovar III
strain C5424 was able to bind both monomeric hematin
[Fe(III)PPIX.OH.H2O] and the m-oxo bisheme, as determined
by SDS-PAGE. Binding of Fe(III)PPIX in either the m-oxo
bisheme or monomeric form would advantage B. cepacia by
aiding subversion of neutrophil oxidant-killing mechanisms, as
both of these heme species possess intrinsic catalase activity
(19). The ability to bind monomeric Fe(III)PPIX may be an
advantage during colonization and infection of the lung by
epidemic strains. Endobronchial pHs of between 6.58 and 6.62
have been recorded in both normal subjects and those with
gram-negative pneumonia and chronic lung disease (2). These
acidic pHs would favor the existence of the monomeric form of
Fe(III)PPIX, which exists in a pH-dependent equilibrium with
the m-oxo bisheme (31, 38). In addition, any FePPIX bound to
the cell surface or the HBP in the m-oxo bisheme (dimeric)
form would dissociate at these lower pHs to give the mono-
meric species, which is more catalase active (19). One impor-
tant property of both monomeric and dimeric hemes is their
ability to aggregate (7). Bacterial cell surface heme aggregates
would provide both a physical and chemical barrier resistant to
H2O2 and other reactive oxidants. Both soluble and cell sur-
face-aggregated m-oxo bisheme can protect P. gingivalis cells
against hydrogen peroxide (41) through catalase activity while
concomitantly acting, via porphyrin ring destruction (8), as a
sacrificial oxidizable substrate in the presence of H2O2. Thus,
expression of an HPB may allow B. cepacia to acquire protec-
tive cell surface hemes to subvert the effects of neutrophil-
derived H2O2 during inflammatory episodes, a factor which
may also aid colonization and infection. The detection of the
HBP may serve both as a useful taxonomic characteristic and
as an adjunct in establishing the epidemic status of clinical
isolates of B. cepacia.
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