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It has been known for many years that all Haemophilus
influenzae organisms have an absolute requirement for heme
for aerobic growth because they lack the ability to convert daminolevulinic acid to protoporphyrin IX, the immediate biosynthetic precursor of heme (13, 48). Nucleotide sequence
analysis of the H. influenzae Rd genome (10) has provided new
insights which reveal that most of the pathway for conversion
of d-aminolevulinic acid to heme has been ablated in H. influenzae (45). The only relevant biosynthetic reaction that H. influenzae can accomplish is the ferrochelatase-mediated (and
reversible) insertion of ferrous iron into protoporphyrin IX to
yield heme (13, 33). Therefore, H. influenzae has evolved or
acquired mechanisms for the binding and transport of heme
because aerobic growth and acquisition of heme by H. influenzae are absolutely codependent (9).
When the bacterium is grown in vitro, free heme satisfies the
porphyrin requirements (13) and, in part, the iron requirements (6) of H. influenzae. In vivo, however, free heme is not
available because free heme is toxic and the body has evolved
highly specific mechanisms for complexing this tetrapyrrole
molecule analogous to those used to restrict the availability
of free iron (i.e., the use of lactoferrin and transferrin). The
abundant serum proteins albumin and hemopexin bind heme
avidly, with Kd values of 1028 and 10213 M, respectively (25,
39). With the exception of that in hemolytic states, all circulating heme is complexed to hemopexin because this glycoprotein has a much greater affinity for heme than does albumin
(25). In addition, much of the body’s heme is present in the
form of hemoglobin. Recognition of this fact has resulted in
considerable interest in the heme acquisition systems utilized
by bacterial pathogens (3, 7, 8, 18–20, 26–28, 31, 32, 35–37,
40–43, 46).

Previous studies from our laboratory and others have shown
that there are distinct mechanisms for binding the free and
protein-bound forms of heme to the H. influenzae cell surface
(4, 5, 11, 17, 23, 24, 34, 44). An H. influenzae type b (Hib) chromosomal locus, hxuCBA, has been shown to be necessary for
utilization of heme bound to the human serum protein hemopexin (5, 17). The last gene in this locus, hxuA, encodes a 100kDa protein that can be found on the H. influenzae cell surface
and is also secreted into culture supernatants (CS) (4). This
HxuA protein is expressed by the majority of H. influenzae
strains and, when it is immobilized on nitrocellulose, has been
shown to bind heme-hemopexin (4). Lack of this protein rendered an isogenic Hib hxuA mutant unable to use heme-hemopexin as the sole source of heme for growth (17). The exact
manner by which HxuA allows H. influenzae to acquire heme
from heme-hemopexin is still unknown, and it had not been
determined whether soluble HxuA is functional. The fact that
soluble HxuA protein was present in CS (4) prompted us to
determine whether HxuA is functional in solution and, if so,
whether binding of soluble HxuA to heme-hemopexin complexes results in the complexed heme being made available to
H. influenzae.
The Hib strains DL26, DL42, DL42.107d, DL42.61, and
760705 and the nontypeable H. influenzae (NTHI) strain N182
used in this study have been described previously (4, 5, 16) and
are listed in Table 1 together with their relevant phenotypic
characteristics. Escherichia coli RR1 has also been described
previously (38). Hib and NTHI strains were routinely grown on
brain heart infusion (BHI) agar (Difco Laboratories, Detroit,
Mich.) containing Levinthal’s base (BHIs) (1) at 37°C in an
atmosphere of 5% CO2–95% air. E. coli strains were grown in
Luria-Bertani medium (38) containing tetracycline (15 mg/ml).
Plasmids used in this study are also listed in Table 1. Human
apo-hemopexin was prepared as described previously (21),
with the final purification step involving chromatography on
Q-Sepharose Fast-Flow in 20 mM Tris-HCl (pH 8.0) with a
gradient of up to 8.5 M NaCl in the same buffer. Hemehemopexin was prepared by mixing a 1:1 solution of hemin in
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Utilization of heme-hemopexin as a source of heme by Haemophilus influenzae type b is dependent on expression by this bacterium of the 100-kDa HxuA protein, which is both present on the bacterial cell surface and
released into the culture supernatant (L. D. Cope, R. Yogev, U. Muller-Eberhard, and E. J. Hansen, J. Bacteriol. 177:2644–2653, 1995). Radioimmunoprecipitation analysis showed that the soluble HxuA protein present in H. influenzae type b culture supernatant bound heme-hemopexin complexes in solution. An isogenic H. influenzae type b hxuA mutant was unable to utilize soluble heme-hemopexin complexes for growth in vitro unless
soluble HxuA protein was provided exogenously. Soluble HxuA protein secreted by a nontypeable H. influenzae
strain also allowed growth of this H. influenzae type b hxuA mutant. These results indicated that the heme present in heme-hemopexin complexes is rendered accessible to H. influenzae when these complexes are bound by
the soluble HxuA protein.

4512

NOTES

INFECT. IMMUN.
TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid

H. influenzae strains
DL26
DL42
DL42.107d

Description or phenotype

Reference(s)
or source

5
4, 47
4

E. coli strains
RR1
RR1(pBR322)
RR1(pHX1-6)

Host strain for recombinant plasmids
Recombinant strain that does not release HxuA into the CS
Recombinant strain that releases HxuA into the CS

38
38
This study

Plasmids
pBR322
pHX1-6

Cloning vector, Ampr Tetr
pBR322 with a 13.6-kb insert of H. influenzae DL42 chromosomal DNA containing the hxuCBA gene cluster

38
5, 17

DL42.61
760705
N182

dimethyl sulfoxide with apo-hemopexin, followed by removal
of the unbound hemin by chromatography on Whatman DE 52
cellulose in phosphate-buffered saline (PBS).
To prepare heme-free culture supernatant containing soluble H. influenzae proteins, including HxuA, H. influenzae strains
grown overnight on BHIs agar were inoculated into 50 ml of
BHI broth containing only NAD (10 mg/ml). This inoculum
yielded a reading of 30 to 40 Klett units (Klett-Summerson
colorimeter; Klett Manufacturing, New York, N.Y.). These
cultures were incubated with agitation at 37°C for 4 h, until
they had attained a cell density that yielded a reading of 160
Klett units (approximately 2 3 109 to 3 3 109 CFU/ml). It
should be noted here that H. influenzae cells grown in the
presence of large amounts of a heme source (e.g., on BHIs
agar plates) apparently sequester heme quite effectively and
can then proceed to grow in heme-free medium for several
generations. The cultures were then centrifuged at 27,000 3 g
for 15 min at 4°C; the supernatant was drawn off and centrifuged at 254,000 3 g for 1 h at 4°C to remove membrane
fragments. The resultant supernatant was concentrated 83-fold
by the use of Centriprep-30 concentrators (Amicon, Beverly,
Mass.) and filter sterilized. These concentrated CS were used
immediately in the feeding experiments described below or in
the radioimmunoprecipitation (RIP) experiments. CS from recombinant E. coli strains were prepared similarly with bacteria
grown in Luria-Bertani medium.
Proteins present in CS from the wild-type Hib strain DL42
and the isogenic hxuA mutant DL42.61 were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Two
high-molecular-mass proteins with apparent molecular masses
of approximately 100 and 115 kDa were detectable by Coomassie blue staining in CS from this wild-type Hib strain (Fig.
1, panel 1, lane A); only the 115-kDa protein, which was probably immunoglobulin A (IgA) protease (2, 14), was present in
the CS of the hxuA mutant (Fig. 1, panel 1, lane B). Western
blot analysis and autoradiography were performed with radioiodinated goat anti-mouse IgG as the secondary antibody to
detect both mouse monoclonal and rat polyclonal IgG antibodies bound to Hib antigens. The Western blot analysis confirmed that the 100-kDa protein was HxuA; this 100-kDa antigen bound the Hib DL42 HxuA-specific monoclonal antibody
4C11 (17) (Fig. 1, panel 3, lane E). As expected, this same
monoclonal antibody did not bind to any CS proteins expressed by the hxuA mutant (Fig. 1, panel 3, lane F). Antibodies present in rat antiserum raised against Hib DL26 CS pro-

16
4, 5
17

teins (16) readily bound to HxuA (Fig. 1, panel 2, lane C) and
did not bind detectably to other soluble antigens in the CS.
This polyclonal CS antiserum was unreactive with CS antigens
from the hxuA mutant (Fig. 1, panel 2, lane D).
We used this rat polyclonal antiserum to CS proteins in RIP
analysis to determine whether soluble HxuA bound hemehemopexin, working upon the assumption that HxuA-directed
antibodies in this antiserum bind HxuA-heme-hemopexin
complexes. Radioiodinated heme-hemopexin (106 cpm) was
combined with 25 ml of CS and 250 ml of pH 7.3 PBS containing 0.05% (vol/vol) Tween 20 (T) and 0.1% (wt/vol) bovine
serum albumin (BSA) in a 1.5-ml microcentrifuge tube. This
solution was incubated at room temperature with gentle agitation for 90 min. The antiserum (100 ml) raised against Hib
strain DL26 CS proteins or control serum (100 ml) from normal rats was added, and the solution was incubated for an
additional hour at room temperature, followed by chilling in
crushed ice. Next, a 100-ml portion of a 10% (vol/vol) suspension of protein A-bearing staphylococci (15) in PBS-T-BSA
was added to the tube, which was then incubated with gentle
agitation for 1 h at 4°C. The antigen-antibody-staphylococcus
complexes were then washed four times with PBS-T-BSA by

FIG. 1. Detection of the 100-kDa HxuA protein in CS from wild-type and
mutant Hib strains. Proteins present in CS from the wild-type Hib strain DL42
(lanes A, C, and E) and from the Hib hxuA mutant strain DL42.61 (lanes B, D,
and F) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and either stained with Coomassie blue (panel 1) or transferred to nitrocellulose for Western blot analysis with rat antiserum raised against CS from Hib
strain DL26 (panel 2) or with the Hib DL42 HxuA-specific monoclonal antibody
4C11 (panel 3). The arrowhead to the left of lane A indicates the position of the
HxuA protein. Molecular mass position markers (in kilodaltons) are present on
the left side of the figure.
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Wild-type Hib strain that expresses the HxuA protein and can utilize heme-hemopexin
Wild-type Hib strain that expresses the HxuA protein and can utilize heme-hemopexin
DL42 mutant with a NotI linker inserted into the hxuA structural gene; this strain does not express HxuA and
cannot utilize heme-hemopexin
DL42.107d with a cat cartridge inserted into the NotI site within the hxuA gene
Wild-type Hib strain that does not express the HxuA protein and does not utilize heme-hemopexin
Wild-type NTHI strain that expresses the HxuA protein and can utilize heme-hemopexin
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TABLE 2. RIP-based detection of the binding of soluble
HxuA to heme-hemopexin complexes
125

Source of soluble
CS proteins

Hib DL42
Hib DL42.107d
E. coli RR1(pBR322)
E. coli RR1(pHX1-6)

I-heme-hemopexin immunoprecipitated (cpm) by:

Antiserum to CS proteinsa

Control serumb

206,892
15,208
7,906
177,312

21,892
21,880
20,306
19,766

a
Rat antiserum raised against soluble CS proteins from Hib strain DL26 (16).
The HxuA proteins expressed by Hib strains DL26 and DL42 are antigenically
cross-reactive.
b
Control serum from unimmunized rats.

medium) which was then placed in an ice-water slurry in a
large bucket. The bucket was placed in an environmental room
at 37°C for approximately 16 h; the use of the ice slurry prevented growth from starting for several hours. The next morning, a
1-ml portion of this culture was inoculated into 10 ml of the
basal medium in a 500-ml culture flask, which was then incubated at 37°C with agitation for 4 to 6 h; the incubation was
necessary to eliminate all heme stores from the H. influenzae
cells. The culture was then diluted 1:2,000 in this same medium,
and 13 ml of this diluted suspension, containing 103 CFU, was
inoculated into a 12- by 75-mm culture tube containing 1.3 ml
of broth medium supplemented with various compounds.
Five different media were tested in these experiments: (i) 1.3
ml of basal medium (negative control), (ii) 1.3 ml of basal
medium containing heme (10 mg/ml) (positive control), (iii) 1.3
ml of basal medium containing heme-hemopexin (10 mg/ml),
(iv) 1.0 ml of basal medium and 0.3 ml of CS (i.e., source of
HxuA), and (v) 1.0 ml of basal medium containing 0.3 ml of CS
and heme-hemopexin (10 mg/ml). The final concentration of
HxuA protein in the last two media was 3 mg/ml. These cultures were incubated at 37°C in a stationary water bath, and
duplicate 100-ml samples of each culture were removed at the
start of the experiment and plated onto BHIs agar. Additional
10- or 100-ml duplicate samples were removed from each culture at 2-h intervals for the duration of the experiment and
either plated directly onto BHIs agar or diluted in BHIs before
being plated.
Heme-starved cells of the wild-type Hib strain DL42 were
unable to grow when they were inoculated into basal medium
alone and also could not grow in basal medium supplemented
only with HxuA (Fig. 2A). The wild-type Hib strain utilized
free heme for growth and also grew readily when it was supplemented with heme-hemopexin in the presence or absence of
exogenous HxuA (Fig. 2A). Growth of the wild-type Hib strain
with heme-hemopexin in the absence of exogenous HxuA was
expected because this Hib strain expresses its own HxuA protein (4). Also as expected, heme-starved cells of the hxuA mutant DL42.61 grew when they were inoculated into basal medium containing free heme and did not grow in its absence
(Fig. 2B). When it was supplemented with HxuA only, the hxuA
mutant was unable to grow, and when it was supplemented
with heme-hemopexin only, the hxuA mutant did not grow
(Fig. 2B). However, when exogenous soluble HxuA was present together with heme-hemopexin, the hxuA mutant was able
to grow and, after 10 h, increase its numbers nearly 3 orders of
magnitude above the number of viable mutant cells present in
the presence of heme-hemopexin alone (Fig. 2B).
These results indicated that the exogenously supplied, soluble Hib HxuA protein bound heme-hemopexin complexes and
allowed utilization of this heme by the Hib hxuA mutant. We
next investigated whether exogenously supplied HxuA protein
that was produced by an NTHI strain would allow Hib strains
to utilize heme-hemopexin. NTHI strains have previously been
shown to secrete soluble HxuA protein into CS in proportionally greater quantities than do Hib strains, and the amino acid
sequences of Hib and NTHI HxuA proteins are not identical
(4). Two different Hib strains were used in these experiments:
the Hib hxuA mutant and the wild-type Hib strain 760705,
which was previously shown to be unable to utilize hemehemopexin and to lack expression of an HxuA protein (4).
CS (i.e., the source of HxuA) from wild-type NTHI N182 was
prepared as described above. When it was supplemented with
NTHI HxuA, the Hib hxuA mutant was able to utilize hemehemopexin for growth (Fig. 3A). As with the results obtained
with Hib HxuA (Fig. 2B), at the end of this experiment, there
was at least 100-fold more CFU in the cultures containing both
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centrifugation and resuspension, and the final washed pellet
was resuspended in 150 ml of digestion buffer (15). This suspension was transferred to a 12- by 75-mm glass culture tube,
heated at 100°C for 5 min to disrupt the antigen-antibody complexes, and allowed to cool to room temperature. The staphylococci were removed by centrifugation and the radioactivity
(radioiodinated heme-hemopexin) in the supernatant was measured by use of a gamma counter.
The rat polyclonal CS antiserum immunoprecipitated much
more radioiodinated heme-hemopexin (i.e., in the form of
HxuA–heme-hemopexin complexes) than did control serum
when CS from the wild-type Hib strain DL42 was used in the
RIP (Table 2). This same CS antiserum did not immunoprecipitate more radioiodinated heme-hemopexin than did control serum when CS from the hxuA mutant DL42.107d (which
does not express HxuA) was used in the RIP. The latter result
indicated that when soluble HxuA was not present in the CS,
the amount of radioiodinated heme-hemopexin immunoprecipitated by the CS antiserum was no greater than that immunoprecipitated by the control serum.
To confirm that HxuA-directed antibodies in the CS antiserum were actually immunoprecipitating soluble HxuA complexed with heme-hemopexin, additional RIP analysis was performed with CS from E. coli strains containing either the
plasmid vector pBR322 or the recombinant plasmid pHX1-6
with the Hib DL42 hxuCBA gene cluster (17). The latter recombinant E. coli strain released soluble HxuA protein into
the CS (4). Again, the antiserum against CS proteins immunoprecipitated a much greater amount of radioiodinated hemehemopexin than did the control serum when both sera were
tested against CS containing recombinant HxuA protein [i.e.,
CS from E. coli RR1(pHX1-6)] (Table 2). When the E. coli CS
lacked HxuA protein [i.e., CS from E. coli RR1(pBR322)], the
amount of radioiodinated heme-hemopexin immunoprecipitated by the CS antiserum was no greater than that immunoprecipitated by the control serum. Taken together, the RIP
results indicated that soluble HxuA can bind heme-hemopexin
complexes in solution.
We next performed a more stringent test designed to determine whether soluble HxuA can facilitate the acquisition of
heme from heme-hemopexin by H. influenzae. This set of experiments initially involved measurement of the growth responses of the isogenic Hib DL42.61 hxuA mutant (i.e., a mutant that cannot utilize heme-hemopexin) (5) to the addition of
various heme sources. Assessment of the ability of H. influenzae strains to utilize soluble complexes of HxuA bound to hemehemopexin was accomplished with broth culture. Several H. influenzae colonies from a BHIs agar plate incubated overnight
were inoculated into a 16- by 150-mm culture tube containing
10 ml of BHI supplemented with only NAD (10 mg/ml) (basal
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heme-hemopexin and NTHI HxuA than in the culture containing only heme-hemopexin (Fig. 3A). Finally, the wild-type Hib
strain 760705, which was unable to grow in the presence of
heme-hemopexin alone, grew readily when both heme-hemopexin and NTHI HxuA were present (Fig. 3B).
The fact that the hxuA mutant (Fig. 2B and 3A) and the
wild-type strain 760705 (Fig. 3B) did not die off rapidly in the
presence of heme-hemopexin alone can probably be attributed
to the presence of tiny amounts of free heme present in the
heme-hemopexin preparation. In fact, we have previously
shown that H. influenzae can grow in BHI-NAD broth contain-

ing heme at a concentration of less than 100 ng/ml (5). Alternatively, it has been proposed that H. influenzae may possess a
means for obtaining heme from heme-hemopexin complexes
that does not involve HxuA (50). One laboratory has reported that the HxuA protein is not essential for the utilization
of heme-hemopexin by H. influenzae (49, 50). With the wildtype Hib strain 760705 (which is unable to express the HxuA
protein [4]), three H. influenzae proteins that apparently bound
heme-hemopexin in affinity chromatography experiments were
identified (50). However, in our hands, Hib 760705 could not
utilize heme-hemopexin as a source of heme for growth on

FIG. 3. Effect of exogenous NTHI HxuA on the ability of wild-type and mutant Hib strains to utilize heme-hemopexin. Heme-starved cells of the Hib hxuA mutant
DL42.61 (A) and the wild-type Hib strain 760705 (B) were inoculated into BHI-NAD broth (basal medium) supplemented with the following compounds: no
supplement (negative control) (circles), heme (Hm) (positive control) (squares), heme-hemopexin (HmHx) (asterisks), NTHI N182 CS (i.e., HxuA) (diamonds), and
NTHI N182 CS (i.e., HxuA) and heme-hemopexin (triangles). Growth was monitored by plating samples from each culture on BHIs agar plates at timed intervals.
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FIG. 2. Effect of exogenous Hib HxuA on the ability of wild-type and mutant Hib strains to utilize heme-hemopexin. Heme-starved cells of the wild-type strain DL42
(A) and the hxuA mutant DL42.61 (B) were inoculated into BHI-NAD broth (basal medium) supplemented with the following compounds at the concentrations listed
in the text: no supplement (negative control) (circles), heme (Hm) (positive control) (squares), heme-hemopexin (HmHx) (asterisks), Hib DL42 CS (i.e., HxuA)
(diamonds), and Hib DL42 CS (i.e., HxuA) and heme-hemopexin (triangles). Growth was monitored by plating samples from each culture on BHIs agar plates at timed
intervals. The data points in each graph are the means of results from two separate experiments; error bars are included.
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