










these mutants, including the hgbA hgbB hgbC triple mutant
(Fig. 4B and Table 3), readily formed individual colonies when
hemoglobin (100 mg/ml) was used as the heme source. The
hgbA hgbB hgbC triple mutant, however, was impaired in the

ability to form colonies on media containing hemoglobin-hap-
toglobin (Fig. 4F) compared to the wild-type strain (Fig. 4E).

The finding that the hgbA hgbB hgbC triple mutant still
utilized hemoglobin despite its apparent inability to bind this
compound in the dot blot assay (Fig. 3A, row 5) indicated that
this mutant possessed an additional mechanism for the acqui-
sition of heme from hemoglobin. A previous study from this
laboratory (15) showed that utilization of hemoglobin by H.
influenzae was dependent on the activity of the TonB protein.
To determine whether this additional, unidentified mechanism
was TonB dependent, the tonB gene from NTHI strain N182
was amplified by PCR, inactivated by insertion of a spectino-
mycin resistance cartridge, and used to construct a hgbA hgbB
hgbC tonB mutant (N182.217). Inactivation of the tonB gene in
this mutant was confirmed by its inability to utilize low levels of
free heme (10 mg/ml) for growth on solidified media while still
being able to utilize free heme at a much higher concentration
(50 mg/ml) (15) (Table 3). The hgbA hgbB hgbC tonB mutant
was also unable to form individual colonies with hemoglobin as
the sole source of heme (Fig. 4C), a finding which indicated
that the growth of the hgbA hgbB hgbC mutant with hemoglo-
bin (Fig. 4B) was a TonB-dependent process.

Identification of the TonB-dependent protein involved in
hemoglobin utilization by the triple mutant. Examination of
the H. influenzae Rd genome (10) revealed the presence of
several genes encoding predicted products which were likely to
be TonB-dependent outer membrane proteins. Some of these
gene products had already been determined to function in
specific processes (e.g., transferrin binding protein I encoded
by ORF HI0994), whereas others (e.g., the predicted protein
encoded by ORF HI0113) did not have a proven function. To
determine whether one of these proteins was involved in the
utilization of hemoglobin by the hgbA hgbB hgbC mutant, we
focused on two classes of these genes. The first, as exemplified
by HI0113, encoded a predicted protein product that was most

TABLE 3. Growth of wild-type and mutant NTHI strains with different heme sources

Strain
Colony developmenta on: Protein expression

BHI-50 Hm BHI-10 Hm BHI-100 Hg BHI-20 Hg-Hpt HgbA HgbB HgbC HxuC

N182 3 3 3 3 1 1 1 1
N182.11 3 3 3 3 2 1 1 1
N182.12 3 3 3 3 1 2 2 1
N182.13 3 3 3 3 1 1 2 1
N182.14 3 3 3 3 2 2 1 1
N182.15 3 3 3 2 2 1 2 1
N182.16 3 3 3 3 1 2 2 1
N182.17 3 3 3 0 2 2 2 1
N182.217 3 0 0 0 2 2 2 1
N182.114 3 0 3 3 2 2 1 2
N182.115 3 0 1 2 2 1 2 2
N182.116 3 0 3 3 1 2 2 2
N182.117 3 0 0 0 2 2 2 2
N182.100 3 0 3 3 1 1 1 2
N182.100(pGJB103) 3 0 3 3 1 1 1 2
N182.100(pHXUC-1) 3 3 3 3 1 1 1 1
N182.115(pGJB103) 3 0 1 2 2 1 2 2
N182.115(pHXUC-1) 3 3 3 2 2 1 2 1
N182.117(pGJB103) 3 0 0 0 2 2 2 2
N182.117(pHXUC-1) 3 3 3 0 2 2 2 1

a Bacterial growth was scored after 24 h of incubation as 3 (single colonies in the tertiary part of the streak pattern), 2 (single colonies in the secondary part of the
streak pattern), 1 (single colonies or a haze in the primary part of the streak pattern), or 0 (no growth).

FIG. 4. Growth of wild-type and mutant NTHI strains on agar
plates containing hemoglobin or hemoglobin-haptoglobin as the sole
source of heme. The indicated strains were streaked onto BHI-100 Hg
or BHI-20 Hg-Hpt agar plates as indicated and incubated for 24 h.
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similar to a protein (TdhA) proposed to be involved in heme
utilization by another organism, H. ducreyi (32). The second
class of genes, as exemplified by hxuC, encoded proteins known
to be involved in the utilization of free heme by H. influenzae
(6). Inactivation of the tdhA homolog in the hgbA hgbB hgbC
triple mutant did not affect the ability of this strain to utilize
hemoglobin (data not shown). In contrast, inactivation of the
hxuC gene in this same triple mutant eliminated its ability to
utilize hemoglobin (Fig. 4D and Table 3).

The HxuC outer membrane protein of H. influenzae has
previously been shown to be essential for the growth of this
organism in the presence of very low concentrations of free
heme (6). This fact raised the possibility that the hemoglobin
used in these experiments was contaminated with free heme
(i.e., heme in excess of that contained in hemoglobin) and that
the observed growth of the hgbA hgbB hgbC mutant with he-
moglobin was actually the result of the utilization of free heme
via the HxuC protein. To address this possibility, the amount of
free heme in both the hemoglobin and hemoglobin-haptoglo-
bin preparations was determined by spectrophotometric meth-
ods as described in Materials and Methods. The amount of
free heme detected in the hemoglobin preparation was such
that the BHI-3 Hg medium would contain free heme at a final
concentration of less than 0.0125 mg/ml; there was no free
heme detected in the hemoglobin-haptoglobin preparation.
Wild-type NTHI strain N182 was not able to grow in BHI
medium containing free heme at a final concentration of
0.0125 mg/ml (data not shown).

Effect of the hxuC mutation on utilization and binding of
hemoglobin and hemoglobin-haptoglobin. The hxuC mutation
was also introduced into wild-type strain N182 and the three
double mutants which expressed only a single Hgb protein; all
four of these strains still expressed their Hgb proteins (Fig. 2,
lanes 9 to 11 and 13). The presence or absence of HxuC in each
strain described below was confirmed by Western blot analysis
using polyclonal mouse HxuC antiserum to probe proteins
present in outer membrane vesicles prepared from NTHI cells
grown in BHI-10 Hm or BHI-3 Hg broth (Table 3). The pres-
ence of only the hxuC mutation in the wild-type N182 strain
eliminated the ability of this strain to utilize low levels of free
heme (Table 3) as would have been predicted by a previous
study (6). Introduction of the hxuC mutation into the hgbA
hgbB and hgbB hgbC mutants did not affect the ability of these
two strains to utilize either hemoglobin or hemoglobin-hapto-
globin (Table 3). In contrast, elimination of the ability to ex-
press the HxuC protein in the hgbA hgbC double mutant re-
duced significantly its ability to utilize hemoglobin but did not
have an apparent effect on hemoglobin-haptoglobin utilization
(Table 3). Again, the hgbA hgbB hgbC hxuC mutant was unable
to utilize hemoglobin (Table 3 and Fig. 4D).

The hgbA hgbB hgbC mutant was previously shown to be
unable to bind either hemoglobin or hemoglobin-haptoglobin
(Table 2). The presence of the hxuC mutation in this same
strain did not alter the binding ability of this strain (Table 2)
such that both the hgbA hgbB hgbC mutant and the hgbA hgbB
hgbC hxuC mutant failed to bind either compound. This latter
set of results suggests that HxuC does not bind either hemo-
globin or hemoglobin-haptoglobin, at least under the in vitro
assay conditions used in this study.

Growth of wild-type and mutant strains in broth. A more
quantitative assessment of the role of these various proteins in
hemoglobin and hemoglobin-haptoglobin utilization was ob-
tained by measuring the rate and extent of growth of these
strains in a liquid medium. Representative growth curves are
depicted in Fig. 5 and 6. In the first set of experiments, wild-
type strain N182, the hxuC mutant, the hgbA hgbB hgbC triple
mutant, and the hgbA hgbB hgbC hxuC quadruple mutant were
tested for their relative abilities to utilize hemoglobin and
hemoglobin-haptoglobin. Each inoculum was starved for heme
(see Materials and Methods) prior to inoculation into the test
media. All four strains grew at the same rate and to the same
extent in the presence of excess heme (10 mg/ml) (data not
shown). Similarly, all four strains failed to grow in the absence
of a heme source (data not shown).

The hgbA hgbB hgbC triple mutant grew similarly to the
wild-type parent strain and the hxuC mutant with hemoglobin,
whereas the hgbA hgbB hgbC hxuC quadruple mutant was
unable to grow with hemoglobin (Fig. 5A). Both the wild-type
strain and the hxuC mutant grew well with hemoglobin-hapto-
globin in broth. However, the hgbA hgbB hgbC mutant grew
much more slowly and to a lesser extent in broth with hemo-
globin-haptoglobin (Fig. 5B); this same triple mutant was un-
able to form colonies on solidified media containing hemoglo-
bin-haptoglobin (Table 3). As occurred with hemoglobin, the
hgbA hgbB hgbC hxuC quadruple mutant failed to grow with
hemoglobin-haptoglobin in broth (Fig. 5B).

Ability of individual Hgb proteins to allow utilization of
heme compounds. Mutants expressing only HgbA, HgbB, or
HgbC were tested for their abilities to utilize both hemoglobin
and hemoglobin-haptoglobin. The hgbB hgbC mutant that ex-
pressed only HgbA grew at a rate and to a final density virtually
identical to that of the wild-type strain with hemoglobin; the
introduction of an hxuC mutation into this mutant had no
obvious effect on its growth with hemoglobin (Fig. 6A). With
hemoglobin-haptoglobin, both the hgbB hgbC mutant and the
hgbB hgbC hxuC mutant grew nearly as well as the wild-type
parent strain (Fig. 6B). The hgbA hgbC mutant that expressed
only HgbB grew similarly to the wild-type strain with hemo-
globin (Fig. 6A); introduction of the hxuC mutation into this
mutant resulted in an increased lag period before the start of
exponential growth (Fig. 6A). With hemoglobin-haptoglobin,
both the hgbA hgbC and the hgbA hgbC hxuC mutants exhib-
ited a significantly reduced growth ability (Fig. 6B). Testing of
the hgbA hgbB and hgbA hgbB hxuC mutants (which expressed
only HgbC) revealed that they grew at rates very similar to
those of the wild-type parent strain with both heme sources
described above (data not shown).

Complementation analysis. In the various mutants de-
scribed above, the mutation in the hxuC gene involved the
insertion of a spectinomycin resistance cartridge, which could
have exerted a polar effect on expression of the downstream
hxuB and hxuA genes (6). The HxuB and HxuA gene products
have been shown to be essential for utilization of heme con-
tained in heme-hemopexin complexes by H. influenzae (4, 6).

To eliminate the possibility that polar effects on hxuB or
hxuA expression could have resulted in the inability of the
hgbA hgbB hgbC hxuC mutant to utilize hemoglobin, the wild-
type N182 hxuC gene was cloned into pGJB103 for comple-
mentation analysis. Introduction of the recombinant plasmid
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pHXUC-1 into the hgbA hgbB hgbC hxuC mutant restored its
ability to utilize hemoglobin but not hemoglobin-haptoglobin
on solidified media (Table 3). This complemented mutant also
was able to utilize low levels of free heme (Table 3), thus
confirming expression of the HxuC protein in this construct.
The presence of the pGJB103 vector alone in this same mutant
strain had no effect on its ability to utilize either hemoglobin or
hemoglobin-haptoglobin on solidified media (Table 3).

Similar results were obtained when the N182 hxuC gene was
provided in trans in the hgbA hgbC hxuC mutant which had a
greatly reduced ability to utilize hemoglobin (Table 3). The
presence of pHXUC-1 in this mutant resulted in wild-type
development of individual colonies with hemoglobin as the
sole source of heme but again did not affect the inability of this
mutant to utilize hemoglobin-haptoglobin on solidified media
(Table 3). Again, the presence of the wild-type hxuC gene in
this complemented mutant allowed it to grow with low levels of
free heme (Table 3).

DISCUSSION

Among gram-negative bacterial pathogens, utilization of he-
moglobin and hemoglobin-haptoglobin as sources of either
heme or iron has generally been shown to involve outer mem-
brane proteins that have in common the fact that they appear
to be members of the TonB-dependent protein family (33). H.
influenzae is no exception to this rule but is different from most
of these other organisms in its expression of several outer
membrane proteins with very similar amino acid sequences
which function in the acquisition of heme from hemoglobin

and hemoglobin-haptoglobin. Each of the two H. influenzae
strains (N182 and HI689) studied to date in this regard was
shown to possess three ORFs encoding what are likely TonB-
dependent outer membrane proteins which can bind hemoglo-
bin or hemoglobin-haptoglobin. Expression of these proteins
in both of these H. influenzae strains undergoes phase variation
(3, 25).

The first objective of this study was to confirm the phenotype
of an isogenic H. influenzae mutant unable to express any of the
hemoglobin-binding outer membrane proteins encoded by
ORFs containing the CCAA nucleotide repeat. In H. influen-
zae type b HI689, three ORFs (hbpA, hbpB, and hbpC) that
contained CCAA repeats were shown to express hemoglobin-
binding proteins with a high degree of similarity to the HgbA,
HgbB, and HgbC proteins from NTHI strain N182. Morton et
al. (22) reported that a hbpA hbpB hbpC triple mutant was still
able to grow like the wild type with hemoglobin except when
the hemoglobin concentration was reduced to a growth-limit-
ing concentration. We similarly constructed an isogenic hgbA
hgbB hgbC mutant from NTHI strain N182 and showed that
this triple mutant still grew at the same rate and to the same
extent as the wild-type parent strain with hemoglobin as the
sole source of heme. The concentration of hemoglobin used in
our study was just above the growth-limiting concentration for
NTHI strain N182. This finding, which confirmed the results of
Morton et al. (22) for a similar H. influenzae type b mutant,
indicated that NTHI N182 can utilize hemoglobin independent
of the expression of the protein products of the hgbA, hgbB,
and hgbC genes. However, the introduction of a tonB mutation
into this triple mutant rendered it unable to utilize hemoglobin

FIG. 5. Growth of wild-type and mutant NTHI strains in broth containing hemoglobin or hemoglobin-haptoglobin. Wild-type strain N182 (■),
the hgbA hgbB hgbC triple mutant N182.17 (F), the hxuC mutant N182.100 (h), and the hgbA hgbB hgbC hxuC quadruple mutant N182.117 (E)
were starved for heme as described in Materials and Methods and then inoculated into either BHI-3 Hg (A) or BHI-2.5 Hg-Hpt (B).
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(Table 3 and Fig. 4). This latter finding confirmed that this
alternative hemoglobin utilization system in NTHI strain N182
still involved a TonB-dependent process.

Analysis of various additional mutants revealed that inacti-
vation of expression of the HxuC protein in the N182 hgbA
hgbB hgbC mutant resulted in the loss of the ability to utilize
hemoglobin (Table 3; Fig. 4 and 5). Previous work from our
laboratory indicated that hxuC was the first gene in the
hxuCBA locus and encodes an outer membrane protein re-
quired for the utilization of very low levels of free heme by H.
influenzae (6). The other two gene products of this locus are
involved in the ability of H. influenzae to utilize heme bound to
the serum protein hemopexin. More specifically, the HxuB
outer membrane protein appears to be required for secretion
of the soluble HxuA protein into culture supernatant fluid,
where it binds heme-hemopexin complexes (4–6). The pheno-
type of an hxuC mutant was evidenced as an inability to utilize
very low concentrations of free heme for aerobic growth in
vitro (6), and there was no indication that the hxuC mutation
had affected the ability of H. influenzae to utilize hemoglobin.

It should be noted that the N182 hgbA hbgB hgbC triple
mutant lost the ability to bind hemoglobin (or hemoglobin-
haptoglobin) at detectable levels in the binding assay used in
this study (Fig. 3). The presence of the HxuC protein in this
mutant, while allowing utilization of hemoglobin, did not per-
mit detectable binding of hemoglobin in two different assay
systems (Fig. 3 and Table 2). We confirmed that HxuC is
expressed by this triple mutant when it is grown with hemo-
globin, but the level of HxuC expression was not greater than

that observed with the wild-type parent strain grown with he-
moglobin (data not shown). Therefore, if HxuC is able to bind
hemoglobin, then this activity was not detected in the binding
assays used in this study. How HxuC facilitates the acquisition
of heme from hemoglobin in the hgbA hgbB hgbC triple mutant
is not apparent. At this time, we also cannot eliminate the
possibility that a second gene product acting in concert with
HxuC is involved in obtaining heme from hemoglobin.

It should also be noted that the N182 hgbA hgbB hgbC triple
mutant was significantly impaired in its ability to grow in broth
with hemoglobin-haptoglobin (Fig. 5B) and was unable to form
individual colonies when grown on solidified medium with
hemoglobin-haptoglobin (Table 3) even though this mutant
could grow like the wild type with hemoglobin in liquid and on
solid media. The modest growth response of this triple mutant
in broth with hemoglobin-haptoglobin did involve the HxuC
protein, however, because the hgbA hgbB hgbC hxuC quadru-
ple mutant was unable to grow in broth with hemoglobin-
haptoglobin (Fig. 5B).

We also investigated the relative abilities of the individual
HgbA, HgbB, and HgbC proteins to allow H. influenzae to bind
and utilize both hemoglobin and hemoglobin-haptoglobin.
Mutants expressing only HgbA or HgbC grew as well as the
wild-type parent strain with hemoglobin (Table 3). In addition,
the mutants expressing either HgbA or HgbC appeared to bind
hemoglobin (and hemoglobin-haptoglobin) at a level equiva-
lent to that obtained with the wild-type parent strain (Fig. 3
and Table 2). The mutant expressing only HgbB grew similarly
to the wild type with hemoglobin but bound hemoglobin (and

FIG. 6. Growth of wild-type and mutant NTHI strains in broth containing hemoglobin or hemoglobin-haptoglobin. Wild-type strain N182 (■),
the hgbB hgbC mutant N182.16 (Œ), the hgbB hgbC hxuC mutant N182.116 (‚), the hgbA hgbC mutant N182.15 (}), and the hgbA hgbC hxuC
mutant N182.115 ({) were starved for heme as described in Materials and Methods and then inoculated into either BHI-3 Hg (A) or BHI-2.5
Hg-Hpt (B).
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hemoglobin-haptoglobin) poorly relative to the mutants ex-
pressing only HgbA or HgbC. In addition, introduction of the
hxuC mutation into this strain expressing only HgbB adversely
affected its ability to utilize hemoglobin (Table 3 and Fig. 6A),
whereas the presence of the hxuC mutation had no detectable
effect on hemoglobin utilization by the strains expressing only
HgbA (Fig. 6A) or HgbC (data not shown). Therefore, based
on these in vitro studies, HgbB appears to be less efficient than
HgbA and HgbC in its ability to allow H. influenzae to obtain
heme from hemoglobin.

Expression of only HgbA (in the hgbB hgbC mutant) and
only HgbC (in the hgbA hgbB mutant) limited slightly the
ability of H. influenzae to utilize hemoglobin-haptoglobin (Fig.
6B and data not shown). In contrast, expression of only HgbB
(by the hgbA hgbC mutant) had a significant deleterious effect
on the ability of H. influenzae to utilize hemoglobin-haptoglo-
bin (Fig. 6B). Inactivation of the hxuC gene in all three of these
strains did not alter significantly their rate or extent of growth
(Fig. 6B), suggesting that the observed growth responses with
hemoglobin-haptoglobin did not involve the HxuC protein

In summary, we have shown that NTHI strain N182 can
utilize hemoglobin either by means of the phase-variable
HgbA, HgbB, and HgbC proteins or via the HxuC protein. In
contrast, utilization of the heme in hemoglobin-haptoglobin
occurs optimally in the presence of all three of the Hgb pro-
teins, and lack of expression of these proteins severely inhibits
the growth of NTHI strain N182 with this heme compound. In
this latter situation, the very limited growth of the hgbA hgbB
hgbC mutant in broth with hemoglobin-haptoglobin again in-
volved the HxuC protein (Fig. 5B). These data reinforce the
redundant nature of the heme acquisition systems expressed by
H. influenzae.
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