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A pBR322-based library of chromosomal DNA from the nontypeable Haemophilus influenzae TN106 was
screened for the expression of transferrin-binding activity in Escherichia coli. A recombinant clone expressing
transferrin-binding activity contained a 3.7-kb fragment of nontypeable H. influenzae DNA. Nucleotide se-
quence analysis of this insert revealed the presence of two complete open reading frames encoding proteins of
approximately 26 and 34 kDa. Mini-Tn10kan transposon mutagenesis at different sites within the open reading
frame encoding the 34-kDa protein resulted in the abolition of transferrin-binding activity in the recombinant
E. coli clone. The deduced amino acid sequence of the 34-kDa protein had 70% identity with the OxyR protein
of E. coli; this latter macromolecule is a member of the LysR family of transcriptional activators. When a
mutated H. influenzae oxyR gene was introduced into the chromosome of the wild-type H. influenzae strain by
allelic exchange, the resulting oxyR mutant still exhibited wild-type levels of transferrin-binding activity but
was unable to grow on media containing the heme precursor protoporphyrin IX (PPIX) in place of heme. This
mutant also exhibited reduced growth around disks impregnated with heme sources. Supplementation of the
PPIX-based growth media with catalase or sodium pyruvate resulted in normal growth of the H. influenzae oxyR
mutant. Provision of the wild-type H. influenzae oxyR gene in trans also permitted the growth of this mutant on
a PPIX-based medium. Exogenously supplied catalase restored the growth of this mutant with heme sources
to nearly wild-type levels. These results indicate that expression of a wild-type OxyR protein by H. influenzae
is essential to allow this organism to protect itself against oxidative stresses in vitro.

Haemophilus influenzae is a bacterial pathogen which is dis-
tinguished from virtually all other facultatively anaerobic or-
ganisms by the fact that it has an absolute requirement for
exogenously supplied heme and NAD for aerobic growth in
vitro (16). This heme requirement is caused by the inability of
H. influenzae to convert d-aminolevulinic acid to protoporphy-
rin IX (PPIX), the immediate biosynthetic precursor of heme
(23, 72). H. influenzae does possess the ability to take up PPIX
and convert it to heme via the activity of the enzyme ferroche-
latase, which inserts a single molecule of iron into the PPIX
molecule (23, 40). Accordingly, PPIX can satisfy the heme
requirement of H. influenzae in vitro if a utilizable form of iron
is available in the growth medium (23, 72).
H. influenzae can utilize many different sources of iron in

vitro, including both heme (51) and iron-loaded transferrin
(32). In the latter instance, it would appear that H. influenzae,
in a manner similar to Neisseria gonorrhoeae and N. meningiti-
dis (5, 59), binds the iron-loaded transferrin molecule to its cell
surface (58) and then, by an undefined mechanism(s), extracts
the iron from the transferrin and transports it into the cell.
Two H. influenzae outer membrane proteins (Tbp1 and Tbp2)
essential for this process have recently been described (25, 41),
and H. influenzae is known to express transferrin-binding ac-
tivity in vivo (35).
In an attempt to clone H. influenzae genes encoding trans-

ferrin-binding outer membrane proteins, we isolated a recom-

binant plasmid which caused Escherichia coli to express a trans-
ferrin-binding phenotype. Interestingly, this clone contained
an H. influenzae gene that encoded a protein with 70% identity
to the E. coli transcriptional activator OxyR. This regulator of
hydrogen peroxide-inducible genes in E. coli and Salmonella
typhimurium is a member of the LysR family of transcriptional
activators which have been found in both gram-positive and
gram-negative organisms (31). In this study, we describe the
identification of the H. influenzae OxyR homolog and demon-
strate the essential role of this regulatory protein in the growth
of H. influenzae on media containing PPIX in place of heme.

MATERIALS AND METHODS

Bacterial strains and culture media. Nontypeable H. influenzae (NTHI)
TN106 has been described in detail (37, 54, 55). Mutants and transformants
derived from this NTHI strain are listed in Table 1. The other four NTHI strains
(N182, OC201, BO-2, and BF105) and five H. influenzae type b Hib strains
(DL42, DL26, DL302, Eagan, and RM7004) used in this study have been de-
scribed previously (9, 37, 49). H. influenzae strains were routinely grown in
brain-heart infusion (BHI) broth (Difco Laboratories, Detroit, Mich.) containing
Levinthal’s base (BHIs) (1); this medium was used for growing H. influenzae
under iron-replete conditions. The medium used for growing H. influenzae under
iron-restricted conditions was BHI agar containing NAD (10 mg/ml), PPIX (1
mg/ml), and the iron chelator Desferal (deferoxamine mesylate [Sigma Chemical
Co., St. Louis, Mo.]) at a final concentration of either 30 or 80 mM.
For comparison of the abilities of wild-type and oxyR mutant strains to form

individual colonies on certain media, BHI-NAD agar plates supplemented with
heme or PPIX (20 mg/ml) were used. In certain experiments, freshly prepared
solutions of catalase (final concentration, 5 mg/ml) or sodium pyruvate (final
concentration, 10 mM) were spread onto the agar surface immediately before
bacteria were inoculated onto the medium. The plates were incubated at 378C in
an atmosphere of 95% air and 5% CO2 for 24 h.
For comparison of the abilities of these strains to grow in broth, bacteria were

cultured overnight on BHIs agar and then suspended to a final concentration of
108 CFU/ml in phosphate-buffered saline (PBS). A 1-ml portion of these cells
was used to inoculate 10 ml of BHI-NAD broth containing PPIX (10 mg/ml). This
culture was incubated with aeration at 378C for 3 h, after which a 1-ml portion
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was transferred into 10 ml of fresh BHI-NAD broth containing PPIX (10 mg/ml)
with or without catalase (5 mg/ml). Growth of this final culture was monitored by
measuring the turbidity for 8 h.
E. coli DM1, which is both dam and dcm methylase deficient, was obtained

from GIBCO-BRL (Gaithersburg, Md.). E. coli strains were grown in Luria-
Bertani medium (43) supplemented with antimicrobial agents as required. Luria-
Bertani medium containing 200 mM ethylenediamine-N,N9-diacetic acid (EDDA)
was used for growth of E. coli under iron-limited conditions. Antimicrobial
agents were used at the following concentrations: ampicillin, 50 mg/ml; tetracy-
cline, 15 mg/ml; kanamycin, 20 mg/ml; chloramphenicol, 1 mg/ml.
Plasmids. The plasmid shuttle vector pLS88, which is capable of replication in

both E. coli and H. influenzae, has been described previously (14, 73), as have the
E. coli-based cloning vectors pBR322 and pBluescript II SK1 (43, 53). Plasmid
pAQ17 containing the E. coli oxyR gene was kindly provided by Gisela T. Storz,
Cell Biology and Metabolism Branch, National Institute of Child Health and
Human Development, and has been described previously (8).
Genetic techniques. Standard genetic techniques including plasmid isolation,

restriction enzyme digestions, DNA modifications, ligation reactions, and E. coli
transformation were performed as described previously (43, 53, 70). A genomic
DNA library was constructed from the wild-type NTHI TN106 in pBR322, using
the PstI site in this vector for cloning purposes. H. influenzae was transformed
with linear DNA as described (33), and Hib DL302 was transformed with plas-
mids by a plate transformation method (55).
Mutagenesis techniques. Mini-Tn10kan transposon insertion mutagenesis of

cloned DNA inserts in recombinant E. coli strains was performed as described
previously (11, 28, 70). The cat gene, encoding chloramphenicol acetyltransferase
and lacking an internal EcoRI site, was derived from the plasmid pUC4DEcat,
which was kindly provided by Bruce A. Green, Lederle-Praxis Biologicals, West
Henrietta, N.Y. The kanamycin resistance cassette (kan) was obtained from
Pharmacia-LKB (Piscataway, N.J.).
Nucleotide sequence and Southern blot analyses. Nucleotide sequence anal-

ysis of the 2.8-kb PstI-BglII fragment from pIM120 was performed by using
nested deletions and other standard methods. Both strands were sequenced in
their entirety. DNA sequence information was analyzed by using the IntelliGe-

netics Suite package and programs from the University of Wisconsin Genetics
Computer Group software sequence analysis package (13). Southern blot anal-
ysis of chromosomal DNA purified from various H. influenzae wild-type strains
was performed as described previously (43).
PCR. PCR was performed with the GeneAmp kit (Perkin-Elmer, Branchburg,

N.J.). All reactions were carried out as specified by the manufacturer. To amplify
products from total genomic DNA, 1 mg of chromosomal DNA and 100 ng of
each primer were used in each 100-ml reaction mixture. Direct amplification of
DNA fragments from single colonies was performed as described previously (24,
56).
Detection of transferrin-binding activity. The ability of bacterial strains to

bind human transferrin was assessed by the dot blot method of Schryvers (57).
Briefly, cell paste from an agar plate culture grown overnight was spotted onto
Whatman no. 40 filter paper and allowed to dry at 378C for 1 h. These filters were
then incubated for 1 h at room temperature in Tris-buffered saline (TBS) (pH
7.4) containing 0.5% (wt/vol) skim milk and then for 4 h in TBS-skim milk
containing horseradish peroxidase-coupled human transferrin (Jackson Immu-
noresearch Labs, West Grove, Pa.). After three 15-min washes with TBS, the
blots were developed by incubating the filters in TBS containing 4-chloro-1-
naphthol (2 mg/ml) and 0.01% (vol/vol) hydrogen peroxide.
Hydrogen peroxide sensitivity tests. Bacteria were plated as described imme-

diately above but on BHIs agar plates. Filter paper disks impregnated with
different concentrations (0.125 to 2.0%) of hydrogen peroxide in PBS were
placed on the surface of the agar, and the plates were incubated overnight at
378C.
Heme utilization assay. To determine the ability of wild-type and mutant

H. influenzae strains to utilize heme sources for growth, bacteria grown overnight
on BHIs agar plates were suspended in PBS (pH 7.4) to a final concentration of
108 CFU/ml. Portions (100 ml) of this suspension were spread onto BHI-NAD
agar plates containing PPIX (1 mg/ml) and 80 mM Desferal. Sterile filter paper
disks containing 5 ml of heme (5 mg/ml), hemoglobin (5 mg/ml), catalase (5
mg/ml), or PBS or various combinations thereof were placed on the surface of
the plates, and the plates were incubated at 378C overnight.
Measurement of catalase activity. Catalase activity in whole bacterial cells

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid Genotype or description Source or

reference

H. influenzae strains
TN106 Wild-type nontypeable strain 37, 55
TN106.13 Kanamycin-resistant oxyR mutant constructed by transforming TN106 with the mutated oxyR gene from

pIM126
This study

TN106.13T Kanamycin-sensitive transformant strain containing the wild-type NTHI oxyR gene, obtained by trans-
forming TN106.13 with wild-type NTHI TN106 chromosomal DNA

This study

DL302 Wild-type type b strain 37
DL302.22 Chloramphenicol-resistant oxyR mutant constructed by transforming DL302 with the mutated oxyR gene

from pIM127
This study

DL302.22T Chloramphenicol-sensitive transformant containing the wild-type NTHI oxyR gene, obtained by trans-
forming DL302.22 with wild-type NTHI TN106 chromosomal DNA

This study

E. coli strains
RR1 Host for construction of NTHI TN106 genomic DNA library in pBR322 53
HB101 Host for cloning experiments 53
MC1060 Host for mini-Tn10kan transposon-mediated mutagenesis G. J. Barcak (70)
DM1 dam and dcm methylase-deficient host used for mutagenesis of the oxyR gene in pIM120 GIBCO-BRL

Plasmids
pBR322 Cloning vector, Ampr Tetr 53
pIM100 pBR322 with a 3.7-kb PstI fragment of chromosomal DNA from NTHI TN106 that contains the H. influ-

enzae oxyR gene; confers transferrin-binding activity on E. coli
This study

pIM110 pIM100 containing a mini-Tn10kan insertion that inactivates transferrin-binding activity in E. coli This study
pBluescript II SK1 Cloning vector, Ampr 43
pIM120 pBluescript II containing a 2.8-kb PstI-BglII fragment from the NTHI DNA insert in pIM100; confers

transferrin-binding activity on E. coli
This study

pIM122 pBluescript II SK1 containing a 1.9-kb HindIII fragment from the NTHI insert in pIM120; confers
transferrin-binding activity on E. coli

This study

pIM123 pBluescript II SK1 containing a 1.8-kb AlwNI-BglII fragment from the NTHI DNA insert in pIM120;
does not confer transferrin-binding activity on E. coli

This study

pIM126 pIM120 containing a kanamycin resistance cassette (kan) inserted at the BclI site in the oxyR gene This study
pIM127 pIM120 containing a chloramphenicol resistance cassette (cat) inserted at the BclI site in the oxyR gene This study
pLS88 Shuttle vector capable of replication in E. coli and H. influenzae; Kanr, Strr, Sulfr 14, 73
pIM130 pLS88 with the 1.9-kb HindIII fragment from pIM120 containing oxyR This study
pAQ17 pUC12 containing a 1.5-kb fragment of E. coli DNA including the oxyR gene 8
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harvested in the stationary phase of growth (7) was measured by a modification
of the method described by Beers and Sizer (2). Briefly, whole cells (10 mg of
protein) of wild-type and mutant H. influenzae strains were added to 1.5 ml of
PBS containing 0.06 mM freshly diluted hydrogen peroxide. The optical density
(A240) of this suspension was monitored every 10 s for 200 s; catalase activity was
evidenced by a decrease in optical density resulting from the degradation of the
hydrogen peroxide. Solutions of crystalline bovine catalase (Sigma) were used to
standardize this assay mixture.
Analysis of recombinant proteins.Whole-cell lysates from bacterial cells were

prepared as described previously (49, 50). Sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) of proteins present in whole-cell lysates was
performed as described previously (49, 50), and the proteins were stained with
Coomassie brilliant blue. Purified plasmids were used as templates in a prokary-
otic DNA-directed translation kit (Amersham Corp., Arlington Heights, Ill.);
[3H]leucine was used to radiolabel plasmid-encoded proteins synthesized in
vitro, with all the procedures being carried out as specified by the manufacturer.
Radiolabeled proteins were resolved by SDS-PAGE and visualized by fluorog-
raphy as described previously (27).
Nucleotide sequence accession number. The sequence of the ORFs encoding

the 26- and 34-kDa proteins was submitted to GenBank and assigned accession
number U49355.

RESULTS

The majority of H. influenzae strains express an inducible
transferrin-binding activity when grown under iron-restricted
conditions (29, 45, 58). Similarly, NTHI TN106 expressed read-
ily detectable transferrin-binding activity when grown in an
iron-restricted environment (Fig. 1, lane B) whereas trans-
ferrin-binding activity was barely detectable in cells grown un-
der iron-replete conditions (Fig. 1, lane A).
Cloning of a NTHI locus that confers transferrin-binding

activity on E. coli. In an attempt to clone NTHI genes encoding
outer membrane proteins involved in transferrin binding, a
genomic library of TN106 DNA was constructed in the plasmid
vector pBR322. Preliminary screening of E. coli RR1(pBR322)
confirmed that this strain did not detectably bind transferrin in
this system when grown under iron-replete conditions on LB
medium (Fig. 1, lane C). In addition, the growth of this strain
under iron-restricted conditions (i.e., in LB medium containing
200 mM EDDA) did not result in any detectable binding of
transferrin (data not shown).
Screening of 40,000 recombinants in the dot blot assay re-

sulted in the identification of a single clone (Fig. 1, lane D) that
bound transferrin at a readily detectable level. The recombi-
nant plasmid in this strain was designated pIM100 and shown
to contain a 3.7-kb PstI fragment of NTHI TN106 chromo-
somal DNA (Fig. 2). In an attempt to localize the NTHI
gene(s) responsible for the binding of transferrin by E. coli
RR1(pIM100), the recombinant plasmid pIM100 was sub-
jected to mini-Tn10kan transposon insertion mutagenesis.
When the positions of the transposon insertions were mapped,

FIG. 1. Transferrin-binding activity expressed by wild-type NTHI and recom-
binant E. coli strains. Cells were spotted on filter paper and used in the trans-
ferrin-binding dot blot assay as described in Materials and Methods. Lanes: A,
TN106 cells grown under iron-replete conditions; B, TN106 cells grown under
iron-restricted conditions; C, E. coli RR1 containing pBR322; D, E. coli RR1
containing pIM100; E, E. coli RR1 containing pIM110.

FIG. 2. Partial restriction enzyme map of the NTHI DNA insert in pIM100 and related plasmids. The divergent ORFs for the 26- and 34-kDa proteins are depicted
by boxes underneath pIM100; the arrows indicate the predicted direction of transcription. The black arrowhead indicates the position of a mini-Tn10kan transposon
insertion within the oxyR gene in pIM110. The 2.8-kb PstI-BglII fragment from pIM100 was subcloned into pBluescript II SK1 to generate pIM120. The 1.9-kb HindIII
fragment from pIM120 was subcloned into pBluescript to generate pIM122, which contains all of the ORF for the 34-kDa protein. The 1.8-kb BglII-AlwNI fragment
from pIM120 was subcloned into pBluescript to generate pIM123, which contains all of the ORF for the 26-kDa protein. The open triangle indicates the position of
a kan cartridge inserted into the BclI site in the oxyR gene in pIM126, and the solid triangle indicates the position of a kan cartridge inserted at the same site in the
oxyR gene in pIM127. The 1.9-kb HindIII fragment from pIM120 was subcloned into shuttle vector pLS88 to construct pIM130. The bars labelled oxyR1 and oxyR2
beneath pIM120 indicate the positions of the oligonucleotide primers used to amplify oxyR genes from pIM126 and pIM127 and from total genomic DNA derived from
wild-type and mutant H. influenzae strains.
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it was found that all of the insertions that inactivated trans-
ferrin-binding activity, as typified by that in pIM110 (Fig. 1,
lane E), were located within the 2.8-kb PstI-BglII fragment in
pIM100 (Fig. 2). This 2.8-kb fragment from pIM100 was sub-
cloned into pBluescript II SK1, yielding the recombinant plas-
mid pIM120 (Fig. 2).
Features of the nucleotide sequence of the 2.8-kb PstI-BglII

fragment. Nucleotide sequence analysis of the 2.8-kb insert in
pIM120 revealed the presence of two complete open reading
frames (ORFs) and one incomplete ORF. The two complete
ORFs encoded predicted proteins with calculated molecular
weights of approximately 26,000 and 34,000 (Fig. 3). Interest-
ingly, these two ORFs appeared to be transcribed from diver-
gent, overlapping promoters (Fig. 3).
The likely translational start site of the larger complete ORF

encoding the 34-kDa polypeptide was located at nucleotides
938 to 940 (Fig. 3); this ATG codon is located 7 nucleotides
downstream from a sequence (59-AGGGA-39) with homology
to ribosomal binding sites (60). Putative 210 and 235 consen-
sus sequences were also identified upstream from this start
codon (Fig. 3). The incomplete ORF containing 480 bp was
located immediately downstream from this larger ORF and
was truncated at the PstI site (data not shown). The likely
translational start site for the smaller complete ORF (on the
opposite strand) encoding the 26-kDa polypeptide was located
at nucleotides 813 to 815 and was preceded by a putative
ribosomal binding site as well as by possible 210 and 235
regions (Fig. 3).
Analysis of the protein products of these ORFs. The calcu-

lated molecular weight of the protein encoded by the smaller
complete ORF was 26,756. A search of the available databases
did not reveal any bacterial proteins with significant homology
to this 26-kDa polypeptide aside from the hypothetical 26-kDa
protein (predicted ORF HI0570) encoded by the H. influenzae
Rd genome (18). The protein encoded by the larger complete
ORF had a calculated molecular weight of 33,763 and was
found to be strikingly similar (70% identity) to OxyR, a protein
that controls a regulon for an adaptive response to oxidative
stress in E. coli (66) and is a member of the LysR family of
transcriptional activators (31). The similarity between this
NTHI protein and other members of the LysR family was
reinforced by comparing the N-terminal region of this 34-kDa
NTHI molecule with those of several LysR family members
including OxyR. This NTHI protein was shown to possess a
helix-turn-helix motif near its N terminus, which is typical of
members of the LysR family (Fig. 4). In addition, this 34-kDa
H. influenzae protein contains a Cys residue at position 199
(Fig. 3). In the E. coli OxyR protein, this Cys is critical for
maintenance of the redox-sensitive nature of this transcrip-
tional regulator (39). Because of these properties, this 34-kDa
H. influenzae protein has been designated OxyR. This OxyR
protein from NTHI TN106 was identical to that (ORFHI0571)
encoded by the H. influenzae Rd genome (18). The 18-kDa
truncated protein product of the incomplete ORF was shown
to have 69% identity to a hypothetical 26.6-kDa E. coli protein
of unidentified function which is also part of the oxyR-trmA
region of the E. coli chromosome (26), and it was not analyzed
further.
Identification of the ORF responsible for conferring trans-

ferrin-binding activity on E. coli. All of the mini-Tn10kan
transposon insertions that inactivated transferrin-binding ac-
tivity in pIM100 mapped within the oxyR gene (data not
shown). To confirm directly that the H. influenzae OxyR pro-
tein was involved in conferring the transferrin-binding pheno-
type on E. coli, two different subclones were constructed in
pBluescript II SK1. Plasmid pIM122 contained the 1.9-kb

HindIII fragment from pIM120; this insert contained all of the
ORF encoding the 34-kDa protein and only part of the ORF
for the 26-kDa molecule (Fig. 2). Plasmid pIM123 contained
the 1.8-kb BglII-AlwNI fragment from pIM120; this insert con-
tained the whole ORF for the 26-kDa protein and only part of
the ORF for the 34-kDa protein (Fig. 2). When E. coli HB101
was transformed with pIM120, the resultant transformants
bound transferrin, as expected (Fig. 5, panel 2, lane B). Con-
trol transformants containing only the pBluescript vector (pan-
el 2, lane A) did not bind transferrin detectably. E. coli HB101
transformants carrying pIM123 with the complete ORF for the
26-kDa protein did not exhibit detectable transferrin-binding
activity (panel 2, lane D). In contrast, transformants carrying
pIM122 with the intact ORF for the 34-kDa protein did bind
transferrin (panel 2, lane C).
Analysis of whole-cell lysates from these transformant

strains revealed that the recombinant strain HB101(pIM120)
(Fig. 5, panel 1, lane B) expressed 26- and 76-kDa proteins not
present in the strain containing only the vector (panel 1, lane
A). HB101(pIM122) (panel 1, lane C) expressed a 76-kDa pro-
tein that migrated at the same rate as that expressed by HB101
(pIM120), whereas HB101(pIM123) (panel 1, lane D) ex-
pressed only the 26-kDa protein. Expression of the 34-kDa OxyR
protein could not be detected by Coomassie blue staining, so
that plasmid pIM120 was used in an in vitro DNA-directed
translation system. Under these conditions, expression of both
the 26- and 34-kDa products was readily detectable; however,
no 76-kDa protein was visible in the fluorograph, even after
long-term exposure (data not shown). Taken together, these
results indicated that production of the H. influenzae OxyR
protein in E. coli HB101 caused the expression of both a novel
76-kDa E. coli protein and transferrin-binding activity.
Construction of an isogenic H. influenzae oxyR mutant. The

possible involvement of the OxyR protein in regulating the
expression of transferrin-binding activity in H. influenzae was
investigated by mutant analysis. The mutated plasmid pIM110
with a mini-Tn10kan insertion in the oxyR gene (Fig. 2) was
linearized and used to transform the wild-type strain TN106.
Kanamycin-resistant transformants were screened for their
ability to bind transferrin. A number of these transformants
were unable to bind transferrin, but Southern blot analysis
indicated that proper allelic exchange (i.e., replacement of the
wild-type oxyR allele with the mutated oxyR gene) had not
occurred in these transformants. Numerous additional at-
tempts to introduce this particular mutated oxyR gene into the
proper site in the NTHI chromosome were also unsuccessful.
Next, plasmid pIM120 (Fig. 2) was used to transform E. coli

DM1, which is dam and dcm methylase deficient. Propagation
of pIM120 in this strain allowed cleavage of the H. influenzae
oxyR gene at the methylase-sensitive BclI site (Fig. 2). Cas-
settes encoding either kanamycin or chloramphenicol resis-
tance were then ligated into pIM120 at this position, forming
the kan-containing plasmid pIM126 and the cat-containing
plasmid pIM127 (Fig. 2), which were then transformed into
E. coli HB101. After selection on Luria-Bertani medium con-
taining appropriate antimicrobial compounds, single colonies
containing the mutated plasmid pIM126 or pIM127 were
picked and found to be unable to grow again on the same
medium (52). Therefore, the original colony material was used
as the source of DNA for PCR-based amplification with oligo-
nucleotide primers flanking the oxyR gene (oxyR1 and oxyR2;
Fig. 2 and 3). This approach yielded a large quantity of PCR-
derived product containing each mutated oxyR gene and its
flanking sequences.
These two different PCR products, each containing a mutat-

ed oxyR gene, were purified and used to transform the wild-
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type NTHI TN106 and the wild-type Hib DL302. Kanamycin-re-
sistant transformants of TN106 and chloramphenicol-resistant
transformants of DL302 were screened for insertion of the
appropriate antibiotic resistance cartridge into the oxyR gene

by PCR analysis of total genomic DNA, using the oligonucleo-
tide primers oxyR1 and oxyR2 (Fig. 2 and 3). The PCR prod-
uct generated from total genomic DNA of the mutant strain
TN106.13 (Fig. 6, lane F) was 1.3 kb larger than the PCR
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product from the wild-type parent strain (lane E). This in-
crease in size is consistent with insertion of the kan cartridge
into the oxyR gene in the mutant strain. Similarly, the PCR
product derived by the use of these primers with chromosomal
DNA from the Hib mutant DL302.22 (lane C) was 1.4 kb
larger than the product generated from chromosomal DNA
derived from its wild-type parent (lane B), consistent with the
presence of the cat cartridge in the oxyR gene of this mutant.
In addition, Southern blot analysis was used to confirm that

proper allelic exchange had occurred in these two mutants
(data not shown).
Hydrogen peroxide sensitivity of isogenic oxyRmutants. The

known ability of OxyR to regulate positively the expression of
catalase in E. coli (67) prompted us to determine whether
these H. influenzae oxyR mutants were more sensitive to killing
by hydrogen peroxide. Approximately 107 CFU of the wild-
type and mutant strains were spread onto BHIs agar plates,
filter paper disks impregnated with various concentrations of

FIG. 3. Nucleotide sequence of the ORFs encoding the 26- and 34-kDa proteins, together with the deduced amino acid sequence. Putative 235 and 210 regions,
as well as possible Shine-Dalgarno (S.D.) sites, are indicated. An inverted repeat located 39 from the ORF encoding the 26-kDa protein is indicated by opposing arrows.
The arrows next to the ORF designations indicate the predicted direction of transcription. The oxyR1 and oxyR2 oligonucleotide primers used for selected PCR
experiments are enclosed in boxes.

FIG. 4. N-terminal sequence homology between the H. influenzae OxyR protein and other selected members of the LysR family of transcriptional activators.
Shading indicates conserved regions. This figure is a modification of that published by Goldberg et al. (21). The other proteins in this figure include OxyR from E. coli
(8), IlvY from E. coli (71), IrgB from Vibrio cholerae (21), LysR from E. coli (64), NodD from Rhizobium meliloti (22), and AmpR from Enterobacter cloacae (36). The
helix-turn-helix motif is indicated.
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hydrogen peroxide were applied to the surface of the agar, and
the plates were incubated at 378C overnight. The zones of
growth inhibition caused by hydrogen peroxide were signifi-
cantly larger for the oxyR mutants (Fig. 7, panels 2 and 4) than
for their respective wild-type parent strains (panels 1 and 3).
Expression of catalase activity by the wild-type and oxyR

mutant strains. When levels of catalase activity in whole cells
of the wild-type strain TN106 and the isogenic oxyR mutant
strain TN106.13 were measured, catalase activity (measured as
the rate of disappearance of hydrogen peroxide) was readily
detectable in the wild-type cells (Fig. 8A). In contrast, no
catalase activity was detected in cells of the mutant (Fig. 8A).
However, when catalase activity present in the wild-type Hib
DL302 (Fig. 8B) was compared with that of its isogenic oxyR
mutant DL302.22 (Fig. 8B), there was no appreciable differ-
ence.
Growth phenotype of oxyR mutants on PPIX-based media.

Growth experiments with the wild-type and oxyR mutants re-
vealed an interesting dichotomy in the relative abilities of these
strains to grow when PPIX, the immediate biosynthetic pre-
cursor of heme, was used in place of heme in BHI-NAD agar.
Both the wild-type Hib DL302 (Fig. 9, panel 1A) and the Hib
oxyR mutant DL302.22 (panel 2A) readily formed single col-
onies on BHI-NAD agar containing heme (20 mg/ml). Simi-
larly, the wild-type strain DL302 (panel 1B) formed single
colonies when PPIX (20 mg/ml) replaced heme in the medium.
However, the oxyRmutant strain DL302.22 was unable to form
single colonies on BHI-NAD medium containing PPIX (panel
2B). To determine whether this inability of the oxyR mutant to
utilize PPIX as a porphyrin source could be complemented by
provision of the wild-type NTHI oxyR gene in trans, the 1.9-kb
HindIII fragment of pIM120 was subcloned into the shuttle
vector pLS88 to construct pIM130 (Fig. 2). The recombinant
Hib DL302.22(pIM130) (Fig. 9, panel 2C) grew readily on this
PPIX-based medium, whereas the presence of the pLS88 vec-
tor alone had no effect on the growth phenotype of this mutant
(panel 2D). Interestingly, incorporation of bovine catalase into

the agar allowed growth of the oxyR mutant strain on this
PPIX-containing medium (panel 2E). Provision of this quan-
tity of catalase in BHI-NAD agar did not allow the develop-
ment of individual colonies of either the wild-type or mutant
H. influenzae strains (data not shown). Identical results were
obtained with the wild-type strain TN106 and its isogenic oxyR
mutant TN106.13 (data not shown).
Catalase is noted for its ability to degrade hydrogen perox-

ide. To confirm that hydrogen peroxide was the toxic factor
preventing growth of the oxyRmutants on the PPIX-containing
medium, 10 mM sodium pyruvate was added to the same
BHI-NAD plates containing PPIX. Hydrogen peroxide is de-
stroyed in the presence of pyruvic acid in a nonenzymatic
reaction (46, 47). The oxyR mutant was shown to readily form
single colonies on the PPIX-based medium when pyruvic acid
was present (data not shown).
Growth phenotype of the oxyR mutant in broth. When cells

of the wild-type NTHI TN106 and its isogenic oxyR mutant
strain TN106.13 (Fig. 10) were inoculated into BHI-NAD
broth containing PPIX, the oxyR mutant was unable to grow.
However, supplementation of this broth medium with catalase
resulted in growth of the oxyR mutant (Fig. 10).
Elimination of the oxyR mutation by transformation. The

mutation in each of the isogenic oxyR mutants TN106.13 and
DL302.22 was cured by transformation with chromosomal
DNA from the wild-type strain TN106; the cured transfor-
mants were selected by plating the transformation reaction
mixtures on BHI-NAD medium containing PPIX. These ex-
periments yielded the cured transformant strains TN106.13T
and DL302.22T. As expected, when the oxyR1 and oxyR2
primers were used to amplify the oxyR gene, the sizes of the
PCR products from these two transformants (Fig. 6, lanes D
and G, respectively) were equivalent to those of the wild types
(lanes B and E, respectively). The cured transformant strain
DL302.22T readily formed single colonies on PPIX-based me-
dia (Fig. 9, panel 3B), as well as on heme-based media (panel
3A); identical results were obtained with the transformant
strain TN106.13T (data not shown).
Growth of oxyR mutants on heme. Both the wild-type and

oxyR mutant strains were barely able to grow on BHI-NAD
agar containing PPIX (1 mg/ml) and 80 mM Desferal, an iron
chelator. Inclusion of Desferal in the growth medium was
necessary to prevent overgrowth of the wild-type inoculum
used in this experiment. Placement of filter paper disks im-
pregnated with heme or hemoglobin on the surface of these
plates allowed assessment of the ability of wild-type and mu-
tant strains to utilize these heme sources for growth. Figure 11

FIG. 5. Binding of transferrin by recombinant E. coli strains and analysis of
the corresponding whole-cell lysates by SDS-PAGE. Proteins present in whole-
cell lysates were resolved by SDS-PAGE and stained with Coomassie blue (panel
1). Cells of these strains were also tested in the transferrin-binding dot blot assay
(panel 2). Lanes: A, E. coli HB101 containing pBluescript; B, HB101 containing
pIM120; C, HB101 containing pIM122; D, HB101 containing pIM123. The lower
arrow on the right of the figure indicates the position of the 26-kDa protein in
lanes B and D. The upper arrow indicates the position of the 76-kDa protein in
lanes B and C. Molecular mass markers (in kilodaltons) are given on the left of
this figure.

FIG. 6. Products generated by PCR amplification of the oxyR locus from
chromosomal DNA purified from wild-type, mutant, and transformant strains of
H. influenzae. The oligonucleotide primers oxyR1 and oxyR2 (Fig. 3) were used
to amplify the oxyR gene from wild-type DL302 (lane B), mutant strain DL302.22
(lane C), transformant strain DL302.22T (lane D), wild-type TN106 (lane E),
mutant strain TN106.13 (lane F), and transformant strain TN106.13T (lane G).
Lane H contains DNA size standards, and DNA size markers (in kilobases) are
shown on the right. H. ducreyi chromosomal DNA (lane A) was used as a
negative control in this PCR experiment.
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shows growth of the wild-type Hib DL302 (panel 1) and the
oxyR mutant strain DL302.22 (panel 2) around disks contain-
ing hemoglobin (disks D) and heme (disks F). The oxyR mu-
tant grew less extensively than the wild type around disks
containing either heme or hemoglobin. The addition of cata-
lase (25 mg) to each of these disks (panel 2, disks C and E)
resulted in the restoration of growth of the oxyR mutant strain
DL302.22 to levels equivalent to those exhibited by the wild-
type parent strain (panel 1, disks D and F). Both wild-type and
oxyR mutant strains were able to form a very small zone of
patchy growth around disks containing catalase alone (panels 1
and 2, disks A) even though catalase has been reported to be
unable to serve as a source of heme for the growth of H. in-
fluenzae (65). Identical results were obtained with the wild-type

NTHI TN106 and its isogenic oxyRmutant TN106.13 (data not
shown).
Binding of transferrin by wild-type and mutant strains.

Binding of horseradish peroxidase-labelled transferrin was
identical in the wild-type strain DL302 and the oxyR mutant
strain DL302.22 (data not shown). The TN106 oxyR mutant
strain TN106.13 exhibited a very slight reduction in transferrin-
binding activity under iron-restricted conditions when com-
pared with its wild-type parent (data not shown). These results
indicate that the OxyR protein does not exert a direct regula-
tory effect on expression of transferrin-binding activity inH. in-
fluenzae.
Identification of oxyR genes in other H. influenzae strains.

To determine the distribution of the oxyR gene among other

FIG. 7. Inhibition of the growth of wild-type and mutant H. influenzae strains by hydrogen peroxide. Approximately 107 CFU of wild-type NTHI TN106 (panel 1),
isogenic NTHI oxyR mutant TN106.13 (panel 2), wild-type Hib DL302 (panel 3), and Hib oxyR mutant DL302.22 (panel 4) were spread onto BHIs agar plates. Sterile
filter paper disks containing 2.0% (A), 1.0% (B), 0.5% (C), 0.25% (D), 0.125% (E) or 0% (F) hydrogen peroxide in PBS were then placed on the surface of the agar.
The sensitivity to hydrogen peroxide is indicated by the clear zone around each disk after overnight incubation at 378C.

FIG. 8. Catalase activity present in wild-type and oxyR mutant strains of H. influenzae. Catalase activity in whole cells of the wild-type NTHI TN106 (open squares)
and the oxyR mutant TN106.13 (open diamonds) (A) and the wild-type Hib DL302 (open squares) and the oxyR mutant DL302.22 (open diamonds) (B) was evidenced
by a decrease in optical density (A240) over time as described in Materials and Methods.
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FIG. 9. Formation of single colonies by wild-type, mutant, and recombinant strains of H. influenzae on BHI-NAD agar containing heme or PPIX. (Panels 1 and 2)
Approximately 100 to 300 CFU of the wild-type Hib in DL302 (panel 1) and the isogenic oxyR mutant DL302.22 (panel 2) were spread onto BHI-NAD agar plates
containing either heme (20 mg/ml) (A) or PPIX (20 mg/ml) (B). In addition, in panel 2, the recombinant strains DL302.22(pIM130) (C) and DL302.22(pLS88) (D) were
plated onto BHI-NAD agar containing PPIX. The mutant strain DL302.22 (E) was also plated onto BHI-NAD agar containing both PPIX and catalase (5 mg/ml). (Panel
3) The transformant strain DL302.22T was plated onto BHI-NAD agar containing heme (A) or PPIX (B).
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H. influenzae strains, a gene probe consisting of the 873-bp
XbaI fragment from pIM120, which contained most of the oxyR
structural gene (Fig. 2), was used to probe chromosomal DNA
preparations from five NTHI and five Hib strains. In all 10
strains, this probe hybridized to a 10- to 11-kb BglII fragment
of chromosomal DNA (data not shown).

DISCUSSION
All aerobic and facultatively anaerobic organisms must be

able to defend against toxic by-products arising as a result of
the incomplete reduction of molecular oxygen, the major toxic
products from oxygen metabolism being superoxide anion, hy-
drogen peroxide, singlet oxygen, and hydroxyl radicals (6, 19).
Bacteria may be exposed to endogenously generated oxidants
as a result of normal respiration but may also be exposed to
high levels of environmental oxidants produced by host phago-
cytic cells as a response to bacterial infection in vivo (30).
Consequently, most aerobic organisms constitutively produce
basal levels of antioxidant enzymes but can also employ induc-
ible systems which result in the production of high levels of
antioxidants in response to sudden oxidative stress (7, 17).
The oxyR gene product is a transcriptional activator of hy-

drogen peroxide-inducible genes in E. coli and S. typhimurium
(7, 61, 63, 69). Both of these organisms become resistant to
killing by hydrogen peroxide when pretreated with nonlethal
levels of this oxidant (7, 12). During this adaptive response,
some 30 new proteins are synthesized, 9 of which are known to

be regulated by OxyR (44). The biochemical function of sev-
eral of these OxyR-regulated gene products is known, includ-
ing the katG-encoded HPI catalase, the glutathione reductase
encoded by gorA, and the alkyl hydroperoxide reductase activ-
ities contributed by the ahpF and ahpC genes (7, 8, 62). An
additional three proteins regulated by OxyR are heat shock
proteins, and some proteins induced by glucose and nitrogen
starvation also overlap with hydrogen peroxide-inducible pro-
teins (38).
The H. influenzae katE gene encoding HPII catalase has

been cloned and sequenced (4). A putative OxyR-binding site
overlapping the katE promoter region has been described,
although definitive evidence of OxyR binding to this region of
theH. influenzae chromosome has not been obtained (4). How-
ever, E. coli OxyR binds to the promoter region of the E. coli
katG gene (67). It is of interest that catalase-deficient mutants
of Hib Eagan, carrying a mutated katE gene, exhibit modestly
reduced virulence when compared with the wild-type parent
strain in the infant-rat model of infection (3).
In the present study, we have demonstrated a relationship

between the presence of a functional oxyR gene and the ability
of H. influenzae to grow on a medium containing PPIX in place
of heme. The growth of H. influenzae oxyR mutants on PPIX
was completely inhibited (Fig. 9, panel 2B), whereas wild-type
strains could form individual colonies on this growth medium
(panel 1B). This growth inhibition was reversed by either pro-
vision of the H. influenzae oxyR gene in trans (on the plasmid
pIM130) or an exogenous source of catalase (panels 2C and E,
respectively). This latter observation indicated that the ob-
served growth inhibition on the PPIX-based medium was prob-
ably due to an extracellular accumulation of hydrogen perox-
ide, derived from either bacterial metabolism or the growth
medium itself (34, 48). It is known that many medium compo-
nents are capable of autoxidation with oxygen to form super-
oxide. This radical can, in turn, spontaneously undergo dismu-
tation to form hydrogen peroxide. That hydrogen peroxide is
involved in the observed growth inhibition of the oxyR mutant
is supported further by the fact that incorporation of pyruvic
acid into the PPIX-based media had the same growth-stimu-
lating effect on an oxyR mutant as did the provision of an
exogenous source of catalase. Pyruvate and other keto acids
detoxify hydrogen peroxide by virtue of their ability to undergo
nonenzymatic decarboxylation in the presence of hydrogen
peroxide. In this reaction, hydrogen peroxide is broken down,
and the products of the reaction include water and carbon
dioxide (46, 47).
Hydrogen peroxide can diffuse freely across the outer mem-

brane, and catalase-deficient bacteria cannot catabolize signif-
icant amounts of extracellular hydrogen peroxide (15, 42). In
fact, an E. coli oxyR deletion mutant exhibited a phenotype
strikingly similar to that of the H. influenzae oxyR mutants,

FIG. 10. Growth of wild-type and oxyR mutants of H. influenzae in broth-
based media. The wild-type NTHI TN106 (open circles) and the oxyR mutant
TN106.13 (open diamonds) were inoculated into BHI-NAD broth containing
PPIX (10 mg/ml); the oxyR mutant was also inoculated into this broth medium
containing catalase (5 mg/ml) (open squares).

FIG. 11. Ability of wild-type and mutant Hib strains to grow with heme and hemoglobin. Approximately 107 CFU of the wild-type Hib DL302 (panel 1) and the
oxyR mutant DL302.22 (panel 2) were plated on BHI-NAD agar plates supplemented with PPIX (1 mg/ml) and Desferal (80 mM). Filter paper disks were placed on
the agar surface and impregnated with 5 ml of catalase (5 mg/ml) (A), PBS (B), hemoglobin (5 mg/ml) and catalase (5 mg/ml) (C), hemoglobin (5 mg/ml) (D), heme
(5 mg/ml) and catalase (5 mg/ml) (E) or heme (5 mg/ml) (F).
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being unable to form individual colonies on LB agar plates in
the absence of an exogenous source of catalase (60a).
Growth of H. influenzae oxyR mutants on PPIX-based media

was totally eliminated (Fig. 9, panel 2B); however, the same
mutants formed individual colonies when PPIX was replaced
by heme (panel 2A). This finding could be interpreted to in-
dicate that hydrogen peroxide production during growth on
PPIX is greater than during the utilization of heme, especially
since ferrous iron must be reduced for the synthesis of heme
from PPIX and iron (23, 40). However, an alternative expla-
nation may be that heme itself can function in a peroxidative
manner (10, 20, 68), thereby counteracting the inhibitory effect
of hydrogen peroxide, especially at the relatively high heme
concentrations (20 mg/ml) supplied in the H. influenzae growth
medium. This latter hypothesis is supported by the fact that an
E. coli oxyR deletion mutant, while unable to form individual
colonies on LB agar, will do so on LB agar supplemented with
free heme (20 mg/ml) (data not shown). The fact that growth of
the H. influenzae oxyR mutants with heme sources was slightly
decreased in the disk-feeding experiments (Fig. 11, panel 2,
disks D and F), together with the finding that the provision of
catalase restored growth to wild-type levels (panel 2, disks C
and E), suggests that even in the presence of exogenous heme,
hydrogen peroxide-based toxicity can adversely affect the
growth ofH. influenzae when oxyR-regulated gene products are
absent.
The lack of expression of OxyR by the NTHI mutant

TN106.13 clearly had a deleterious effect on the level of cata-
lase activity expressed by this mutant (Fig. 8), as would have
been expected from previous studies involving E. coli and S. ty-
phimurium (8, 44, 62). Therefore, it is puzzling that the same
oxyR mutation in Hib DL302.22 did not have a detectable
effect on the catalase activity expressed by this Hib mutant
(Fig. 8). Clearly, this Hib mutant had the same sensitivity to
hydrogen peroxide as its NTHI counterpart did (Fig. 7) and
could not grow on BHI-NAD-PPIX medium unless catalase
was present (Fig. 9). Testing of the ability of colonies of these
wild-type and mutant H. influenzae strains to break down hy-
drogen peroxide, accomplished by adding a drop of 3% hydro-
gen peroxide to individual colonies and viewing the rate of
bubble production, confirmed the catalase activity results ob-
tained in the spectrophotometric assays (data not shown). The
molecular basis for this apparent lack of effect of an oxyR
mutation on catalase activity expressed by the Hib mutant
DL302.22 remains unexplained.
It is also apparent that the H. influenzae oxyR gene product

does not directly regulate the outer membrane proteins in-
volved in transferrin binding by H. influenzae. However, the
expression of a transferrin-binding phenotype by E. coli strains
harboring the NTHI oxyR gene on a plasmid remains to be
explained. It is known that other stress proteins are expressed
in E. coli and S. typhimurium in response to exposure to hy-
drogen peroxide (7, 44, 62), and it is possible that the trans-
ferrin-binding phenotype of the recombinant E. coli strain car-
rying the H. influenzae oxyR gene is the result of one of these
other proteins, of as yet unidentified function (7, 44), that are
induced in E. coli by hydrogen peroxide exposure. However,
provision of the E. coli oxyR gene to E. coli RR1 on plasmid
pAQ17 (8) did not result in a transferrin-binding phenotype
(data not shown), and E. coli RR1 cells grown in the presence
of increasing levels of hydrogen peroxide did not exhibit a
detectable transferrin-binding activity (data not shown). Con-
sequently, the identity of the E. coli protein that binds trans-
ferrin in the recombinant strain containing the H. influenzae
oxyR gene remains to be determined.
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