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Nontypeable Haemophilus influenzae (NTHi) is a gram-negative bacterium and a common commensal
organism of the upper respiratory tract in humans. NTHi causes a number of diseases, including otitis media,
sinusitis, conjunctivitis, exacerbations of chronic obstructive pulmonary disease, and bronchitis. During the
course of colonization and infection, NTHi must withstand oxidative stress generated by insult due to multiple
reactive oxygen species produced endogenously by other copathogens and by host cells. Using an NTHi-specific
microarray containing oligonucleotides representing the 1821 open reading frames of the recently sequenced
NTHi isolate 86-028NP, we have identified 40 genes in strain 8§6-028NP that are upregulated after induction of
oxidative stress due to hydrogen peroxide. Further comparisons between the parent and an isogenic oxyR
mutant identified a subset of 11 genes that were transcriptionally regulated by OxyR, a global regulator of
oxidative stress. Interestingly, hydrogen peroxide induced the OxyR-independent upregulation of expression of
the genes encoding components of multiple iron utilization systems. This finding suggested that careful
balancing of levels of intracellular iron was important for minimizing the effects of oxidative stress during
NTHi colonization and infection and that there are additional regulatory pathways involved in iron utilization.

In the evolution of life, a delicate physiological balance has
arisen to compensate for both an organism’s need for oxygen
and the attendant lethal consequences of oxygen’s toxicity. For
example, in the electron transport chain, electrons can be in-
advertently transferred from redox-active proteins to oxygen,
producing reactive oxygen species (ROS) such as superoxide
and hydrogen peroxide (H,O,). The effects of ROS on cells
can then be exacerbated by the presence of free iron which, via
the Fenton reaction, can react with H,O, to produce more
highly reactive hydroxyl radicals (34, 40, 52). Within a host, this
problem is compounded by the release of extracellular ROS by
phagocytes, which again, can have deleterious effects on invad-
ing pathogens (13). Thus, bacteria have evolved an array of
increasingly well-defined mechanisms to abrogate the effects of
oxidative stress. Proteins involved in such processes include
catalase, which decomposes H,O,, and members of both the
AhpCF/TsaA family of alkylhydroperoxidases and the organic
hydroperoxide resistance proteins (Ohr) that decompose
organic peroxides. Also, DNA-binding ferritin-like proteins
(Dps) sequester free iron and bind to DNA, thus protecting
DNA from damage (27, 33, 45, 53, 59, 60, 67). In addition,
many bacterial species possess genes encoding OxyR, a global
regulator of antioxidant defenses (24, 66).

Protection against oxidative stress is especially important to
nontypeable Haemophilus influenzae (NTHi). NTHi is one of
three bacterial commensal organisms, the others being Strep-
tococcus pneumoniae and Moraxella catarrhalis, which can as-
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cend a virus-compromised eustachian tube and cause otitis
media (OM) in the normally sterile middle ear space (5).
During this process, the bacteria are subject to multiple innate
host defenses. These include assault by antimicrobial peptides
(28, 44, 49), as well as invasion of the middle ear by polymor-
phonuclear leukocytes, with the attendant possibility of insult
by ROS (36, 37, 58). Also, S. pneumoniae produces extracel-
lular H,O, at concentrations that are bactericidal toward H.
influenzae in vitro (64). Despite these attentions, the ability of
NTHi to successfully infect the middle ear space suggests that
NTHi have multiple robust mechanisms in place to withstand
the effects of oxidative stress. However, candidate enzymes
with roles in the decomposition of ROS and the repair of DNA
or proteins damaged by oxidative stress have not been well
characterized in Haemophilus spp. The sequence of the H.
influenzae strain Rd genome initially indicated that strain Rd
has few genes encoding predicted enzyme systems for protec-
tion against oxidative stress; htkE, which encodes catalase is
the major exception. Subsequently, a chimeric peroxiredoxin-
glutaredoxin (PGdx) was identified and characterized in strain
Rd. Further potential mechanisms of the detoxification of
ROS in clinical isolates of NTHi have been elucidated through
our laboratory’s investigations of strain differences between
strain Rd and two NTHi isolates recovered from children with
chronic OM (29, 55). Microarray comparisons between the
genomes of strain Rd and that of the NTHi OM isolate
1885MEE revealed a homologue of the gene encoding the
alkylhydroperoxidase TsaA in the OM isolate (55). Genes en-
coding PGdx, TsaA, catalase, ferritin-like Dps, manganese su-
peroxide dismutase (MnSOD) and OxyR were identified in the
genome of the NTHi OM isolate 86-028NP (29).

We have begun to define the defenses that NTHi strains utilize
to combat oxidative stress. Strain 86-028NP and an oxyR mutant
of strain 86-028NP were treated with H,O,, and then cDNAs
were generated and used to interrogate an arrayed set of 70-mer
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oligonucleotides representing all of strain 86-028NP’s known
open reading frames (ORFs). We identified genes upregulated
due to oxidative stress that were either dependent on or indepen-
dent of OxyR in strain 86-028NP. These included genes encoding
proteins with roles in protection against oxidative stress, in the
repair of damaged DNA and proteins, and in the utilization of
iron, allowing us to better understand the multiple mechanisms by
which NTHi can protect itself against host defenses, both as a
commensal organism and during the progress of infection.

MATERIALS AND METHODS

Bacterial strains and culture media used. NTHi strain 86-028NP was recov-
ered from the nasopharynx of a child with chronic otitis media. This strain has
been well characterized both in vitro (8, 32) and in chinchilla models of OM
(7, 47, 81). The genome sequence has been published (29).

For routine culturing, strain 86-028NP and the strain 86-028NP oxyR mutant
were grown on chocolate II plates (Fisher Scientific, Pittsburgh, PA). For testing
the viability of cells on protoporphyrin IX (PPIX) medium without supple-
mented iron, cells were grown on brain heart infusion (BHI) agar plates supple-
mented with 2 pg NAD/ml and either 20 ug PPIX/ml or 20 pg heme/ml. For
liquid culture, all cells were grown in BHI supplemented with 2 ug NAD/ml and
2 ng heme/ml (sBHI). All growth was carried out without shaking at 37°C in a
5% CO, atmosphere.

Construction of the 86-028NP oxyR::Tn5 mutant strain. The oxyR mutant was
identified in a random pool of Tn5 mutants that were constructed by in vitro
mutagenesis using Transposomics reagents from Epicenter (Epicenter, Madison,
WI) and a protocol similar to that described by Gwinn et al. (26). Briefly,
chromosomal DNA from strain 86-028NP was isolated and mutagenized in vitro,
and then the single strand breaks introduced by transposition were filled and
ligated. DNA was transformed into strain 86-028NP, and kanamycin-resistant
mutants were selected. Mutations in individual clones were mapped by DNA
sequencing of amplicons generated using a single primer PCR method as de-
scribed by Ducey and Dyer (18).

Complementation of the oxyR mutation in strain 86-028NP. The oxyR gene, its
122-bp upstream intergenic region, and the first 23 bp of the 5" end of the
downstream gene were amplified by PCR, TA cloned into pGEM-T Easy (Pro-
mega Co., Madison, WI), and then moved into pSPECI, a derivative of the
Escherichia coli-Haemophilus shuttle vector pPGZRS-39A that contains a specti-
nomycin resistance gene (6). The pSPECI-oxyR construct was transformed into
the 86-028NP oxyR::Tn5 mutant strain, and transformants were selected on
chocolate agar containing 200 g spectinomycin/ml. Complemented clones were
identified due to restoration of growth on BHI agar plates supplemented with 2
ng NAD/ml and 20 pg PPIX/ml and further characterized by quantitative real-
time PCR (QRT-PCR).

Generation of the 86-028NP strain-specific microarray probe set. The array
was manufactured using the commercial oligonucleotide set for H. influenzae, Rd
KW20 (Operon Biotechnologies, Huntsville, AL), plus 548 additional custom-
made 70-mer probes representing ORFs from the strain 86-028NP that were
either absent in strain Rd or that had insufficient similarities to their Rd homo-
logues.

Microarray analyses of the 86-028NP strain’s response to H,0,. NTHi, the
86-026NP strain, and the 86-028NP oxyR::Tn5 mutant strain were grown in sSBHI
to mid-exponential phase. The cultures were divided in two, with H,O, added to
one half of the culture to a final concentration of 250 wM, while an equivalent
volume of medium was added to the second half of the culture. After incubating
for 10 min at 37°C in a 5% CO, atmosphere, 5-ml aliquots of cells were pelleted
at 4°C for 5 min at 3,220 X g. Immediately, supernatant was aspirated from both
the treated and untreated cultures, and total RNA was isolated using TRIZOL
Reagent (Invitrogen Corporation, Carlsbad, CA) as outlined by Mason et al.,
(47). cDNA was synthesized and labeled using an indirect labeling method
similar to that described by Hegde et al. (30). Full microarray manufacturing,
hybridization protocols, and data analysis methods are shown in the supplemen-
tary material.

Quantitative RT-PCR. Quantitative RT-PCR was used to confirm the relative
expression of genes identified by microarray analyses. This assay utilized RNA
samples obtained from both the 86-028NP and the 86-028NP oxyR mutant
(untreated or treated with 250 pM H,0,) and the one-step QuantiTect SYBR
Green RT-PCR kit (QIAGEN, Valencia, CA) as outlined by Mason et al. (47).
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RESULTS AND DISCUSSION

Characterization of OxyR in strain 86-028NP. The oxyR
gene in strain 86-028NP encodes a protein that is 73%
identical to the E. coli OxyR protein. Nineteen of twenty
residues in the helix-turn-helix motif thought to be involved
in DNA binding are identical (41). Further comparisons of
the amino acid sequences of OxyR from strain 86-028NP
and those from E. coli show that the other functional do-
mains in the OxyR protein from both organisms are well
conserved. These include domains involved in tetramerization,
disulfide bond formation, and RNA polymerase binding (12,
41, 42, 83, 88, 90).

Characterization of the 86-028NP oxyR mutant. The
86-028NP oxyR mutant strain was identified from a bank of
random transposition mutants. The transposon insertion was
between nucleotides 1242 and 1250 of the oxyR gene. Maciver
and Hansen (46) showed that a mutation in oxyR inhibited the
growth of a H. influenzae type b strain on medium in which
heme was replaced with the heme precursor PPIX. Nakahi-
gashi et al. showed that a ferrochelatase mutant of E. coli was
sensitive to light. They postulated that ROS was generated as
a result of PPIX accumulation (57). This suggested to Maciver
and Hansen that the differential growth of an oxyR mutant on
PPIX-containing medium was due to the generation of super-
oxide that, in turn, could spontaneously undergo dismutation
to form H,0,. Addition of catalase to the PPIX-containing
medium abrogated the oxyR mutant growth defect, further
indicating the effect of H,O, generation in media. In order to
demonstrate that the truncated oxyR gene in strain 86-028NP
did not encode a functional protein, the oxyR mutant was
cultured on BHI containing PPIX instead of heme and no
supplemental iron. Growth of the oxyR mutant on medium
containing PPIX was completely abrogated, whereas the mu-
tant grew on heme-containing media. The parent strain grew
on both media. Complementation of the oxyR mutant returned
the parental phenotype (data not shown).

Determination of strain 86-028NP and mutant strain
86-028NP oxyR sensitivities to hydrogen peroxide. Strain
86-028NP and the oxyR mutant were grown without shaking in
sBHI at 37°C in a 5% CO, atmosphere to exponential phase,
and then H,O, was added to final concentrations of 250 pM
and 500 puM. Growth was allowed to proceed, and the absor-
bance at 600 nm was measured at 1-hour intervals. Strain
86-028NP, in the presence of 250 uM H,0,, grew similarly to
the untreated cells, but growth was inhibited at 500 uM H,0O,.
In contrast, the 86-028NP oxyR mutant was sensitive to both
concentrations of H,O, tested (Fig. 1). Also, the comple-
mented strain grew similarly to the parent strain after the
addition of 250 pm H,O, to an exponentially growing culture
showing restoration of OxyR function (data not shown). In
order to determine whether the oxyR mutant could recover
after treatment with 250 pM H,O, for 10 min, cells were
grown to exponential phase without shaking in sBHI at 37°C in
a 5% CO, atmosphere and then split into two aliquots. One
aliquot was treated with H,O, at a final concentration of 250
wM, while the second aliquot had an equivalent volume of
medium added. After a 10-minute incubation, both aliquots
were pelleted, washed, and resuspended in fresh sBHI. Absor-
bance at 600 nm was measured at 1-hour intervals to monitor
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FIG. 1. The growth of NTHi 86-028NP strain (A) and the NTHi
86-028NP oxyR mutant strain (B) in increasing concentrations of
H,O,. Both parent and mutant strains were grown to exponential
phase, and then the designated concentration of H,O, was added
(arrowhead). Growth was then allowed to continue in the presence of
H,0..

growth (Fig. 2). Once H,O, was removed from the cultures,
growth resumed. These data indicate that incubating with 250
pM H,O, for 10 min was an effective treatment to induce
nonlethal oxidative stress.

DNA microarray analysis. Cells were grown to exponential
phase and split into two aliquots, and then H,O, was added to
one half of each culture to a final concentration of 250 wM.
After 10 min, the cultures were harvested by centrifugation,
and labeled cDNA was prepared as described in the supple-
mental material. For each comparison, a minimum of two sets
of RNA was purified (biological replicates), while for each
biological replicate, two slides were analyzed (technical repli-
cates). This generated a minimum of 16 data points per gene
for each comparison. Per-slide averaging and normalization
were performed with Gene Traffic DUO, version 3.2-11 (Strat-
agene Corporation, La Jolla, CA). The mean 635 nm/532 nm
ratios were generated from background-subtracted media in-
tensities. Dye intensity normalization was applied by perform-
ing a LOWESS (subgrid) algorithm with all significant features
including exogenous spike bacterial controls. Analysis of be-
tween-slide variance and replicate averaging was performed
using the NIA/NIH analysis of variance (ANOVA) tool. A
false discovery rate (FDR) of >0.05 was used to exclude false
positives in reported genes.

Differentially labeled cDNAs from either the 86-028NP
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FIG. 2. Recovery of the NTHi 86-028NP strain and the NTHi
86-028NP oxyR mutant after a 10-min treatment with 250 uM H,O,.
Both parent and mutant strains were grown to exponential phase and
then treated with 250 wM H,O, for 10 min (arrowhead indicates the
point of H,O, addition). The medium was then removed, and the cells
were washed and resuspended in fresh medium. Growth was then
allowed to continue.

strain (treated with or without H,O,; four biological repli-
cates) or the 86-028NP strain and the oxyR mutant (both
treated with H,O,; two biological replicates) were compared.
Using a cutoff of greater than twofold induction, 40 genes were
identified that were upregulated in the parent strain after
H,O, treatment compared to that of the untreated sample
(Table 1). A further comparison of H,O,-treated parent cells
and oxyR mutant cells identified 11 genes whose regulation was
dependent on OxyR (Table 1, bold type). We further identified
a subset of 15 genes whose expression was upregulated in
strain 86-028NP after treatment with H,O, relative to that of
the similarly treated oxyR mutant but which did not exhibit
significant responsiveness to H,O, when the parent was ana-
lyzed in the presence or absence of H,O, (data not shown).
Among these genes were a number with roles in protein syn-
thesis. Possibly, we were witnessing downregulation of expres-
sion of these genes in the oxyR mutant after insult with H,O,.
This effect may be more striking in the oxyR mutant as it
exhibited greater sensitivity to H,O, (see Fig. 1B) and thus
may be more prone to perturbations in protein synthesis as a
response to cellular injury. Microarray analyses were con-
firmed by QRT-PCR of selected genes (Table 1).

The transcriptional response of the complemented oxyR mu-
tant to H,O, treatment was also determined by microarray
analysis. The 86-028NP strain, the oxyR mutant, and a comple-
mented oxyR mutant were grown to exponential phase and
treated with 250 uM H,O, for 10 min, and then RNA was
purified. Microarray analysis showing the transcriptional re-
sponse of strain 86-028NP in the presence of H,O, was similar
to that previously observed. Importantly, the transcriptional
response of the complemented oxyR mutant in the presence of
H,O, mirrored that of the parent, indicating restoration of
OxyR function. This finding was confirmed by QRT-PCR anal-
ysis of significantly regulated genes (Table 1, column three).

Generally, the functions of the proteins encoded by the
genes identified could be broadly divided into three classes: (i)
proteins with roles in mitigating oxidative stress; (ii) proteins
with roles in DNA and protein repair; or (iii) proteins with
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TABLE 1. Hydrogen peroxide-responsive genes in the NTHi 86-028NP strain
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Fold increase in expression

NTHI na. Gene name Function Parent (+H,0,)/  Parent (+H,0,)/ Parent (+H,0,)/
parent mutant (+H,0,) complement (+H,0,)
NTHI1099* hktE Catalase 61° (194)° 46 (334) 1¢
NTHIO177 hitA Iron utilization periplasmic protein 22(7) 1 1
NTHI1169 thp2 Transferrin-binding protein 2 18 (7) 0.5 1
NTHI1168 thpl Transferrin-binding protein 1 10 (8) 0.7 1
NTHI0782 hgpB Hemoglobin-haptoglobin binding protein B 8(5) 1.5 2
NTHI0481 hfeA Putative periplasmic chelated iron binding protein 8 4) 44 1
NTHI0477 hfeD Putative ABC type chelated iron transport system, 7 (6) 3 ND¢
permease
NTHI0479 hfeB Putative ABC type chelated iron transport system, 7(5) 3@3) ND
ATPase
NTHI0705 pgdX Peroxiredoxin/glutaredoxin 7 9) 31 35)
NTHI1794 Pseudogene for conserved hypothetical protein 7 0.5 ND
NTHI0199 Conserved hypothetical protein 6 (1) 0.5 ND
NTHI0478 hfeC Putative ABC-type chelated iron transport system, 64) 3@3)
permease
NTHIO736 hgpD Hemoglobin-haptoglobin binding protein D 6 1 ND
NTHI0179 hitB Iron(II) transport system permease protein 5(2) 24 ND
NTHI1817 dps Conserved hypothetical DNA-binding ferritin-like 4(1) 7(5) 0.4
protein
NTHI0681 gnd 6-phosphogluconate dehydrogenase 44 6(8) 1
NTHI0358 tonB Energizer of iron uptake systems 4 1 ND
NTHI1214 Conserved putative gamma-carboxymuconolactone 4 0.4 ND
decarboxylase subunit
NTHI0359 exbD Transport protein ExbD 4 1 ND
NTHI0360 exbB Transport protein ExbB 4 1 ND
NTHI0369 hxuC Heme/hemopexin-binding protein C 4(2) 1 1
NTHIO180 hitC Iron utilization ATP-binding protein 3(2) 24 0.4
NTHI1171 Conserved hypothetical protein 3 0.6 ND
NTHI1632 ftsK2 DNA translocase 3 0.1 ND
NTHI0104 Conserved hypothetical protein 3 1 ND
NTHIO175 Conserved hypothetical protein 3 0.2 ND
NTHI0370 hxuB Heme/hemopexin-binding protein B 3(2) 1 1
NTHIO0083 recN DNA repair protein RecN 3 0.5 ND
NTHI0202 hemR Hemin receptor 3 0.5 ND
NTHI0062 Putative TRAP type C4-dicarboxylate transport 3 1 ND
system, periplasmic
NTHI1588 impA Error prone DNA polymerase 3 0.3 ND
NTHI1801 pntB NAD(P) transhydrogenase subunit beta 3 4 ND
NTHI1802 pntA NAD(P) transhydrogenase subunit alpha 2 5 ND
NTHI0371 hxuA Heme/hemopexin-binding protein A 2 0.7 ND
NTHI0063 Conserved hypothetical zinc type alcohol 2 1 ND
dehydrogenase-like protein
NTHI0729 recA Recombinase 2 1 ND
NTHI0496 Conserved hypothetical protein 2 1 ND
NTHI0684 Hypothetical protein 21 212 0.1
NTHI0493 hscA Chaperone protein HscA 2 1 ND
NTHI1474 IgtD UDP-GlcNAc-lipooligosaccharide N- 2 24 ND

acetylglucosamine glycosyltransferase

“ Genes appearing in bold text were defined as members of the OxyR regulon.
® Determined by microarray.
¢ Determined by QRT-PCR.
4 FRD above 0.05 cutoff.

¢ ND, not determined.

roles in iron utilization. Results will be discussed in terms of
these three categories.

(i) Oxidative stress. Proteins can have a direct role in con-
trolling the effects of oxidative stress by detoxifying reactive
oxygen species. NTHI1099 (htkE), which encodes catalase
(10), was the most highly upregulated gene, with an approxi-
mate 60-fold induction in the H,O,-treated parent compared
to that in the untreated parent. NTHI1099 was not induced in

the H,O,-treated oxyR mutant, indicating that OxyR regulates
the expression of NTHI1099.

Using similar analyses, the second member of the OxyR
regulon identified in strain 86-028NP was NTHI0705 (pgdX),
which encodes a glutathione-dependent, chimeric peroxidase.
Originally identified in Rd, PGdx consists of an N-terminal
peroxiredoxin domain and a C-terminal glutaredoxin domain.
The peroxiredoxin domain of PGdx has a role in protection
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against H,O, and alkylhydroperoxidase; the glutathione-de-
pendent reducing action of the glutaredoxin domain allows the
system to recycle (62, 63, 86, 87). The expression of PGdx was
subsequently found to be upregulated during in vitro biofilm
formation by multiple isolates of NTHi from patients with
chronic obstructive pulmonary disease (56).

NTHI1817, encoding Dps, a conserved hypothetical DNA-
binding ferritin-like protein, is a further member of the OxyR
regulon in strain 86-028NP. Dps was identified in E. coli as a
starvation response protein that binds DNA and protects
against H,O,-induced oxidative stress. Subsequently, H,O,
was found to induce Dps expression in actively growing E. coli
in an OxyR-dependent manner (3, 4, 92). Similarly, in Salmo-
nella enterica serovar Typhimurium, Dps protects against
H,O,-derived oxidative stress and is needed for bacterial sur-
vival after phagocytosis by macrophages, as shown in a mouse
model of infection (27). Dps’ protective function is derived
from its ability to bind Fe** and abrogate H,O,-induced hy-
droxy radical production via the Fenton reaction; H,O, treat-
ment of Fe?"-DNA complexes, in the absence of Dps, leads to
the total degradation of the DNA (89).

The final members of the OxyR regulon with a proposed
role in mitigating oxidative stress in strain 86-028NP are
NTHI1802 and NTHI1801. Both genes have FDRs higher than
the set cutoff (0.06 and 0.09, respectively). However, they are
significantly upregulated in the parent, compared with that in
the oxyR mutant (fivefold and fourfold, respectively). Thus, we
believe they are members of the OxyR regulon in strain
86-028NP. NTHI1802 and NTHI1801 are homologues of pntA4
and pntB which encode the « and B subunits of NAD(P)
transhydrogenase, respectively. In E. coli, PntAB has a role in
the generation of NADPH; treatment of E. coli with H,O,
induces both this activity and an increase in NADPH-depen-
dent oxidase and peroxidase activity (11, 73). Both the thiore-
doxin and glutaredoxin systems utilize the reducing power of
NADPH to reduce disulfide bonds, so this process will likely be
important during periods of oxidative stress. Also, NADPH
is significantly less efficient in reducing Fe** to Fe?* than
NADH. Brumaghim et al. suggest that H,O, treatment de-
pletes the NADH pool in favor of NADPH, thus minimizing
the production of Fe*" and thereby abrogating the bactericidal
effect of the Fenton reaction (11).

Interestingly, the expression of the gene encoding the per-
oxiredoxin TsaA was found to be unresponsive to the H,0O,
treatment of strain 86-028NP. This lack of upregulation was
confirmed by quantitative real-time PCR. It should be further
noted that experiments carried out to determine the affect of
toxicity of H,O, on strain 86-028NP showed that the suscep-
tibility of the 86-028NP sa4 mutant to H,O, was indistinguish-
able from that of the parent strain (results not shown). This is
contrary to what was found for AhpC, E. coli’s homologue of
TsaA, which has a major role in the decomposition of H,O,
(75, 76). Homologues of TsaA are utilized in the decomposi-
tion of other ROS. For example, mutations in ahp in both E.
coli and S. enterica serovar Typhimurium increase sensitivity to
cumene hydroperoxide (80). Our data suggest that TsaA in
strain 86-028NP may have a yet-unidentified role in protection
against oxidative stress.

J. BACTERIOL.

(ii) DNA and protein repair. All genes with roles in DNA
and protein repair after strain 86-028NP underwent insult with
H,O, were regulated in an OxyR-independent manner.

(iii) Iron utilization. As with most bacteria, strain 86-028NP
has an absolute requirement for extracellular sources of iron.
Genes encoding members of the five major iron- or heme-
uptake systems, identified through the annotation of the
86-028NP strain genome (29), were upregulated during H,O,
treatment. Of these, genes encoding the Hfe system were
shown to be members of the OxyR regulon. ANOVA analysis
of the regulation of gene response to H,O, treatment in strain
86-028NP and the oxyR mutant show only the hfed, hfeB, and
hfeC genes as being upregulated in the parent, relative to the
those in the oxyR mutant. However, several data points for the
hfeD gene were aberrantly low, and these observations resulted
in this gene’s exclusion from the list due to an FDR higher than
the cutoff value. As genes hfeA, -B, -C, and D are organized as
an operon in strain 86-028NP, and genes hfeA, -B, and -C
exhibited similar increases in transcription in the parent rela-
tive to those in the oxyR mutant, we concluded that AfeD was
indeed a member of the OxyR regulon. This thesis was further
supported by the identification of a putative OxyR-binding site
upstream of hfed, the first gene in the presumptive operon.
Genes hfeABCD are homologues of genes encoding a chelated
iron ABC transport system that was originally identified in
Yersinia pestis (9).

Microarray analyses of H,O,-treated E. coli, Pseudomonas
aeruginosa, and Neisseria gonorrhoeae have identified genes
with roles in protection against oxidative stress and repair of
oxidative damage, while only the last organism exhibits the
induction of multiple genes with roles in iron utilization (71,
79, 92). Thus, identification of a major category of genes,
whose expression was upregulated during H,O, treatment,
which encode proteins that have roles in the 86-028NP strain’s
iron utilization systems is of great interest.

Identification of the 86-028NP strain-specific OxyR consen-
sus binding site. The upstream intergenic regions of five
putative OxyR-regulated genes (NTHI1099, NTHI(0705,
NTHI1817, NTHI0681, and NTHI0481, the first gene in the
putative Aife operon) were searched for sequence homology to
the E. coli OxyR consensus DNA binding site (83). The up-
stream regions of the two most highly upregulated genes
(NTHI1099, and NTHIO705) showed obvious similarity. Be-
cause the presumed binding geometry of OxyR causes the
binding site to be pseudopalindromic, we defined an initial
37-bp strain 86-028NP consensus from the NTHI1099 and
NTHIO0705 sites and their reverse-complement sequences.
These sequences were used to define a position-specific scoring
matrix (PSSM) for the entire motif, and the 86-028NP strain
genome was searched for other occurrences of this pattern.
High-scoring sequences that fell in the likely promoter regions
of genes listed in Table 1 were added to the motif definition,
the PSSM was regenerated, and the process was bootstrapped
until no new genes from these tables were found. The final
PSSM predicted OxyR targets upstream of NTHI1099,
NTHI0705, NTHI1817, NTHI0251, and NTHI0177. Also,
NTHIO179 possesses a weaker motif that overlaps the up-
stream NTHI0177 stop codon. The 86-028NP strain OxyR
binding site possesses strong similarities to the repeated
ATAGnt motif identified in E. coli (83). Also, the information
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content of the derived sequences displayed a small information
peak offset from the 11-bp repeat of the presumed primary
binding motifs. A similar phenomenon, suggestive of a minor-
groove contact in the binding geometry, has been observed
among E. coli OxyR binding sites (74). Of note, initially no
similar patterns were identified upstream of the putative OxyR
regulon members NTHI0681 and NTHI0481. However, if
OxyR binding tolerates misspacing of the highly conserved
presumed contact regions, NTHI0681 and NTHI0481 both
possess potential OxyR binding sites, with that related to
NTHI0681 containing one extra base in the 5’ subpseudopal-
indrome and that related to NTHI0481 being reduced by 1
base in each of the 5’ and 3’ subpseudopalindrome regions.

OxyR-independent genes. Genes regulated independently of
OxyR were defined as those whose change in expression, in the
presence of H,O,, were similar in both the parent and the oxyR
mutant. These OxyR-independent regulated genes were as fol-
lows:

(i) Oxidative stress. All genes identified with direct roles in
mitigating oxidative stress in strain 86-028NP were regulated
by OxyR.

(ii) DNA and protein repair. Direct defense mechanisms
against oxidative stress cannot absolutely protect the cell
against injury. Thus, a cell must have mechanisms in place that
can repair damage due to ROS. Strain 86-028NP contained
multiple homologues of such genes, whose expression was up-
regulated in the presence of H,O, but in an OxyR-indepen-
dent manner. NTHI0729 and NTHI0083 encode homologues
of RecA and RecN. RecA and RecN have important roles in
the repair of DNA damage which have been extensively char-
acterized in UV damage experiments in many organisms, in-
cluding E. coli and H. influenzae (43, 50, 51, 77, 82). Further
repair mechanisms are potentially afforded by the gene prod-
ucts of NTHI0493 and NTHI0495, which encode homologues
of the cochaperone proteins HscA and HscB, respectively, and
that have roles in iron-sulfur cluster assembly (2, 31, 78).
NTHI1588 is a homologue of a gene that encodes ImpA, an
error-prone DNA polymerase originally identified in the in-
compatibility group plasmid TP110. Possession of this plasmid
increases a cell’s resistance to both UV and UV-mediated
mutagenesis (25). In E. coli, impA is a member of the impCAB
operon but, as with the H. influenzae Rd strain, strain
86-028NP lacks homologues of impB and impC. The sixth
OxyR-independent gene in this group was NTHI1632, which is
a homologue of a gene that encodes the DNA translocase
FtsK. The role of FtsK in both DNA replication and cell
division has been well established. In E. coli, FtsK is presumed
to have a role in resolving chromosome dimers caused by
crossovers during chromosome replication (17, 48).

(iii) Iron utilization. The most strongly upregulated genes in
this class were NTHI1168 and NTHI1169, which are homo-
logues of genes encoding transferrin-binding proteins 1 and 2,
respectively, (65). Other OxyR-independent upregulated genes
encoding homologues of iron utilization proteins include
NTHI0177, NTHI0179, and NTHI0180, which are homologues
of genes encoding components of the Hit system, an ABC
transport system that imports free iron into the cell (1, 72).
Strain 86-028NP also possesses genes which are homologues of
genes encoding hemoglobin and hemoglobin-haptoglobin
binding proteins (HgpB, HgpC, and HgpD). H,O, treatment
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upregulated the expression of the genes encoding HgpB and
HgpD but not that of the gene encoding HgpC. The three
encoded hemoglobin and hemoglobin-haptoglobin binding
proteins in H. influenzae type b have overlapping functions (35,
54, 69), which suggests that if the upregulation of hemoglobin
and hemoglobin-haptoglobin binding proteins is needed dur-
ing oxidative stress, it is not vital that expression of all three
proteins is upregulated. Finally, strain 86-028NP possesses
genes which are homologues of the Axu system, the hemin
receptor HemR, and components of the TonB-ExbBD system.
All exhibit H,0,-induced, OxyR-independent upregulation of
expression. The hxu system in H. influenzae type b encodes a
heme utilization system that captures heme sequestered in a
complex with hemopexin (14-16). The TonB-ExbBD system
has a vital role in transducing the energy of the proton motor
force to generate conformational changes in TonB-dependent
outer membrane transporters (68). If the upregulation of outer
membrane-associated iron uptake system proteins is function-
ally relevant to the conditions induced by treatment of strain
86-028NP with H,O,, then the concomitant upregulation of
expression of the proteins needed to energize their function
would be a logical step. The upregulation of iron utilization
genes during periods of oxidative stress has been noted before,
most recently in microarray analyses of H,O,-treated Neisseria
meningitidis (79), although the number of iron utilization genes
identified in N. meningitidis is fewer than that in strain
86-028NP. As is well established, the Fenton reaction is de-
pendent on Fe** to react with H,O, in the generation of
hydroxyl radicals. It would thus seem counterintuitive for a
bacterium under assault by H,O, to upregulate proteins that
would increase the intracellular concentration of iron. Three
possible explanations could explain these observations. First,
as suggested by Zheng et al. (92), the treatment of bacteria
with H,O, oxidizes intracellular pools of Fe**, thus reducing
the amount of available iron. The increased expression of
genes involved in iron utilization in the presence of H,O, may
thus be unconnected to a response against oxidative stress. We
may thereby be observing a response to iron limitation. How-
ever, bacteria were grown under aerobic conditions during
which iron is already relatively insoluble. Subsequent oxidation
by H,O, may not induce a significant further reduction in iron
solubility. Furthermore, the apparent control of expression of
genes encoding components of the Hfe system by OxyR indi-
cated that increased expression of genes with roles in iron
utilization do have a role in response to oxidative stress. Sec-
ond, an increase in intracellular iron could be utilized to repair
4Fe-4S cluster-containing proteins that have become damaged
due to ROS insult. In E. coli, proteins containing 4Fe-4S clus-
ters such as dihydroxy-acid dehydratase, 6-phosphoglucose de-
hydratase, aconitase, and quinolinate synthetase are particu-
larly prone to damage due to superoxide-generated oxidative
stress (19, 21-23). The superoxide radical oxidizes the clusters
with the concomitant release of iron from the 4Fe-4S moiety,
thus generating a nonfunctional cluster. In the case of dihy-
droxy-acid dehydratase, this does not produce a loss of protein
or induce the synthesis of new protein. It appears that the
damage is reversible, and the clusters can be repaired (19, 20,
39). Finally, the increased transcription of iron utilization
genes in strain 86-028NP during a period of oxidative stress
may also be related to 4Fe-4S cluster damage. The iron lost
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from 4Fe-4S clusters due to oxidative damage may impinge on
DNA, causing further damage. Using an E. coli hpx mutant
that lacks three major H,O,-scavenging enzymes, the use of
iron chelators prevented both hydroxyl radical formation and
DNA damage. An hpx dps double mutant also exhibited
greater levels of DNA damage, again indicating both the dam-
aging effects of iron and the role Dps plays in protecting
against such damage (61). Binding of free iron may thus help
abrogate the toxic effects of the Fenton reaction. In E. coli,
Fe?*, a substrate for the Fenton reaction, may be generated by
the reduction of Fe** by NADH (38). Thus, in the case of
strain 86-028NP, the increased expression of homologues of
proteins such as HitA may help mitigate the effects of the
Fenton reaction due to a reduction in concentration of intra-
cellular Fe** (1, 39).

OxyR regulon in strain 86-028NP. In summary, by compar-
ing the H,O,-induced increase in expression of genes in the
parent with the expression of the same genes in the 86-028NP
oxyR mutant, it was possible to identify genes whose upregu-
lation was abrogated in cells lacking functional OxyR. These
genes could thus be classified as being part of the 86-028NP
strain OxyR regulon. Expectedly, the class of genes with roles
in direct defenses against oxidative stress are all members of
the OxyR regulon. By comparison, all genes with roles in direct
defense against oxidative stress are also members of the OxyR
regulon in E. coli (92). This shows the importance of OxyR in
sensing oxidative stress and in promoting the expression of
proteins that have a central role in mitigating the effects of
such attacks. Conversely, genes encoding proteins involved in
repairing DNA and protein damage generated by oxidative
stress were expressed in an OxyR-independent manner. Inter-
estingly, of the multiple iron utilization systems whose expres-
sion levels were upregulated in the presence of H,O,, only the
Hfe system was regulated by OxyR. This result indicates alter-
native oxidative-stress-responsive regulation of these genes.
The best-characterized global regulator of iron utilization
genes is Fur (for a review of Fur in Neisseria, see Rohde and
Dyer [70]), and the interrelatedness of Fur regulation and
oxidative stress responses have been previously described. A
fur mutant of E. coli grown at increased oxygen tensions ex-
hibited oxidative DNA damage possibly due to excess free iron
generated by derepression of iron uptake genes (85). More-
over, the promoter region of fldA4, the cotranscribed gene up-
stream of fur in E. coli, exhibits a binding site for SoxS, the
positive regulator of SOD (91). Furthermore, expression of
both iron and manganese cofactored SOD is positively regu-
lated by Fur in multiple species of bacteria (reviewed by Touati
[84]). Finally, with regard to OxyR regulation of Fur, microar-
ray analyses of hydrogen peroxide-treated E. coli indicated that
fur expression was slightly upregulated compared to that of the
untreated sample and that fur was a member of the OxyR
regulon (92). This posits the question of whether Fur is regu-
lating iron utilization genes in strain 86-028NP cells that are
undergoing oxidative stress. Strain 86-028NP similarly pos-
sesses fldA upstream of fur, and their organization suggests
that both genes are cotranscribed. However, strain 86-028NP
does not possess a homologue of soxS. Also, the transcription
of fur was not significantly altered in strain 86-028NP after
H,O, treatment. Thus, the regulation mechanisms that allows
cross talk between the iron utilization and the oxidative stress
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resistance mechanisms in strain 86-028NP have yet to be elu-
cidated.

We have thus identified a complement of genes that are
upregulated in NTHi strain 86-028NP as a consequence of
oxidative stress induced by H,O,. We have further refined our
analyses to identify those genes that are regulated by OxyR, a
global regulator of cellular responses against oxidative stress.
As expected, a number of these genes encoded proteins with
direct roles in combating oxidative stress. More interestingly,
we have also found that the expression of proteins that are
members of the majority of the iron uptake systems in strain
86-028NP were also upregulated during H,O, exposure. This
raises the question as to whether the modulation of iron up-
take by strain 86-028NP is a mechanism for combatting the
effects of oxidative stress generated by the iron dependent
Fenton reaction. Also, the upregulation of expression of the
majority of the iron utilization genes occurred in an OxyR-
independent manner, suggesting the possibility that additional
regulation systems were in place. Elucidation of these addi-
tional systems will be of great interest as we further define the
careful physiological balancing act NTHi cells are involved in,
both as common commensal organisms and as major patho-
gens in the causation of multiple human respiratory tract dis-
eases.
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