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Abstract

of siderophore production or utilization by H. influenzae.

heme levels in the growth media.

Background: Haemophilus influenzae has an absolute aerobic growth requirement for either heme, or iron in the
presence of protoporphyrin IX. Both iron and heme in the mammalian host are strictly limited in their availability
to invading microorganisms. Many bacterial species overcome iron limitation in their environment by the synthesis
and secretion of small iron binding molecules termed siderophores, which bind iron and deliver it into the
bacterial cell via specific siderophore receptor proteins on the bacterial cell surface. There are currently no reports

Results: Comparative genomics revealed a putative four gene operon in the recently sequenced nontypeable

H. influenzae strain R2846 that encodes predicted proteins exhibiting significant identity at the amino acid level to
proteins involved in the utilization of the siderophore ferrichrome in other bacterial species. No siderophore
biosynthesis genes were identified in the R2846 genome. Both comparative genomics and a PCR based analysis
identified several additional H. influenzae strains possessing this operon. In growth curve assays strains containing
the genes were able to utilize ferrichrome as an iron source. H. influenzae strains lacking the operon were unable
to obtain iron from ferrichrome. An insertional mutation in one gene of the operon abrogated the ability of strains
to utilize ferrichrome. In addition transcription of genes in the identified operon were repressible by high iron/

Conclusions: We have identified an iron/heme-repressible siderophore utilization locus present in several
nontypeable H. influenzae strains. The same strains do not possess genes encoding proteins associated with
siderophore synthesis. The siderophore utilization locus may enable the utilization of siderophores produced by
other microorganisms in the polymicrobial environmental niche of the human nasopharynx colonized by H.
influenzae. This is the first report of siderophore utilization by H. influenzae.

Background

Haemophilus influenzae is a fastidious Gram-negative
bacterium that is an important cause of human infec-
tions including otitis media, meningitis, and pneumonia
[1]. H. influenzae is unable to synthesise protoporphyrin
IX (PPIX), the immediate precursor of heme, since it
lacks all enzymes in the biosynthetic pathway for the
porphyrin ring [2,3]. However, most H. influenzae
strains express a ferrochelatase which mediates insertion
of iron into PPIX to form heme [2,4,5]. Thus, H. influ-
enzae has an absolute aerobic growth requirement for
an exogenous heme source or PPIX in the presence of
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an iron source. Since the only known niche for H. influ-
enzae is humans, the organism must adapt its mechan-
isms of porphyrin and iron acquisition accordingly [6].

Heme is generally intracellular, in the form of hemo-
globin or heme containing enzymes, and unavailable to
invading microorganisms [7,8]. Extracellular hemoglo-
bin, derived from lysed erythrocytes, is bound by the
serum protein haptoglobin, and the hemoglobin-hapto-
globin complex is rapidly cleared by the reticuloen-
dothelial cells of the liver, bone marrow or spleen [9,10].
Free heme, principally derived from the degradation of
methemoglobin, is bound by the serum proteins hemo-
pexin and albumin and cleared from the circulation
[7,11].
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Hemoglobin and the hemoglobin-haptoglobin, heme-
hemopexin, and heme-albumin complexes as well as
catalase and myoglobin-haptoglobin can all be utilized
by H. influenzae as heme sources in vitro [12-14]. The
mechanisms underlying the utilization of these protein
heme sources have been extensively studied [6,15-19].

In addition to its ability to utilize these multiple heme
sources, H. influenzae can also grow when supplied with
PPIX in the presence of an iron source in vitro. Iron
sources that can be utilized under such circumstances
include various iron salts as well as iron bound to the
human iron-binding protein transferrin [20-24]. Utiliza-
tion of iron bound to transferrin by H. influenzae is
mediated by specific outer membrane binding proteins
[25,26].

In many microbial species utilization of iron is
mediated by small secreted iron binding molecules
termed siderophores (generally < 1 kDa) [27,28]. Sidero-
phores have high affinity and specificity for ferric iron,
which they bind in the extracellular milieu. The sidero-
phore-iron complex then binds to the corresponding
membrane protein receptor on the cell surface as the
first step in the utilization of the bound iron [27,28].

It generally has been assumed that H. influenzae
neither produces nor utilizes siderophores as a means of
iron acquisition. Evidence to support this conclusion
includes the following: 1) using the universal sidero-
phore assay of Schwyn and Neilands [29], modified to
permit growth of Haemophilus species [30], the H. influ-
enzae type b strain Eagan did not produce detectable
siderophore(s) [21,30]; 2) strain Eagan was unable to uti-
lize the exogenously supplied siderophores enterobactin,
aerobactin or deferroxamine as an iron source [24]; 3)
utilization of iron bound transferrin by H. influenzae is
dependent on direct contact between the bacterial cell
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and transferrin, indicating that there is no release of a
small iron binding molecule(s) by the bacteria [25]; 4)
outer membrane proteins from iron-restricted H. influ-
enzae did not react to polyclonal antisera raised against
various siderophore receptor proteins from E. coli,
whereas similar outer membrane preparations from the
closely related H. parainfluenzae did react [24]; 5) DNA
probes based on the sequence of genes encoding E. coli
siderophore receptor proteins did not hybridize to H.
influenzae chromosomal DNA [24]. Although these data
are essentially limited to examination of type b strains
they have been generally interpreted to indicate that the
species H. influenzae in general neither produces nor
utilizes siderophores.

Recently multiple genomic sequences from strains of
H. influenzae have become available. One of these geno-
mic sequences contains a gene cluster with significant
homology to components of ferric hydroxamate uptake
systems present in other bacteria. The objective of this
study was to characterize these siderophore uptake gene
homologs of H. influenzae with respect to their distribu-
tion across the species, their potential role in sidero-
phore utilization and their regulation in response to
iron and heme levels.

Results and Discussion

Identification of a putative siderophore utilization gene
cluster in H. influenzae

The genome sequence of the nontypeable H. influenzae
(NTHi) isolate R2846 has recently become available [31]
(Genbank Accession No. for the unfinished sequence
AADOO00000000). Examination of the available R2846
sequence revealed the presence of a putative sidero-
phore uptake related gene cluster (Figure 1). This gene
cluster consisted of five putative genes all apparently
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Figure 1 Organization of the H. influenzae fhu locus and comparison of the fhu loci in H. influenzae, A. pleuropneumoniae and E. coli.
The nontypeable H. influenzae strain R2846 fhu locus consists of 4 genes: 1) r2846.1777 encodes a protein with significant homology to TonB-
dependent outer membrane proteins; 2) fhuB (r2846.1775) encodes a putative periplasmic substrate binding protein; 3) fhuC and fhuD
(r2846.1773 and r2846.1774) encode putative cytoplasmic membrane permeases. Percentage identities (I) and similarities (S) are shown for
pairwise comparisons of the FhuB, FhuC and FhuD proteins of nontypeable H. influenzae strain R2846 with the homologous proteins of
Actinobacillus pleuropneumoniae strain 4074 (GenBack Accession No. AF351135) and Escherichia coli K12 substrain MG1655 (GenBack Accession
No. U00096). There was no significant homology between the FhuA protein of NTHi strain R2846 and those of either A. pleuropneumoniae or

E. coli. The product of orf5 (r2846.1778) has homology to a transposon integrase, and the gene appears not to be transcriptionally linked to the
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transcribed in the same direction. Three of these genes
exhibited significant homology to genes encoding ferric
hydroxamate uptake proteins of Actinobacillus pleurop-
neumoniae [32] and of Escherichia coli [33] (Figure 1).
These three genes, designated fhuCDB, encode a prob-
able ABC transport system, with fhiuB encoding the
periplasmic binding protein and fhuCD encoding the
cytoplasmic membrane permease. In pairwise compari-
sons (performed using the AlignX tool of Vector NTI
10.3.0) the products encoded by fhuC, fhuD and fhuB of
strain R2846 exhibited respectively 72%, 56% and 66%
identity with the corresponding gene products from A.
pleuropneumoniae strain 4074 (Figure 1). Corresponding
figures for comparisons of the strain R2846 fhuCDB
gene products with those of E. coli K12 substrain
MG1655 were 55%, 29% and 39% identity respectively.
These data indicate that the fhuCBD genes of NTHi
strain R2846 constitute the ABC-transport components
of a siderophore transport system.

The protein encoded by the fourth gene (locus
r2846.1777) of the R2846 gene cluster did not exhibit
significant homology to the FhuA protein of either
E. coli or A. pleuropneumoniae (22.9% identity between
FhuA of E. coli K12 MG1655 and R2846; 21% identity
between FhuA of A. pleuropneumoniae strain 4074 and
R2846). However, Blast searches show that the encoded
protein has significant homology to TonB-dependent
outer membrane proteins of other bacterial species.
TonB-dependent proteins are generally associated with
the uptake of iron, heme and other small molecules
[34].

Neisseria sicca, a common nasopharyngeal commensal
which rarely causes infectious disease [35], encodes a
TonB-dependent receptor family protein that has the
highest sequence homology to the protein encoded by
r2846.1777 from H. influenzae (60% identity, 74% simi-
larity). The next highest homology to r2846.1777 of
R2846 (55% identity, 72% similarity) was associated with
a ferric siderophore receptor produced by Bordetella
pertussis, also a frequent colonizer of the human naso-
pharynx and a commonly occurring pathogen.
r2846.1777 also exhibits significant amino acid identity
to other uncharacterized putative TonB-dependent outer
membrane proteins from a number of additional Borde-
tella species (B. bronchiseptica, B. avium, B. parapertus-
sis and B. petrii), as well as Pseudomonas, Burkholderia
and Nitrosomonas and Acidovorax species. These
homology studies suggest that the proteins comprising
the hydroxamate siderophore ABC transport system
(encoded by the fhiuCDB genes of strain R2846) may be
of different origin than the putative siderophore-binding
protein gene encoded by r2846.1777. The H. influenzae
locus r2846.1777 may have originated from bacterial
species known to colonize the human nasopharynx.
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Thus, r2846.1777 of NTHi strain R2846 encodes a
Ton-B dependent outer membrane protein of unknown
function. However, it is likely, based on its proximity to
genes encoding proteins showing significant identity at
the amino acid level to known siderophore associated
periplasmic transport systems, that r2846.1777 encodes
a siderophore-binding outer membrane binding protein.
However, since the product of r2846.1777 exhibits low
homology with characterized FhuA proteins and since,
to date, we have been unable to construct a mutant in
12846.1777 for phenotypic analyses we will use the des-
ignation r2846.1777 in the following discussions of this
putative gene and its encoded protein.

The fhu gene cluster of NTHi strain R2846 is similarly
arranged to those of A. pleuropneumoniae in that the
putative receptor encoding gene (r2846.1777) is located
downstream of fhuCDB, in contrast to the gene arrange-
ment in E. coli where the outer membrane protein-
encoding gene (fhuA) is upstream of the other three
genes. The gene arrangement seen in both NTHi strain
R2846 and A. pleuropneumoniae, has also been reported
for a third representative of the family Pasteurellaceae,
namely H. parasuis [36].

Blast searches demonstrate that the fifth gene of the
gene cluster (designated orf5 in Figure 1) identified in
NTHi strain R2846 exhibits significant homology to an
internal fragment of a transposon integrase (data not
shown). Bioinformatic analyses indicate that o7f5 is not
transcriptionally linked to the fhu gene cluster, and thus
orf5 is not a major focus of this study.

Although a putative siderophore transport system was
identified in NTHi strain R2846, no genes with signifi-
cant homology to known siderophore biosynthetic genes
were detected in the R2846 genomic sequence. The
expression of receptor proteins that recognize sidero-
phores produced by other microorganisms (termed
xenosiderophores) is a well established characteristic of
many bacterial species. These include members of the
Pasteurellaceae, as well as most enteric species, Borde-
tella species, Pseudomonads and the mycobacteria
[24,36-41]. Possession of a system(s) allowing utilization
of xenosiderophores may be of benefit to NTHi strains
in the complex polymicrobial environment of the
human nasopharynx that this organism colonizes.

Species distribution of the fhu genes
Since an apparent siderophore uptake associated locus
was detected in the genomic sequence of NTHi strain
R2846 further analyses were performed to determine
how widely this locus is distributed within the species.
Initially Blast searches were performed against fourteen
NTHi genomic sequences (four complete, eleven in pro-
cess of assembly) available at the National Center for Bio-
technology Information [42], as well as three H. influenzae
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genomic sequences available at the Wellcome Trust San-
ger Institute [43]. Of these seventeen total genomic
sequences, five contained a locus homologous to the fhu
locus of strain R2846 (Table 1). The five strains containing
a fhu gene cluster were all nontypeable strains and were
isolated from various niches; the six total strains identified
as possessing the fhiu locus were respectively isolated from:
1) a middle ear effusion from a child with acute otitis
media (strain R2846), 2) middle ear effusions from chil-
dren with chronic otitis media (both strains PittEE and
PittHH), 3) the nasopharynx of healthy children (both
strains 22.4-21 and R3021) and 4) an adult with chronic
obstructive pulmonary disease (strain 7P49H1). The fhu
negative strains also contained examples of strains asso-
ciated with each of the above listed disease states/niches.
In addition the fhiu negative strains include a single strain
isolated from the external ear canal of a child with otor-
rhea (PittGQG), a nontypeable strain isolated from the
blood of a patient with meninigitis (R2866), a tybe b strain
isolated from a patient with meningitis (strain 10810) and

Table 1 Presence of fhu genes in sequenced H. influenzae
strains

Strain Source® Type® GenBank fhu
Accession No.*  locus®
Rd KW20 - nt 1420231 No
86-028NP NP AOM nt CP000057.2 No
PittEE MEE COM nt CP000671.1 Yes
PittGG Ext. Ear Ott. nt CP000672.1 No
22.1-21 NP Healthy nt AAZD00000000 No
224-21 NP Healthy nt AAZJ00000000 Yes
3655 MEE AOM nt AAZF00000000 No
6P18H1 Adult COPD  nt AAWWO00000000  No
7P49H1 Adult COPD  nt AAWV00000000 Yes
PittAA MEE COM nt AAZG00000000 Yes
PittHH MEE COM nt AAZH00000000 No
Pittll MEE COM nt AAZI00000000 No
R2866 BLD nt AADP00000000 No
R3021 NP Healthy nt AAZE00000000 Yes
10810 Meningitis b na No
F3031 BPF Clone aegyptius na No
F3047 BPF Clone aegyptius na No

2 Site and/or disease state from which strain isolated; NP, nasopharynx, AOM,
acute otitis media; MEE, middle ear effusion; COM, chronic otitis media; Ext.
Ear Ott, Isolate from external ear in patient with ottorhea; Healthy, Healthy
child; COPD, chronic obstructive pulmonary disease; BLD, blood. No source is
given for Rd KW20 since this a laboratory strain that has been passaged
multiple times since its original isolation [63,74,75].

® nt, nontypeable strain; b, type b strain; aegyptius, H. influenzae biogroup
aegyptius.

€ GenBank Accession Numbers beginning with L or C denote completed
genomic sequence, those beginning with AA denote sequences in process of
assembly. na, not available (no GenBank accession numbers are available,
sequences are accessible at the Wellcome Trust Sanger Institute [43]).

9 Yes, fhu locus is present; No, fhu locus is absent.
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two isolates of H. influenzae biogroup aegyptius associated
with an invasive infection termed Brazilian purpuric fever
[44]. No correlation between disease state/niche and pre-
sence of the fhu genes was evident.

As is the case for NTHi strain R2846, none of the H.
influenzae genomic sequences analyzed above contained
genes with homology to known siderophore biosynthetic
genes.

In addition to the above in silico analyses of
sequenced H. influenzae genomes a PCR based survey
of selected strains from a laboratory collection of H.
influenzae isolates which had been previously character-
ized by the electrophoretic mobility of 15 metabolic
enzymes [45] was performed. Thirty-nine strains repre-
senting 39 different electrophoretic types (ETs) were
used in this study; four of these strains were type b
strains and 35 were serologically nontypeable. In addi-
tion to characterization by ET these strains were pre-
viously characterized by biotype, and representative
strains of each of the five biotypes were analyzed (Table
2). PCR assays for the presence of each gene in the fiu
locus in each strain were repeated at least twice. Of the
four type b strains tested, none were positive for the
presence of any gene in the fhu locus (Table 2). In con-
sidering strains by biotype, all of the tested strains of
biotypes I, IV and V were negative for the presence of
all genes in the fhiu locus (Table 2). Of six strains of bio-
type II, one strain (HI1374) was positive for the pre-
sence of fiuCDB and r2846.1777 but was negative for
the presence of orf5 (although in at least one of several
separate assays the orf5 primers were weakly positive
with strain HI1374). Of 21 strains of biotype III, six
strains were consistently positive for the presence of all
five genes, ten strains were positive for the presence of
at least four genes, and one strain (HI1389) was consis-
tently positive for the presence of three genes. Four of
the total 21 biotype III strains tested were consistently
negative for the presence of all five genes. Negative
results for one of the genes of the fiu operon in some
strains may result from minor DNA sequence variations
leading to inefficient primer binding and probably do
not reflect absence of the gene. For example strain
HI1380 was negative by PCR for the presence of fhuB,
but in growth curve assays was able to utilize ferri-
chrome as a heme source indicating that fhuB is likely
to be present (see data in Growth studies section
below). Strains that consistently gave positive results for
at least three of the five genes are designated as being
positive for the presence of the fhu gene cluster.

Combining the in silico analysis of sequenced isolates
and the PCR analysis of additional strains these data
indicate that the fhu locus is limited in distribution to
nontypeable strains of H. influenzae. None of the five
type b strains analyzed (the sequenced isolate 10810 and
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Table 2 Presence of fhu genes in unsequenced H. four additional strains analyzed by PCR) contained the
influenzae strains locus. Among the NTHi strains the locus appears to be
Gene® predominately restricted to those of biotype III; of the
Template Source® ET® BTY r2846. fhuD fhuB fhuC orfs 18 strains that were positive for presence of the fhu
Strain® 1777 locus by PCR, 17 were of biotype III and one was of
HI678 (b) INV 20 No No No No No  biotype II. In considering the sequenced isolates that
HI1408 (nt)  CSF 68 | No No No No No contained the fhu genes strain R2846 is a biotype III
HI1409 (")  EAR 69 | No No No No No  Strain and strain R3021 is a biotype II strain (no biotype
H1416 M) EAR 76 | No  No No No nNo has been reported for the remaining fhu positive

Miaa 0 AR 8 1 No  No No No No  Sequenced strains).
In contrast to the clear association with biotype III

HI673 (b INV 47 I No No No No No

; strains presence of the fhu locus cannot be associated

HI675 b LI No MNo No MNo Mo it any particular disease state/niche since strains con-
H374(t CF 26 I Yes Yes Yes Yes NO  taining the flu locus have been isolated from multiple
HI1375 (nt) EAR 27 Il No No No No  No sites (Tables 1 and 2).
HIT400 (n)  EAR 60 I No No No No No A potential siderophore utilization locus has been
HI699 (b) NV 46 I No No No No No identified in NTHi that appears to be limited to strains
HI1372 (")  BLD 12 Il Yes  Yes Yes Yes Yes of biotype II and biotype III, and to predominantly
HI373 (0  EAR 13 Il No No No No No  occur in biotype III strains.
HI1376 (nt) EAR 29 Il Yes Yes Yes Yes  Yes .
1377 (0 EAR 30 I Yes  Yes Yes ves ves  _rowthstudies _

Since some H. influenzae strains possess an apparent
HI1380 (nt) BLD 35 I Yes Yes No Yes  Yes . . . .

siderophore utilization associated gene locus but lack
HIT381 (0 BLD 36 W Yes Yes Yes Yes Yes o ype corresponding siderophore biosynthesis genes, the
HITs82 ()  EAR 37 I Yes Yes Yes Yes No  gability of such strains to utilize an exogenously supplied
HN383 ()  EAR 38 I No  Yes Yes Yes Yes  siderophore was determined. Since homologous genes in
HI1384 (nt)  EAR 39 Il Yes Yes Yes Yes Yes E. coli and A. pleuropneumoniae are associated with the
HI1385 (n)  EAR 40 Il Yes Yes VYes VYes No  utilization of ferrichrome [33,46], growth assays were
HI1386 (")  BLD 41 Il Yes Yes Yes VYes No  Pperformed with ferrichrome as the sole iron source.
HI1387 (0 EAR 42 Il Yes  Yes Yes Yes No Figure 2A shows that NTHi strain R2846 can readily
H1389 0 EAR 44 1 Yes  Yes ves No No  SfOW when supplied with ferric ferrichrome as the sole

iron source. Several additional strains whose genomes
HI1390 (nt) BLD 45 Il Yes Yes Yes Yes No K

have been sequenced and which lack the fhu operon
397 (o EAR 57 1 ves Yes Yes Yes NO  \ere also assessed for their ability to utilize ferric ferri-
HN3%9 (o EAR 59 Il No  No No No No  chrome as the sole iron source; none of the following
HI1420 (nt)  CSF 80 I Yes Yes Yes No Yes  gtraing were able to utilize ferric ferrichrome: Rd KW?20,
HI1422 (ny  BLD 82 Il No No No No No type b strain 10810, NTHi strain 86-028NP and the
HI1423 (nt)  EAR 83 Yes  Yes Yes Yes No NTHi strain R2866 (data not shown).
HI1425 (") EAR 85 Yes  Yes Yes Yes Yes Having established that strain R2846 can utilize ferric
H1410 0 EAR 70 IV No  No No No No ferrichrome as a sole iron source we set out to determine
H1417 () EAR 77 N No  No No No No if the fhu gene cluster was involved in the utilization
H48 (0 B0 92 N No o o o Mo of tbis iron source. An insertional mutation within the
M9 M) 8D 9 N No No No No Mo coding sequence of fhuD was successfully con.structed as

described in the methods section and a mutation deriva-
430y BO 94 v No  No No No NO  jye of strain R2846 was designated HI2128. Figure 2A
HI378(p EAR 31 vV No  No No No No  shows that strain HI2128 was unable to grow when
HN379(mp  EAR 32 V. No  No No No No  gupplied with ferric ferrichrome as the sole iron source.
HI1388 (n)  EAR 43V No No No No No  The same mutation did not significantly impair the utili-
2 nt, nontypeable strain; b, type b strain zation of heme alone (Figure 2A) or either ferric citrate
P Site from which strain derived. INV, invasive disease, but site of isolation nor ferrous ammonium sulphate in the presence of PPIX

unrecorded; CSF, cerebrospinal fluid; BLD, blood. (data not shown), indicating that the defect is specific for
 ET, Electrophoretic type

9 BT, biotype the f.eFr.lchrome .molecu.le rather than impacting the
€ Gene tested for in polymerase chain reaction. acquisition of the iron moiety or of PPIX.
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1 - In addition to strain R2846 the fhuD insertional muta-
il tion was introduced into two strains that were positive
for the presence of the fhu gene cluster as determined
by PCR analyses (Table 2); the two additional strains
into which the fhuD mutation was introduced were
HI1380 and HI1390 and correctly constructed mutants
of each were identified and designated HI2131 and
HI2132 respectively. Both strains HI1380 and HI1390
were able to utilize ferric ferrichrome as an iron source

. S while neither of the corresponding fhuD insertion
i i i i i i , , mutants, HI2131 and HI2132, were able to do so (Fig-
*° 2 i e o % i ures 2B and 2C). Similarly to the data reported for
NTHi R2846 neither of the mutant strains were
impacted in their ability to utilize other heme and iron
sources (Figures 2B and 2C).

These data demonstrate that H. influenzae strains con-
taining the fiu operon are able to utilize at least one
exogenously supplied siderophore, ferrichrome, as an
iron source. Ferrichrome is synthesized by members of
the fungal genera Aspergillus, Ustilago and Penicillium,
and may not represent a readily available iron source in
the human nasopharynx. Thus, ferrichrome may not
‘ ‘ ‘ ‘ ‘ . . represent the ideal substrate for the fhu locus of H.
e A = 4 . % n influenzae which would be utilized relatively inefficiently
s Hime hous} and this fact may be reflected in the long lag time
observed for growth in ferrichrome. However, the
fhuBCDA system may function more efficiently to trans-
port other xenosiderophores produced by other micro-
organisms and further investigations will aim to address
this issue.

OD 600 nm

0D 600 nm

0.0

iy

0.8 4

0.6 -

0D 600 nm

- T Iron/heme repression of transcription of the fhu genes
Since the genes of the identified fhu gene cluster are

7 1YY involved in acquisition of iron the potential role of iron

00 . : ‘ : : : : and heme (FeHm) in the regulation of transcription of
vooomoomoom s W ” the genes was determined; since fhuC and r2846.1777

ime tours) are respectively the first and last genes in the putative

Figure 2 Growth of H. influenzae strains R2846, HI1380 and operon transcriptional analysis within the operon was

HI1390 and their corresponding isogenic fhuD insertion limited h At th . .
mutant derivatives with ferric ferrichrome as the sole iron imited to these two genes. At the same time transcript

source. Growth of all strains is in either hdBHI supplemented with levels of the two following genes were also determined:
heme as the sole heme and iron source or in hdBHI supplemented 1) hxuC, encoding a heme-hemopexin acquisition asso-
with protoporphyrin IX as a porphyrin source, EDDA to chelate free ciated outer membrane protein [17,47] and 2) adhC,

iron and ferric ferrichrome as the sole iron source. (A) Wildtype
strain R2846 with heme at 10 ug ml™" (solid circles) and with ferric
ferrichrome at 200 uM (solid triangles). The fhuD insertion mutant

encoding a glutathione-dependent alcohol dehydrogen-
ase [48]. These latter two genes were selected since they

strain HI2128 with heme at 10 pg ml™ (open circles) and with ferric represent examples of genes the transcription of which
ferrichrome at 200 uM (open triangles). (B) Wildtype strain HI1380 are repressible by FeHm (sxuC) and inducible by FeHm
with heme at 10 pg ml™ (solid circles) and with ferric ferrichrome at (adhC) in multiple H. influenzae strains [49,50]. Two

200 uM (solid triangles). The fhuD insertion mutant strain HI2131
with heme at 10 pg ml™" (open circles) and with ferric ferrichrome
at 200 puM (open triangles). (C) Wildtype strain HI1390 with heme at

flasks containing FeHm-restricted media were inocu-
lated with strain R2846 and incubated at 37°C with

10 ug ml™" (solid circles) and with ferric ferrichrome at 200 uM (solid shaking Samples (500 Hl) were taken from both flasks
triangles). The fhuD insertion mutant strain HI2132 with heme at 10 at 30 minute intervals over the first 90 minutes of incu-
ug mi™ (open circles) and with ferric ferrichrome at 200 uM (open bation for RNA isolation and quantitative-PCR (Q-PCR)

triangles). Resu\ts arg mean + SD for quintuplicate results from analySIS. After this first 90 minute interval FeHm
representative experiments.

L J (0.5 mM FeCls, 10 ug/ml heme) was added to one of
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the two flasks and samples were removed at 5 minute plateau within 10 minutes (Figure 3D). These data
intervals from both flasks for RNA isolation and Q-PCR.  demonstrate that expression of the fhu operon in strain
Figure 3 shows the transcript profile for all four target R2846 is repressible by high levels of FeHm, consistent
genes over the 150 minute total duration of the experi-  with a role for this operon in the acquisition of sidero-
ment. For the three genes fhuC, r2846.1777 and hxuC  phore bound iron. Iron and heme acquisition associated
transcript levels in both flasks rose steadily over the first  proteins of NTHi, including hxuC, have also been
90 minutes of the experiment. In the flask to which  shown to be transcribed in vivo during clinical disease
FeHm was added at 90 minutes transcript levels of all ~ [51], indicating the importance of iron and heme acqui-
three genes fell substantially within 5 minutes following sition in the disease process.

addition of FeHm and continued to fall thereafter,

reaching a plateau at between 15 and 25 minutes follow- Conclusions

ing addition of FeHm (Figure 3). In contrast in the flask ~ Our data demonstrate that the H. influenzae strains
which remained iron restricted for the duration of the containing the fiu operon are able to utilize at least one
experiment transcript levels of fhuC, r2846.1777 and  exogenously supplied siderophore, ferrichrome, as an
hxuC remained elevated through the entire 150 minute iron source. However, these strains lack the genes
experiment. Transcript levels of adhC did not change in  encoding the biosynthesis of ferrichrome. Ferrichrome is
either flask during the first 90 minutes of incubation but  a naturally occurring, prototypic compound of the
rose rapidly following the addition of FeHm reaching a  hydroxamate class of siderophores. It remains unclear
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Figure 3 Repression or induction of transcription of genes in response to addition of iron and heme. Fold changes in expression of four
genes in H. influenzae strain R2846 over the course of 150 minutes of growth under two different growth conditions. Strain R2846 was grown in
either: 1) medium that was restricted for iron and heme for the duration of the experiment (black triangles) or 2) medium that was restricted for
iron and heme up to 90 minutes at which point iron and heme were added to fully supplement the medium (red circles). Results are shown for
r2846.1777 (A), fhuC (B), hxuC (C) and adhC (D).
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whether ferrichrome itself, or another biologically pro-
duced ferric-hydroxamate, is actually utilized in vivo by
fhu-positive strains of H. influenzae.

Several additional points relevant to this newly identi-
fied siderophore utilization operon of H. influenzae
deserve comment. 1) In addition to H. influenzae, other
opportunistic pathogens commonly resident in the oro-
pharynx also contain a functional hydroxamate sidero-
phore utilization operon but do not encode genes for
the production and export of hydroxamate siderophores.
Examples of such microorganisms include Staphylococ-
cus aureus [52], Streptococcus pneumoniae [53)], Neis-
seria meningitidis [54] and the yeast, Candida albicans
[55,56]. This observation suggests that the acquisition of
a complete uptake system for the utilization of hydroxa-
mate xenosiderphores is adaptive for H. influenzae as it
appears to be for other residents of the human
oropharynx.

2) The occurrence in the oropharynx of multiple spe-
cies which are capable of utilizing, but not synthesizing,
ferric-hydroxamates as iron sources implies that one or
more microbial sources producing this siderophore class
are likely to occur in this niche. This observation sup-
ports the contention that presence of the fhu locus is
potentially advantageous to those NTHi strains that pos-
sess these genes.

3) Bacteria residing in the human oropharynx and
possibly other sites, such as the lung, are the most plau-
sible microbial source of ferrichrome-like compounds
available to H. influenzae. Ferrichrome is known to be
produced by certain filamentous fungi but these species
do not occur in the human body. Approximately 700
species of bacteria exist in the oropharynx of normal
adult humans and over 300 bacterial species are present
in dental plaque. The opportunity for the occurrence of
hydroxamate siderophores in the oropharynx appears
likely in this bacteria-laden, iron-limited environment.
While many of the bacterial species colonizing the oro-
pharynx are likely to be unable to synthesize hydroxa-
mate siderophores, multiple species are known to do so,
including Pseudomonas aeruginosa [57], Burkholderia
cenocepacia [58] and B. pertussis [59]. This observation
suggests that ferric hydroxamates are likely to be avail-
able to nontypeable H. influenzae resident within the
nasopharynx.

Lastly, nontypeable strains of H. influenzae are
known to be frequent participants in polymicrobial
lung colonization and lung infections involving S. aur-
eus, S. pneumoniae, P. aeruginosa and Burkholderia
species as well as other bacterial species known to pro-
duce and/or utilize hydroxamate siderophores [60,61].
Such polymicrobial infections occur in the lungs of
cystic fibrosis patients, in patients with chronic
obstructive pulmonary disease, as well as at sites in

Page 8 of 12

immunocompromized patients. As a subject for future
studies, we postulate that expression of a functional
fhu operon in nontypeable strains of H. influenzae is
likely to afford a growth advantage by selectively
increasing iron acquisition from ferric-hydroxamates
produced by other bacteria in the mixed commensal
environments of the healthy nasopharynx and within
sites of polymicrobial infection.

Methods

Bacterial strains and growth conditions

NTHi strain R2846 (strain 12) is a clinical isolate from
the middle ear of a child with acute otitis media [62].
Strain Rd KW20 is the originally sequenced H. influen-
zae isolate [63] and was obtained from the ATCC.
NTHi strain R2866 is a clinical isolate from the blood of
an immunocompetent child with clinical signs of menin-
gitis subsequent to acute OM [64]. NTHi strain 86-
028NP is a minimally passaged clinical isolate from a
pediatric patient who underwent tympanostomy and
tube insertion for treatment of chronic otitis media
[65,66]. H. influenzae type b strain 10810 was isolated
from an individual with meningitis and its genome has
been completely sequenced [43]. Additional H. influen-
zae strains are as shown in Table 2 and correspond to
strains previously characterized by electrophoretic mobi-
lity of 15 metabolic enzymes [45]. H. influenzae were
routinely maintained on chocolate agar with bacitracin
at 37°C. When necessary, H. influenzae were grown on
brain heart infusion (BHI) agar supplemented with 10
pg ml™" heme and 10 pg ml™ B-NAD (supplemented
BHI; sBHI) and the appropriate antibiotic(s). Heme-
deplete growth was performed in BHI broth supplemen-
ted with 10 ug ml™' B-NAD alone (heme-deplete BHI;
hdBHI). Iron restriction in growth curves was achieved
by the addition of 100 pM ethylenediamine di-o-hydro-
xyphenyl acetic acid (EDDA) to media when specified.
EDDA was freed from contaminating iron prior to use
as described by Rogers [67]. Iron restriction for expres-
sion experiments was achieved by the addition of 150
uM deferroxamine to media when specified. Spectino-
mycin was used at 200 pug ml™* when required for
growth of H. influenzae.

Porphyrin and iron sources

Hemin and PPIX were purchased from Sigma. Stock
heme solutions were prepared at 1 mg ml™" hemein 4%
v/v triethanolamine as previously described [68]. Stock
PPIX solutions were prepared at 1 mg ml ™" in water and
sterilized by autoclaving prior to use.

Ferrichrome was purchased from Sigma. Ferrichrome
was saturated with ferric iron by mixing with equimolar
amounts of ferric citrate and incubating a room tem-
perature for 2 hours prior to use in growth curves.
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DNA methodology

Restriction endonucleases were obtained from New Eng-
land Biolabs (Beverly, MA). Genomic DNA was isolated
using the DNeasy Tissue Kit (Qiagen, Valencia, CA).
Plasmid DNA was isolated using Wizard Plus Minipreps
DNA purification system (Promega, Madison, WI)
according to the manufacturer’s directions. Sequencing
of double-stranded template DNA was performed by
automated sequencing at the Recombinant DNA/Protein
Resource Facility, Oklahoma State University, Stillwater,
OK, USA. Oligonucleotides were synthesized by Operon.

PCR analyses of fhu locus distribution in H. influenzae
Primers were designed for use in the polymerase chain
reaction (PCR), based on the available sequence of the
Jfhu gene cluster in NTHi strain R2846, to survey for the
presence of the five genes comprising the locus. The
sequences of the primers comprising each of the five
primer pairs are shown in Table 3. PCRs were per-
formed in a 50 pl volume using 100 ng of the appropri-
ate chromosomal DNA as template, and the reactions
contained 2 mM MgCl,, 200 uM each deoxynucleoside
triphosphate (New England Biolabs), 10 pmol of each
primer and 2 U of FastStart Taq DNA Polymerase
(Roche, Indianapolis, IN, USA). PCR was carried out for
30 cycles, with each cycle consisting of denaturation at
95°C for 1 min, annealing for 1 min at the appropriate
temperature and primer extension at 72°C for 1 min
with one final extension of 30 min. Annealing tempera-
tures were 58°C for the primer pair directed at fiuA and
57°C for the other four primer pairs.

Construction of fhuD insertion mutants

An insertion mutation of fhuD was constructed as fol-
lows. A pair of primers was designed for use in the
PCR, based on the available NTHi strain R2846 genomic
sequence, to amplify an 848-bp region internal to the

Table 3 Primers used in PCR survey for presence of fhu
genes

Primer® Sequence 5’ to 3’
R2846.1773(fhuC)_F GGTTCGATTTCGTTGGACG
R2846.1773(fhuC)_R GACGATTTGCTGTGCGTC
R2846.1774(fhuD)_F CAGTGGGCGATATGCAAAG
R2846.1774(fhuD)_R GTTTGGCGAGTTCGGTG
R2846.1775(fhuB)_F GCGCAAAACCATGTCGC
R2846.1775(fhuB)_R GTCGGGAAACTGAGTTGC
R2846.1777(0OMP)_F CGTCACTTTATCCAGCATCAG
R2846.1777(0OMP)_R GATAGCGTATCGGAAGC
R2846.1778(orf5)_F GCTTAGCACGCAGTACG
R2846.1778(orf5)_R CTCCTCTGTGTATTAAATTCC

@ Primer pairs used to assay for each gene.
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fhuD gene. Primers were designated FhuC-dnA and
FhuC-dnB and had the respective sequences 5’-
GGATCCCACTGCTCGGAATGACC-3’ and 5'-
AAGCTTCGTGCAGTAAGCCATCG-3’ (those portions
of the primers shown in boldface represent restriction
sites engineered into the primers for directional sub-
cloning; the engineered restriction sites were not utilized
as part of this study). The PCR was performed as
described above using 100 ng of strain R2846 chromo-
somal DNA as template and with annealing for 1 min at
54°C. PCR products of the expected size were obtained
and were successfully cloned into the TA cloning vector
pCR2.1-TOPO (Invitrogen). Cloned amplicons were
confirmed as correct by automated DNA sequencing,
and a plasmid harboring the correct insert was desig-
nated pDJM385. The spectinomycin resistance marker
from pSPECR [69] was excised with Cla I and cloned
into the unique Cla I site (beginning at nucleotide 615
of the cloned 848-bp) of pDJM385 to yield pDJM386.
Competent H. influenzae were transformed to spectino-
mycin resistance with pDJM386, using the static aerobic
method as previously described [70], and selected on
sBHI agar containing spectinomycin. Correct chromoso-
mal recombinations were confirmed by the molecular
size of a PCR product resolved on an agarose gel (data
not shown).

Growth Studies with H. influenzae

Growth studies were performed using the Bioscreen C
Microbiology Reader (Oy Growth Curves AB Ltd., Hel-
sinki, Finland) as previously described [19,71]. Briefly H.
influenzae strains were inoculated from 12-14 hour cul-
tures on chocolate agar with bacitracin into 10 ml of
hdBHI and incubated for 4 h with shaking at 37°C. The
4 h cultures were pelleted by centrifugation, washed
once in phosphate buffered saline (PBS) containing 0.1%
w/v gelatin, and resuspended to an optical density at
605 nm of 0.5 in the same buffer. One ml of the bacter-
ial suspension was diluted in 5 ml of the same buffer
and this final bacterial suspension was used to inoculate
media for growth curves (0.1% v/v inoculum to give
an approximate initial concentration of 200,000 c.f.u.
per ml).

Growth conditions for iron/heme (FeHm) regulated gene
expression

Growth conditions pertaining to the FeHm-regulation
window of H. influenzae strains Rd KW20, 10810 and
R2866 have been previously defined [49,50], and were
used as the basis for growth of strain R2846. The
primary inoculum of strain R2846 was prepared as
previously [49,50] so as to yield a final concentration of
~2 x 107 cfu/ml when 5 ml of inoculum was added to
120 ml of growth medium. The kinetics of repression of
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genes of interest by FeHm were determined as follows.
Two flasks were prepared and inoculated with the pri-
mary inoculum as described above. Both flasks con-
tained FeHm-restricted media (i.e. hdBHI additionally
supplemented with 150 uM deferroxamine to chelate
iron). Samples were taken from both flasks at 30 minute
intervals for RNA isolation and Q-PCR analysis. After
90 minutes of incubation, FeHm (0.5 mM FeCls, 10 pg/
ml heme) was added to one of the two flasks and sam-
ples were removed at 5 minute intervals from both
flasks for RNA isolation. Broth cultures for iron and
heme (FeHm) mediated regulation of gene expression
were incubated in a rotary shaker at 175 rpm at 37°C.
The samples removed for Q-PCR analysis were immedi-
ately mixed with RNAProtect (Qiagen, Valencia, CA)
(500 pl samples mixed with 1 ml RNAProtect) and fro-
zen at -70°C for later RNA preparation.

RNA purification

Samples for Q-PCR obtained as described above were
thawed, remixed by brief vortexing and incubated at
room temperature for 5 minutes prior to purification
using the RNeasy mini kit (Qiagen, Valencia, CA). Fol-
lowing purification, the sample was eluted with 40 pl of
sterile RNase free water. Residual chromosomal DNA
was removed by digestion with amplification grade
DNase I (Invitrogen, Carlsbad, CA). The RNA samples
were used to prepare cDNA as previously described [72].
Each 20 pl reaction contained 7 ul template RNA, 5.5
mM MgCl,, 500 uM each dNTP (dATP, dCTP, dGTP,
dTTP), 1 x RT buffer, 80 mU RNase Inhibitor and 25 U
MultiScribe Reverse Transcriptase (Applied Biosystems,
Foster City, Ca.). The synthesis reaction was incubated at
25°C for 10 minutes followed by a further 30 minutes at
48°C. The reaction was terminated by heating at 95°C for
5 minutes. Prior to analysis, the cDNA was diluted by
addition of 180 pl RNase-free water.

Table 4 Primers used for quantitative-PCR

Primer® Sequence 5’ to 3’
QPCR-16s-F TCGTCAGCAAGAAAGCAAGCT
QPCR-16s5-R GCTGGCGGCAGGCTTAA
QPCR-adhC-F CTGCTGAATGTGGCGAATGT
QPCR-adhC-R CTGACCATCTGGCATTAAGC
QPCR-hxuC-F CGAGGGTTAAGTGATAATCGTGTT
QPCR-hxuC-R AGCTACTTGGTCCTTTGATTACTTCAATT
QPCR-fhuA-F CCGTCGTTTCGGTGATAACAA
QPCR-fhuA-R TCGTGATCAATTTCGCTTTCG
QPCR-fhuC-F AATTAATCGGCATGGGACGTT
QPCR-fhuC-R TTTATCCGCCGCCGTTT

2 Primer pairs used to assay for each gene. Primer pair QPCR-fhuA-F and
QPCR-fhuA-R are used to assay transcriptional status of r2846.1777.
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Quantitative real-time PCR

Q-PCR was performed as previously described [72].
Gene-specific oligonucleotide primers (Table 4) were
designed using Primer Express 2.0 (Applied Biosystems)
and were tested to determine amplification specificity,
efficiency and for linearity of the amplification with
RNA concentration. A typical 25 pl reaction contained
12.5 pl of SYBR Green Master Mix, 250 nM of each pri-
mer, and 5 pl of cDNA sample. Quantification reactions
for the target transcripts at each timepoint were per-
formed in triplicate and normalized to concurrently run
16 s rRNA levels from the same sample. Relative quanti-
fication of gene expression was determined using the 2°
AACt method of Livak and Schmittgen where AAC, =

(Ct,Target - Ct,16 s)Timex - (Ct,Target - Ct,16 s)Control [73]
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