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surface fibrils that were distinct from pili (33). In the same
study, we reported the isolation of a large genetic locus involved in expression of these appendages and presented evidence that fibrils promote adherence to cultured human epithelial cells (33).
In the present study, we have characterized the H. influenzae
fibril locus. Our results indicate that this locus consists of one
long open reading frame, which encodes an ;240-kDa
polypeptide with striking similarity to a recently described protein involved in in vitro adherence by a subset of nontypeable
H. influenzae strains. Furthermore, a homolog of the fibril
locus appears to be universally present among encapsulated
strains of H. influenzae.

Haemophilus influenzae is a gram-negative bacterium that is
frequently associated with human disease (43). In recent years,
H. influenzae has been the leading cause of bacterial meningitis
and a common cause of other bacteremic diseases (10). In
addition, this organism accounts for a large proportion of otitis
media, sinusitis, bronchitis, and pneumonia (31).
Isolates of H. influenzae are classified according to their
polysaccharide capsule. There are six antigenically distinct capsular types, designated a through f (26). In addition, isolates
can be nonencapsulated; these strains are defined by their
failure to react with typing antisera directed against the known
capsular types and are referred to as nontypeable (26). Most
isolates recovered from patients with bacteremic illness express
the serotype b capsule (42). In contrast, the majority of strains
associated with localized respiratory tract infection are nontypeable (42).
The pathogenesis of disease due to H. influenzae is believed
to begin with colonization of the upper respiratory tract mucosa (22). Both type b and nontypeable H. influenzae strains
express pili, which promote agglutination of human erythrocytes and attachment to oropharyngeal epithelial cells (9, 16,
17, 25). In support of a role for pili in natural colonization,
Weber and colleagues found that elimination of piliation resulted in a decreased density of nasopharyngeal colonization in
1-year-old monkeys (46). A number of reports suggest that
nonpilus factors also facilitate Haemophilus colonization (13,
14, 21, 28, 29, 36–39, 47). Of particular note, in the study by
Weber et al., nonpiliated organisms retained a capacity for
colonization, although at reduced densities (46). In a recent
study, we examined a series of H. influenzae type b isolates by
transmission electron microscopy and visualized short, thin

MATERIALS AND METHODS
Bacterial strains and plasmids. H. influenzae C54 is a type b strain originally
described by Pichichero et al. (25). Strain C54b2p2 is a capsule-deficient, nonpiliated mutant that expresses fibrils and demonstrates efficient adherence to
cultured epithelial cells (33). Strain C54-Tn400.23 is a derivative of C54b2p2
that contains a mini-Tn10 kan element in the hsf locus and demonstrates minimal
in vitro adherence (33). Strains 1053, 1058, 1060, 1063, 1065, 1069, 1070, 1076,
1081, and 1084 are H. influenzae type b isolates generously provided by J. Musser
(Baylor University, Houston, Tex.) (23). H. influenzae SM4 (type a), SM6 (type
d), SM7 (type e), and SM72 (type c) are type strains obtained from R. Facklam
at the Centers for Disease Control and Prevention (Atlanta, Ga.). Strains 142,
327, and 351 are H. influenzae type e isolates and strains 134, 219, 256, and 501
are H. influenzae type f isolates obtained from H. Kayhty (Finnish National
Public Health Institute, Helsinki). Strain Rd (type d) and the 15 nontypeable
isolates examined by Southern analysis have been described previously (1, 4).
Escherichia coli DH5a is a nonadherent laboratory strain that was originally
obtained from Gibco BRL. E. coli BL21(DE3) was a gift from F. W. Studier and
contains a single copy of the T7 RNA polymerase gene under the control of the
lac regulatory system (40). Plasmid pT7-7 was provided by S. Tabor and contains
the T7 RNA polymerase promoter f10, a ribosome-binding site, and the translational start site for the T7 gene 10 protein upstream from a multiple cloning
site (41). pUC19 is a high-copy-number plasmid that has been previously described (49). pDC400 is a pUC19 derivative that harbors the H. influenzae C54
surface fibril locus and is sufficient to promote in vitro adherence by laboratory
strains of E. coli (33). pHMW8-5 is a pT7-7 derivative that contains the H.
influenzae 11 hia locus and also promotes adherence by nonadherent laboratory
strains of E. coli (6). pHMW8-6 contains the H. influenzae hia locus interrupted
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Haemophilus influenzae is a common gram-negative pathogen that initiates infection by colonizing the upper
respiratory tract epithelium. In previous work, we reported the isolation of a locus involved in expression of
short, thin surface fibrils by H. influenzae type b and presented evidence that surface fibrils promote attachment to human epithelial cells. In the present study, we determined that the fibril locus is composed of one long
open reading frame, designated hsf, which encodes a protein (Hsf) with a molecular mass of ;240 kDa. The
derived amino acid sequence of the hsf product demonstrated 81% similarity and 72% identity to a recently
identified nontypeable H. influenzae adhesin referred to as Hia. In experiments with a panel of eight cultured
cell lines, the Hsf and Hia proteins were found to confer the same binding specificities, suggesting that hsf and
hia are alleles of the same locus. Southern analysis and mutagenesis studies reinforced this conclusion. Further
investigation revealed that an hsf homolog is ubiquitous among encapsulated H. influenzae strains and is
present in a subset of nontypeable Haemophilus strains as well. We speculate that the hsf gene product plays
an important role in the process of respiratory tract colonization by H. influenzae.
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FIG. 1. Restriction map of pDC400 and its derivatives. pDC400 contains a
9.1-kb insert from strain C54 cloned into pUC19. Vector sequences are represented by shaded boxes. Letters above the top horizontal line indicate restriction
enzyme sites: Bg, BglII; E, EcoRI; H, HindIII; P, PstI; S, SalI; Ss, SstI; St, StyI;
X, XbaI. The longer dark arrow represents the location of the hsf locus within
pDC400 and the direction of transcription; the shorter arrow represents the 39
end of the putative exoribonuclease II gene. The striated horizontal line represents the 3.3-kb intragenic fragment used as a probe for Southern analysis. The
plasmid pDC602, which is not shown, contains the same insert as pDC601 but in
the opposite orientation.

plasmid-encoded proteins, pDC601 and pDC602 were introduced into E. coli BL21(DE3), producing BL21(DE3)/pDC601
and BL21(DE3)/pDC602, respectively. As a negative control,
pT7-7 was also transformed into BL21(DE3). As shown in Fig.
2, induction of BL21(DE3)/pDC601 resulted in increased expression of a large protein, over 200 kDa in size, along with
several slightly smaller proteins, which presumably represent
degradation products. In contrast, when BL21(DE3)/pDC602
and BL21(DE3)/pT7-7 were induced, there was no expression
of these proteins. This experiment indicated that the genetic
material contained in the 8.3-kb XbaI fragment is transcribed
from left to right, as shown in Fig. 1, and suggested that a single
long open reading frame may be present.
Nucleotide sequence. Sequencing of the 8.3-kb XbaI fragment revealed a 7,059-bp gene, which we have designated hsf
(for Haemophilus surface fibrils). This gene encodes a 2,353amino-acid polypeptide, referred to as Hsf, with a calculated
molecular mass of 243.8 kDa, which is similar in size to the
observed protein species detected after induction of
BL21(DE3)/pDC601. The hsf gene has a G1C content of
42.8%, somewhat greater than the published estimate of 38 to
39% for the whole genome (15, 19). A putative ribosomal
binding site with the sequence AAGGTA begins 7 bp upstream
of the presumed initiation codon. A sequence similar to a
rho-independent transcription terminator is present beginning
20 nucleotides beyond the stop codon and contains interrupted
inverted repeats with the potential for forming a hairpin struc-

TABLE 1. Adherence to Chang conjunctival cells

RESULTS
Initial characterization of the cloned fibril locus. In a previous study, we demonstrated that laboratory E. coli strains
harboring the plasmid pDC400 were capable of efficient attachment to cultured human epithelial cells (33). Subcloning
studies and transposon mutagenesis indicated that the relevant
coding region of pDC400 was present within an 8.3-kb XbaI
fragment (33) (Fig. 1). To confirm this conclusion, in the
present study this XbaI fragment was subcloned into pT7-7,
generating plasmids designated pDC601 and pDC602, which
contained the insert in opposite orientations (Fig. 1). As predicted, expression of these plasmids in E. coli DH5a was associated with a capacity for high-level in vitro attachment (Table 1).
To determine the direction of transcription and identify

Strain

Adherence (% of inoculum)a

DH5a/pT7-7 ................................................................. 0.4 6 0.1
DH5a/pDC400 ............................................................. 25.3 6 1.2
DH5a/pDC601 ............................................................. 54.3 6 7.5
DH5a/pDC602 ............................................................. 55.5 6 4.3
C54b2p2 ....................................................................... 98.7 6 9.5
C54-hia::kanb ................................................................ 1.5 6 0.2
C54-Tn400.23c .............................................................. 3.3 6 0.4
a
Adherence was measured in a 30-min assay and was calculated by dividing
the number of adherent bacteria by the number of inoculated bacteria. Values
are the means 6 the standard errors of the means of measurements made in
triplicate from representative experiments.
b
Strain C54-hia::kan was constructed by transforming C54b2p2 with linearized pHMW8-6, which contains the hia gene with an intragenic kanamycin
cassette.
c
Strain C54-Tn400.23 contains a mini-Tn10 kan element in the hsf locus (33).
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by a kanamycin cassette (6). pUC4K served as the source of the kanamycin
resistance gene that was used as a probe in Southern analysis (44).
Culture conditions. H. influenzae strains were grown on chocolate agar supplemented with 1% IsovitaleX, on brain heart infusion agar supplemented with
hemin and NAD, or in brain heart infusion broth supplemented with hemin and
NAD (3). These strains were stored at 2808C in brain heart infusion broth with
25% glycerol. E. coli strains were grown on Luria-Bertani agar or in LuriaBertani broth and were stored at 2808C in Luria-Bertani broth with 50% glycerol. For H. influenzae, kanamycin was used at a concentration of 25 mg/ml.
Antibiotic concentrations for E. coli were as follows: ampicillin or carbenicillin at
100 mg/ml and kanamycin at 50 mg/ml.
Induction of plasmid-encoded proteins. To identify plasmid-encoded proteins,
the bacteriophage T7 expression vector pT7-7 was employed and the relevant
pT7-7 derivatives were transformed into E. coli BL21(DE3). Activation of the T7
promoter was achieved by inducing expression of T7 RNA polymerase with
isopropyl-b-D-thiogalactopyranoside (final concentration, 1 mM). After induction for 30 min at 378C, rifampin was added to a final concentration of 200 mg/ml.
Thirty minutes later, 1 ml of culture was pulsed with 50 mCi of Trans35S-label
(ICN, Irvine, Calif.) for 5 min. Bacteria were harvested, and whole-cell lysates
were resuspended in Laemmli buffer for analysis by sodium dodecyl sulfatepolyacrylamide gel electrophoresis on 7.5% acrylamide gels (20). Autoradiography was performed with Kodak XAR-5 film.
Recombinant DNA methods. DNA ligations, restriction endonuclease digestions, and gel electrophoresis were performed by standard techniques (30).
Plasmids were introduced into E. coli strains by either chemical transformation
or electroporation, as previously described (12, 30). Transformation in H. influenzae was performed by the M-IV method of Herriott et al. (18).
Nucleotide sequencing. Nucleotide sequence was determined with a Sequenase kit and double-stranded plasmid template. DNA fragments were subcloned
into pUC19 and sequenced along both strands by primer walking. DNA sequence analysis was performed using the Genetics Computer Group software
package from the University of Wisconsin (11). Sequence similarity searches
were carried out with the BLAST program of the National Center for Biotechnology Information (2).
Adherence assays. Adherence assays were performed with tissue culture cells
which were seeded into wells of 24-well tissue culture plates as previously described (37). Adherence was measured after incubating bacteria with epithelial
cell monolayers for 30 min as previously described (39). Tissue culture cells
included Chang epithelial cells (Wong-Kilbourne derivative, clone 1-5c-4 [human conjunctiva]) (ATCC CCL 20.2), KB cells (human oral epidermoid carcinoma) (ATCC CCL 17), HEp-2 cells (human laryngeal epidermoid carcinoma)
(ATCC CCL 23), A549 cells (human lung carcinoma) (ATCC CCL 185), Intestine 407 cells (human embryonic intestine) (ATCC CCL 6), HeLa cells (human
cervical epitheloid carcinoma) (ATCC CCL 2), ME-180 cells (human cervical
epidermoid carcinoma) (ATCC HTB 33), HEC-IB cells (human endometrium)
(ATCC HTB 113), and CHO-K1 cells (Chinese hamster ovary) (ATCC CCL 61).
Chang, KB, Intestine 407, HeLa, and HEC-IB cells were maintained in modified
Eagle medium with Earle’s salts and nonessential amino acids. HEp-2 cells were
maintained in Dulbecco’s modified Eagle medium, A549 cells and CHO-K1 cells
were maintained in F-12 medium (Ham), and ME-180 cells were maintained in
McCoy 5A medium. All media were supplemented with 10% heat-inactivated
fetal bovine serum.
Southern analysis. Southern blotting was performed under high-stringency
conditions as previously described (38).
Microscopy. Samples of epithelial cells with associated bacteria were stained
with Giemsa stain and examined by light microscopy as previously described (37).
For negative-staining electron microscopy, bacteria were stained with 0.5%
aqueous uranyl acetate (38) and examined with a Zeiss 10A microscope.
Nucleotide sequence accession number. The DNA sequence described here
has been deposited in the GenBank library and has been assigned accession
number U41852.
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ture containing a loop of 2 bases and a stem of 11 bases. It is
of note that a string of 29 thymines spans the region from 149
to 121 nucleotides upstream of hsf.
Analysis of the predicted amino acid sequence of Hsf revealed several notable features, including an unusual N-terminal extremity (described below) and a putative Walker A box
nucleotide-binding motif (residues 1943 to 1950). In addition,
the protein is relatively acidic, with an isoelectric point of 5.4,
and has a single cysteine residue, indicating that the folded
form exists in the absence of any internal disulfide bond.
Homology to hia and Hia. We recently identified a nontypeable H. influenzae nonpilus protein called Hia which promotes
attachment to cultured human epithelial cells (6). Comparison
of the predicted amino acid sequence of the hsf product and
the sequence of Hia revealed 81% similarity and 72% identity
overall. As depicted in Fig. 3, the two sequences are highly
conserved at their N- and C-terminal ends, and both contain a
nucleotide-binding motif. Interestingly, Hia is encoded by a

FIG. 3. Schematic alignment of Hsf and Hia. Regions of sequence similarity
are indicated by shaded, hatched, and open bars, corresponding to N-terminal
domains, internal domains, and C-terminal domains, respectively. The solid
circles represent conserved Walker box ATP-binding motifs (GINVSGKT). The
numbers above the bars refer to amino acid residue positions in the full-length
proteins. The pairs of numbers in parentheses below the Hsf bars represent the
percentages of sequence similarity and identity (in that order) between these
domains and the corresponding Hia domains. The regions of Hsf defined by
amino acid residues 51 to 173, 609 to 846, and 1292 to 1475 show minimal
similarity to amino acids 51 to 220 of Hia.
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3.3-kb gene and is only ;115 kDa. In this context, it is noteworthy that three separate stretches of Hsf (corresponding to
amino acids 174 to 608, 847 to 1291, and 1476 to 1914) show
significant homology to the region of Hia defined by amino
acids 221 to 658 (Fig. 3). The percentages of similarity and
identity, respectively, among these three stretches of Hsf are as
follows: amino acids 174 to 608 versus amino acids 847 to 1291,
65 and 53%; amino acids 847 to 1291 versus amino acids 1476
to 1914, 70 and 56%; and amino acids 1476 to 1914 versus
amino acids 174 to 608, 76 and 60%. The suggestion is that the
larger size of Hsf may relate in part to the presence of a
repeated domain which is present in a single copy in Hia.
To determine if hsf and hia are alleles of the same locus, we
began by performing a series of Southern blot analyses. Samples of chromosomal DNA from strains C54 and 11 were
subjected to digestion with BglII, ClaI, and either PstI or XbaI.
The resulting DNA fragments were separated by agarose electrophoresis and transferred bidirectionally to nitrocellulose
membranes. One membrane was probed with a 3.3-kb internal
fragment of the hsf gene (Fig. 1), and the other membrane was
probed with a 1.6-kb intragenic fragment of the hia gene. As
shown in Fig. 4, the two probes recognized exactly the same
chromosomal fragments.
To obtain additional evidence that the hsf and hia genes are
homologs, we sought to inactivate hsf by transformation of H.
influenzae C54b2p2 with insertionally inactivated hia. The
plasmid pHMW8-6 (6), which contains the hia gene with an
intragenic kanamycin cassette, was linearized with NdeI and
introduced into competent C54 cells. Southern hybridization
confirmed insertion of the kanamycin cassette into hsf (data
not shown). Furthermore, examination of the C54 mutant by
negative-staining transmission electron microscopy revealed
the loss of surface fibrils (data not shown). Consistent with
these findings, the mutant strain demonstrated minimal attachment to Chang conjunctival cells (Table 1).
In additional experiments, we compared the cellular binding
specificities conferred by the Hsf and Hia proteins. As shown
in Fig. 5, DH5a/pDC601 (expressing hsf) demonstrated highlevel attachment to Chang cells, KB cells, HeLa cells, and
Intestine 407 cells, moderate-level attachment to HEp-2 cells,
and minimal attachment to HEC-IB cells, ME-180 cells, and
CHO-K1 cells. DH5a harboring pHMW8-5 (expressing hia)
showed virtually the same pattern of attachment. Giemsa staining and subsequent examination by light microscopy confirmed
these viable-count adherence assay results.
Homology to other bacterial extracellular proteins. A protein sequence similarity search was performed with the predicted Hsf amino acid sequence by using the BLAST network
service of the National Center for Biotechnology Information
(2). This search revealed low-level sequence similarity to a
series of other bacterial adherence factors, including HMW1
and HMW2 (the proteins we previously identified as being
important adhesins in Hia-deficient nontypeable H. influenzae
strains [39]), AIDA-I (an adhesion protein expressed by some
diarrheagenic E. coli strains [8]), and Tsh (a hemagglutinin
produced by an avian-pathogenic E. coli strain [27]). In addition, Hsf showed homology to SepA, a Shigella flexneri secreted
protein that appears to play a role in tissue invasion (7). Alignment of Hsf with HMW1, HMW2, AIDA-I, Tsh, and SepA
revealed a highly conserved N-terminal domain (Fig. 6). In
AIDA-I, Tsh, and SepA, this N-terminal extremity precedes a
typical procaryotic signal sequence (7). Similarly, in Hsf, this
conserved domain precedes a 26-amino-acid segment that is
characterized by a positively charged region, followed by a
string of hydrophobic residues and then alanine-asparaginealanine.
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FIG. 2. Identification of plasmid-encoded proteins by using the bacteriophage T7 expression system. Bacteria were radiolabelled with Tran35S-label, and
whole-cell lysates were resolved on a sodium dodecyl sulfate–7.5% polyacrylamide gel. Proteins were visualized by autoradiography. Lane 1, E. coli
BL21(DE3)/pT7-7, uninduced; lane 2, BL21(DE3)/pT7-7, induced; lane 3,
BL21(DE3)/pDC602, uninduced; lane 4, BL21(DE3)/pDC602, induced; lane 5,
BL21(DE3)/pDC601, uninduced; lane 6, BL21(DE3)/pDC601, induced. Plasmids pDC602 and pDC601 are derivatives of pT7-7 that contain the 8.3-kb XbaI
fragment from pDC400 in opposite orientations. The asterisk indicates the overexpressed protein in BL21(DE3)/pDC601. The positions of molecular mass standards (in kilodaltons) are shown on the left.
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Presence of an hsf homolog in other encapsulated and nonencapsulated strains. In previous work, we demonstrated that
an hsf homolog is present in H. influenzae type b strains M42
and Eagan (33). To define the extent to which the hsf locus is
shared by other type b strains, we examined a panel of evolutionarily diverse type b isolates by Southern analysis. Among
these strains were six belonging to phylogenic division I (representing four different electromorph clusters) and four belonging to phylogenic division II (representing two different
electromorph clusters) (24). Chromosomal DNA was digested
with BglII and then probed with the intragenic 3.3-kb fragment
of the hsf gene. As shown in Fig. 7A, all 10 strains showed
hybridization, with some variation in the size of the hybridizing
band and a correlation between the pattern of hybridization

FIG. 5. Comparison of cellular binding specificities of E. coli DH5a harboring hsf or hia. Adherence was measured after incubating bacteria with eucaryotic
cell monolayers for 30 min as previously described (39) and was calculated by
dividing the number of adherent CFUs by the number of inoculated CFUs (39).
Values are the means 6 the standard errors of the means of measurements made
in triplicate from representative experiments. Plasmid pDC601 contains the hsf
gene from H. influenzae C54, while pHMW8-5 contains the hia gene from
nontypeable H. influenzae 11. Both pDC601 and pHMW8-5 were prepared with
pT7-7 as the cloning vector. INT407, Intestine 407.

and evolutionary lineage. The universal presence of this locus
among H. influenzae type b strains raised the question of its
prevalence in other, non-type b encapsulated H. influenzae
strains. Southern analysis of a series of type a, c, d, e, and f
isolates again demonstrated a homolog in all cases, again with
some variability in the size of the hybridizing band (Fig. 7B). It
is of note that all four type f strains contained a hybridizing
band of the same size.
Recently Fleischmann et al. (15) reported the genome sequence of H. influenzae Rd, which was one of the two serotype
d strains we examined by Southern analysis. In accord with our
Southern blotting results, a search of the Rd genome revealed
an open reading frame with striking sequence similarity to hsf.
From the published sequence it is evident that the Rd locus is
only 894 nucleotides in length and encodes a protein of 298
amino acids that is 63% identical and 75% similar to the
N-terminal region of Hsf. Interestingly, sequence immediately
downstream of the Rd gene also shows similarity to C54 hsf.
Further analysis of the Rd gene suggests that a base pair has
been deleted at position 887, creating a frameshift and a premature termination codon. To confirm the accuracy of the Rd
sequence in the region with the possible deletion, we used PCR
and amplified a 514-bp fragment that overlaps this area; nucleotide sequencing of the amplified fragment corroborated
the published sequence. As predicted from these findings, Rd
lacks fibrils and demonstrates minimal in vitro adherence (data

FIG. 6. Comparison of the N-terminal extremities of Hsf, HMW1, HMW2,
AIDA-I, Tsh, and SepA. The N-terminal sequence of Hsf is aligned with those
of Hia (6), HMW1 (4), HMW2 (4), AIDA-I (8), Tsh (27), and SepA (7). Amino
acids that are invariant among the seven proteins are enclosed in boxes. A
consensus sequence, defined as the presence of the same amino acid in four or
more of the seven sequences, is shown on the lower line.
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FIG. 4. Southern analysis of chromosomal DNA from H. influenzae C54 and 11, probing with hsf or hia. (A) Hybridization with the 3.3-kb PstI-BglII intragenic
fragment of hsf from strain C54. (B) Hybridization with the 1.6-kb StyI-SspI intragenic fragment of hia from strain 11. DNA fragments were separated on a 0.7% agarose
gel and transferred bidirectionally to nitrocellulose membranes prior to probing with either hsf or hia. Lanes 1, strain C54 chromosomal DNA digested with BglII; lanes
2, strain C54 chromosomal DNA digested with ClaI; lanes 3, strain C54 chromosomal DNA digested with PstI; lanes 4, strain 11 chromosomal DNA digested with BglII;
lanes 5, strain 11 chromosomal DNA digested with ClaI; lanes 6, strain 11 chromosomal DNA digested with XbaI.
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DISCUSSION

not shown). Theoretical correction of the frameshift results in
a predicted protein at least 1,324 amino acids in length, depending on whether other, larger deletions also exist. The
smaller size of the 1,324-amino-acid Rd protein compared with
Hsf reflects the presence of one and one-half internal repeats
rather than three.
Previous experiments revealed that 13 of 15 nontypeable
strains lacking an HMW1- or HMW2-related protein had evidence of an hia homolog (6). Consistent with the demonstration that hsf and hia are homologous, Southern analysis of
these 15 strains, probing with the 3.3-kb fragment of hsf, demonstrated hybridization in 12 of the same 13 (data not shown).
Chromosomal location of the hsf locus. In earlier work, the
hia locus in nontypeable strain 11 was found to be flanked
upstream by an open reading frame with significant homology
to the gene coding for E. coli exoribonuclease II (6). In the
present investigation, we determined that the hsf locus in strain
C54 likewise is flanked on the 59 side by an open reading frame
with similarity to the gene coding for E. coli exoribonuclease II.
This gene terminates 357 bp before the hsf start codon and
encodes a protein with a predicted amino acid sequence that is
61% similar and 33% identical at its C-terminal end to exoribonuclease II. It is of note that the Rd hsf homolog is also
flanked upstream by the exoribonuclease II locus.
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FIG. 7. Southern analysis of chromosomal DNA from epidemiologically distinct strains of type b H. influenzae and from non-type b encapsulated strains of
H. influenzae. Chromosomal DNA was digested with BglII, separated on a 0.7%
agarose gel, transferred to nitrocellulose, and probed with the 3.3-kb PstI-BglII
intragenic fragment of hsf from strain C54. (A) Lane 1, strain C54; lane 2, strain
1081; lane 3, strain 1065; lane 4, strain 1058; lane 5, strain 1060; lane 6, strain
1053; lane 7, strain 1063; lane 8, strain 1069; lane 9, strain 1070; lane 10, strain
1076; lane 11, strain 1084. (B) Lane 1, SM4 (type a); lane 2, SM72 (type c); lane
3, SM6 (type d); lane 4, Rd (type d); lane 5, SM7 (type e); lane 6, 142 (type e);
lane 7, 327 (type e); lane 8, 351 (type e); lane 9, 134 (type f); lane 10, 219 (type
f); lane 11, 346 (type f); lane 12, 503 (type f).

In the present study we found that the H. influenzae type b
surface fibril (hsf) locus contains a single long open reading
frame that codes for a protein over 200 kDa in size. Analysis of
the predicted amino acid sequence of the hsf product (Hsf)
revealed significant similarity to a recently identified nontypeable H. influenzae adhesin called Hia. Consistent with this
finding, E. coli transformants expressing Hsf and derivatives
expressing Hia demonstrated the same cellular binding specificity. Furthermore, Southern blotting demonstrated that an
hsf homolog is ubiquitous among encapsulated H. influenzae
strains.
Overall, Hsf and Hia are 81% similar to one another. On the
basis of the results of this study, these two proteins appear to
recognize the same host cell receptor structure. Interestingly,
the Hsf protein is roughly 240 kDa and is associated with
expression of short surface fibrils; in contrast, Hia is only 114
to 115 kDa and has not been associated with fibril expression
(6, 32). With this information in mind, it is notable that Hsf was
identified in a type b strain while Hia was discovered in a
nontypeable strain. One possibility is that a larger protein that
forms a filamentous structure and extends beyond the surface
of the bacterium is necessary in an encapsulated strain but is
unnecessary in a nontypeable (nonencapsulated) strain. In support of this hypothesis, fibril-mediated attachment by encapsulated strain C54 is greatest under growth conditions that
result in diminished encapsulation (34); in contrast, Hia-mediated attachment by nontypeable strain 11 is slightly reduced
under the same growth conditions (35).
Examination of a series of evolutionarily diverse H. influenzae type b strains demonstrated the universal presence of a
homolog to the hsf locus. Similarly, analysis of 11 non-type b
encapsulated H. influenzae strains again revealed the existence
of a homolog in each case. These findings indicate that the hsf
locus is highly conserved among encapsulated H. influenzae
strains and suggest that the hsf gene product may play a critical
role in the life cycle of these organisms. It is interesting that an
hsf homolog is present in some but not all nontypeable strains.
Analysis of a large number of nontypeable strains showed that
roughly one-quarter appear to contain a homolog of the hsf
locus (32). Furthermore, in H. influenzae type b strain C54 and
nontypeable strain 11, the hsf or hia gene is positioned in the
same location in the genome, flanked upstream by the gene
coding for the exoribonuclease II protein. It is intriguing to
speculate that a subgroup of nontypeable strains, defined by
the presence of an hsf homolog, are more highly related to
encapsulated strains.
Analysis of the predicted amino acid sequence of the hsf
gene product revealed low-level sequence homology to several
bacterial adhesins, including the HMW1 and HMW2 proteins
of nontypeable H. influenzae strains (4, 39), the AIDA-I protein of some diarrheagenic E. coli strains (8), and the hemagglutinin called Tsh of an avian E. coli strain (27). In addition,
we noted homology to an S. flexneri secreted protein called
SepA (7). The HMW1 and HMW2 proteins and the AIDA-I
adhesin are encoded by gene clusters that include a structural
gene along with accessory genes required for correct processing and surface localization of the respective adhesive protein
(5, 8). On the other hand, Tsh and SepA are capable of autosecretion via a mechanism similar to that described for the
Neisseria and H. influenzae IgA1 serine proteases (7). On the
basis of adherence data from E. coli transformants expressing
the Hsf protein, it appears that Hsf is capable of reaching the
bacterial surface and mediating in vitro adherence independent of other H. influenzae gene products. Along these lines, it
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is notable that Hsf contains a potential Walker A box ATPbinding domain (45), which may provide the energy for autosecretion. It is also possible, however, that E. coli proteins
influence surface localization of Hsf.
The stretch of 29 thymine residues upstream of the hsf start
codon is reminiscent of the A tract upstream of the Mycoplasma hyorhinis vlp genes and the C tract upstream of the
Bordetella pertussis fim genes. In the case of the vlp genes, the
poly(A) region is positioned between the 210 box and the 235
sequence and the length of the A tract controls Vlp phase
variation, presumably by influencing transcription initiation
(50). Similarly, the poly(C) region upstream of the fim genes is
located between the 210 box and the binding site for an activator, and shifts in the length of the C tract correlate with
altered levels of fim expression (48). By analogy, it is possible
that the hsf T tract can vary in length and that such variation
can influence hsf transcription. Future studies will examine this
issue.
To summarize, we have identified a locus designated hsf
which is involved in H. influenzae adherence to human epithelial cells. This locus appears to be common to all encapsulated
H. influenzae strains and to a subset of nontypeable Haemophilus strains. We are presently studying whether the hsf product
plays a role in in vivo colonization.
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