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The interaction of the fimbriae of Haemophilus influenzae type b (Hib) with two heparin-binding extracellular
matrix proteins, human fibronectin (Fn) and heparin-binding growth-associated molecule (HB-GAM) from
mouse, were studied. The fimbriated Hib strain 770235 fim1, as well as the recombinant strain E. coli
HB101(pMH140), which expressed Hib fimbriae, adhered strongly to Fn and HB-GAM immobilized on glass.
Purified Hib fimbriae bound to Fn and HB-GAM, and within the Fn molecule, the binding was localized to the
N-terminal 30,000-molecular-weight (30K) and 40K fragments, which contain heparin-binding domains I and
II, respectively. Fimbrial binding to Fn, HB-GAM, and the 30K and the 40K fragments was inhibited by high
concentrations of heparin. The results show that fimbriae of Hib interact with heparin-binding extracellular
matrix proteins. The nonfimbriated Hib strain 770235 fim2 exhibited a low level of adherence to Fn but did
not react with HB-GAM, indicating that Hib strains also possess a fimbria-independent mechanism to interact
with Fn.

Haemophilus influenzae is a normal inhabitant of the human
nasopharynx and causes both localized and invasive infections
in humans. Unencapsulated H. influenzae strains are responsi-
ble for mild infections, such as otitis media, sinusitis, and
bronchitis. Encapsulated H. influenzae type b (Hib) strains
cause more severe diseases, such as meningitis, septicemia, and
arthritis (33). Young children especially are sensitive to infec-
tion by Hib strains. The type b capsule is thought to contribute
to the pathogenesis of Hib strains by inhibiting neutrophil
phagocytosis and resisting complement-mediated bactericidal
activity; these properties enhance the bloodstream survival of
Hib bacteria (reviewed in reference 32).

The fimbriae of Hib strains mediate bacterial adhesion to
oropharyngeal epithelial cells (37, 39) and promote Hib colo-
nization in organ culture models (5, 7, 12). In addition, fim-
briated Hib isolates show efficient adhesion to mammalian
extracellular matrices (ECMs) (43), which may promote the
invasion of Hib strains into the circulation. The expression of
the Hib fimbriae is subject to reversible phase variation (6, 40),
and the fimbrial expression can change rapidly during infec-
tion. During natural infection, Hib isolates colonizing the na-
sopharynx are fimbriated, while in the circulation, Hib isolates
do not express fimbriae. These observations suggest that ex-
pression of fimbriae is beneficial for Hib during the initial
stages of infection but is not needed at later stages of infection
when the bacteria have reached the circulation. Nonfimbriate
strains also exhibit adhesiveness to epithelial cells (reviewed in
reference 7) and the ECM (43), and it is apparent that struc-

tures other than fimbriae also support adhesion of Hib and
other isolates of H. influenzae.

The Hib fimbrial-gene cluster consists of five genes (hifA to
hifE) which are involved in fimbria biogenesis (14, 28, 39, 41).
HifA is the major fimbrial subunit, and HifB and HifC function
as a periplasmic chaperone and an outer membrane usher,
which are needed in the assembly and cell wall anchoring of
the filament. hifD and hifE encode putative minor fimbrial
subunits. The Hib fimbriae recognize sialic acid-containing lac-
tosylceramide derivatives on human oropharyngeal epithelial
cells (37) and on human erythrocytes carrying the AnWj anti-
gen (35). The identity of the adhesin molecule in the Hib
fimbria has remained open; evidence in favor of the major
component, HifA, as well as the minor components has been
presented (15, 16, 42).

Fibronectin is a well-characterized, multifunctional adhesive
protein present in ECMs and in a soluble form in plasma.
Fibronectin is involved in many important functions of cells
and tissues, such as cell adhesion, spreading and migration,
and tissue development and differentiation, as well as blood
clot stabilization and wound healing (3, 25, 48). Fibronectin is
a dimer of two nearly identical polypeptide chains that are
assembled into a series of continuous structural and functional
domains (19). Using proteolytic fragments of fibronectin, sev-
eral domains with different binding activities have been
mapped within the molecule (3, 48) (Fig. 1). The major cell-
binding site, containing a crucial Arg-Gly-Asp sequence, is
located within the 120-kDa fragment in the central part of the
fibronectin molecule. The collagen-binding activity is located
within the 40- to 45-kDa domain near the amino terminus, and
the amino-terminal domain (30 kDa) contains multiple ligand-
binding activities with affinities to, e.g., heparin and fibrin.
Fibronectin contains a second heparin-binding domain in the
carboxyl-terminal part of the molecule. Both domains interact
with heparin and heparan sulfate proteoglycans. Heparin-bind-
ing activity has been shown to enhance cell adhesion to fi-
bronectin (25, 48).
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The ECM and its components are recognized by a number
of invasive bacterial pathogens, including gram-negative as
well as gram-positive species (reviewed in references 18 and
44). Adherence to matrix components has been found to en-
hance bacterial migration from the primary infection site into
the circulation or secondary infection loci (24, 31), as well as to
enhance bacterial colonization of damaged tissue sites, such
as wounds (reviewed in reference 44). The four major men-
ingitis-associated bacterial species, H. influenzae, Neisseria
meningitidis, Streptococcus pneumoniae, and Escherichia coli,
bind fibronectin (4, 26, 38, 43), which raises the possibility that
interaction with an ECM protein has a role in the infectious
process in bacterial meningitis. In particular, fimbriated and
nonfimbriated clinical isolates of H. influenzae exhibit a broad
spectrum of interactions with glycosylated as well as collage-
nous proteins of the ECM (43).

The bacteria-fibronectin interactions are based on either
protein-protein or protein-carbohydrate interaction and are
targeted to different domains of the fibronectin molecule. The
binding sites for staphylococci, streptococci, and P-fimbriate
and type-1-fimbriate E. coli are located within the N-terminal
domain of fibronectin, which lacks carbohydrate (1, 11, 29, 30,
46, 47) (Fig. 1). In contrast, binding to fibronectin by the S
fimbriae of meningitis-associated E. coli is based on recogni-
tion of the sialyl oligosaccharide chains in fibronectin (26).
Staphylococcus aureus and S. pneumoniae also bind to the C-
terminal heparin-binding domain of fibronectin (1, 11, 38), and
P-fimbriate E. coli also binds to the 120- to 140-kDa carboxyl-
terminal fragment of the fibronectin molecule (46), which is
also recognized by N. meningitidis (4). In this study, we char-
acterize more closely the interaction of Hib fimbriae with fi-
bronectin and show that the Hib fimbriae also interact with the
heparin-binding growth-associated molecule (HB-GAM), an
ECM protein of developing nervous tissue (22). HB-GAM
binds the heparan sulfate side chains of N-syndecan, a cell
surface proteoglycan, and its interaction with heparinlike mol-
ecules of the neuron surface promotes the formation of neu-
ronal connections (20, 21, 23). In addition to the nervous
system, HB-GAM occurs in the basement membranes of sev-
eral nonneuronal organs (17).

MATERIALS AND METHODS

Bacterial strains and culture conditions. Fimbriated Hib strain 770235 fim1
and the nonfimbriated variant 770235 fim2 were cultured overnight at 37°C on
brain heart infusion agar plates supplemented with 1% IsoVitalex (BBL Micro-
biology Systems, Cockeysville, Md.) and 40 mg of hemin (Sigma, St. Louis,

Mo.)/liter in a humid atmosphere containing 5% CO2 (2, 34, 35). For adhesion
tests, bacteria from the agar were inoculated into brain heart infusion broth
supplemented as described above. After overnight cultivation, the bacteria were
collected by centrifugation (1,000 3 g; 10 min) and washed twice with phosphate-
buffered saline (PBS; pH 7.1). The recombinant E. coli strain HB101(pMH140),
carrying the Hib fimbrial gene cluster, and the nonfimbriate control strain
HB101(pEMBL8) were cultured overnight at 37°C on Luria agar plates supple-
mented with 100 mg of ampicillin/ml (39, 41, 42). Before use in adhesion tests, the
Hib fimbrial expression on bacteria was confirmed by hemagglutination and
agglutination tests with Hib fimbria-specific antibodies (36). The recombinant
strains were also tested by mannoside-sensitive yeast cell agglutination (8) to
confirm lack of expression of E. coli type 1 fimbriae.

Adherence tests. Bacterial adherence to glass coated with ECM proteins was
tested as described earlier (43, 45). Glass slides were coated with human plasma
fibronectin (Collaborative Biomedical Products, Bedford, Mass.), recombinant
HB-GAM protein (20), and bovine serum albumin (BSA; Sigma Chemical Co.,
St. Louis, Mo.) at a concentration of 4 mg/ml. Bacteria were used at a concen-
tration of 5 3 107 to 1 3 1010/ml. For inhibition studies, the bacteria were first
incubated either with low-molecular-weight heparin (Sigma) or with chondroitin
sulfate C (Sigma) for 40 min at room temperature. Before the adhesion tests,
some fibronectin-coated wells were treated with Vibrio cholerae neuraminidase
(26) (Boehringer Mannheim, Mannheim, Germany) (50 mU/ml in Dulbecco’s
PBS [Nord Cell, Skärholmen, Sweden]) for 2 h at 37°C or with 100 mM sodium
periodate (45) in 100 mM sodium acetate buffer (pH 5.5) for 2 h at 37°C or
overnight at 4°C. The control wells were treated with buffer alone. Adherent
bacteria were visualized in an Olympus Optical Co. (Hamburg, Germany) mi-
croscope equipped with a charge-coupled device camera (catalog no. 4912-5000;
Cohu, San Diego, Calif.) after being stained with methylene blue, and the images
were digitized with an LG-3 (Scion, Frederick, Md.) scientific frame grabber and
Macintosh 7100 80-MHz computer using the public domain NIH Image version
1.55 program as described earlier (43). The number of bacteria in 20 randomly
chosen microscopic fields of 1.6 3 104 mm2 were determined by density slicing.
Statistical comparisons were carried out using Student’s t test.

ELISAs. Hib fimbrial binding to HB-GAM, fibronectin, and fibronectin frag-
ments was tested in an enzyme-linked immunosorbent assay (ELISA). The Hib
fimbriae were purified from the recombinant E. coli strains HB101(pMH140)
and HB101(pMH140hifD::kan) by the ammonium sulfate precipitation method
(9). A monoclonal antibody specific for the Hib fimbriae was available from
previous work (36). Antibody titers for purified Hib fimbriae were determined by
ELISA as described earlier (10). Antibody titers, 5.7 and 4.9 for Hib pMH140
and pMH140hifD::kan fimbriae, respectively, are given as the logarithm of the
highest dilution of the antiserum giving an absorbance of 0.5 at 405 nm. Poly-
styrene microplate (Nunc, Roskilde, Denmark) wells were coated with HB-
GAM, fibronectin, fibronectin fragments, or BSA (4 mg/ml in PBS) overnight at
4°C. N-terminal 30,000-molecular-weight (30K) (containing the heparin-binding
I domain) and 45K (containing the collagen-binding domain) fibronectin frag-
ments were from Sigma. The 120K fragment (containing the “major” cell-binding
domain) and the 40K fragment (containing the C-terminal heparin-binding II
domain) were from Chemicon International, Inc., Temecula, Calif. After being
blocked with 2% BSA, the wells were incubated with Hib fimbriae (1.5 to 100
mg/ml) at room temperature for 2 h. The monoclonal antibody specific for the
Hib fimbriae (diluted 1:30,000 [36]) and alkaline phosphatase-conjugated rabbit
anti-mouse immunoglobulin G (Dako A/S, Glostrup, Denmark) (diluted 1:500)
were used to detect fimbrial binding to target proteins. For inhibition assays, the
Hib fimbriae (50 mg/ml) were incubated first either with low-molecular-weight
heparin or with chondroitin sulfate for 40 min at room temperature. All ELISAs

FIG. 1. Schematic model of fibronectin and its major domains (modified from a previously published figure [48], with the permission of the publisher). The
fibronectin fragments (30K, 45K, 120K, and 40K) used in this study and recognition sites for bacteria or fimbriae are indicated below (1, 4, 11, 29, 30, 38, 46, 47).
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were repeated two or three times. The results are given as the means from a
representative experiment performed with duplicate samples.

Dot blot assays. Dot blot analysis with digoxigenin-labeled lectins (Glycan
differentiation kit; Boehringer Mannheim) were used to detect terminal sialyl
structures in fibronectin and fibronectin fragments. Sambucus nigra agglutinin
(SNA) recognizes terminal sialyl-a2-6-galactosides, and Maackia amurensis ag-
glutinin (MAA) recognizes sialyl-a2-3-galactosides. The target proteins were
immobilized on nitrocellulose membranes (Bio-Rad Laboratories, Richmond,
Calif.) at a concentration of 2 mg per dot (26). Lectin staining with SNA and
MAA was performed as described by Boehringer.

RESULTS

Bacterial adhesion to fibronectin and HB-GAM. The fim-
briated Hib strain 770235 fim1 adheres strongly to subendo-
thelial ECM as well as to fibronectin and collagens (43). We
analyzed the adhesion of Hib strain 770235 fim1 and its iso-
genic nonfimbriate variant Hib 770235 fim2 to human plasma
fibronectin and HB-GAM on a glass surface (Fig. 2). Strain
770235 fim1 adhered strongly to fibronectin and less efficiently
to HB-GAM (Fig. 2A), whereas no adhesion to the control
protein, BSA, was detected. Strain 770235 fim2 exhibited ad-
hesiveness to fibronectin but not to HB-GAM or BSA (Fig.
2B); the level of its adhesion to fibronectin was one-fifth of that
shown by Hib 770245 fim1.

To analyze the role of the Hib fimbriae in the observed
adherence, we tested the adhesiveness of the recombinant
strain E. coli HB101(pMH140) expressing the Hib fimbriae
(Fig. 2C). E. coli HB101(pMH140) adhered to fibronectin as
well as to HB-GAM. This strain adhered significantly better to
fibronectin (P , 0.001) and to HB-GAM (P , 0.01) than to
BSA. However, it is notable that the level of adherence was 2
to 5% of that shown by Hib strain 770235 fim1. Strain
HB101(pMH140) was also found to be much weaker in hem-

agglutination than was strain Hib 770235 fim1 (not shown). E.
coli strain HB101(pEMBL8) carrying the vector plasmid alone
exhibited a significantly (P , 0.001) weaker adhesion than did
strain HB101(pMH140) (Fig. 2D).

To analyze the role of terminal sialic acids in the observed
bacterial adhesion to fibronectin, we tested the effect of perio-
date or neuraminidase treatment of fibronectin on bacterial
adhesiveness. We observed that periodate or neuraminidase
treatment had no effect on the adhesion of Hib strain 770235
fim1 (data not shown).

Binding of purified fimbriae to fibronectin and HB-GAM.
We next tested whether purified Hib fimbriae bind to fibronec-
tin and HB-GAM. The Hib pMH140 fimbriae bound in a
dose-dependent manner to HB-GAM and fibronectin (Fig. 3.),
and the level of binding was lower with BSA. In contrast to
what was detected with fimbriate Hib cells, the level of binding
of purified Hib pMH140 fimbriae to HB-GAM protein was
higher than the level of binding to fibronectin.

We next tested whether Hib fimbrial binding could be local-
ized to a proteolytic fragment of the fibronectin molecule.
Four fibronectin fragments were used as target molecules (Fig.
1) in the ELISA with purified Hib pMH140 fimbriae. The Hib
pMH140 fimbriae bound efficiently to the N-terminal 30K and
the C-terminal 40K fragments (Fig. 4A, lanes 2 and 5), which
contain the heparin-binding domains I and II (Fig. 1). The
levels of Hib pMH140 fimbrial binding to these two fibronectin
fragments were two to three times higher than the level of
binding to the intact fibronectin molecule (Fig. 4A, bar 1).
Binding of the Hib pMH140 fimbriae to the fibronectin frag-
ments was also dose dependent (data not shown). The levels of
binding to the 45K fragment (Fig. 4A, bar 3) and the 120K
fragment (Fig. 4A, bar 4), as well as to BSA (Fig. 4A, bar 6),
were low. The mutated pMH140hifD::kan fimbriae showed
weak binding to the target proteins (Fig. 4B).

The results described above suggested that the heparin-
binding domains in the fibronectin molecule act as binding
sites for the Hib fimbriae. We therefore tested the effect of

FIG. 2. (A and B) Adhesion of the fimbriate Hib strain 770235 fim1 and the
nonfimbriate strain Hib 770235 fim2 to fibronectin (Fn), HB-GAM, and BSA
immobilized on glass slides. (C and D) Adhesion of recombinant E. coli
HB101(pMH140) expressing Hib fimbriae, and of HB101(pEMBL8) with the
vector plasmid alone, to target proteins. Bacteria were tested at concentrations
of 109/ml (A and B) and 1010/ml (C and D). The means and standard deviations
of adherent bacteria in 20 microscopic fields of 1.6 3 104 mm2 are shown.

FIG. 3. Binding of purified Hib pMH140 fimbriae to fibronectin (Fn), HB-
GAM, and BSA. The absorbance values are means from a representative exper-
iment performed with duplicate samples. The error bars show the range of
absorbance values.

5698 VIRKOLA ET AL. INFECT. IMMUN.



heparin and chondroitin sulfate on fimbrial binding. pMH140
fimbrial binding to fibronectin and to the 30K or the 40K
fragment, as well as to HB-GAM, was decreased by 45 to 75%
in the presence of 250 mg of heparin/ml (Fig. 5). On the other
hand, chondroitin sulfate at the same concentration had a
weaker (decreased by 0 to 33%) effect on pMH140 fimbrial
binding (Fig. 5).

It has been reported that Hib fimbriae bind to sialic acid-
containing receptor molecules on erythrocytes and epithelial
cells (35, 37). On the other hand, sialyl oligosaccharide chains
do not occur in the terminal 30K and 40K fragments of fi-
bronectin (3, 19) that supported fimbrial binding in this study.
We confirmed the lack of terminal sialyl a2-3 and a2-6 galac-
tosides in the 30K and 40K fragments in this study using a
lectin differentiation kit (data not shown). On the other hand,
terminal sialyl a2-6-galactosides were detected in human
plasma fibronectin, fibronectin fragment 45K (collagen-bind-
ing domain), and fragment 120K (major cell-binding domain),
and terminal sialyl a2-3-galactosides were not found in any of
the target proteins (data not shown). Furthermore, the adher-
ence of Hib 770235 fim1 to fibronectin was not decreased after
neuraminidase treatment of fibronectin or periodate oxidation
of fibronectin carbohydrate (data not shown).

DISCUSSION

Fimbriated and nonfimbriated isolates of H. influenzae ex-
hibit multiple interactions with proteins of the mammalian
ECM (43), and our hypothesis is that these interactions con-
tribute to the spread of bacteria through tissue barriers into the
circulation and secondary infection sites. We show here that
the fimbriae of Hib bind to two heparin-binding ECM proteins,
fibronectin and HB-GAM. The wild-type fimbriate Hib strain,
as well as the recombinant E. coli strain expressing the Hib
fimbriae, showed adhesiveness, and the purified Hib fimbriae
bound to both matrix proteins. Within the fibronectin mole-
cule, fimbrial binding was localized to the N-terminal and C-
terminal fragments, both of which contain heparin-binding do-
mains. Our previous (43) and present work showed that the
nonfimbriated H. influenzae also adheres to fibronectin, which
indicated that the Hib isolates also have a fimbria-independent
mechanism to interact with fibronectin.

The fimbriae of Hib strain 770235 fim1 efficiently bound to
fibronectin. However, the nonfimbriate Hib 770235 fim2 also
adhered to fibronectin, but at a much lower level than did the

fimbriate isolate. This indicates that the Hib isolate 77023 has
two mechanism to interact with fibronectin, one fimbria de-
pendent and another that is fimbria independent. Our finding
that nonfimbriate, non-type b isolates of H. influenzae ex-
pressed fibronectin adherence (43) suggests that the fimbria-
independent mechanism(s) is common in H. influenzae. The
surface structure mediating this adhesion remains to be iden-
tified; it is notable that nonfimbrial adherence factors have
been characterized in H. influenzae (6, 27).

The recombinant strain E. coli HB101(pMH140) (Fig. 2C)
expressing Hib fimbriae showed a much poorer adhesion to
fibronectin than did Hib strain 770235 fim1. The strain was
also reduced in its capacity to cause hemagglutination, and it is
likely that the poor adhesion by HB101(pMH140) resulted
from a low number of fimbriae per bacterium. The finding that
pMH140 induced hemagglutination capacity in HB101 indi-
cates that the poor adhesiveness was not due to incorrect
assembly of the Hib fimbrae on the E. coli surface.

The contribution of the fimbrial major component, HifA,
and the minor components, HifD and HifE, to Hib adherence
has remained controversial. van Ham and coworkers (41) an-
alyzed the adhesiveness of recombinant E. coli strains that
expressed Hib fimbriae either with or without the minor com-
ponents and concluded that the minor fimbrial subunits are
dispensable for adherence to epithelial cells and that the ad-
hesive domain resides in the major subunit, HifA. Later, Mc-
Crea et al. (15, 16) found that anti-HifE antibodies completely
block fimbria-specific hemagglutination, which suggests that
the minor subunit HifE is involved in Hib fimbria adherence.
We found that the fimbriae from the mutated derivative
HB101(pMH140hifD::kan) failed to bind to fibronectin, the
30K and 40K fragments, and HB-GAM. This strain carries an
antibiotic casette causing a polar termination of transcription
and is deficient in both HifD and HifE, and the result thus
indicates that HifD and/or HifE is needed for adherence to
fibronectin and HB-GAM. Whether both minor components
are needed remains to be analyzed. It might be that the Hib
fimbriae are analogous in their binding specificity to the P

FIG. 4. Binding of purified pMH140 fimbriae (A) and mutated pMH140hifD::
kan fimbriae (B) to fibronectin (Fn), fibronectin fragments (30K, 45K, 120K, and
40K [Fig. 1]), and BSA as measured by ELISA. The absorbance values are means
from a representative experiment performed with duplicate samples. The error
bars show the range of absorbance values.

FIG. 5. Inhibition of binding of purified Hib pMH140 fimbriae to fibronectin
(Fn), HB-GAM, BSA, and 30K and 40K fibronectin fragments. Binding is shown
in the presence of PBS (bar 1), low-molecular-weight heparin (250 mg/ml; bar 2),
and chondroitin sulfate (250 mg/ml; bar 3). The absorbance values are means
from a representative experiment performed with duplicate samples. The error
bars show the range of absorbance values.
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fimbriae of uropathogenic E. coli, which possess two distinct
tissue-binding properties, PapG-mediated binding to glyco-
sphingolipid receptors on human uroepithelia (13) and PapE-
and PapF-mediated binding to immobilized fibronectin (46,
47). This hypothesis is strongly supported by our finding that
terminal sialyl oligosaccharides of fibronectin were not in-
volved in Hib fimbrial binding to fibronectin, although sialyl
structures are involved in fimbrial binding to the epithelial cells
and erythrocytes (35, 37).

Hib fimbrial binding was localized in two domains of the
fibronectin molecule, the amino-terminal 30K and the carbox-
yl-terminal 40K fragments, which both contain a heparin-bind-
ing site also present in HB-GAM. The fimbrial binding was
partially abolished in the presence of high concentrations of
heparin, and less inhibition was seen with chondroitin sulfate,
which is not recognized by the heparin-binding sites in fi-
bronectin or HB-GAM (Fig. 5).

The high concentrations of heparin that were needed to
inhibit fimbrial binding to fibronectin and HB-GAM, however,
indicate that the inhibition resulted from indirect effects. It
could be that heparin binds to a site close to the fimbrial
binding sites on the target proteins. The heparin-binding sites
in HB-GAM and fibronectin show a low level of identity.
Another possibility is that the interaction is based on charge
effects, particularly as the sequence of HifE contains regions
rich in basic and hydrophobic residues (14, 41). It is also
unlikely that the Hib fimbriae or the Hib or E. coli cell surfaces
would harbor heparinlike components that would interfere
with the binding assays. We also failed to detect any binding of
the Hib fimbriae to heparan sulfate proteoglycan and chon-
droitin sulfate proteoglycan (R. Virkola, unpublished data),
indicating that heparan sulfate side chains are not recognized
by the Hib fimbriae.

This is the first report of HB-GAM as a target for bacterial
adhesion. Although HB-GAM is highly expressed in meninges
(23), it is also found in other basement membranes and in
developing basement membranes outside the brain (17).
Hence, the adhesion property described here may have a
pathogenetic function for meningitic bacteria.
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