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In this report the first example of functional expression
of a fimbrial gene cluster of a non-enteric human
pathogen in Escherichia coli is described. This is shown
for Haemophilus influenzae fimbriae which mediate
adherence to oropharyngeal epithelial cells. A genomic
library of H.influenzae type b, strain 770235f*b°,
was constructed using a cosmid vector and screened
with a synthetic oligonucleotide probe derived from
the N-terminal sequence of the fimbrial subunit of
H.influenzae. Four cosmid clones were found which
hybridized to this oligonucleotide probe. Escherichia
coli strains harbouring these clones expressed the
H.influenzae fimbriae at their cell surface, as was
demonstrated in a whole-cell ELISA and by immunogold
electron microscopy using a monoclonal antibody specific
for the H.influenzae fimbriae. Surface expression could
be maintained during subcloning until a minimal
H.influenzae DNA insert of ~8.1 kb was obtained.
Escherichia coli strains harbouring the 8.1 kb H.
influenzae DNA were able to cause a mannose-resistant
adherence to oropharyngeal epithelial cells and a
mannose-resistant haemagglutination of human AnWj-
positive erythrocytes. The nucleotide sequence of hifA,
the gene encoding the major fimbrial subunit, was
determined. The predicted amino acid sequence shows
a significant homology with a number of E.coli fimbrial
subunits.
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Introduction

The Gram-negative bacterium Haemophilus influenzae is
an important human pathogen, causing serious systemic
infections in young children. These infections include
meningitis and also mucous membrane infections, such as
chronic bronchitis (Turk, 1985). Adherence is generally
believed to be the first step in the pathogenesis of many
infectious diseases and probably represents a common step
in both systemic and mucosal H.influenzae infections.
Therefore, more knowledge about the components mediating
this adherence may result in a vaccine that is effective against
both systemic and mucosal H. influenzae infections. For many
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pathogenic bacteria it has been shown that adherence is
mediated by fimbriae (Pearce and Buchanan, 1980). The
genetic organization of various Escherichia coli fimbriae
has already been examined in detail and the expression of
particular gene products at the cell surface could be
correlated to the ability of E.coli to adhere to host cells
(Lindberg et al., 1986; Hanson and Brinton, 1988).
However, expression of fimbriae of non-enteric human
pathogens at the cell surface of E.coli has not yet been
reported. The adherence of H.influenzae to various cell types
is also mediated by fimbriae. Fimbriated forms of H.
influenzae adhere better to human nasopharyngeal epithelial
cells and human oropharyngeal cells than non-fimbriated
forms (Guerina et al., 1982; Pichichero er al., 1982).
This is particularly of interest, since the nasopharynx is
generally assumed to act as the port of entry for H.
influenzae. Fimbriated bacteria also cause a mannose-
resistant agglutination of human erythrocytes (MRHA),
which express the blood group AnWj antigen (van Alphen
et al., 1986; Poole and van Alphen, 1988). The adherence
to oropharyngeal cells and MRHA can be inhibited by
monoclonal antibodies directed against the fimbriae (van
Alphen et al., 1988). Moreover, isolated fimbriae bind to
oropharyngeal epithelial cells and cause MRHA (van Alphen
et al., 1988).

In this paper we describe the cloning in E.coli of the
structural genes involved in the biosynthesis of the fimbriae
of H.influenzae type b. We show that the cloned H.influenzae
DNA fragment confers upon E.coli the ability to produce
morphologically and functionally intact fimbriae. This will
allow us to study in E. coli the role of H.influenzae fimbriae
in the pathogenesis of both systemic disease and respiratory
tract infections, without interference of other H.influenzae
virulence products. The nucleotide sequence of the structural
gene encoding the major fimbrial subunit, hif4, is presented
and the significant homology between hif4 and the major
subunits of the E. coli type 1 and Pap fimbriae is discussed.

Results

Identification of the H.influenzae fimbrial gene (hifA)
with an oligonucleotide probe

In order to identify clones containing the fimbrial genes
of H.influenzae strain 770235f"b°, we synthesized an
oligonucleotide probe derived from the N-terminal amino
acid sequence of the 23 kd fimbrial subunit of the type b
strain AO2 (Guerina et al., 1985) (Figure 1). This sequence
showed complete identity to the first 16 amino acid residues
of the fimbrial subunit derived from strain 770235f"b°,
except for the first residue (data not shown), and was
therefore presumed to be representative for the 770235 b°
subunit. The oligonucleotide was derived from residues
12 —22 because this region contained predominantly amino
acids which show limited codon degeneracy. Codon usage
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12 13 14 15 16 17 18 19 20 21 22

protein Phe-Phe-Gly-Lys~Val-Val-Glu-Asn-Thr-Cys-Lys

oligo 5’ TTT-TTT-GGT-AAA-GTT-GTT-GAA-AAT-ACA-TGT-AAA 3’

Fig. 1. Synthetic oligonucleotide probe derived from the N-terminal
amino acid sequence of the H.influenzae fimbrial subunit of strain
AO2. The nucleotides at the wobble positions of the codons were
chosen on the basis of codon usage data of H.haemolyticus (Caserta et
al., 1987). The corresponding amino acid sequence of residues 1222
of the fimbrial subunit is also shown.

Fig. 2. Restriction enzyme analysis of H.influenzae DNA containing
the hif4 gene. (A) DNA was digested with PstI and separated on a
0.7% agarose gel. (B) After gel-electrophoresis, the DNA was
transferred to a nylon membrane, and hybridized to the labelled
oligonucleotide probe from Figure 1. Lanes: 1, chromosomal DNA
derived from H.influenzae strain 770235f*b°; 2, cosmid pMH100; 3,
cosmid pMH200; 4, cosmid pMH300; 5, cosmid pMH400; 6, phasmid
pMHO01. The numbers on the left indicate the sizes (in kilobase pairs)
of marker DNA fragments.

data were obtained from the Hhal methyl transferase gene
of Haemophilus haemolyticus (Caserta et al., 1987).

The oligonucleotide probe did not hybridize to genomic
restriction digests of E.coli strain LE392 or DH5« under
the experimental conditions used. However, hybridization
with PstI-digested chromosomal DNA from strain
770235 b° revealed a single fragment (6.0 kb) (Figure 2,
lane 1), which suggested the presence of a single fimbrial
subunit gene (designated hifA).

Molecular cloning of the 770235f" b° hifA gene

The 6.0 kb Pstl fragment was isolated and cloned into
pEMBLS. One of the plasmids harbouring the 6.0 kb Psz1
fragment was designated pMHQO1. Escherichia coli strains
harbouring pMHO001 did not produce H.influenzae fimbriae,
as determined by immunogold electron microscopy and a
whole-cell ELISA (see below). This suggested that the 6.0 kb
Pst1 fragment does not contain all the information necessary
for fimbriae expression, or that E.coli is unable to produce
functionally intact H.influenzae fimbriae.

To see if it was possible to produce functionally intact
H.influenzae fimbriae in E. coli, larger DNA fragments were
cloned using a cosmid vector. A genomic library consisting
of 1056 recombinant clones was constructed by cloning
partially Sau3A digested chromosomal DNA of the H.
influenzae strain 770235f*b° into the cosmid pHC79
followed by transduction into E.coli strain LE392. The
library was screened with the synthetic oligonucleotide
derived from the fimbrial subunit (Figure 1). Four clones
showed a strong positive hybridization signal and were found
to produce the H.influenzae fimbriae at their cell surface
(see below). The cosmids contained in these clones were
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Fig. 3. Restriction enzyme map of the 8.13 kb insert in pMH140 that
encodes the H.influenzae fimbriae. pEMBL8 DNA is indicated by the
thick line. The position and the orientation of the fimbrial subunit

gene, hifA, are indicated. Distances between restriction sites are given
in kilobases. Amp refers to the ampicillin-resistance gene of pEMBLS.

designated pMH 100, pMH200, pMH300 and pMH400 and
contained H.influenzae DNA varying in size from 18.6 to
48.2 kb. Cosmid DNA was purified, digested with PstI and
analysed by Southern hybridization using the synthetic
oligonucleotide as a probe (Figure 2). All cosmid clones
contained a single PstI fragment hybridizing to the probe.
The size of the hybridizing fragments was similar for clones
pMH100 and pMH200 (5.2 kb), but differed from the
corresponding fragments (5.6 and 3.1 kb) of the other clones
(pPMH300 and pMH400). The hybridizing fragment of each
clone was smaller than the corresponding fragment of clone
pMHO01, which contains the PstI fragment detected in
genomic blots of strain 770235f*b°. The finding that the
size of the PstI fragment which contains the hif4 gene differs
between the various clones indicates that this fragment is
not an internal fragment in the H.influenzae DNA contained
in the cosmids, but a flanking fragment.

Expression of the H.influenzae fimbriae in E.coli
Escherichia coli strains with the four cosmids harbouring
the hifA gene were analysed for their ability to confer upon
E. coli the ability to produce H.influenzae fimbriae at its cell
surface. To this end, the E.coli strains were tested in a
whole-cell ELISA for reactivity with MoAb 6HES, which
is specific for the H.influenzae fimbriae (van Alphen et al.,
1988) (Table I, column 2). All four strains reacted with
MoAb 6HES, indicating that the fimbrial epitope that is
recognized by this MoAb was produced, transported and
assembled into its native conformation at the cell surface of
E.coli. The reactivity with MoAb 6HES varied between the
various clones and was not as strong as that of H.influenzae
strain 770235f*b°.

Subcloning of the H.influenzae DNA harbouring hifA

In order to restrict the size of the cloned H.influenzae DNA
to the minimal size necessary for fimbriae expression,
subcloning was performed. Clone pMH100, which contains
a H.influenzae DNA insert of 35.7 kb, was partially digested
with Sau3A to obtain fragments with sizes between 5 and
10 kb. After isolation with porous glass, these fragments
were subcloned into the unique BamHI restriction site of the
phasmid pEMBLS and the mixture was used to transform
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Fig. 4. Electron micrographs of immunogold labelled DH5« derivatives. Bacteria were incubated with MoAb 6HES followed by gold-conjugated
Protein A. Subsequently the bacteria were counterstained with phosphotungstic acid. (A) Escherichia coli clone DH5a/pMHO001; (B,C) E.coli
DH5a/pMH140. Bars, 0.3 um. The thick arrow in (C) indicates the H.influenzae fimbriae and the thin arrow indicates the type 1 E.coli fimbriae.

E.coli strain DHS«. A number of positive transformants
were found after screening with MoAb 6HES. The smallest
H.influenzae DNA fragment that still conferred the ability
to produce fimbriae was contained in pMH 140, which had
a DNA insert of 8.1 kb. Restriction enzyme analysis of
pMHI140 showed that several restriction enzymes had
recognition sites in the cloned DNA fragment (Figure 3).

Immunogold electron microscopy

In order to examine the expression of the H.influenzae
fimbrial gene cluster in E.coli in more detail, immunogold
electron microscopy with MoAb 6HES8 was performed on
various clones and subclones. Escherichia coli strains
containing H.influenzae DNA that did not hybridize to the
oligonucleotide probe were not labelled with MoAb 6HES
(results not shown). Furthermore, E.coli strains harbouring
plasmid pMHOO01 also were not labelled (Figure 4A). Gold
spheres were not seen on the bacterial cell surface nor on
the type 1 fimbriae of the E.coli strain. Escherichia coli
strains harbouring plasmid pMH140 expressed hair-like
fimbriae, which resembled H.influenzae fimbriae (Figure
4B). These haemophilus-like fimbriae were labelled with
gold spheres along the axis of the fimbriae, in contrast to
the morphologically different type 1 fimbriae of these E. coli
strains. Sparse labelling of the bacterial cell surface was
presumably due to folding of the H.influenzae fimbriae over
the cell surface. Expression of these fimbriae did not seem
to affect the expression of the E.coli type 1 fimbriae, since
one single bacterium could express both H.influenzae
fimbriae and type 1 fimbriae (Figure 4C).

Mannose-resistant adherence and haemagglutination
Various E.coli strains carrying recombinant cosmids and
plasmids were tested for H.influenzae-like adherence to
oropharyngeal epithelial cells. The assay was performed in
the presence of mannose to abolish unwanted adherence
phenomena due to the E.coli type 1 fimbriae. Adherence
to oropharyngeal cells was in all cases correlated to the
presence of H.influenzae fimbriae on the bacterial cell
surface, and E. coli clones not expressing these fimbriae did
not adhere (Table I, column 3).

The ability to cause a MRHA of only AnWj-positive
erythrocytes was in the same way correlated to the expression
of the H.influenzae fimbriae on the E. coli cell surface (Table
I, columns 4 and 5). The amount of adherence and MRHA
paralleled the amount of fimbriae on the bacterial cells.

Nucleotide sequence of the hifA gene

The oligonucleotide probe derived from the N terminus of
the fimbrial subunit was used to map the hif4 gene within
pMHI140. It appeared that the gene was contained within
a 2.3 kb PstI DNA fragment. This fragment was subcloned
into pEMBLS and the resulting clone pMH 142 was used to
sequence ~ 1 kb of this fragment on both strands. Part of
the nucleotide sequence is shown in Figure 5. An open
reading frame was identified between bases 115 and 756,
coding for a polypeptide of which a part was identical
to the N-terminal amino acid sequences of the AO2 and
770235f*b° fimbrial subunits. Thus we conclude that this
open reading frame represents the hif4 gene. From the DNA
sequence it can be inferred that the fimbrial subunit is
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Table I. Adherence in vitro of bacteria to human oropharyngeal cells and erythrocytes

Strain ELISA titre with Epithelial cell MRHA®
MoAb 6HES® adherence” AnWj-positive erythrocytes AnWj-negative erythrocytes

7702356 b° 1:512 ot ++ _
770235f°b° <1 — - -
LE392/pMH100 1:64 + + -
LE392/pMH300 1:32 ++ + -
LE392/pMH400 1:32 + + -
DHS5a/pMH140 1:64 ++ + -
DHSa/pMHO01 <l - - _

aRelative expression of H.influenzae fimbriae was measured by reactivity with MoAb 6HES in a whole-cell ELISA with 2-fold dilutions of the

bacteria.

bAdherence was expressed as ++ + if >200 bacteria bound per epithelial cell, as ++ for 50—200 bacteria, as + for 5—50 bacteria and as — for

<5 bacteria.

“Mannose-resistant haemagglutination was expressed as + + for strongly positive agglutination, as + for positive and as — for negative.

TTTTTTGGAAAACAAATCTIGCIGTTTATTAAGGCTTTAGCATTTTAATAAACGG 55

=35

TTTATATTAATCTTTTGCCTTATTTATAAGGCACAAACCTCTTTATGGAGCAATTTATT ATG AAA AAA ACA CIT CIT GGT AGC TTA 141

10 RBS

Met Lys Lys Thr Leu Leu Gly Ser Leu

ATT TTA TTG GCA TTT GOG GGA AAT GIG CAG GOG GAT ATT AAT ACT GAA ACA TCT GGT AAA GIT ACT TIT TIT 213
Ile Leu Leu Ala Phe Ala Gly Asn Val Gln Ala Asp Ile Asn Thr Glu Thr Ser Gly Lys Val Thr Phe Phe
t

GGT AAG GIT GIT GAG AAT ACT TGT AAA GIG AAA ACA GAG CAT AAA AAT CIG AGT GTA GIA TTA AAT GAT GIG 285
Gly Lys Val Val Glu Asn Thr Cys Lys Val Lys Thr Glu His Lys Asn Leu Ser Val Val Leu Asn Asp Val

GGT AAA AAT AGC TTA TCT ACT AAA GTA AAT ACC GCA ATG CCA ACG OCA TTIT ACG ATT ACA TTA CAA AAT TGT 357
Gly Lys Asn Ser Leu Ser Thr Lys Val Asn Thr Ala Met Pro Thr Pro Phe Thr Ile Thr Leu Gln Asn Cys

GAC CCA ACT AOG GCA AAT GGT ACT GCA AAT AAA GCT AAT AAA GIT GGG CTA TAT TIC TAT TCT TGG AAA AAT 429
Asp Pro Thr Thr Ala Asn Gly Thr Ala Asn Lys Ala Asn Lys Val Gly Leu Tyr Phe Tyr Ser Trp Lys Asn

GTA GAT AAA GAA AAT AAC TTT ACG TIG AAA AAT GAA CAA ACT ACG GCA GAT TAC GCA ACT AAT GIT AAT ATT 501
Val Asp Lys Glu Asn Asn Phe Thr Leu Lys Asn Glu Gln Thr Thr Ala Asp Tyr Ala Thr Asn Val Asn Ile

CAACI'I‘A'IGGAAAGI‘AATGG’I‘AO\AAGGCBATTMGIY\GIGGGPAAAGAAACEGAAGATTPI‘A‘IG@‘\TACE 573
Gln Leu Met Glu Ser Asn Gly Thr Lys Ala Ile Ser Val Val Gly Lys Glu Thr Glu Asp Phe Met His Thr

AAT AAT AAT GGA GTA GCA TTA AAC CAA ACC CAC CCA AAT AAT GCT CAT ATT TCA GGA AGT ACA CAA TTA ACC 645
Asn Asn Asn Gly Val Ala Leu Asn Gln Thr His Pro Asn Asn Ala His Ile Ser Gly Ser Thr Gln Leu Thr

ACT GGT ACT AAT GAA CIT CCT CIC CAC TIT ATC GOC CAA TAT TAC GCA ACA AAT AAA GCA ACT GCT GGC AAA 717
Thr Gly Thr Asn Glu lLeu Pro leu His Phe Ile Ala Gln Tyr Tyr Ala Thr Asn Lys Ala Thr Ala Gly Lys

GI‘ACAATCCMGPTGATHC@AAWGCPTACGMWMMTGPMMMMAMCPM@IM 799

Val Gln Ser Ser Val Asp Phe Gln Ile Ala Tyr Glu ---

TATCOOGOGTGGGCTTACGCCCACCCTACAAC 831
e

Fig. 5. Nucleotide sequence of the gene encoding the major fimbrial subunit of strain 770235f*b° (hifd). The predicted amino acid sequence is
shown below the nucleotide sequence. The putative promoter sequences (—35 and —10) and the ribosome binding site (RBS) are shown, as well as
two putative rho-dependent terminators. The vertical arrow indicates the cleavage site for signal peptidase.

synthesized as a precursor containing a typical signal peptide
of 20 amino acids and a mature protein of 194 amino acids.
The predicted mol. wt of the processed protein is 21.09 kd,
which is in good agreement with the apparent mol. wt of
23 kd in SDS —PAGE gels. There are putative —35 and — 10
promoter sequences, which are separated by 16 bases. Both
sequence and separation are close to the consensus for these
sequences in E. coli (Harley and Reynolds, 1987). There are
two potential initiation codons, located at positions 100 and
115. Initiation is probably initiated more effectively from
the second initiation codon, because it is preceded by a region
showing the largest degree of homology with the Shine —
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Dalgarno sequence (Gold and Stormo, 1987). Downstream
of the translational termination codon two inverted repeats
are found that may act as a rho-dependent transcriptional
terminators (von Hippel et al., 1984). The first inverted
repeat is the most likely terminator, since its predicted
stem—loop structure in the mRNA transcript is the most
stable one. The predicted amino acid sequence of the hif4
gene product was compared with sequences stored in NBRF
Protein Sequence Database, updated to September 1987, by
using FASTP software (Pearson and Lipman, 1988). The
best match was to focA, the major fimbrial subunit of the
type IC fimbriae (van Die er al., 1984). There was 27.8%




identity over 194 amino acids. Other high-scoring matches
were fimA of type 1A fimbriae of E.coli (Klemm, 1984)
(22.1% identity over 194 amino acids), papA of P-pili of
the uropathogenic E.coli strain J96 (Biga et al., 1984)
(19.4% identity over 194 amino acids) and fim2 of the
fimbriae of Bordetella pertussis (Livey et al., 1987) (19.2%
identity over 194 amino acids).

Discussion

We have cloned the hifA gene of H.influenzae strain
770235f*b° into E.coli and established that E.coli is able
to express the H.influenzae fimbriae at its cell surface.
Several observations indicate that hifA is located within a
gene cluster involved in biosynthesis of the H.influenzae
fimbriae. A 6.0 kb PstI fragment which contained a
complete copy of the hifd gene was unable to confer the
ability to produce fimbriae upon E.coli, suggesting that
additional genes were required for this. This assumption was
confirmed when DNA fragments that contained a larger part
of the H.influenzae genome and overlapped with the Pst1
fragment were found to confer the ability to produce
fimbriae. After partial digestion with Sau3A, the smallest
size of H.influenzae DNA which appeared to be required
for fimbriae production was 8.1 kb. Smaller DNA
fragments, although harbouring a complete copy of the hifA
gene, were unable to confer the ability to produce fimbriae
upon E. coli (results not shown). Thus we presume that the
H.influenzae fimbrial gene cluster encompasses ~ 8 kb,
which is similar to the size of various fimbrial gene clusters
of E.coli.

A number of different approaches were used to
characterize the H.influenzae fimbriae produced by E. coli.
With a whole-cell ELISA using a monoclonal antibody
directed against the H.influenzae fimbriae, it could be
demonstrated that E. coli strains harbouring the H.influenzae
gene cluster are able to transport the hifA4 product to the cell
surface. Using immunogold electron microscopy, we could
show that the H.influenzae fimbriae produced by E.coli were
morphologically identical to the fimbriae produced by H.
influenzae. Finally, the H.influenzae fimbriae produced by
E.coli were functional, as they were able to mediate
adherence to oropharyngeal epithelial cells and mannose-
resistant haemagglutination of human AnWj-positive
erythrocytes. From these data, we conclude that E.coli is
able to perform all steps required for the biogenesis of
H.influenzae fimbriae and that the cloned fimbrial gene
cluster contains the gene encoding the adhesin which
mediates both binding to oropharyngeal cells and binding
to erythrocytes. As far as we know, this is the first
description of the expression of fimbriae of a non-enteric
pathogen at the cell surface of E. coli.

So far, only one type of fimbrial subunit has been purified
from a H.influenzae type b isolate (Guerina et al., 1985).
This subunit is encoded by only one gene copy on the
bacterial chromosome, since Southern hybridization of the
synthetic oligonucleotide derived from its N-terminal amino
acid sequence to PstI-digested chromosomal DNA resulted
in a single hybridizing fragment.

A 2.3 kb PstI DNA fragment harbouring the hif4 gene
was sequenced for ~ 1 kb on both strands. It appeared that
hifA codes for a protein with a typical signal peptide. The
N terminus of the mature hifd product could be identified
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by comparison with the N-terminal amino acid sequence of
H.influenzae fimbrial subunits as determined by us and others
(Guerina et al., 1985). The first 16 amino acids of the
predicted hifA protein sequence were identical to those that
were determined for the subunit of this strain. Between the
hifA subunit and the N-terminal sequence of the fimbrial
subunit derived from strain AO2 (Guerina ez al., 1984) two
differences are observed at positions 1 and 37. The difference
at the first position was already expected, since this had
already been noticed after comparison of the N-terminal
protein sequence of both strains. At position 37 the AO2
fimbrial subunit contains the residue threonine instead of
valine, which is found for the hif4 subunit. Comparison of
the predicted hifA protein sequence with the NBRF database
reveals a highly significant homology to the major fimbrial
subunits of type 1C (van Die et al., 1984), type 1A (Klemm,
1984) and P-fimbriae (Baga et al., 1984) of E.coli. This
finding suggests that the H.influenzae fimbriae are closely
related to E.coli fimbriae. Moreover, the predicted amino
acid sequence contains two cysteines in the N-terminal half
of the protein and a penultimate tyrosine, which are also
typical characteristics of E.coli fimbrial subunits. At the
moment it is not known whether the major fimbrial subunit
is the fimbrial adhesin itself or whether the adhesin is
encoded by a gene distinct from hifA.

Several reports indicate the existence of a second adhesin
distinct from the fimbrial adhesin (Sable er al., 1985; Loeb
et al., 1988). Non-fimbriated H.influenzae strains adhere
better than fimbriated variants to the tissue culture cell line
HEp-2 (Sable et al., 1985) and fimbriated and non-fimbriated
forms do not compete for the same receptor sites on
adenoidal tissue in two adherence assays (Loeb et al., 1988).
The characterization of this second adhesin may be facilitated
by mutants which are unable to express fimbriae. The
successful cloning of the H.influenzae fimbrial gene cluster
will allow the construction of such well-defined mutants as
well as the analysis of individual fimbrial constituents in
H.influenzae and in E.coli. Moreover, by using E. coli strains
expressing H.influenzae fimbriae we are now able to study
their role in the pathogenesis of the both systemic and
mucosal H.influenzae infections at the molecular level,
without interference of other H.influenzae virulence factors.

Materials and methods

Bacterial strains, DNA cloning vectors and growth conditions
Haemophilus influenzae type b strain 770235 (outer membrane protein
subtype 2, lipopolysaccharide serotype 2 and biotype I) was isolated from
the cerebrospinal fluid of a patient with meningitis. The heavily fimbriated,
acapsular variant of this strain, 770235¢*1°, was selected as described
before (van Alphen et al., 1988). Haemophilus influenzae was grown at
37°C with shaking (120 r.p.m.) in 1 1 of brain heart infusion broth
supplemented with X and V factors (10 mg of each per litre).

The cosmid vector pHC79 (Hohn and Collins, 1980) was used to construct
a 770235f+b° genomic library. Plasmid subcloning was accomplished using
pEMBLS (Dente ez al., 1983).

The E.coli K-12 strain LE392 [F~, hsdR514 (ry”.m;"), supE44,
supF58, lacYl, galK2, galT22, metB1, trpR55~] (Maniatis ez al., 1982)
was used as the host for the cosmid vector pHC79 and E.coli K-12 strain
DHS5a [F~, endAl, hsdR17 re -my”)s supE44, thil, Lda~, recAl,
gyrA96, relAl) (Gibco-BRL, Gaithersburg, USA) was used for transform-
ation experiments with derivatives of phasmid pEMBLS. The E. coli strains
were grown at 37°C, either in NZYM medium (Maniatis et al., 1982) with
shaking (120 r.p.m.) or on NZYM agar plates. Ampicillin (100 pg/ml; Sigma
Chemical Co, St Louis, MO) was added where appropriate.
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Purification of fimbriae and N-terminal amino acid
determination

Fimbriae of H.influenzae strain 770235f*b° were purified as described by
van Alphen er al. (1988). The first 16 residues of the N-terminal amino
acid sequence of the 23 kd fimbrial subunit were analysed with a gas-phase
amino acid sequenator. The instrument used was an Applied Biosystems
Model 470A Protein Sequencer, equipped on-line with a Model 120A PTH
Analyzer.

DNA techniques

Haemophilus influenzae chromosomal DNA was prepared as described by
van Embden er al. (1983). Southern blotting of restriction endonuclease-
digested DNA was performed as previously described (Reed and Mann,
1985). Hybridization was performed overnight at 30°C in a solution of
40 mM Tris (pH 7.5), | M NaCl, 1% SDS, 10 X Denhardt’s solution and
50 pg/ml herring sperm DNA. The membranes were washed with 5 X SSPE
containing 1% SDS at 47°C.

The 6.0 kb Pst1 fragment harbouring the hif4 gene was cloned by digesting
chromosomal DNA with PstI and separating the DNA fragments by agarose
gel-electrophoresis. PstI fragments with molecular sizes of ~6.0 kb were
isolated with porous glass (Geneclean, BIO 101, La Jolla, CA) and inserted
in pEMBLS cleaved with Pst1. After transformation, colonies harbouring
the hif4 gene were identified by colony-blotting, using the labelled synthetic
oligonucleotide as a probe. Standard procedures were used for the preparation
of plasmid DNA, cleavage, linkage, transformation into E.coli and packaging
DNA (Maniatis er al., 1982). All enzymes were obtained from either
Boehringer GmbH (Mannheim, FRG) or Promega (Madison, WI) and were
used according to the instructions provided by the manufacturer.

Construction and screening of 770235f* b° genomic library
Total H.influenzae DNA was partially cleaved by Sau3A until fragments
with predominant sizes between 35 and 45 kb were obtained. Cosmid pHC79
DNA was digested with BamHI, treated with calf intestine alkaline
phosphatase and ligated to the Sau3A-digested DNA. After in vitro packaging
and transduction into the E. coli strain LE392, ~ 3000 independent ampicillin-
resistant clones were obtained.

Colony hybridization with a synthetic oligonucleotide probe derived from
the H.influenzae fimbrial subunit was used to screen 1056 colonies of the
770235f*b° genomic library as follows. After growth on NZYM-agar
containing 100 xg/ml ampicillin, the bacterial colonies were transferred to
dry Gene Screen-Plus membranes (Du Pont, Boston, MA). The membranes
were then put, colony side up, on several sheets of Whatmann 3MM paper
saturated with 0.5 M NaOH. This was placed for S min in a water bath
with boiling water just above the water level, resulting in colony lysis. The
membranes were neutralized in 1 M Tris—HCI (pH 7.5) and bacterial debris
was thoroughly rubbed off.

The oligonucleotide probe was labelled with [y->2PJdATP (Amersham
Corp., UK) using T4 polynucleotide kinase (Pharmacia Fine Chemicals,
Piscataway, NJ) (Maniatis et al., 1982) and hybridization was performed
as described above.

DNA sequence analysis

DNA sequence analysis was performed on both strands of the fimbrial subunit
gene by the dideoxy nucleotide chain termination method with the vector
pEMBLS (Sanger er al., 1977). For optimal results T7 DNA polymerase
(Pharmacia) was used in combination with the Sequenase kit of US
Biochemicals (Cleveland, OH). [a->*S]dATP was purchased from
Amersham.

Whole-cell ELISA

The relative reactivity of various (sub)clones with MoAb 6EH8 was
determined in a whole-cell ELISA, as previously described (Abdillahi and
Poolman, 1987). The following adjustments were made. After coating of
the microtitre plates with whole bacteria, the plates were washed with
phosphate-buffered saline (PBS) (pH 7.4) containing 0.05% Tween 20. The
MoAb 6HES, previously described by van Alphen ez al. (1988), was diluted
1:100 in PBS containing 0.3% bovine serum albumin (BSA) and 0.1%
NaNj and the Protein A —peroxidase conjugate (Sigma) was diluted to a
final concentration of 0.2 ug/ml in PBS with 0.3% BSA and 0.1% Tween 80.

Immunogold electron microscopy

Bacteria (1.5 X 107/ml) were incubated with MoAb 6HES in a 1:10
dilution in PBS with 0.5% BSA for 45 min at 37°C. After washing twice
with PBS, the bacteria were incubated for 45 min at 37°C with gold-labelled
Protein A (which was kindly provided by J.Weel). The gold-probe was
prepared as previously described (Slot and Geuze, 1985) and used with an
optical density at 520 nm of 0.06. After two more washings the bacteria
were applied to carbon-coated copper grids. The grids were stained with
2% phosphotungstic acid and examined in a Philips EM 300 electron
microscope at 60 kV.
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Mannose-resistant adherence of H.influenzae to oropharyngeal
epithelial cells and MRHA

Adherence of H.influenzae to oropharyngeal epithelial cells was determined
as described previously (van Alphen ez al., 1987). The assay was performed
in the presence of 0.5% mannose to abolish adherence mediated by type
1 fimbriae. MRHA was examined by adding mannose to a final concentration
of 0.5% in a standard tube blood-grouping assay which was also described
before (van Alphen et al., 1986).
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