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A group of high-molecular-weight surface-exposed proteins of nontypeable Haemophilus influenzae are
major targets of human serum antibody (S. J. Barenkamp and F. F. Bodor, Pediatr. Infect. Dis. J. 9:333-337,
1990). To further characterize these proteins, we cloned and sequenced genes encoding two related
high-molecular-weight proteins from a prototype nontypeable Haemophilus strain. The gene encoding a
120-kDa Haemophilus protein consisted of a 4.4-kbp open reading frame, and the gene encoding a 125-kDa
protein consisted of a 4.6-kbp open reading frame. The first 1,259 bp of the two genes were identical.
Thereafter, the sequences began to diverge, but overall they were 80% identical, and the derived amino acid
sequences showed 70% identity. A protein sequence homology search demonstrated similarity between the
derived amino acid sequences of both cloned genes and the derived amino acid sequence of the gene encoding
filamentous hemagglutinin, a surface protein produced by the gram-negative pathogen Bordetella pertussis.
Antiserum raised against a recombinant protein encoded by the 4.6-kbp open reading frame recognized both
the 120- and the 125-kDa proteins in the prototype strain as well as antigenically related high-molecular-weight
proteins in 75% of a collection of 125 epidemiologically unrelated nontypeable H. influenzae strains. The
antiserum directed against the recombinant protein also recognized purified filamentous hemagglutinin. A
murine monoclonal antibody to filamentous hemagglutinin recognized both the 120-kDa and the 125-kDa
protein in the prototype strain as well as proteins identical to those recognized by the recombinant-protein
antiserum in 35% of the nontypeable H. influenzae strain collection. Thus, we have identified and partially
characterized a group of highly immunogenic surface-exposed proteins of nontypeable H. influenzae which are
related to the filamentous hemagglutinin of B. pertussis.

Nontypeable Haemophilus influenzae are unencapsulated
organisms which commonly inhabit the upper respiratory
tract of humans. These organisms are a frequent cause of
mucosal surface infections, such as otitis media, sinusitis,
and bronchitis, and occasionally cause invasive diseases
such as bacteremia and meningitis (22). The interactions
between the organism and the host which determine whether
colonization will occur and whether disease will develop
following colonization are not completely understood. How-
ever, host immunity is thought to play an important role in
this sequence of events, and antibodies directed against
surface antigens of these organisms are thought to be central
to host protection (9).

The surface antigens of nontypeable H. influenzae against
which protective antibodies are directed have not been
completely defined. Bacterial outer membrane proteins ap-
pear to be targets of bactericidal antibody (9), and two of the
major outer membrane proteins of nontypeable H. influen-
zae, designated P2 and P6, have been identified as targets of
human serum bactericidal antibody (23, 24). Other outer
membrane antigens are also likely to be targets of bacteri-
cidal antibodies. We previously identified a group of high-
molecular-weight surface-exposed proteins as major targets
of human serum antibody and observed a correlation be-
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tween the development of serum bactericidal antibody and
the appearance of antibody directed against these proteins
(1). The structure and function of these high-molecular-
weight proteins were unclear from these earlier studies. In
an effort to further characterize these proteins, we cloned,
expressed, and sequenced the genes encoding two immuno-
dominant high-molecular-weight proteins from a prototype
nontypeable Haemophilus strain. The nucleotide sequences
of the two cloned genes were different but closely related,
and the proteins encoded by these genes were antigenically
related to filamentous hemagglutinin, a surface protein found
on Bordetella pertussis. Furthermore, antigenically related
high-molecular-weight proteins were present in the majority
of heterologous nontypeable H. influenzae strains.

MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. Nontypeable H.
influenzae strain 12 was the clinical isolate chosen for study.
The organism was isolated in pure culture from the middle
ear fluid of a child with acute otitis media. The strain was
identified as H. influenzae by standard methods (11) and was
classified as nontypeable by its failure to agglutinate with a
panel of typing antisera for H. influenzae types a to f
(Burroughs Wellcome Co., Research Triangle Park, N.C.)
and failure to show lines of precipitation with these antisera
in counterimmunoelectrophoresis assays (42). Furthermore,
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genomic DNA purified from strain 12 failed to hybridize with
a plasmid probe, pUO38, which contains DNA from the cap
region of type b H. influenzae (7).

An additional 125 epidemiologically unrelated nontype-
able H. influenzae strains were chosen for the studies of
strain heterogeneity. These isolates were recovered during
episodes of clinical disease from children and adults in
Canada, Massachusetts, Maryland, Connecticut, Missouri,
New York, Ohio, Texas, and Alabama. Of these isolates,
100 were cultured from middle ear effusions collected by
tympanocentesis, 10 were from blood, 10 were from sputum,
and 5 were from cerebrospinal fluid. Approximately half of
these isolates were described previously (25). The bulk of
the remainder were isolated from middle ear aspirates from
children with acute otitis media, either by one of the authors
(S.1.B.) or by his collaborators.

M13mpl8 and M13mpl9 were obtained from New En-
gland BioLabs, Inc. (Beverly, Mass.). A\AEMBL3 arms and
Escherichia coli LE392 were obtained from Stratagene (La
Jolla, Calif.). pT7-7 was the kind gift of Stanley Tabor (37).
E. coli BL21(DE3)/pLysS was a gift from F. William Studier.
Strain BL21(DE3) contains a single copy of the T7 RNA
polymerase gene under the control of the lac regulatory
system (36). Plasmid pLysS contains the T7 lysozyme gene.
T7 lysozyme binds to the T7 RNA polymerase in vitro, and
pLysS stabilizes many toxic T7 expression constructs, pre-
sumably by binding and inactivating the low quantities of T7
RNA polymerase produced by BL21(DE3) in the absence of
isopropyl-B-D-thiogalactopyranoside (IPTG) (21).

Molecular cloning and plasmid subcloning. Chromosomal
DNA from strain 12 was prepared by a modification of the
method of Marmur (18). Sau3A partial restriction digests of
chromosomal DNA were prepared and fractionated on su-
crose gradients. Fractions containing DNA fragments in the
9- to 20-kbp range were pooled, and a library was prepared
by ligation into AEMBL3 arms. Ligation mixtures were
packaged in vitro with Gigapack (Stratagene) and plate-
amplified in a P2 lysogen of E. coli LE392. Lambda plaque
immunological screening was performed as described by
Maniatis et al. (17). For plasmid subcloning studies, DNA
from representative recombinant phage was subcloned into
the T7 expression plasmid pT7-7 (37). This vector contains
the T7 RNA polymerase promoter ¢10, a ribosome-binding
site, and the translational start site for the T7 gene 10 protein
upstream from a multiple cloning site (see Fig. 2B). Standard
DNA methods for manipulation of cloned DNA were as
described by Maniatis et al. (17) or Silhavy et al. (32).

DNA sequence analysis. DNA sequence analysis was per-
formed by the dideoxy method with the U.S. Biochemicals
Sequenase kit as suggested by the manufacturer. [*>S][dATP
was purchased from New England Nuclear (Boston, Mass.).
Data were analyzed with Compugene software (2) and the
Genetics Computer Group program from the University of
Wisconsin (5) on a Digital VAX 8530 computer. Several
21-mer oligonucleotide primers were generated as necessary
to complete the sequences. Both strands of the HMW1 gene
and a single strand of the HMW?2 gene were sequenced.

Analytical techniques. Western immunoblot analysis was
performed to identify the recombinant proteins being pro-
duced by reactive phage clones. Phage lysates grown in
LE392 cells or plaques picked directly from a lawn of LE392
cells on YT plates were solubilized in gel electrophoresis
sample buffer prior to electrophoresis. Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis was per-
formed on 7.5% or 11% polyacrylamide modified Laemmli
gels as described by Lugtenberg et al. (16). After transfer of
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the proteins to nitrocellulose sheets, the sheets were probed
sequentially with an E. coli-absorbed human serum sample
containing high-titer antibody to the high-molecular-weight
proteins and then with alkaline phosphatase-conjugated goat
anti-human immunoglobulin G (IgG) second antibody (Tago,
Burlingame, Calif.). In previous studies, we noted that sera
from healthy adults contain high-titer antibody directed
against surface-exposed high-molecular-weight proteins of
nontypeable H. influenzae (1). Serum from one of these
adults was used as the screening antiserum after having been
extensively absorbed with LE392 cells.

To identify recombinant proteins being produced by E.
coli transformed with recombinant plasmids, the plasmids of
interest were used to transform E. coli BL21(DE3)/pLysS.
The transformed strains were grown to an Agq, of 0.5 in L
broth containing 50 pg of ampicillin per ml. IPTG was then
added to 1 mM. One hour later, cells were harvested, and a
sonicate of the cells was prepared. The protein concentra-
tions of the samples were determined by the bicinchoninic
acid method (33) (BCA protein assay kit; Pierce Chemical
Co., Rockford, Ill.) in accordance with the manufacturer’s
instructions. Cell sonicates containing 100 ug of total protein
were solubilized in electrophoresis sample buffer, subjected
to SDS-polyacrylamide gel electrophoresis, and transferred
to nitrocellulose. The nitrocellulose was then probed se-
quentially with the E. coli-absorbed adult serum sample and
then with alkaline phosphatase-conjugated goat anti-human
IgG second antibody.

Western immunoblot analysis was also performed to de-
termine whether homologous and heterologous nontypeable
H. influenzae strains expressed high-molecular-weight pro-
teins antigenically related to the protein encoded by the
cloned HMW1 gene (rHMW1). Cell sonicates of bacterial
cells were solubilized in electrophoresis sample buffer, sub-
jected to SDS-polyacrylamide gel electrophoresis, and trans-
ferred to nitrocellulose. Nitrocellulose was probed sequen-
tially with polyclonal rabbit rHMW1 antiserum (see below)
and then with alkaline phosphatase-conjugated goat anti-
rabbit IgG second antibody (Bio-Rad, Gaithersburg, Md.).

Finally, Western immunoblot analysis was performed to
determine whether nontypeable Haemophilus strains ex-
pressed proteins antigenically related to the filamentous
hemagglutinin protein of Bordetella pertussis. Monoclonal
antibody X3C, a murine immunoglobulin G (IgG) antibody
which recognizes filamentous hemagglutinin (13), was used
to probe cell sonicates by Western blot. An alkaline phos-
phatase-conjugated goat anti-mouse IgG second antibody
(Tago) was used for detection.

Preparation of HMW1 recombinant-protein antiserum. E.
coli BL21(DE3)/pLysS was transformed with pHMW1-4,
and expression of recombinant protein was induced with
IPTG, as described above. A cell sonicate of the bacterial
cells was prepared and separated into a supernatant and
pellet fraction by centrifugation at 10,000 X g for 30 min. The
recombinant protein fractionated with the pellet fraction. A
rabbit was subcutaneously immunized on a biweekly sched-
ule with 1 mg of protein from the pellet fraction, the first
dose given with Freund’s complete adjuvant and subsequent
doses with Freund’s incomplete adjuvant. Following the
fourth injection, the rabbit was bled. Prior to use in the
Western blot assay, the antiserum was absorbed extensively
with sonicates of the host E. coli strain transformed with the
cloning vector alone.

ELISA with rHMW]1 antiserum and purified filamentous
hemagglutinin. Purified filamentous hemagglutinin was a gift
from Pasteur Merieux Sérums et Vaccines, Marcy I’Etoile,
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France. Enzyme-linked immunosorbent assay (ELISA)
plates (Costar, Cambridge, Mass.) were coated with 60 pl of
a 4-pg/ml solution of filamentous hemagglutinin in Dulbec-
co’s phosphate-buffered saline per well for 2 h at room
temperature. Wells were blocked for 1 h with 1% bovine
serum albumin in Dulbecco’s phosphate-buffered saline
prior to addition of serum dilutions. rHMW1 antiserum was
serially diluted in 0.1% Brij (Sigma, St. Louis, Mo.) in
Dulbecco’s phosphate-buffered saline and incubated for 3 h
at room temperature. After being washed, the plates were
incubated with peroxidase-conjugated goat anti-rabbit IgG
antibody (Bio-Rad) for 2 h at room temperature and subse-
quently developed with 2,2'-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) (Sigma) at a concentration of 0.54 mg/ml in
0.1 M sodium citrate buffer, pH 4.2, containing 0.03% H,0,.
Absorbances were read on an automated ELISA reader
(Dynatech Laboratories, Chantilly, Va.).

Nucleotide sequence accession numbers. The sequences of
the HMW1 and HMW?2 genes have been submitted to
GenBank. The accession numbers are M84616 for the
HMW1 gene and M84615 for the HMW?2 gene.

RESULTS

Isolation and restriction mapping of recombinant phage
expressing HMW1 or HMW2 high-molecular-weight recombi-
nant proteins. The nontypeable H. influenzae strain 12
genomic library was screened for clones expressing high-
molecular-weight proteins with an E. coli-absorbed human
serum sample containing a high titer of antibodies directed
against the high-molecular-weight proteins (1). Although this
human serum sample contained antibodies against a number
of other Haemophilus proteins, the undefined nature of the
high-molecular-weight proteins and our lack of specific an-
tisera precluded the use of a more specific screening antise-
rum.

Numerous strongly reactive clones were identified along
with more weakly reactive ones. Twenty strongly reactive
clones were plaque-purified and examined by Western blot
for expression of recombinant proteins. Each of the strongly
reactive clones expressed one of two types of high-molecu-
lar-weight proteins, designated HMW1 and HMW?2 (Fig. 1).
The major immunoreactive protein bands in the HMW1 and
HMW?2 lysates migrated with apparent molecular masses of
125 and 120 kDa, respectively. In addition to the major
bands, each lysate contained minor protein bands of higher
apparent molecular weight. Protein bands seen in the HMW?2
lysates at molecular masses of less than 120 kDa were not
regularly observed and presumably represent proteolytic
degradation products. Lysates of LE392 infected with the
AEMBL3 cloning vector alone were nonreactive when im-
munologically screened with the same serum sample (data
not shown). Thus, the observed activity was not due to
cross-reactive E. coli proteins or AEMBL3-encoded pro-
teins. Furthermore, the recombinant proteins were not
simply binding immunoglobulin nonspecifically, since the
proteins were not reactive with the goat anti-human IgG
conjugate alone, with normal rabbit sera, or with sera from a
number of healthy young infants.

Representative clones expressing either the HMW1 or
HMW?2 recombinant proteins were characterized further.
The restriction maps of the two phage types were different
from each other, including the regions encoding the HMW1
and HMW?2 structural genes. Figure 2A shows restriction
maps of representative recombinant phage which contained
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FIG. 1. Western immunoblot assay of phage lysates containing
either the HMW1 or HMW?2 recombinant proteins. Lysates were
probed with an E. coli-absorbed adult serum sample with high-titer
antibody against high-molecular-weight proteins. The arrows indi-
cate the major immunoreactive protein bands of 125 and 120 kDa in
the HMW1 and HMW?2 lysates, respectively.

the HMW1 or HMW?2 structural genes. The locations of the
structural genes are indicated by the shaded bars.

Subcloning and expression of the HMW1 structural gene in
recombinant plasmids. HMW1 plasmid subclones were con-
structed by using the T7 expression plasmid pT7-7 (Fig. 2A
and B). HMW2 plasmid subclones were also constructed,
but the results with these latter subclones were similar to
those observed with the HMW1 constructs; so for the
purposes of discussion, only the HMW1 subcloning data will
be presented.

The approximate location and direction of transcription of
the HMW1 structural gene were initially determined by
using plasmid pHMW1 (Fig. 2A). This plasmid was con-
structed by inserting the 8.5-kb BamHI-Sall fragment from
AHMW1 into BamHI- and Sall-cut pT7-7. E. coli trans-
formed with pHMW!1 expressed an immunoreactive recom-
binant protein with an apparent molecular mass of 115 kDa,
which was strongly inducible with IPTG (data not shown).
This protein was significantly smaller than the 125-kDa
major protein expressed by the parent phage, suggesting that
it either was being expressed as a fusion protein or was
truncated at the carboxy terminus.

To more precisely localize the 3’ end of the structural
gene, we constructed additional plasmids with progressive
deletions from the 3’ end of the pHMW1 construct. Plasmid
pHMWI1-1 was constructed by digestion of pHMW1 with
Pstl, isolation of the resulting 8.8-kb fragment, and religa-
tion. Plasmid pHMW1-2 was constructed by digestion of
pHMW1 with HindIII, isolation of the resulting 7.5-kb
fragment, and religation. E. coli transformed with either
plasmid pHMW1-1 or pHMW1-2 also expressed an immu-
noreactive recombinant protein with an apparent molecular
mass of 115 kDa. These results suggested that the 3’ end of
the structural gene was 5' of the HindIII site. Figure 3
demonstrates the Western blot results with pHMW1-2-trans-
formed cells before and after IPTG induction (lanes 3 and 4,
respectively). The 115-kDa recombinant protein is indicated
by the arrow. Transformants also demonstrated cross-reac-
tive bands of lower apparent molecular weight, which pre-
sumably represent partial degradation products. Shown for
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FIG. 2. (A) Partial restriction maps of representative HMW1 and HMW?2 recombinant phage and of HMW1 plasmid subclones. The
shaded boxes indicate the locations of the structural genes. In the recombinant phage, transcription proceeds from left to right for the HMW1
gene and from right to left for the HMW?2 gene. The methods used for construction of the plasmids shown are described in the text. (B)
Restriction map of the T7 expression vector pT7-7. This vector contains the T7 RNA polymerase promoter $10, a ribosome-binding site (rbs),
and the translational start site for the T7 gene 10 protein upstream from a multiple cloning site (37).

comparison are the results for E. coli transformed with the
pT7-7 cloning vector alone (Fig. 3, lanes 1 and 2).

To more precisely localize the 5’ end of the gene, plasmids
pHMW1-4 and pHMW1-7 were constructed. Plasmid
pHMW1-4 was constructed by cloning the 5.1-kb BamHI-
HindIIl fragment from AHMW!1 into a pT7-7-derived plas-
mid containing the upstream 3.8-kb EcoRI-BamHI fragment.
E. coli transformed with pHMW1-4 expressed an immuno-
reactive protein with an apparent molecular mass of approx-
imately 160 kDa (Fig. 3, lane 6). Although protein production

was inducible with IPTG, the levels of protein production
in these transformants were substantially lower than those
with the pHMW1-2 transformants described above. Plasmid
pHMW1-7 was constructed by digesting pHMW1-4 with
Ndel and Spel. The 9.0-kbp fragment generated by this
double digestion was isolated, blunt ended, and religated. E.
coli transformed with pHMW1-7 also expressed an immu-
noreactive protein with an apparent molecular mass of 160
kDa (data not shown), a protein identical in size to that
expressed by the pHMW1-4 transformants. This result sug-
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FIG. 3. Western immunoblot assay of cell sonicates prepared
from E. coli transformed with plasmid pT7-7 (lanes 1 and 2),
pHMW1-2 (lanes 3 and 4), pHMW1-4 (lanes 5 and 6), or pHMW1-14
(lanes 7 and 8). The sonicates were probed with an E. coli-absorbed
adult serum sample with high-titer antibody against high-molecular-
weight proteins. Lanes labeled U and I represent sonicates prepared
before and after induction of the growing samples with IPTG,
respectively. The arrows indicate protein bands of interest as
described in the text.

gested that the initiation codon for the HMW1 structural
gene was 3' of the Spel site. DNA sequence analysis
(described below) confirmed this conclusion.

As noted above, the \HMW1 phage clones expressed a
major immunoreactive band of 125 kDa, whereas the HMW1
plasmid clones pHMW1-4 and pHMW1-7, which contained
what was believed to be the full-length gene, expressed an
immunoreactive protein of approximately 160 kDa. This size
discrepancy was disconcerting. One possible explanation
was that an additional gene or genes necessary for correct
processing of the HMW1 gene product were deleted in the
process of subcloning. To address this possibility, plasmid
pHMW1-14 was constructed. This construct was generated
by digesting pHMW1 with Ndel and Miul and inserting the
7.6-kbp Ndel-Mlul fragment isolated from pHMW1-4. Such
a construct would contain the full-length HMW1 gene as well
as the DNA 3’ of the HMW1 gene which was present in the
original HMW1 phage. E. coli transformed with this plasmid
expressed major immunoreactive proteins with apparent
molecular masses of 125 and 160 kDa as well as additional
degradation products (Fig. 3, lanes 7 and 8). The 125- and
160-kDa bands were identical to the major and minor immu-
noreactive bands detected in the HMW1 phage lysates
(compare Fig. 1 and 3). Interestingly, the pHMW1-14 con-
struct also expressed significant amounts of protein in the
uninduced condition, a situation not observed with the
earlier constructs.

The relationship between the 125- and 160-kDa proteins
remains somewhat unclear. Sequence analysis, described
below, reveals that the HMW1 gene would be predicted to
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encode a protein of 159 kDa. Our speculation is that the
160-kDa protein is a precursor form of the mature 125-kDa
protein, with the conversion from one protein to the other
being dependent on the products of a downstream gene or
genes.

Sequence analysis of the HMW1 and HMW?2 genes. To
further characterize the nature of the HMW1 and HMW2
gene products, the sequences of both genes were deter-
mined.

HMW1 gene. The nucleotide sequences of both strands of
the HMW1 gene and flanking DNA were determined by
subcloning restriction fragments into phages M13mp18 and
M13mp19. Figure 4 shows the entire region sequenced and
compares the HMW1 sequence with the HMW2 sequence by
using the GAP program (5). Also indicated are several of the
restriction sites used for restriction mapping and for gener-
ation of plasmid subclones. Sequence analysis of the HMW1
gene revealed a 4,608-bp open reading frame (ORF), begin-
ning with an ATG codon at nucleotide 351 and ending with a
TAG stop codon at nucleotide 4959. A putative ribosome-
binding site with the sequence AGGAG begins 10 bp up-
stream of the putative initiation codon. Five other in-frame
ATG codons are located within 250 bp of the beginning of the
OREF, but none of these is preceded by a typical ribosome-
binding site. The 5'-flanking region of the ORF contains a
series of direct tandem repeats, with the 7-bp sequence
ATCTTTC repeated 16 times. These tandem repeats stop
100 bp 5’ of the putative initiation codon. An 8-bp inverted
repeat characteristic of a rho-independent transcriptional
terminator (3, 5) is present, beginning at nucleotide 4983, 25
bp 3’ of the presumed translational stop. Multiple termina-
tion codons are present in all three reading frames both
upstream and downstream of the ORF. The derived amino
acid sequence of the protein encoded by the HMW1 gene has
a molecular weight of 159,000, in good agreement with the
apparent molecular weights of the proteins expressed by the
HMW1-4 and HMW1-7 transformants (Fig. 3). The derived
amino acid sequence of the amino terminus does not dem-
onstrate the characteristics of a typical signal sequence (43).
The BamHI site used in generation of pHMW1 comprises bp
1743 through 1748 of the nucleotide sequence. The ORF
downstream of the BamHI site would be predicted to encode
a protein of 111 kDa, in good agreement with the 115 kDa we
estimated for the apparent molecular mass of the pHMW1-
encoded fusion protein.

HMW?2 gene. The nucleotide sequence of the HMW2 gene
was similarly determined by subcloning restriction frag-
ments from a representative HMW2 phage into M13mp18
and M13mpl9 phages. The sequence of the HMW2 gene
consists of a 4,431-bp ORF, beginning with an ATG codon at
nucleotide 352 and ending with a TAG stop codon at
nucleotide 4783 (Fig. 4). The first 1,259 bp of the ORF of the
HMW2 gene are identical to those of the HMWI gene.
Thereafter, the sequences begin to diverge but are 80%
identical overall. With the exception of a single base addition
at nucleotide 93 of the HMW2 sequence, the 5'-flanking

FIG. 4. Complete nucleotide sequences of the HMW1 and HMW2 genes and DNA sequences 5’ and 3’ to the coding regions. The
sequences were aligned by using the GAP program to identify regions of identity and nonidentity. The putative ribosome-binding sites
correspond to nucleotides 341 to 345 in HMW1 and 342 to 346 in HMW?2. A single ORF is present in the HMW1 sequence from the initiation
codon at nucleotide 351 to the termination codon at nucleotide 4959. A single ORF is present in HMW?2 from the initiation codon at nucleotide
352 to the termination codon at nucleotide 4783. The 5'-flanking regions of the two genes contain an identical set of direct tandem repeats from
positions 129 through 240, with the sequence ATCTTTC repeated 16 times. Restriction sites of relevance used in restriction mapping,

subcloning, and sequencing are shown in boldface.
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IIlIIIII!IIIIIIIIIIIIIIlIII|lIlIIlIIIlIIlIIIIII|IIIIIIIIIIIIIIIIHHIIIIIIIIIIIlIIIlIIlIII
CAATCTGTTTTAGCAAGCGGCTTACAAGGAATGGATGTAGTACACGGCACAGCCACTATGCAAGTAGATGGTAA'

AACAGTGTTGACGCTATCATTAATTGGAAACAATTTAACATCGACCAAAATGAAATGGTGCAGTTTTTACAAGAAAACAACAACTCCGCC

PREELREL L Lt e e R e L L E LR T Rt
AACAGTGTTGACGCTATCATTAATTGGAAACAATTTAACATCGACCAAAATGAAATGGTGCAGTTTTTACAAGAAAACAACAACTCCGET

GTATTCAACCGTGTTACATCTAACCAAATCTCCCAATTAAAAGGGATTTTAGATTCTAACGGACAAGTCTTTTTAATCAACCCAAATGGT

FELEEEEET R R b e b LR L LT i
GTATTCAACCGTGTTACATCTAACCAAATCTCCCAATTAAAAGGGATTTTAGATTCTAACGGACAAGTCTTTTTAATCAACCCAAATGGT

ATCACAATAGGTAAAGACGCAATTATTAACACTAATGGCTTTACGGCTTCTACGCTAGACATTTCTAACGAAAACATCAAGGCGCGTAAT

FLERLEEL TR R R R T R L R L i
ATCACAATAGGTAAAGACGCAATTATTAACACTAATGGCTTTACGGCTTCTACGCTAGACATTTCTAACGAAAACATCAAGGCGCGTAAT

TTCACCTTCGAGCAAACCAAAGATAAAGCGCTCGCTGAAATTGTGAATCACGGTTTAATTACTGTCGGTAAAGACGGCAGTGTAAATCTT

FELEEEREEL LR e et b b e b LR LR L i e
TTCACCTTCGAGCAAACCAAAGATAAAGCGCTCGCTGAAATTGTGAATCACGGTTTAATTACTGTCGGTAAAGACGGCAGTGTAAATCTT

ATTGGTGGCAAAGTGAAAAACGAGGGTGTGATTAGCGTAAATGGTGGCAGCATTTCTTTACTCGCAGGGCAAAAAATCACCATCAGCGAT

FEEEECV TR L R b i b b e e e e e e e e L e g
ATTGGTGGCAAAGTGAAARACGAGGGTGTGATTAGCGTAAATGGTGGCAGCATTTCTTTACTCGCAGGGCARAAAATCACCATCAGCGAT

ATAATAAACCCAACCATTACTTACAGCATTGCCGCGCCTGAAAATGAAGCGGTCAATCTGGGCGATATTTTTGCCAAAGGCGGTAACATT

IIIIIIIIIIIIIIlIllIlIlIIIlIlIIIIIllIIIIIIIHIIHIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIllIllIHII
ATAATAAACCCAACCATTACTTACAGCATTGCCGCGCCTGAAAATGAAGCGGTCAATCT TTTT TAACATT

AATGTCCGTGCTGCCACTATTCGAAACCAAGGTAAACTTTCTGCTGATTCTGTAAGCAAAGATAAAAGCGGCAATATTGTTCTTTCCGCC

LR T i e e e b b L L R e e i it
AATGTCCGTGCTGCCACTATTCGAAACCAAGGTAAACTTTCTGCTGATTCTGTAAGCAAAGATAAAAGCGGCAATATTGTTCTTTCCGCC

AAAGAGGGTGAAGCGGAAATTGGCGGTGTAATTTCCGCTCAAAATCAGCAAGCTAAAGGCGGCAAGCTGATGATTACAGGCGATAAAGTC

PERLTEEER b b L R LR L R R e
AAAGAGGGTGAAGCGGAAATTGGCGGTGTAATTTCCGCTCAAAATCAGCAAGCTAAAGGCGGCAAGCTGATGATTACAGGCGATAAAGTC

'AAAAACAGGTGCAGTTATCGACCTTTCAGGTAAAGAAGGGGGAGAAACTTACCTTGGCGGTGACGAGCGCGGCGAAGGTAAAAAC

|IllIIIlIIIIIIlI||IIl|IIIII|IIIIlIIIIIIIlIIIIlIIIIIIIIIIIIIIIIIIIIIIIHIHIl|IIIHIIIIIIII
ACATTAAAAACAGGTGCAGTTATCGACCTTTCAGGTAAAGAAGGGGGAGAAACTTACCTTGGCGGTGACGA TAAAAAC

GGCATTCAATTAGCAAAGAAAACCTCTTTAGAAAAAGGCTCAACCATCAATGTATCAGGCAAAGAAAAAGGCGGACGCGCTATTGTGTGG

llIIIlIIIIllIIIlIIlIIIlIIIHIIIIIIIIIIIl|lIfllIIlIIllilllllllllllllltlllIIIIIIIIlIIIIIIIII
GGCATTCAATTAGCAAAGAAAACCTCTTTAGAAAAAGGCTCAACCATCAATGTATCAGGCAAAGAAAAAGGCGGACGCGCTATTGTGTGG

GGCGATATTGCGTTAATTGACGGCAATATTAACGCTCAAGGTAGTGGTGATATCGCTAAAACCGGTGGTTTTGTGGAGACGTCGGGGCAT

lIIIIIIIIIIIIIIIIIIHIIIIIHHIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIlIIIIIII LU
GGCGATATTGCGTTAATTGACGGCAATATTAACGCTCAAGGTAGTGGTGATATCGCTAAAACCGGTGGTTT CA

GATTTATTCATCAAAGACAATGCAATTGTTGACGCCAAAGAGTGGTTGTTAGACCCGGATAATGTATCTATTAATGCAGAAACAGCAGGA

RN I NN e NN N e NN N T |
TATTTATCCATTGACAGCAATGCAATTGTTAAAACAAAAGAGTGGTTGCTAGACCCTGATGATGTAACAATTGAAGCCGAAGACCCCCTT

. BamHI .
CGCAGCM‘!ACTTCAGMGACGATGMTACACGWTCCGGGMTAGTGCCAGCACCCCAMACGAMC&MGM MGACMCATTA
111 i NI | PO e e el ot
CGCAATAATACCGGTATAAATGA!GAATTCCCAACAGGCACCGGTGAAGCAAGCGACCCTAAAAAAAATAGCGAACTCAAAACAACGCTA

EcoRI

ACAAACACAACTCTTGAGAGTATACTAAAAAAAGGTACCTTTGTTAACATCACTGCTAATCAACGCATCTATGTCAATAGCTCCATTAAT
S | LI | | LR i
ACCAATACAACTATTTCAAATTATCTGAAAAACGCCTGGACAATGAATATAACGGCATCAAGAAAACTTACCGTTAATAGCTCAATCAAC

TT...ATCCAATGGCAGCTTAACTCTTTGGAGTGAGGGTCGGAGCGGTGGCGGCGTTGAGATTAACAACGATATTACCACCGGTGATGAT

| [y L ohH il PLE TR L R i b [RERNNRY] |
ATCGGAAGCAACTCCCACTTAATTCTCCATAGTAAAGGTCAGCGTGGCGGAGGCGTTCAGATTGATGGAGATATTAC. . ouunnnnnt T

ACCAGAGGTGCAAACTTAACAATTTACTCAGGCGGCTGGGTTGATGTTCATAAAAATATCTCACTCGGGGCGCAAGGTAACATAAACATT

Vb e el B er e VR LR e i | [
TCTAAAGGCGGAAATTTAACCATTTATTCTGGCGGATGGGTTGATGTTCATAAAAATATTACGCTTGATCAGGGTTTTTTAAATATTACC

ACAGCTAAACAAGATATCGCCTTTG......AGAAAGGAAGCAACCAAG ......... TCATTACAGGTCAAGGGACTATTACC. ..TCA

111 o e | i Lot it 11
GCCGCTTCCGTAGCTTTTGAAGGTGGAAATAACAAAGCACGCGACGCGGCAAATGCTAAAATTGTCGCCCAGGGCACTGTAACCATTACA
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GGCAATCAAAAAGGTTTTAGATTTAATAATGTCTCTCTAAACGGCACTGGCAGCGGACTGCAATTCACCAC. TAAAAGAACCAATAAATA

ol L o L O O O O O O O O O A 0
GGAGAGGGAAAAGATTTCAGGGCTAACAACGTATCTTTAAACGGAACGGGTAAAGGTCTGAATATCATTTCATCAGTGAATAATTTAACC

CGCTATCACAAATAAATTTGAAGGGACTTTAAATATTTCAGGGAAAGTGAACATCTCAATGGTTTTACCTAAAAATGAAAGTGGATATGA
| S S O S S N A A AR e e e | | L 1 |
- CACAATCTTAGTGGCACAATTAACATATCTGGGAATATAACAAT . . . TAACCAAACTACGAGAAAGAACACCTCGTATTG

TAAATTCAAAGGACGCACTTACTGGAATTTAACCTCCTTAAATGTTTCCGAGAGTGGCGAGTTTAACCTCACTATTGACTCCAGAGGAAG

oIl Loy e b LI 1 | Ll 11

GCAAACCAGCCATGATTCGCACTGGAACGTCAGTGCTCTTAATCY. . . AGAGACAGGCGCAAATTTTACCTTTATTAAATACATTTCAAG
Ibat

CGATAGTGCAGGCACACTTACCCAGCCTTATAATTTAAACGGTATATCATTCAACAAAGACACT. . . ACCTTTAATGTTGAACGAAATGC

L L e A S A | 11 LS T N [N
CAATAGCAAAGGCTTAACAACACAGTATAGAAGCTCTGCAGGGGTGAATTTTAACGGCGTAAATGGCAACATGTCATTCAATCTCAAAGA
PstI

AAGAGTCAACTTTGACATCAAGGCACCAATAGGGATAAATAAGTATTCTAGTTTGAATTACGCA. . . TCATTTAATGGAAACATTTCAGT
L L T U e i (R L b
AGGAGCGAAAGTTAATTTCAAATTAAAACCAAACGAGAACATGAACACAAGCAAACCTTTACCAATTCGGTTTTTAGCCAATATCACAGC

AGTGTTGATTTCACACTTCTCGCCTCATCCTCTAACGTCCAAACCCCCGGTGTAGTTATAAATTCTAAATACTTTAA
L il [ o [ s [ S
CACTGGTGGGGGCTCTGTT. -« .vt . TTTTTTGATATATATGCCAACCATTCTGGCAGAGGGGCTGAGTTAAAAATGAGTGAAATTAA

TGTTTCAACAGGGTCAAGTTTAAGATTTAAAACTTCAGGCTCAACAAAAACTGGCTTCTCAATAGAGAAAGATTTAACTTTAAATGCCAC

s I e | | e S N L N NN
TATCTCTAACGGCGCTAATTTTACCTTAAATTCCCATGTTCGCGGCGATGACGCTTTTAAAATCAACAAAGACTTAACCATAAATGCAAC

[ GGAGGCAACATAACACTTTTGCAAGTTGAAGGCACCGATGGAATGATTGGTAAAGGCATTGTAGCCAAAAAAAACATAACCTT

| 11 | [ [
CAATTCAAATTTCAGCCTCAGACAGACGAAAGATGATTTTTATGACGGGTACGCACGCAATGCCATCAATTCAACCTACAACATATCCAT

TGAAGGAGGTAACATCACCTTTGGCTCCAGGAAAGCCGTAACAGAAATCGAAGGCAATGTTACTATCAATAACAACGCTAACGTCACTCT

Lo e e | | i L e LT
TCTGGGCGGTAATGTCACCCTTGGTGGACAAAACT CAAGCAGCAGCATTACGGGGAATATTACTATCGAGAAAGCAGCAAATGTTACGCT

TATCGGTTCGGATTTTGACAACCATCAAAA. . ... .ACCTTTAACTATTAAAAAAGATGTCATCATTAATAGCGGCAACCTTACCGCTGG

| | PEdLannn Lo | |
AGAAGCCAATAACGCCCCTAATCAGCAAAACATAAGGGATAGAGTTATAAAACTTGGCAGCTTGCTCGTTAATGGGAGTTTAAGTTTAAC

AGGCAATATTGTCAATATAGCCGGAAATCTTACCGTTGAAAGTAACGCTAATTTCAAAGCTATCACAAATTTCACTTTTAATGTAGGCGG

Sy L O N N S S S N R N A | ol
TGGCGAAAATGCAGATATTAAAGGCAATCTCACTAT ITCAGAAAGCGCCACTTTTAAAGGAAAGACTAGAGATACCCTAAATATCACCGG

CTTGTTTGACAACAAAGGCAATTCAAATATTTCCATTGCCAAAGGAGGGGCTCGCTTTAAAGACATTGATAATTCCAAGAATTTAAGCAT
N e e AN | I o i TELEE 11
CAATTTTACCAATAATGGCACTGCCGAAATTAATATAACACAAGGAGTGGTAAAACTTGGCAATGTTACCAATGATGGTGATTTAAACAT

CACCACCAACTCCAGCTCCACTTACCGCACTATTATAAGCGGCAATATAACCAATAAAAACGGTGATTTAAATATTACGAACGAAGGTAG

PLELE 11 | S O L e N N A N NN | (ESRNRNRY
TACCACTCACGCTAAACGCAACCAAAGAAGCATCATCGGCGGAGATATAATCAACAAAAAAGGAAGCTTAAATATTACAGACAGTAATAA

HindIlx

TGATACTGAAATGCAAATTGGCGGCGATGTCTCGCAAAAAGAAGGTAATCTCACGATTTCTTCTGACAAAATCAATATTACCAAACAGAT

LELE R ETE CTER R e 0 DRV E R R R E Er R L FE VR Fne Tt
TGATGCTGAAATCCAAATTGGCGGCAATATCTCGCAAAAAGAAGGCAACCTCACGATTTCTTCCGATAAAATTAATATCACCAAACAGAT

EcoRI
AACAATCAAGGCAGGTG?TGATGGGGAGAA’!CCBATTCAGACGCGACAAACAATGCCAA?CTAACCATTAAAACCAAAGAATTGAAATT

HIII|I|I PUE LR VLT T DV EEEE FRLEEEE  FRRREEEE LV EL L EEEEE LR T
'rcuuw\GGanﬂsucammncrcrmncmnecucueuuncmccrmcnﬂmccmauﬂcm

AACGCAAGACCTAAATATTTCAGGTTTCAATAAAGCAGAGATTACAGCTAAAGATGGTAGTGATTTAACTATTGGTAACACCAATAGTGC

LRl FREEREELEE T LT R e PR i e LR i ke 11
GACAGAAGACCTAAGTATTTCAGGTTTCAATAAAGCAGAGATTACAGCCAAAGATGGTAGAGATTTAACTATTGGCAACAGTAATGACGG

- . . TGATGGTACTAATGCCAAAAAAGTAACCTTTAACCAGGTTAAAGATTCAAAAATCTCTGCTGACGGTCACAAGGTGACACTACACAG

111 CLLLEEEE BERERL b | IlIIIIIIIIIlIIIIlIIIIIIIIIIIIIIIIII LHE 1 n
TAACAGCGGTGCCGAAGCCAAAACAGTAACTTTTAACAATGTTAAAGATTCAAAAATCTCTGCTGACGGTCACAATGTGACACTAAATAG

CAAAGTGGAAACATCCGGTAGTAATAACAACACTGAAGATAGCAGTGACAATAATGCCGGCTTAACTATCGATGCAAAAAATGTAACAGT

[ N T O O N N N A N NN NN AR NN NN N A |
AAAGTGAAAACATCTAGCAGCAATGGCGGACGTGAAAGCAATAGCGACAACGATACCGGCTTAACTATTACTGCAAAAAATGTAGAAGT

AAACAACAATATTACTTCTCACAAAGCAGTGAGCATCTCTGCGACAAGTGGAGAAATTACCACTAAAACAGGTACAACCATTAACG!

CAA
N Ny N I e R A N NN I A e
AAACAAAGATATTACTTCTCTCAAAACAGTAAATATCACCGCGTC . . . GGAAAAGGTTACCACCACAGCAGGCTCGACCATTAACGCAAC

CACTGGTAACGTGGAGATAACCGCTCAAACAGGTAGTATCCTAGGTGGAATTGAGTCCAGCTCTGGCTCTGTAACACTTACTGCAACCGA
[y
AAATGGCAA

TAAAGGAACCGAGAGTGTAACCACTTCAAGTCAATCAGGCGATAT CGATTTCTGGT ACA AAGCAACCGA

O S RN R N NN NNy N e A A S E N T
....... < --++---AGCAAGTATTACAACCAAAACAGGTGATATCAGCGGTACGATTTCCGGTAACACGGTAAGTGTTAGCGCGACTGG

AAGTTTAACCACTCAATCCAATTCAAAAATTAAAGCAACAACAGGCGAGGCTAACGTAACAAGTGCAACAGGTACAATTGGTGGTACGAT

TELRERLELE 1 HIIIIIII PEEE UL IIIIIHIIIIIIIIIIIIIIIIIII e i
TGATTTAACCACTAAATCCGGCTCAAAAATTGAAGCGAAATCGGGTGAGGCTAATGTAACAA AGGTACAATTGGCGGTACAAT

TTCCGGTAATACGGTAAATGTTACGGCAAACGCTGGCGATTTAACAGTTGGGAATGGCGCAGAAATTAATGCGACAGAAGGAGCTGCAAC

IlIIIlIIIIIIIIIIIIIlIlIllIIIlIIIlIIIIIllII|lllllIIIIIIIIIIIIIIIIIIIlIIIHlIIlIIlIIIIIIlIII
TTCCGGTAATACGGTAAATGTTACGGCAAACGCTGGCGATTTAACAG CAGAAGGAGCTGCAAC

CTTAACTACATCATCGGGCAAATTAACTACCGAAGCTAGTTCACACATTACTTCAGCCAAGGGTCAGGTAAATCTTTCAGCTCAGGATGG

R O L S S N N A N NN NN SV N T I T Y
CTTAACCGCAACAGGGAATACCTTGACTACTGAAGCCGGTTCTAGCATCACTTCAACTAAGGGTCAGGTAGACCTCTTGGCTCAGAATGG

FIG. 4—Continued.
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4364 TAGCGTTGCAGGAAGTATTAATGCCGCCAATGTGACACTAAATACTACAGGCACTTTAACTACCGTGAAGGGTTCAAACATTAATGCAAC 4453

PELE L DRREEETE FEA TR R H PUEL R DR R L T e LR T b e b il
4185 TAGCATCGCAGGAAGCATTAATGCTGCTAATGTGACATTAAATACTACAGGCACCTTAACCACCGTGGCAGGCTCGGATATTAAAGCAAC 4274

4454 CAGCGGTACCTTGGTTATTAAC CAAAABACGC!GAGC"‘

ACCACAC. GGTAAA?GCAACCAAC CAAA 4543

LI IlIIIIIIIIIIlIIIIIIlIII III IIIIIIIIII 1 Ili} 1 PLEE DL | Illlllll

4275 CAGCGGCACCTTGGTTA'

CAGAAGTGAATGCAGTCAACGCAAG 4364
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?GGCTCCGGCAGCGTAATCGCGACAACCTCAAGCAGAGTGAACATCACTGGGGATTTAATCACAATAAATGGATTAAATA!CATTTCAAA

LUREL R BB b LR IIIHIIIIIIIIIII llll IlIIlH JILLLILLLIELLL 11
CGGCTCTGGTAGTGTGACTGCGGCAACCTCAAGCAGTGTGAATATCAC AACACA TTCGAA

AAACGGTATAAACACCGTAC!GTTAAAAGGCGTTAAAATTGATOTEAAATACATTCAACCBGGTATAGCAAGCGTAGA?GAAGTAATTGA

N SN I N NN NE FRLLLEE FRERERLE T8 HE L B DEEEEEL L Rt
AGATGGTAGAAACACTGTGCGCTTAAGAGGCAAGGAAATTGAGGTGAAATATATCCAGCCAGGTGTAGCAAGTGTAGAAGAAGTAATTGA

AGCGAAACGCATCCTTGAGAAGGTAAAAGATTTATCTGATGAAGAAAGAGAAGCGTTAGCTAAACTTGGCGTAAGTGC?GTACG!TTTAT

PRELLEELEL THnene 11 IIIIIIIIIIIHHIIIIIIIIIIIIIII I IIIIIHIIIIIII LIPLLLRIITinne 4
AGCGAAACGCGTCCTTGAAAAAGTAAAAGATTTATCTGATGAAGAAAGAS ATTAGCTAAACTTGGTGTAAGTGCTGTACGTTTTGT

TGAGCCAAATAATACAATTACAG?CGATACACAAAATGAATTTGCAACCAGACCA!TAAGTCGAA?AGTGATT?CTGAAGGCAGGGCG?G

IIIIIlIlIHIIIIIIIII|IIII TRRLRRRRRRRERRRE R R b i b L i e i
GAGCCAAATAATACAATTACAGTCAATACACAAAATGAATTTACAACCAGA! AGTCAAG TT AGGTA

TTTCTCAAACAGTGAT 'GTGCGT CGC! TAA !lﬂcGGTCAGTAA!TGACAAGG!AGI!!!CI

TLLLEEEE 1t 11 1 lII P IIIHIIHHllllllll“””lilll
TTTCTCAAGTGGT. CGA TGCTGACGATGGACAGCCGPAGTCAGTAATTGACAAGGTAGATTTCAT

GCAA!GAAGTCATT?TATTTTCGTATTA?T?ACTGTGTGGGT?AAAGTTCAGTACGGGC?TTACCCATCTTGTAAAAAA?TACGGAGAAT

LLITTTTTT ”IIIIIIIIIIIII|lllIIIIIII|IllIIIIIIIIIlIIIIIIHIIIIIIII!IHIIIIIIIIIIIIIIIIIIIII
chmnnrcuﬂnﬂﬂccuﬂnuncrera'reacﬂmcucmnceecc‘rnacccuc‘rr TAAAMAATT

ACAATAAAGTATTTTTAACAGGTTATTATTATG

PLERRREREREOR R it
ACAATAAAGTATTTTTAACAGGTTATTATTATG

FIG. 4—Continued.
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regions of the HMW1 and HMW?2 genes are identical for 310
bp upstream from the respective initiation codons. Thus, the
HMW?2 gene is preceded by the same set of tandem repeats
and the same putative ribosome-binding site which lie 5’ of
the HMW]1 gene. A putative transcriptional terminator iden-
tical to that identified 3' of the HMW1 ORF is noted,
beginning at nucleotide 4804. The discrepancy in the lengths
of the two genes is principally accounted for by a 186-bp gap
in the HMW?2 sequence, beginning at nucleotide position
3839. The derived amino acid sequence of the protein
encoded by the HMW?2 gene has a molecular weight of
155,000 and is 71% identical with the derived amino acid
sequence of the HMW1 gene. Figure 5 compares the derived
amino acid sequences of the two genes by using the GAP
program (5).

Protein sequence similarity search. The structure and func-
tion of the proteins encoded by the HMW1 and HMW2
genes are unknown. A protein sequence similarity search
was performed with the derived amino acid sequences of the
two genes by using the Lipman-Pearson TFASTA algorithm
and the GenBank/EMBL nucleotide sequence library (5, 14).
The derived amino acid sequences of both the HMW1 and
HMW?2 genes demonstrated sequence similarity with the
derived amino acid sequence of filamentous hemagglutinin of
Bordetella pertussis, a surface-associated protein of this
organism (4, 6, 29). The initial and optimized TFASTA
scores for the HMW1-filamentous hemagglutinin sequence
comparison were 87 and 186, respectively, with a word size
of 2. The z score for the comparison was 45.8. The initial and
optimized TFASTA scores for the HMW2-filamentous hem-
agglutinin sequence comparison were 68 and 196, respec-
tively. The z score for the latter comparison was 48.7. The
magnitudes of the initial and optomized TFASTA scores and
the z scores suggested that a biologically significant relation-
ship existed between the HMW1 and HMW?2 gene products
and filamentous hemagglutinin (14). When the derived amino
acid sequences of the HMWI1, HMW2, and filamentous
hemagglutinin genes were aligned and compared, the simi-

larities were most notable at the amino-terminal ends of the
three sequences. Twelve of the first 22 amino acids in the
predicted peptide sequences were identical. In addition, the
sequences demonstrated a common five-amino-acid stretch,
Asn-Pro-Asn-Gly-Ile, and several shorter stretches of se-
quence identity within the first 200 amino acids.

Reactivity of HMW1 recombinant-protein antiserum with
purified filamentous hemagglutinin. To further explore the
HMW1-filamentous hemagglutinin relationship, we assessed
the ability of antiserum prepared against the HMW1-4
recombinant protein (rHMW1) to recognize purified filamen-
tous hemagglutinin (Fig. 6). As can be seen, the tHMW1
antiserum demonstrated ELISA reactivity with filamentous
hemagglutinin in a dose-dependent manner. Preimmune rab-
bit serum had minimal react1v1ty in this assay. The rtHMW1
antiserum was also examined in a Western blot assay and
demonstrated weak but positive reactivity with purified
filamentous hemagglutinin in this system also (data not
shown).

Reactivity of HMW1 recombinant-protein antiserum with
homologous and heterologous nontypeable H. influenzae
strains. To identify the native Haemophilus protein corre-
sponding to the HMW1 gene product and to determine the
extent to which proteins antigenically related to the HMW1
cloned gene product were common among other nontype-
able H. influenzae strains, we screened a panel of Haemoph-
ilus strains by Western blot with the tHMW1 antiserum. The
antiserum recognized both a 125- and a 120-kDa protein band
in the homologous strain 12 (Fig. 7), the putative mature
protein products of the HMW1 and HMW?2 genes, respec-
tively. The 120-kDa protein appears as a single band in Fig.
7, whereas it appeared as a doublet in the HMW2 phage
lysates (Fig. 1). The reasons for this discrepancy are unclear
at present.

When used to screen heterologous nontypeable H. influ-
enzae strains, rHMW1 antiserum recognized high-molecu-
lar-weight proteins in 75% of 125 epidemiologically unrelated
strains. In general, the antiserum reacted with one or two
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1 MNKIYRLKFSKRLNALVAVSELARGCDHSTEKGSEKPARMKVRHLALKPLSAMLLSLGVTSIPQSVLASGLQGMDVVHGTATMQVDGNKT 90
I
1 MNKIYRLKFSKRLNALVAVSELARGCDHSTEKGSEKPARMKVRHLALKPLSAMLLSLGVTSIPQSVLASGLQGMDVVHGTATMQVDGNKT 90
91 RV IQﬂl‘ﬂ'T“ rLI!P!G!TXGKDAIIITHGFTASTLDISNEIIK 180
IllIIIIIIIIIIIIlllll!l!IIIlIIllIllIIlllIIIIIIIIIIIIIIIIlII|||IIH|IIIIIIIIIHIIIIIIIIIHII
91 INNSAVFNRVTSNQISQLKGILDSNGQVFLINPNGITIGKDAIINTNGFTASTLDISKRENIK 130
181 ARNFTFEQTKDKALAEIVNHGLITVGKDGSVNLIGGKVKNEGVISVNGGSISLLAGQKITISDIINPTITYSIAAPENEAVNLGDIFAKG 270
T
181 ARNFTFEQTKDKALAEIVNHGLITVGKDGSVNLIGGKVKNEGVISVRGGSISLLAGQKITISDIINPTITYSIAAPENEAVNLGDIFAKG 270
271 GNINVRAATIRNQGKLSADSVSKDKSGNIVLSAKEGEAEIGGVISAQNQQAKGGKLMITGDKVTLXTGAVIDLSGKEGGETYLGGDERGE 360
I
271 GNINVRAATIRNQGKLSADSVSKDKSGNIVLSAKEGEAEIGGVISAQNQQAKGGKLMITGDKVTLKTGAVIDLSGKEGGETYLGGDERGE 360
361 GKNGIQLAKKTSLEKGSTINVSGKEKGGRAIVWGDIALIDGNINAQGSGDIAKTGGFVETSGHDLFIKDNAIVDAKEWLLDPDNVSINAE 450
T e e
361 GKNGIQLAKKTSLEKGSTINVSGKEKGGRAIVWGDIALIDGNINAQGSGDIAKTGGFVETSGHYLSIESNAIVKTKEWLLDPDDVTIEAE 450
451 'I‘AGRS!TS!DDE!TGSGNSASTPKRI!KE KTTLTNTTLESILKKGTFVI!ITAIIQRIYVHSSI]". SIGSLTLWSEGRSGGGV!!HHDITT 538

tffieez... TR I I T N N N
451 D?LRNITGIIDB!PTGTG!ASDPKKISBLKTTLTNTTISHY!.KNAWTHHITASRKLTVI'SSIIIIGSIISIILILESKGQRGGGVQIDGDIT 539
539 GDDTRGMLTIYSGGWDVHKNISLGAQGIINITAKQDIAFEKGSIQV ------- ITGQGTIT SGNQKG'RPX"‘VSLNGTGSGLQFTTK 620
SElLLLELLEVEL R et FE 2 a2 d ] - R T TN T
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FIG. 5. Derived amino acid sequences of the HMW1 and HMW?2 genes, aligned and compared by using the GAP program. |

amino acids; : and ., similar amino acids (5).

, identical

protein bands in the 100- to 150-kDa range in each of the
heterologous strains in a pattern similar but not identical to
that seen in the homologous strain (Fig. 7).

Reactivity of a monoclonal antibody to filamentous hemag-
glutinin with nontypeable H. influenzae. Monoclonal antibody
X3C is a murine IgG antibody directed against the filamen-
tous hemagglutinin protein of B. pertussis (13). This mono-
clonal antibody will prevent adhesion of B. pertussis cells to
Chinese hamster ovary cells and HeLa cells in culture and
will inhibit hemagglutination of erythrocytes by purified
filamentous hemagglutinin. We were interested in knowing

whether the Haemophilus high-molecular-weight proteins
expressed epitopes recognized by this monoclonal antibody.
Figure 8 shows the results of a Western blot assay in which
this monoclonal antibody was screened against the same
panel of nontypeable H. influenzae strains examined in Fig.
7. Monoclonal antibody X3C recognized both the high-
molecular-weight proteins in nontypeable H. influenzae
strain 12 which were recognized by the recombinant-protein
antiserum. In addition, the monoclonal antibody recognized
protein bands in a subset of heterologous nontypeable H.
influenzae strains which were identical to those recognized



VoL. 60, 1992

2.0'1
1.5
E
c
o
-
<
o 101
Q
c
<
a
2
o
2 o054
<
0.0 T T T T T T T T T
o = o o o o o o o o
o~ < @ © o~ < @ © o~ < §
i - Ll © o o - o~
A L T

Ab Dilutions

FIG. 6. ELISA with rHMW1 antiserum assayed against purified
filamentous hemagglutinin of B. pertussis. Ab, antibody.

by the recombinant-protein antiserum (compare Fig. 7 and
8). On occasion, the filamentous hemagglutinin monoclonal
antibody appeared to recognize only one of the two bands
which had been recognized by the recombinant-protein
antiserum (compare strain 18 lanes in Fig. 7 and 8, for
example). Overall, monoclonal antibody X3C recognized
high-molecular-weight protein bands identical to those rec-
ognized by the rHMW!1 antiserum in approximately 35% of
our collection of nontypeable H. influenzae strains.

DISCUSSION

We previously identified a group of high-molecular-weight
surface-exposed proteins of nontypeable H. influenzae
which are major targets of antibodies present in the sera of
children convalescing from acute Haemophilus otitis and in
the sera of healthy adults (1). In an effort to further charac-
terize these proteins, we have cloned and sequenced the
structural genes for two immunogenic high-molecular-weight
proteins from a prototype nontypeable H. influenzae strain,
proteins we have designated HMW1 and HMW2. A protein
sequence similarity search performed with the derived
amino acid sequences of the HMW1 and HMW?2 genes
revealed sequence similarity with the derived amino acid
sequence of the filamentous hemagglutinin protein of B.
pertussis. Antiserum raised against HMW1 recombinant
protein reacted with purified filamentous hemagglutinin in
ELISA and Western blot assays. In addition, a monoclonal
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FIG. 7. Western immunoblot assay of cell sonicates from a panel
of epidemiologically unrelated nontypeable H. influenzae strains.
The sonicates were probed with rabbit antiserum prepared against
HMW1-4 recombinant protein. The strain designations are indicated
by the numbers below each lane.
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FIG. 8. Western immunoblot assay of cell sonicates from a panel
of epidemiologically unrelated nontypeable H. influenzae strains.
The sonicates were probed with monoclonal antibody X3C, a
murine IgG antibody which recognizes the filamentous hemaggluti-
nin of B. pertussis (13). The strain designations are indicated by the
numbers below each lane.

antibody directed against filamentous hemagglutinin reacted
with high-molecular-weight proteins in a panel of nontype-
able H. influenzae strains which were identical to those
recognized by the recombinant-protein antiserum. These
data raise the possibility that the HMW1 and HMW2 gene
products are structural and functional analogs of the filamen-
tous hemagglutinin protein of B. pertussis. Filamentous
hemagglutinin is a surface-associated protein which appears
to have a central role in adherence (29, 38, 39, 41). It also is
highly immunogenic in humans during natural disease (10)
and is a potent protective immunogen in some animal models
of pertussis infection (12, 26).

The adherence factors of H. influenzae have not yet been
fully characterized. Although surface pili mediate adherence
under certain circumstances, non-pilus-mediated adherence
of H. influenzae has been described in several different in
vitro systems (8, 15, 28, 31, 34). Whether the HMW1 and
HMW?2 gene products have a role in promoting the adher-
ence of H. influenzae is unknown at present. Comparative
analysis of the derived amino acid sequences of the filamen-
tous hemagglutinin, HMW1, and HMW2 genes could pro-
vide some insight into this question. At least two distinct
eucaryotic cell-binding sites have been described for fila-
mentous hemagglutinin (30, 38). One appears to be a carbo-
hydrate-binding site, but its localization on the filamentous
hemagglutinin molecule has not yet been precisely defined.
The other appears to reside in or around an Arg-Gly-Asp
(RGD) sequence (30). No RGD sequences were found in the
HMW]1-derived amino acid sequence, but the HMW2 se-
quence contains a predicted RGD sequence from amino
acids 785 to 787.

The amino-terminal portion of filamentous hemagglutinin
demonstrates substantial homology with the amino-terminal
regions of the hemolysins A of Serratia marcescens and
Proteus mirabilis (4, 27, 40). It has been suggested that the
region of homology may be involved in binding of these three
proteins to eucaryotic cell receptors (4). The derived amino
acid sequences of the two hemolysin genes also demonstrate
sequence similarity with the derived amino acid sequences
of the HMW1 and HMW?2 genes when compared by the
TFASTA program, but the scores are lower than those
observed with the filamentous hemagglutinin comparison.
One finding of potential interest is that the two hemolysins
have the same five-amino-acid sequence near their amino
termini, Asn-Pro-Asn-Gly-Ile, which was noted to be com-
mon to the HMW1, HMW?2, and filamentous hemagglutinin
sequences.
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Approximately 75% of the nontypeable H. influenzae
isolates we examined expressed proteins recognized by the
HMW!1 recombinant-protein antiserum. When sonicates of
these cross-reactive strains were examined by Western blot,
two discrete high-molecular-weight bands were usually
present (Fig. 7). Our speculation is that these two bands
represent products of two distinct but related genes, as was
the case with prototype strain 12. However, additional
cloning and sequencing studies of genes encoding high-
molecular-weight proteins from other nontypeable Hae-
mophilus strains will likely be necessary to clarify the
relationships. The presence or absence of these proteins in
type b H. influenzae will also be important to define. The
recombinant-protein antiserum did not appear to recognize
antigenically related high-molecular-weight proteins in a
small number of type b strains we have examined to date.
However, when the HMW1 gene and associated 3'-flanking
region were used to probe genomic DNA from a panel of
type b strains by Southern hybridization, weak but definite
hybridization signals were observed (unpublished observa-
tions).

The nucleotide sequences of the HMW1 and HMW?2 genes
and flanking DNA were notable for several reasons. Most
provocative was the presence of the 7-bp direct tandem
repeats in the regions immediately upstream of the putative
initiation codons. This finding is reminiscent of the situation
in Vibrio cholerae, in which a series of three to eight direct
repeats of the 7-bp sequence TTTTGAT are present in the
promoter region of the cholera toxin gene (19, 20). In V.
cholerae, this repeat region is believed to serve as a binding
site for the ToxR protein in a step necessary for transcrip-
tional activation of the cholera toxin promoter (20). Whether
the set of tandem repeats in H. influenzae serve a similar
function in terms of transcriptional control of the HMW1 and
HMW?2 genes is unknown at present. Preliminary data
suggest that the tandem repeat sequence is highly conserved
among other nontypeable H. influenzae organisms. As noted
above, approximately 75% of unrelated nontypeable H.
influenzae strains have proteins antigenically related to the
HMW1 gene product. When genomic DNA from a panel of
such strains was probed by Southern hybridization with a
21-mer oligonucleotide consisting of three serial repeats of
the 7-bp Haemophilus sequence, each demonstrated two to
four strong hybridization signals (unpublished observation).
Our speculation is that these signals represent hybridization
with tandem repeats upstream of copies of HMW1-related
genes in the heterologous strains. Interestingly, DNA from
strains nonreactive on Western blot were similarly nonreac-
tive on Southern hybridization with the above-mentioned
oligonucleotide.

In the subcloning studies of the HMW1 gene, we pre-
sented data suggesting that the HMW1 gene product was
processed in some manner by the proteins encoded by
downstream genes. Precedent for such processing exists in
studies of filamentous hemagglutinin (6). Translation of the
entire ORF of the filamentous hemagglutinin gene predicts
the expression of a polypeptide with a molecular mass of 367
kDa, yet the mature polypeptide is estimated to be approx-
imately 220 kDa in size. The precise events which occur
during processing of filamentous hemagglutinin are unknown
(6, 35), but the fact that filamentous hemagglutinin is proc-
essed from a large precursor supports our contention that the
HMW1 and HMW]1 gene products may also be processed
prior to generation of the mature protein. Of note in this
regard, protocols were recently developed in our laboratory
for partial purification of the native 125- and 120-kDa pro-
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teins of strain 12. N-terminal amino acid sequence analysis
revealed the sequences --NV-INAETAG and P--VTIE-
AEDPL for the 125- and 120-kDa proteins, respectively.
These sequences correspond to the derived amino acid
sequences of the HMW1 and HMW?2 genes, each beginning
at peptide 442 (Fig. 5). Thus, it appears that lengthy seg-
ments are being removed from the amino termini of the
HMW1 and HMW?2 gene products in generation of the
mature proteins.

The vaccine potential of the nontypeable H. influenzae
high-molecular-weight proteins has yet to be determined.
The proteins are surface exposed and highly immunogenic,
and antigenically related proteins are present in the majority
of nontypeable H. influenzae strains. However, the epitopes
on the proteins that are potentially capable of interacting
with protective antibodies have yet to be defined, and the
degree to which such epitopes are common among strains is
unknown. Such issues will be critical to address in future
studies.
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