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High-molecular-weight proteins of Haemophilus influenzae mediate attachment to epithelial cells. Previous
reports describe several allelic versions of zmwA genes that have different adherence properties. Here we report
three new alleles of hmwA (hmwA from strain AAr96, hmwA from strain AAr105, and hmwA from strain G822),
demonstrating the high degree of DNA variation of these genes among different strains.

Nontypeable Haemophilus influenzae (NTHi), a gram-nega-
tive, nonencapsulated, human-specific microorganism, com-
monly inhabits the upper respiratory tract and causes otitis
media, conjunctivitis, sinusitis, pneumonia, and acute exacer-
bation of chronic bronchitis. Occasionally, NTHi causes severe
invasive diseases, such as meningitis, endocarditis, and bacte-
remia (14).

NTHi high-molecular-weight (HMW) proteins mediate bac-
terial attachment to epithelial cells (7, 11, 17, 18) and have
been implicated as possible virulence factors for otitis media
(12, 20) or chronic obstructive pulmonary disease (21). This
adhesin is produced by the action of three genes (hmwA,
hmwB, and hmwC) located in the hmw locus (1, 2). Many H.
influenzae strains contain two distinct ~mw loci, hmw-1 and
hmw-2 (3, 4). The hmwA genes of these loci encode the
HMWA adhesive proteins, which are 52 to 62% identical at the
amino acid level (4) among several NTHi strains. ~mwB genes
encode outer membrane translocator proteins, which are 99%
identical in NTHi strain 12. HMWB proteins are located in the
outer membrane and serve to translocate HMWA across the
outer membrane and prevent degradation by periplasmic pro-
teases. hmwC genes encode cytoplasmic proteins, which are
97% identical in NTHi strain 12, and appear to stabilize
HMWA (2, 17) and to influence glycosylation of HMWAL1
(10). HMWAL of strain 12 mediates binding to «-2,3-linked
sialylated glycoproteins, and the epithelial cell receptor struc-
ture for HMWA? of this strain is unknown (17).

While initial studies of ~AmwA described the alleles hmwAl
and hmwA2, one in each Amw locus of strain 12 (3), Van
Schilfgaarde et al. (21) described a third hmwA allele from the
chronic obstructive pulmonary disease H. influenzae strain
A950006, whose 4,671-bp gene encodes a predicted protein
with 70% homology to HMWA1 and 68% homology to
HMWAZ2 of strain 12. More recently, Buscher et al. (4) have
identified four additional ~imwA alleles with either HMWA1-
or HMWAZ2-like binding characteristics from two NTHi strains
and showed that the genes encoding these differential binding
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characteristics were variably located downstream of either
HI01679 or HIO1598 in the Rd genome.

Although type b strains lack Amw loci, 55 to 80% of NTHi
strains have these genes (1, 8, 20). Among the other encapsu-
lated H. influenzae types, hmw loci were detected in 26% of
type a, 8% of type e, and 5% of type f strains (16). In a previous
study by our group using dot blot hybridization, 51% of NTHi
isolates hybridized with strain 12 hmwA I-specific probes, 23%
hybridized with hmwA2-specific probes, and 48% hybridized
with himwC-specific probes (8). While 18% hybridized with all
three probes, 23% hybridized with only hmwAl and hmwC
probes, 1% hybridized with only imwA2 and hmwC probes,
and 6% (10 isolates) hybridized with only the himwC probe,
suggesting that many strains may contain ~imwA genes that do
not hybridize the strain 12-specific probes. Specifically, NTHi
strains AAr96, AAr105, and G822 failed to hybridize with gene
probes targeting the unique regions hmwAl and hmwA2 of
strain 12 but hybridized with a probe targeting the conserved
hmwC genes. In the present study, we investigate the possibility
that these three strains contain allelic versions of smwA that
failed to hybridize with the strain 12-specific probes.

Table 1 lists the primers synthesized by the University of
Michigan Biomedical Research Core Facility that were used to
amplify regions of the imwA genes from NTHi strains AAr96,
AAr105, and G822. For all PCRs, NTHi strain 12 served as the
positive control and the hmw-deficient NTHi strain 11 served
as the negative control (3). All PCRs were carried out as
previously described (8). The resulting PCR products were
cloned into the plasmid vector pCR4-TOPO (Invitrogen,
Carlsbad, Calif.), and the resulting recombinant plasmids were
transformed into TOP10 Escherichia coli host cells (Invitro-
gen). Insert regions were sequenced at the University of Mich-
igan Sequencing Core Facility, using Applied Biosystems
model 3700 and 3730 automated sequencers. DNA and protein
sequences were aligned and compared by using Lasergene
Biocomputing software (DNASTAR, Inc., Madison, Wis.).
Multiple alignments were performed with the CLUSTAL W
program. The Lipman-Pearson algorithm (Ktuple = 2; gap
penalty = 4; gap length penalty = 12) was used for pairwise
alignment.

hmwA genes from strains AAr96, AAr105, and G822 were
4,428, 4,476, and 4,449 bp in length, respectively. Figure 1
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FIG. 1. Comparison of the predicted amino acid sequences of HMWA from the strains AAr96, AAr105, and G822 with the deduced amino
acid sequences of HMW-1 and HMW-2 from nontypeable Hi strains 12, 5, and A950006 previously reported. The HMWA protein sequences were
aligned by using the CLUSTAL algorithm in the DNAStar software. Identical amino acids in all HMWA sequences are indicated with dots, and
gaps introduced to maximize alignments are indicated by dashed lines. At the top in bold is a consensus amino acid sequence in which all letters
except X represent an amino acid present in at least three of the six predicted proteins, and X means there is no consensus amino acid at that
position. The RGD sequences are underlined.
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FIG. 1—Continued.

compares the predicted amino acid sequences of these three
hmwA genes to the five previously described and available in
GenBank. In all eight proteins, the N-terminal 440 amino acids
of HMWA are highly conserved and the C-terminal 100 amino
acids are moderately conserved, but the region between, which
corresponds to the epithelial cell binding domain (7), is ex-
tremely variable. In pairwise comparisons, using the Lipman-
Pearson algorithm, amino acid identities between the eight
alleles varied from 66 to 77% (Table 2). DNA sequence anal-
ysis 5’ of each imwA gene in this study revealed that the genes

from strains AAr105 and G822 were adjacent to the homolo-
gous Rd gene HI01679, while ~mwA gene in strain AAr96 was
adjacent to the HI01598 homolog (Table 2).

HMW proteins are structural and functional analogs of the
filamentous hemagglutinin of Bordetella pertussis (1), which
mediates binding by an arginine-glycine-aspartic acid (RGD)
motif. Because this motif is also present in the derived amino
acid sequence of HMWAZ2 of strain 12, RGD-mediated adher-
ence of HMWAZ2 to the integrin CR3 has been suggested (15,
21). The RGD tripeptide motif of HMWA?2 from strain 12
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TABLE 1. PCR primers used in this study

Target region amplified” Primer” bp positions in corresponding gene Nucleotide sequence (5'-3")
hmwA gene hmwAF 34-57 (hmwAI1/A2) CGCCTGAATGCTTTGGTTGCTGTG
hmwAR 1055-1078 (hmwA1/A2) CGCCGCGCTCGTCACCGCCAAGGT
Variable internal fragment of hmwA genes  hmwMF 1212-1235 (hmwA1/A2) CGCTCAAGGTAGTGGTGATATCGC
hmwMR 3150-3173 (hmwAI) CCATCTTTAGCTGTAATCTCTGCT
hmwAI probe hmwlAF 1610-1633 CCACCGGTGATGATACCAGAGGTG
hmwlAR 2507-2530 CGGCTTTCCTGGAGCCAAAGGTGA
hmwA2 probe hmw2AF 1771-1794 GTCGCCCAGGGCACTGTAACCATT
hmw2AR 2478-2501 CCGCCCAGAATGGATATGTTGTAG
5’ fragment from AAr96 HI01598 AAr96R  142-163 GTTTAGCAAGAAAATGATCGGG
1309-1327 CCGGGTCTAACAACCACTC
AAr105 HI01679 455-479 CCGATATGATTTTACAGGCACAGGG
AAr105R 1341-1358 CGTCCAGCAGGAGCATCA
G822 HI01679 G822R CCGATATGATTTTACAGGCACAGGG
1829-1849 TCGCGCCACTAATGTTGTGTG
3’ fragment from AAr96 hmwR 82-104/79-101 (3" of hmwAIl/  CAAGATGGGTAAAGCCCGTACTG
A2, respectively)
AAr96F 3042-3062 GGGTATTGATGTAGAGAGCTC
AAr105 hmwR AAr105F CAAGATGGGTAAAGCCCCGTACTG
3049-3069 GATGGAGAGAGCTCTGTTCCA
G822 hmwR G822F CAAGATGGGTAAAGCCCGTACTG
2989-3009 GGCGTTGATGGGGAGAGTTCT

¢ Strain names are given to indicate those regions of hmwA that are strain specific.

b F, forward primer; R, reverse primer.

(amino acids 785 to 787) (1) differs in location from the motif
in strain AAr105 (amino acids 963 to 965), in strain G822
(amino acids 459 to 461), and in strain A950006 (amino acids
460 to 462). Examination of the previously reported HMW
amino acid sequences of strain AAr96 and strain 5 (4) reveals
no RGD tripeptide motifs (Fig. 1).

HMWA1 and HMWAZ2 of strain 12 localize to the surface of
NTHi by a two-step process involving first cleavage between
amino acids 68 and 69 and then cleavage of a 441-amino-acid
N-terminal fragment (1, 9, 19). All eight HMWA proteins
show strong N-terminal amino acid homology (Fig. 1) in this
region, suggesting that the immature proteins are cleaved by
the same mechanisms in all strains.

Previous studies reveal that the binding domains of
HMWAT1 and HMWA? of strain 12 are located in the approx-
imately 360 amino acids near the N termini of the mature
proteins (7). This region (Fig. 1) shows significant sequence
diversity among the eight different alleles, which may result
both in functional differences in adherence to human cells and
in antigenic variation (21, 4).

The 5’ regions immediately upstream of the initiation
codons of hmwAIl and hmwA2 in strain 12 and of hmwA of

TABLE 2. Comparison of predicted amino acid sequences of
HMWA from strains AAr96, AAr105, and G822 with HMWA
protein sequences from strains 12, 5, and A950006

% ldentity with sequence from strain:

HMW protein®

AAr96 AAr105 G822
(HI01598) (HI01679)  (HI01679)
Strain 12 A1 (HI01679) 72 69 66
Strain 12 A2 (HI01598) 67 74 76
Strain 5 Al-like (HI1598) 73 66 68
Strain 5 A2-like (HI1679) 67 75 76
A950006 A2-like (HI1598) 69 68 73

¢ Parentheses contain 5’ flanking gene based on the Rd genome sequence.

strain A950006 all contain 16 to 22 copies of a 7-bp tandem
direct repeat sequence (ATCTTTC) whose variation in num-
ber can result in phase variation of expression of the hmwA
genes (1, 6, 21). Strains AAr96, AAr105, and G822 in this study
all had 16 copies of the repeat sequence.

In conclusion, we identified three additional imwA alleles of
NTHi, which is reminiscent of the allelic diversity of genes
encoding both the structural protein (hif4) and the adhesin
(hifE) of H. influenzae hemagglutinating pili (5, 13). The most
conserved domain of the HMW-like proteins is the N terminus
region of the immature protein, which traffics the proteins to
the cell surface and is then cleaved from the mature proteins,
while the most variable domain is the receptor binding region
(6). While the antigenic domains corresponding to protective
antibodies of HMW remain unknown, the extreme sequence
diversity of the binding domain suggests that these proteins
may vary antigenically as well as functionally.

Nucleotide sequence accession numbers. Sequences deter-
mined in this work have been submitted to GenBank with the
following accession numbers: for himwA from strain AAr96,
AY601284; for hmwA from strain AAr105, AY601283; and for
hmwA from strain G822, AY601282.
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This study was supported by awards Al 25630 and DCO05840 to
J.R.G. from the National Institutes of Health.
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