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The P2 porin protein is the most abundant outer membrane protein (OMP) of nontypeable Haemophilus
influenzae (NTHI) and shows extensive antigenic heterogeneity among strains. To study the molecular basis of
this heterogeneity, the DNA sequences of the genes encoding the P2 proteins of three unrelated strains of NTHI
were determined, and restriction fragment length polymorphisms around the P2 genes of 35 strains were
analyzed. The deduced amino acid sequences of the P2 genes from the three strains of NTHI revealed four
major (12 to 35 amino acids long) and several smaller (2 to 7 amino acids) hypervariable regions in each
protein. The major variations occurred in identical portions of the genes, and these regions showed a high
antigenic index and surface exposure probability in computer modeling analysis. Differences in the molecular
mass of the P2 protein correlate with differences in the size of the variable region in each strain. Oligonucleotide
primers suitable for amplification of the P2 genes by polymerase chain reaction were developed. Restriction
fragment length polymorphism analysis showed marked heterogeneity in and around the ompP2 locus of 35
NTHI strains. These results contrast with the high degree of conservation of the P2 genes in H. influenzae type
b strains. We conclude that the molecular mass and antigenic heterogeneity of the P2 molecule of NTHI is due
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to variations in gene sequence that are clustered primarily in four large hypervariable regions of the gene.

Nontypeable Haemophilus influenzae (NTHI) strains are
an important cause of infection in patients with chronic
obstructive pulmonary disease and are a common cause of
acute otitis media in children (3, 4, 30). Recurrent infections
are usually caused by different strains of NTHI in which the
major outer membrane protein (OMP) profile is altered in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels (2, 16, 34). Differences in immunoreactiv-
ity of certain OMPs to polyclonal and monoclonal antibodies
are observed in these new isolates as well (16, 17, 31, 49).
When the same strain persists in a patient with chronic
obstructive pulmonary disease, inmunochemical changes in
the surface epitopes of OMP P2 are seen (49).

OMP P2, the most predominant OMP, functions as a porin
(45, 47, 48) and has a molecular mass that varies among
strains from 36,000 to 42,000 Da (1, 22, 35). This variation in
molecular mass among P2 molecules provides the basis for a
subtyping system for NTHI (34, 35). The P2 molecule of
nontypeable strains expresses highly strain-specific, immu-
nodominant epitopes on the bacterial surface (17). P2 is also
a target for human serum bactericidal antibody (32). The
antigenic differences in the P2 molecules among strains of
NTHI may induce a strain-specific host immune response
and allow other strains to cause recurrent infection.

The goal of this study is to determine the molecular basis
of the antigenic heterogeneity of P2 molecules among
strains. The sequences of the P2 gene of three strains of
NTHI were determined. Restriction fragment length poly-
morphism analysis of the ompP2 locus of 35 strains was used
to chart relationships among a diverse collection of strains.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and phages. A total of 35
strains of NTHI was used in this study. Strains were chosen
so that a diverse collection of isolates could be studied. The
strains represent a variety of OMP subtypes (34, 35), OMP
serotypes (29), and lipooligosaccharide serotypes (6). The
isolates were recovered from a variety of clinical samples
and from several different cities in the United States (Table
1). One strain of H. influenzae biogroup aegyptius was
recovered from a patient with Brazilian purpuric fever (5).
Escherichia coli DH5aF' and bacteriophages M13mp18 and
M13mp19 were obtained from Bethesda Research Laborato-
ries, Inc. (Gaithersburg, Md.). Plasmid pGEM7ZF— was
obtained from Promega Corp. (Madison, Wis.).

Molecular cloning and sequencing. To clone the P2 gene
from NTHI strain 5657, a family of 16 oligonucleotide probes
corresponding to the reverse-translated N-terminal amino
acid sequence of the mature protein was synthesized (39). A
Agtll genomic library of this strain containing inserts of 2 to
8 kb was screened by hybridization with oligonucleotides
end labeled with [y-°>P]JATP (New England Nuclear) by
using T4 polynucleotide kinase (Bethesda Research Labora-
tories, Inc.) (42). Hybridization was carried out overnight at
37°C, and washes were performed at 52°C in the presence of
tetramethylammonium chloride (51). One clone (no. 18A),
determined by restriction endonuclease analysis to contain
the entire P2 gene, was subcloned into bacteriophage M13
for sequence determination (18).

Amplification of the P2 gene by PCR. Polymerase chain
reaction (PCR) was used to isolate the P2 genes from
chromosomal DNA of NTHI strains 1479 and 2019. Chro-
mosomal template DNA was purified by the method of
Silhavy et al. (44); 1 pg was incubated with 100 ng of
oligonucleotides, and the P2 gene was amplified in overlap-
ping halves by 30 rounds of denaturation and polymeriza-
tion. PCRs were performed with a 1-min annealing time at
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TABLE 1. Sources of NTHI strains

Clinical source

Geographic

source Sputum Eye Mi.d dle.qar Blood C:;xll);lo- Naso-
fluid/otitis” Auid pharynx

Boston 2 1
Brazil 1
Buffalo 10 4 1 1 1
Dallas 3
Houston 6 1
St. Louis 3 1

“ Middle ear fluid obtained by tympanocentesis.

50°C, an extension time of 2 min at 72°C, and a denaturation
time of 1 min at 95°C. PCR fragments of approximately 600
bp each were purified from 1.2% agarose gels with Gene-
Clean (Bio 101, La Jolla, Calif.) and cloned by using the TA
Cloning Kit (Invitrogen Corp., San Diego, Calif.) as de-
scribed by the manufacturer. Tag DNA polymerase and
other PCR reagents were purchased from Cetus (Norwalk,
Conn.). Other enzymes were purchased from Bethesda
Research Laboratories, Inc., or Promega Corp. and used in
accordance with the manufacturers’ instructions.

Determination of DNA sequence. Dideoxy sequencing was
performed on M13 and pCr2000 clones with Sequenase (US
Biochemicals, Cleveland, Ohio) according to the manufac-
turer’s instructions. Two independent clones were se-
quenced from each PCR-derived ligation. [**S]deoxyadenos-
ine 5'-(a-thio)-triphosphate was purchased from New
England Nuclear Corp.

DNA sequence and peptide structural analysis. DNA and
amino acid sequences were analyzed with the Genetics
Computer Group Sequence Analysis Software package (8).
Amino acid sequences were analyzed for antigenic index,
surface exposure probability, and hydrophilicity. Antigenic
index is measured by summing several weighted measures of
secondary structure as described by Modrow and Wolf (24).
Probability of surface exposure is calculated by the formula
of Emini et al. (10), and hydrophilicity was calculated by the
algorithm of Hopp and Woods (21).

Restriction fragment length polymorphism analysis. Chro-
mosomal DNA from 35 strains of NTHI was isolated as
described by Silhavy et al. (44). Genomic DNA (5 pg) was
digested to completion with EcoRI or Pvull. Fragments
were electrophoresed on 0.8% agarose gels and transferred
to Nytran (Schleicher & Schuell, Inc., Keene, N.H.) in
accordance with the manufacturer’s recommendations.

Oligonucleotides were purchased from Biosynthesis, Inc.
(Denton, Tex.) and end labeled with [>*?P]ATP (New England
Nuclear Corp.) by using T4 polynucleotide kinase. Hybrid-
ization and washes were performed at 5 to 7°C below the
temperature of dissociation for the probes (51), which was 48
to 52°C for all probes. Autoradiography was performed
overnight at —70°C.

Nucleotide sequence accession numbers. The P2 gene se-
quences of strains 1479, 2019, and 5657 have been assigned
GenBank accession numbers M93268, M93269, and M93270,
respectively.

RESULTS

Molecular cloning and sequencing. The Agtll genomic
library of NTHI strain 5657 was immunoscreened with
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monoclonal antibody 2E6, which recognizes a surface
epitope in the P2 protein (17, 31). Screening of 20,000
plaques failed to yield any reactive plaques. Therefore, the
library was screened by hybridization with a family of
end-labeled oligonucleotides corresponding to reverse trans-
lation of the N-terminal amino acid sequence of purified P2
from strain 5657 (39, 42). A mixture of 16 oligonucleotides
was used (Fig. 1) to accommodate codon degeneracy. Seven
plaques hybridized with the oligonucleotides. These clones
were plaque purified and tested for reactivity to monoclonal
antibody 2E6 (17, 31). Clone 18A was very weakly reactive
with 2E6 in the immunoblot assay. Since the band corre-
sponded to the molecular mass of native P2, clone 18A was
assumed to contain the entire P2 gene. The 1.1-kb insert was
excised from Agtll with EcoRI but could not be subcloned
into M13mp18 or M13mp19 for sequence determination until
the portion of the gene encoding the leader peptide was
removed by digestion with Pvull. The sequence of both
strands of the entire insert was determined by using newly
synthesized primers as required.

Analysis of the sequence revealed that portions of the
gene had homology with the sequence for P2 from H.
influenzae type b strains (19, 25, 27). In addition, several
large regions differed from the sequence of type b strains
(Fig. 2).

Having cloned and determined the sequence of the P2
gene of strain 5657, we set out to clone the P2 gene from
strain 1479. A Agtll genomic library of strain 1479 was
screened with oligonucleotides corresponding to apparently
conserved regions of the P2 gene. Several screenings yielded
only small fragments of the gene, as determined by sequence
analysis of M13 subclones. The first clone obtained was 600
bp in length, with only 144 bases contained within the P2
gene and the remainder lying upstream. Another clone of 4.2
kb gave only the N-terminal 486 bp of the gene; the rest was
apparently rearranged as a result of toxicity associated with
unregulated expression of porin molecules in E. coli (7, 14,
28). To clone the remainder of the P2 gene from strain 1479,
oligonucleotide primers suitable for amplification of overlap-
ping fragments of the gene were constructed, based on the
sequence of strain 5657 (Table 2). PCR-generated fragments
from the genomic DNA of strain 1479 were cloned into the
TA cloning vector pCR2000 by standard ligation techniques
and transformed into E. coli DHS5aF' (18).

Sequence determination of the P2 gene from strain 1479
showed regions of homology with the P2 gene of strain 5657
and type b strains (25, 27) (Fig. 2). There were also several
regions which showed significant heterogeneity. The gene
from strain 1479 encoded 33 additional amino acids, account-
ing for the molecular mass variations observed between the
P2 proteins of the two strains of NTHI (Table 3, Fig. 3).

The P2 gene from a third strain (2019) was cloned, and the
sequence was determined in overlapping halves by PCR.

Asn Asn Glu Gly Thr Lys Val
AAC AAC GAA GGl ACI AAA GT.
T T G G

FIG. 1. Family of 16 oligonucleotides corresponding to the re-
verse translation of the N terminus region of purified OMP P2 of
strain 5657. The top line represents the amino acid sequence
beginning with amino acid 25, with position 1 defined as the
methionine. The bottom line represents the sites at which a mixture
of two nucleotides was used in the synthesis of the oligonucleotides.
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1479 ATGAAAAAAACACTTGCAGCATTAATCGTTGTTGCATTCGCAGCTTCAGCAGCAAACGCAGCTGT TGTTTATAACAACGAAGGGACTAAA 90
MetLysLysThrLeuAlaAlaleulleValValAlaPheAlaAlaSerAlaAlaAsnAlaAlaValValTyrAsnAsnGluGlyThrLys 30
2019 i it T o
5657 @ ieeieieeeen teesassessevesssscccconnaony et eeieece ettt Ceeieeieie e N
1479 GTAGAATTAGGCGGTCGTTTAAGCGTTATTGCGGAACAAAGCAGCAGCACTGAAGATAATCAAGAACAGCAACACGGTGCATTACGTAAT 180
ValGluLeuGlyGlyArgLeuSerValIleAlaGluGlnSerSerSerThrGluAspAsnGlnGluGlnGlnﬂlsGlyAlaLeuArgAsn 60
2019 ieiiieeee Tiiiiiiiiee. A....C..A........ T.AT...... AT.A.GG..... - ceeeesCutn
....... .................Ile...............Asn......IleLysAsp.. 5 =
5657 e P o/ 7 W N N B N 0 R € C...
cececccccstsessscacne ThrIle...coeeeveeeennnns Asn...Leu...AsSp...LyS. ..ttt
1479 CAGGGTTCACGTTTCCACATTAAAGCAACGCATAACTTCGGTGATGGTTTCTATGCACAAGGTTATTTAGAAACTCGTTTTGTTTCAAAA 270
GlnGlySerArgPheHisI1eLysAlaThrH1sAsnPheGlyAspGlyPheTyrAlaGlnGlyTereuGluThrArgPheValSerLys 90
2019 .AA 270
90
5657 267
89
1479 GCCTCTAAAGAAAAAGCAGATCAATTCGCTGATATTGTAAACAAATATGCTTATCTTACTTTAGGAAATAACACATTCGGTGAAGTAAAA 360
AlaSerLysGluLysAlaAspGlnPheAlaAspIleValAsnLysTyrAlaTyrLeuThrLeuGlyAsnAsnThrPheGlyGluVallys 120
2019 CAA...GG.ACCG.GT.....A.C....G.C..... AceCuivirnnnnnnnns GuCuivivvnnnnnns TT.G..AAG. . eeveueennn 360
Gln...GlyThrGluSer...Asn...GlyHis...IleThr............ Val....ooveenenn PheAlaLyS...coeeeennn 120
5657 AAG.A...... CoeTeveeeeeeCit v dAUAG. . .AC..ChtiiiennneeesGuniiiiieennennns AG...eGuivernnnnnnn 357
LysTyr...AspAsn......His...AspSer...ThrThr........... Val.oeeeeeeanonn LysAlaleu........ P 119
1479 CTTGGTCGCGCAAAAACTATTGCTGATGAAATTACAACCGCAGAAGATAAAGAATATGGTCTTCTCAACTCTAAAAAATATATCCCTACT 450
LeuGlyArgAlaLysThrIleAlaAspGluIlleThrThrAlaGluAspLysGluTyrGlyLeuLeuAsnSerLysLysTyrIleProThr 150
2019 ...i.... T..G. eeeesGC. AT .GerrrennneannnnennneesGuunnn . .AA..GC. i Teeenn 450
.......... PP 3 5 AR i 1= 7-F I £ B I - X=3 0 113 o 150
5657 R A GC..A....G..... RPN et Gevervennn AA..GC...vvnnn Teveunn 447
C et eeeeeeeter sttt eenaannn Gly...... 1= <, Val...... ASNSEr...iieeeenanans 149
1479 AATGGTAACACCGTTGGCTATACTTTTAATGGTATTGATGGTTTAGTATTAGGCGCTAATTATTTATTAGCACAAGAGCGTGATTTACGG 540
AsnGlyAsnThrValGlyTyrThrPheAsnGlyIleAspGlyLeuValLeuGlyAlaAsnTyrLeuLeuAlaGlnGluArgAspLeuArg 180
2019 D Covunn R Covivennnn T ceeConnn C..AAGTAT 540
et es et ettt LYS et e i Bt e ettt eeses..Gln.. . HisLysTyr 180
5657 P C.vveo..G.AL.... Covevennnn [ P v Covn A, ,-————= 531
........... 1 PP € X 8 T Asn------ 177
1479 ACT--———==—=—=—————==— CTTGATTCTAGAACTAATCCTACGAAAAGTGGTGAAGTAACTGTAGGTGAAGTCAGTAACGGAATTCAA 612
Thr-- LeuAspSerArgThrAsnProThrLysSerGlyGluValThrValGlyGluvValSerAsnGlyIleGln 204
2019 .. .GCTGCTGCTGCTGCTGCTGC..C.G..G.TGG.GC..G.G.TGTTGCA. .A..... TTA.CC.CAAA..A....C..T..CG....G 630
...AlaAlaAlaAlaAlaAlaAlaAlaAlaGlyGlyAlaArgAlaValAla ...... ...TyrProGlnLysIle.........Val... 210
5657 G..C..GG..GT.CGGCA. .A..... TGT..C.CAA.T.A....C..T..CG....G 588
B ettt it bl AlaHisGlySerThrAla......... ValAlaGlnvalIle.........Val... 196
1479 GTTGGTGCAAAATATGATGCTAACAACATTATTGTAGCTATTGCTTACGGTCGTACAAATTATAAAGACAGTAATCATAGTTATACGCAA 702
ValGlyAlaLysTyrAspAlaAsnAsnIleIleValAlaIleAlaTyrGlyArgThrAsnTyrLysAspSerAsnHisSerTyrThrGln 234
2019 ...... et - S C..Gevuwun P veese...G...AGA..T.ACA.TAACAC.AGC. 720
ce et eetetaetsesaanen Ceeeeseta e AlaGly.coeeeeenncnns [ ArgGluAspIleThrIleThrProAla 240
5657 cececcssessescsans P S C..Govvvvnnnn s G...AGA.CT.—====- GCAG.A... 672
e eteee e eeaene ettt ...AlaGly.......... Ce et ArgGluAspLeu------ AlaAla... 224
1479 AAAATCCCCAAAGCCAACGCCGCCGACGCCGACACCGACACCACCATAATTTACCCCCATCACGGTAAAAAACAAGAAGTAAATGGTGCT 792
LysIleProLysAlaAsnAlaAlaAspAlaAspThrAspThrThrilelleTyrProHisHisGlyLysLysGlnGluValAsnGlyAla 264
2019 G.T-—=m==—————————————m e A.GTTA. . cvvvunnnnn CivveeeeCuinunn 756
Asp--- ———- - - LysLeu....coeeeens Gln...oeveennnn 252
5657 GG.~======—~ -- - G..TCA.A...veunnnn Civennn Covunnn 708
Gly - - ASPSErASP..eeveann GlN.eeeeeennnnn 236
1479 TTAGCTAGTTTAGGTTACCGTTTTAGTGATTTAGGCTTATTAGTCTCTCTAGATAGTGGCTATGCAAAAACTAAAAACTATAAAGCTAAA 882
LeuAlaSerLeuGlyTyrArgPheSerAspLeuGlyLeuleuvValSerLeuAspSerGlyTyrAlaLysThrLysAsnTyrLysAlaLys 294
2019 C.TT.A.CoveeeeCuiiTovennnnnnnns Ceteeeeteieean seecssenecosvonns [P sesesssecssens N 846
PR 115 o 1 o B seecess sessscassacscscanse ettt ettt P 282
5657 C.TT.A.C...... CoeTieerneeeeosenonnensannnnns Bttt teeeeoosssscsnssessasesessnncnannans A...G 798
.SerThr....ceveveeeennes ceeeeen ceereeseccceceanenane e tee et et ....Asp... 266

FIG. 2. Complete nucleotide and derived amino acid sequence of the P2 genes from NTHI strains 1479, 2019, and 5657. Regions of identity
are denoted as periods, and gaps are depicted as dashes. The amino acid and nucleotide position are displayed on the right-hand side of each
row, while the strain is listed on the left-hand side.
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1479 CACGAAAAAAGCTATTTCGTATCTCCAGGTTTCCAATATGAATTAATGGAAGATACTAATGTCTATGGCAACTTCAAATATGAACGTAAT 972
2019 HisGluLysSerTerheVa1SerProGlyPheGlnTyrGluLeuMetGluAspThrAanalTyrGlyAsnPheLysTyrGluArgAsn 324

e Y o S 936
.......................................................................................... 312
5657 @ ... Ceveeenannasessoennsnns T oeeeeeeeeeeeeaseecsesssaeasssssssesasssssscsscsnssnss C... 888
......... O < 296
1479 TCAGTAGATCAAGGTGAGAAAGAACGTGAACAAGCACTGTTATTCGGTATAGATCATAAACTTCACAAACAAGTATTAACCTATATTGAA 1062
2019 SerValAspGlnGlyGluLysGluArgGluGlnAlaLeuLeuPheGlyIleAspHisLysLeuHisLysGlnValLeuThrTyrIleGlu 354
1 1026
342
5657 978
326
1479 GGTGCTTACTCTAGAACTAGAACAACTTCTGTAGGTGATAAGCAAGTTGCTTCAAAAGTAAAAACTGAAAAAGAAAAATCAGTGGGTGTA 1152
GlyAlaTyrSerArgThrArgThrThrSerValGlyAspLysGlnValAlaSerLysValLysThrGluLysGluLysSerValGlyVal 384
7 Ao AG. ... ACGAA . ittt ttteeneseesesessoeassssssosssnnssssasana 1116
372
5657 1053
351
1479 GGTTTACGCGTTTACTTC 1170
GlyLeuArgValTyrPhe 390
2019 i ieiieieceseeens 1134
.................. 378
5657 @ tiiiiiiiiiiceenann TAATCATTCGTTAGAAATACATTATTAAAGGCA 1204

.................. 357

FIG. 2—Continued

Sequence data again showed marked heterogeneity among
strains; however, as before, long stretches of conserved
sequences occurred between the variable portions. Amino
acid identity among strains ranged from 79 to 85% with the
percent similarity being slightly higher (Table 3).

The sequence of the region corresponding to the carboxy-
terminal primer used for amplification of the P2 genes was
determined as follows. The carboxy-terminal portion of the
P2 gene of strains 1479 and 2019 was amplified by PCR with
a primer downstream of the P2 gene and a primer in the
coding region of the gene (Table 2). The resulting fragment of
strain 1479 was sequenced directly following gel purification
of the ~600-bp EcoRI-digested PCR product. The analogous
fragment from strain 2019 was similarly sequenced following
digestion with Xbal. The sequences of these regions of the
P2 gene were identical for all three strains.

Analysis of sequences of the P2 genes. Variations in the
molecular mass of P2 among strains of NTHI form the basis
of a subtyping system (34, 35). The gene sequences pre-
sented here encode proteins with calculated molecular
masses of 40,915 Da (strain 1479), 39,072 Da (strain 2019),
and 37,271 Da (strain 5657). These data correlate well with
estimates from SDS-PAGE (Fig. 3, Table 3).

Regions of dissimilarity could be broken down into four
major hypervariable regions: V1, amino acids 85 to 115; V2,
amino acids 175 to 209; V3, amino acids 226 to 255; and V4,

TABLE 2. Oligonucleotides used in PCR and restriction fragment

amino acids 363 to 374. These numbers vary among strains
due to differences in the lengths of the variable regions
among strains, yet all the differences occur in the same
relative region of the protein molecule (Fig. 4).

The variable regions of each gene were analyzed for
surface exposure and antigenic index (10, 24). All of these
variable regions contain potentially surface-exposed regions
which vary in their surface exposure probability and hydro-
philicity (10, 21, 24). These data were incorporated into the
new model for the porin molecule of H. influenzae type b
developed by Srikumar et al. (46) (Fig. 5).

With regard to previously reported P2 sequences in H.
influenzae type b, amino acids 181 to 188 in OMP subtypes
2L and 6U varied from those in the P2 of strain Minn A
(OMP subtype 1H) (25). These differences coincide with V2
in NTHI (Fig. 4 and 5) or hydrophilic loop number 4 in the
type b topology model (46). An additional amino acid vari-
ation at position 340 in OMP subtype 6U maps to V4 of
NTHI and hydrophilic loop number 8 of the type b model
(46). All other amino acid variations in P2 molecules of OMP
subtype 6U isolates map to proposed transmembrane beta
regions in the type b model (25, 46).

Restriction fragment length polymorphism. To further
characterize the ompP2 locus at the nucleotide level, ge-

TABLE 3. Properties of the P2 gene products of three NTHI
strains and one type b strain

length polymorphism analysis Molecular No. of % Identity with
Strain mass® amino strain 1479

Oligonucleotide (5'—3') Strand Nucleotides® (Da) acids? sequence
TTCGCAGCTTCAGCAGC? Gene 37-53 NTHI
GCATCATATTTTGCACC Opposite 591-607 1479 40,915 370
TATTAGCACAACAGCGT Gene 512-528 2019 39,072 358 80.0
GAAGTAAACGCGTAACC? Opposite 1054-1071 5657 37,271 337 80.7
TAATAATGTATTTGTAAC Opposite 1081-1099 H. influenzae type b Minn A° 37,782 341 78.8

“ Relates to the nucleotide positions in Fig. 2 for strain 5657.
® Probes used in restriction fragment length polymorphism analysis (Fig. 6
and 7).

¢ Calculated from predicted amino acid sequence.
® Amino acid chain length of the mature P2 peptide.
€ From reference 27.
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FIG. 3. SDS-polyacrylamide gel stained with Coomassie blue.
Molecular mass standards are shown on the left (in kilodaltons).
Purified P2 was obtained from the following NTHI strains: A, 1479;
B, 2019; C, 5657.

nomic DNA from 35 strains of NTHI was digested with
EcoRI or Pvull and subjected to restriction fragment length
polymorphism analysis. Digested genomic DNA was sub-
jected to agarose gel electrophoresis and transferred to a
nylon membrane. The resulting Southern blot was incubated
with two end-labeled oligonucleotide probes corresponding
to regions of the genes where DNA sequences are the same
among strains 1479, 2019, and 5657 (Fig. 6 and 7). One probe
corresponded to sequence near the amino terminus, and the
other corresponded to the carboxy terminus (Table 2). The
probes hybridized to one or two bands in each of the 35
strains, depending on the presence of restriction endonucle-
ase sites within the gene (Fig. 6 and 7).

While several strains showed similar banding patterns
(Fig. 6 and 7), a great deal of heterogeneity in restriction
fragment size was observed with both EcoRI- and Pvull-
restricted DNA. Fourteen of 35 strains contained a central
EcoRlI site, contrasting to 100% of type b strains examined
(25, 27). The P2 gene of 13 of 35 strains contained Pvull
sites, again distinguishing the nontypeable strains from the
type b isolates, the P2 genes of which all contain a single
Pyull site at the N terminus of the mature protein (25, 27).
No correlation between restriction fragment length patterns
and the geographic origin or body site of isolation of the
strains was noted.

Together, these data indicate that antigenic differences in
the P2 protein are due to heterogeneity in the P2 genes of
NTHI strains and that most of the heterogeneity is present in
four hypervariable regions of the P2 gene.

Strain
1479 1-20 45-52 85-115 130-3 144-5
2019 1-20 45-52 85-115 130-3 144-5
5657 1-20 45-52 85-115 130-3 144-5

INFECT. IMMUN.

DISCUSSION

The data reported in this study indicate that the antigenic
heterogeneity of P2 molecules among NTHI strains is due to
gene sequence variation in defined regions of the P2 gene.
Molecular mass variation among P2 proteins is due to
differences in the size of these variable regions. Four major
hypervariable regions (affecting 12 to 35 amino acids) were
identified in each of the three P2 genes sequenced; all
occurred in identical regions of the gene. Several smaller
variable regions were also noted (affecting two to seven
amino acids).

Restriction fragment length polymorphism analysis of
DNA from 35 NTHI strains demonstrated significant heter-
ogeneity in and around the ompP2 locus. While some strains
showed similar-sized fragments on Southern blot analysis,
no correlation was noted between restriction fragment length
patterns and biotype, clinical source, or geographic origin.

The P2 proteins of nontypeable strains of H. influenzae
differ from the P2 proteins of type b strains in molecular
mass in SDS-PAGE and antigenic heterogeneity (28, 29, 35).
Studies by Munson et al. (25) have shown a high degree of
conservation of the P2 gene among type b strains. Further-
more, the DNA sequence of the P2 genes of two epidemio-
logically unrelated type b strains showed 100% homology
(19, 27). The sequence of P2 genes from NTHI has not been
reported previously. The P2 proteins of nontypeable strains
are quite different from each other, while the P2’s of type b
strains are conserved (17, 19, 20, 25). The present study
establishes that the differences among P2 proteins of non-
typeable strains are due to marked variability at specific
locations within the P2 gene. These observations are consis-
tent with alloenzyme electrophoretic typing studies showing
that type b strains are basically clonal, whereas nontypeable
strains are genetically diverse (36, 37, 40, 41).

Previous studies have shown that strain-specific epitopes
on the P2 proteins of nontypeable strains appear to be
immunodominant epitopes. Groeneveld et al. (16) showed
that immunization of rabbits with intact bacteria resulted in
the production of anti-P2 antibodies that were protective
only against the immunizing strain. Studies in our laboratory
identified the presence of a strain-specific immunodominant
epitope by analysis with monoclonal antibodies to P2 (17).
Sequence data obtained in this study reveal several poten-
tially heterogeneous epitopes. Computer modeling indicates
that these variable regions are likely surface exposed and
possess a high antigenic index. Epitope mapping experi-
ments are under way to identify which variable portion(s) of
the P2 gene encodes the major immunodominant surface-
exposed epitope(s) in these bacteria.

T 1]
Vi

175-203 218-219 226-255 363-374 390
175-209 222-223 232-243 351-362 378
175-195 207-209 218-228 Met 335-341 357
|
I T N
v2 v3 I v4
CnBr

FIG. 4. Diagrammatic representation of the P2 genes of NTHI strains 1479, 2019, and 5657. Regions of sequence variability are shown as
solid rectangles. Amino acid positions affected by the variable regions of each gene are shown. The total number of amino acids present in
each P2 is shown in bold at the far right. L, leader peptide; V1 through V4, four major variable regions of the P2 gene; CnBr, cyanogen

bromide.
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FIG. 5. Predicted topological structure of NTHI porin (strain 1479) as it conforms to the model developed by Srikumar et al. (46). Sixteen
beta strands nearly identical to those of H. influenzae type b are shown as rectangles. For each beta strand, the right side shows residues that
are proposed to face the water-filled lining of the pore, and the left side shows residues that are hypothesized to interact with the outer
membrane bilayer. Some amino acid positions of the mature peptide are shown numerically throughout the diagram. Residues of significant
hydrophilicity are circled; variable portions of the P2 molecule outside the beta regions are enclosed. V1, V2, V3, and V4 correspond to the

regions depicted in Fig. 4.

High levels of homology among the P2 proteins suggest a
common ancestry, structure, and function for these mole-
cules. The four variable regions, differing in length among
strains, do not appear likely to contribute to the overall
tertiary structure of the molecule but may form extramem-
branous loops outside the cell surface, where they interact
with the host. Analysis of the amino acid sequence of the P2
proteins reveals 16 beta-pleated sheet domains within the
various conserved regions of each gene (Fig. 5). This is
similar to the porin proteins of E. coli. These OMPs repre-
sent a ‘“‘beta barrel’”” conformation (11, 50). A similar sce-
nario has been hypothesized for the meningococcal class 1
OMPs and H. influenzae type b (23, 46). The size and
spacing of the conserved regions in the P2 protein of NTHI
in conjunction with their beta-pleated sheet domains fit well
with the hypothesis that P2 shows a similar beta barrel
conformation, which exposes variable regions on the surface
of the bacterium.

Expression of a strain-specific and highly immunodomi-
nant antigenic epitope on the surface of the bacterium may
represent a mechanism of host evasion by NTHI, permitting
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FIG. 6. Southern blot assay showing restriction fragment length
polymorphisms of the ompP2 locus from 12 isolates of NTHI. Five
micrograms of chromosomal DNA was digested to completion with
EcoRI. The fragments were separated on a 0.8% agarose gel,
transferred to Nytran, and probed with end-labeled oligonucleotides
corresponding to conserved regions of the P2 genes. Lanes con-
tained genomic DNA from H. influenzae strains (A) biogroup
aegyptius 16, (B) SL820, (C) 7891, (D) 1749, (E) C83, (F) SL1484,
(G) 4971, (H) 39, (I) 7172, (J) 5657, (K) 2019, and (L) 1479. Molecular
size standards are noted on the left (in kilobases).
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FIG. 7. Southern blot assay showing restriction fragment length
polymorphisms of the ompP2 locus from eight isolates of NTHI. All
conditions were the same as described in the legend to Fig. 6 except
that DNA was digested with Pvull. Lanes contain genomic DNA
from H. influenzae strains (A) 5657, (B) biogroup aegyptius 16, (C)
C304, (D) C83, (E) DL205, (F) 2627, (G) 2019, and (H) 1479.
Molecular size standards are noted on the left (in kilobases).

the organism to cause recurrent infections. Recurrent otitis
media continues to be a problem despite the presence of
antigenically conserved structures, such as the P1 and P6
proteins, on the surface of the bacterium (15, 26, 33, 38).
However, infants and children mount a strain-specific bac-
tericidal antibody response following otitis media due to
NTHI (12). We hypothesize that the presence of a strain-
specific immunodominant epitope on the bacterial surface
induces the host to make antibody to this epitope and hides
the antigenically conserved epitopes. Analysis of the specific
epitopes to which children make antibody following otitis
media will allow direct testing of this hypothesis.

Since none of the three strains whose P2 gene was
sequenced was isolated from the same patient, it is unknown
at this time whether sequence variation among strains is the
result of large changes in variable regions or of single point
mutations accumulated over long periods of time. Recently,
van Alphen et al. showed that the mutation rate among
spontaneously emerging mutants was very low (10~° to
10~') (49). Despite the low frequency of mutation, esti-
mates of the number of bacteria in the sputum of chronic
obstructive pulmonary disease patients were on the order of
10%/ml. A typical chromosomal mutation rate in this setting
would be sufficient to allow the spontaneous emergence of
strains which varied in a particular surface epitope. The
sequential isolation of strains of NTHI from patients with
exacerbations of chronic obstructive pulmonary disease
showed that the P2 molecule varied in molecular mass and
antigenic reactivity to monoclonal antibodies (16, 49). One
might speculate that there is selective pressure on the
bacterium, by the humoral immune system, to vary its
surface antigens. In contrast, the P2’s of type b organisms
are very similar among strains, indicating that there is little
pressure from the immune system to vary its surface
epitopes. The presence of a capsule may account for this
difference.

We conclude that the expression of highly immunodomi-
nant and strain-specific epitopes on the surface of NTHI is
the result of substantial heterogeneity within the ompP2
locus among strains. A series of spontaneous mutations
within the surface-exposed epitopes may have emerged
because of immunologic pressure from patients with recur-
rent infections. Alternatively, horizontal transformation of
genetic material from a mixture of strains present in the
human host may be a second mechanism to account for this
observation (9, 13, 23, 43).
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