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Sequencing techniques for single- and double-stranded DNA were used to determine the nucleotide sequence

of the gene encoding P2, the major outer membrane (porin) protein of Haemophilus influenzae type b (Hib).
The open reading frame encoding the P2 protein comprised 361 amino acid codons. Comparison of the inferred
amino acid sequence with data obtained by amino acid sequencing of the N terminus of the mature or fully
processed P2 protein revealed that this protein has a signal peptide composed of 20 amino acids. N-terminal
amino acid sequencing of tryptic peptides derived from purified P2 allowed direct identification of 158 of the
341 amino acids in the fully processed P2 protein; there was 100% correlation between these amino acid
sequences and that inferred from the nucleotide sequence. The amino acid sequence of Hib P2 protein had 23
to 25% homology with the sequence of the OmpF porin of Escherichia coli and with that of the Neisseria
gonorrhoeae porin P.IA. Codon usage in the Hib P2 gene was significantly different from that observed for a

gene encoding a porin of E. coli. DNA hybridization studies indicated that there is a single copy of the P2 gene

in the Hib chromosome. The availability of the nucleotide and amino acid sequences for the Hib P2 protein will
facilitate investigation of the antigenic characteristics and structure-function relationship of this porin.

The encapsulated bacterium Haemophilus influenzae type
b (Hib) is the most important cause of meningitis in the
United States (7). Development of a vaccine against sys-
temic Hib disease has involved primarily investigation of the
type b capsular polysaccharide (12, 38). However, several
surface-exposed outer membrane proteins of Hib have been
shown to be targets for antibodies protective against exper-
imental Hib disease (10, 13, 23, 24, 31, 33, 39), and evalua-
tion of the vaccinogenic potential of these proteins has been
facilitated by the recent cloning of the genes encoding some
of these polypeptides (8, 10, 18, 32).
The P2 major outer membrane protein of Hib has been

shown to be a porin and to induce the synthesis of serum
antibodies protective against Hib disease in an animal model
(33, 42, 43). We cloned the gene encoding this porin by using
a plasmid shuttle vector capable of replication in both H.
influenzae and Escherichia coli (18). To facilitate the even-
tual elucidation of the structural and functional characteris-
tics of this porin protein, we determined the nucleotide
sequence of the Hib gene encoding P2 and used these data to
deduce the amino acid sequence of P2.

MATERIALS AND METHODS
Bacterial strains and culture media. Hib DL42 and H.

influenzae Rd DB117 (rec-1) have been described previously
(15, 18). Hib DL26, CH100, OA104, SL103, Madigan,
DV102, and H234 are all systemic disease isolates of this
pathogen. H. influenzae strains were grown in brain heart
infusion broth (Difco Laboratories, Detroit, Mich.) supple-
mented with Levinthal base as described elsewhere (17). The
E. coli strain used in this series of experiments was BSJ72, a
streptomycin-resistant and X-resistant derivative of TG1,
which itself is an hsdV5 derivative of JM101 (A[lac-proAB]
supE thilF' traD36 proAB lacI4Z AM15) (28).

Bacterial plasmids and subcloning. The recombinant plas-
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mid pEJH39-1 containing the Hib DNA insert encoding the
Hib P2 protein has been described previously (18). The
phagemid vectors pTZ18U and pTZ19U were obtained as
part of a DNA sequencing kit (Genescribe-Z Kit; U.S.
Biochemical Corp., Cleveland, Ohio). The phagemid vector
pVZ1 is a derivative of the pBluescript vector (Stratagene,
La Jolla, Calif.) that contains an extra polylinker with
restriction sites for additional enzymes which cut infre-
quently. Ligation mixtures were transformed into BSJ72
cells made competent for transformation by the method of
Hanahan (16); recombinant strains were identified by blue-
versus-white colony screening (47).

Southern blot analysis. Southern blot analysis of restriction
enzyme digests of pEJH39-1 was accomplished as described
by Maniatis et al. (28) with a 32P-labeled oligonucleotide
probe for the DNA region encoding the N terminus of the
Hib P2 protein as described previously (18). Southern blot
analysis of complete restriction enzyme digests of Hib
chromosomal DNA was accomplished as described previ-
ously (18), except that the DNA probe was radiolabeled with
[oL-32P]dCTP by the random-primers DNA-labeling system
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.).

Production of single-stranded DNA and dideoxy sequencing.
Single-stranded DNA was produced from phagemid vectors
essentially as described by Dente et al. (9). BSJ72 cells
containing the desired phagemid were maintained on M9
minimal agar plates containing ampicillin (50 jig/ml) and
thiamine (0.001%). Five milliliters of LB broth containing
ampicillin (150 VLg/ml) was inoculated with a single colony
and grown to log phase (optical density at 600 nm, -0.500).
A 2-ml portion of this culture was infected with 1 ,ul (-1011
PFU/ml) of helper phage M13KO7 and grown for an addi-
tional hour. A 400-,lI portion of this infected culture was
then used to inoculate 10 ml of 2x YT (8 g of tryptone, 5 g
of yeast extract, 5 g of NaCl per liter [pH 7.4]) containing
ampicillin (150 p.g/ml) and kanamycin (70 pg/ml), and the
culture was grown overnight (12 to 14 h). Single-stranded
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FIG. 1. Partial restriction enzyme map of the Hib DNA insert in pEJH39-1 and the plasmid subclones containing fragments of the P2 gene.

The PvuII-EcoRI fragment was subcloned into the vectors pTZ18U and pTZ19U (in both orientations) to yield the pP2N-18 and pP2N-19
subclones, respectively. The EcoRI-PstI fragment was subcloned into the vector pVZ1 to yield pP2C. Abbreviations: Ps, PstI; R, EcoRI; Pv,
PvuII; M, MluI.

DNA was isolated from culture supernatants by polyethyl-
ene glycol precipitation, treated with RNase A, and exten-
sively extracted to remove contaminants which might inter-
fere with subsequent sequencing reactions.

Single-stranded templates were sequenced by using re-
agents and protocols supplied with the Sequenase kit (U.S.
Biochemical). The M13 universal primer was purchased
from U.S. Biochemical. Other oligonucleotide primers were
synthesized on a model 380 DNA synthesizer (Applied
Biosystems, Foster City, Calif.) in the Oligonucleotide Syn-
thesis Laboratory at this institution. Double-stranded tem-
plates were prepared from pEJH39-1 by alkaline denatur-
ation as described by Zhang et al. (48); Sequenase was used
for the dideoxy sequencing reactions.
Amino acid sequencing of the Hib P2 protein. The amino

acid sequence of the N terminus of native Hib P2 protein was
determined as described previously (18). In addition, pro-
teins in outer membrane vesicles of Hib DL42 were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis in a 12.5% (wt/vol) polyacrylamide separating gel (18).
Approximately 500 pmol of P2 protein was transferred from
this gel to nitrocellulose paper for solid-phase tryptic diges-
tion by the method of Aebersold et al. (1). Fifty percent of
the digest was then separated by reverse-phase high-perfor-
mance liquid chromatography on a model 130A high-perfor-
mance liquid chromatograph (Applied Biosystems) with a
Brownlee RP300 C8 column (2.1 by 100 mm). Separation was
performed in 0.1% trifluoroacetic acid with a 0 to 50%
acetonitrile gradient over a period of 120 min at a flow rate of
50 ,il/min. Peaks were collected manually onto 1-cm disks of
Whatman GF/C filter paper (Whatman International, Maid-
stone, England). Cysteine residues were reduced and alky-
lated by the method of Andrews and Dixon (4). Peptides
were sequenced directly on a model 470A sequencer with an
on-line model 120A high-performance liquid chromatograph
(both from Applied Biosystems).
Computer analyses. Analyses of nucleotide and amino acid

sequences were performed with the DNASTAR sequence
analysis program (DNASTAR, Inc., Madison, Wis.) and
with the Microgenie sequence analysis program (Beckman
Instruments, Palo Alto, Calif.).

RESULTS
Subcloning of the P2 gene. Southern blot analysis was used

to localize the structural gene encoding the Hib P2 protein in

the 10-kilobase (kb) Hib DNA insert in recombinant plasmid
pEJH39-1 (Fig. 1). The 60-base oligonucleotide probe, which
was designed originally from the N-terminal amino acid
sequence of Hib DL42 P2 protein (18), was used to probe
complete restriction enzyme digests of pEJH39-1 (Fig. 2).
This oligonucleotide probe bound to the 10-kb Hib DNA
insert obtained from a PstI digest (Fig. 2, lane A), to a 1.6- to
1.7-kb band from a PstI-EcoRI double digest (lane B), to a
1.5- to 1.6-kb fragment from a PstI-PvuII double digest (lane
C), to a 1.6- to 1.7-kb band from an EcoRI digest (lane D),
and to a 0.5- to 0.6-kb band from an EcoRI-PvuII digest (lane
E). Analysis of these results indicated that the N terminus of
the P2 gene was located in the small (0.5- to 0.6-kb) PvuII-
EcoRI fragment located near the MluI restriction site on the
Hib DNA insert.
Recombinant plasmid pEJH39-1 was digested to comple-

tion, first with PvuII and then with EcoRI, and the DNA
fragments in this doubly digested preparation were resolved
by agarose gel electrophoresis. DNA fragments ranging in
size from 0.4 to 0.6 kb were electroeluted from the gel and
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FIG. 2. Localization of the N terminus of the P2 gene in the Hib
DNA insert in pEJH39-1 by Southern blot analysis. pEJH39-1 was
digested to completion with the restriction enzymes listed below.
The resultant DNA fragments were resolved by agarose gel electro-
phoresis and probed in Southern blot analysis with the 32P-labeled
oligonucleotide which hybridizes to the region encoding the N
terminus of the P2 protein (18). Lane A, PstI; lane B, PstI and
EcoRI; lane C, PstI and PvuII; lane D, EcoRI; lane E, EcoRI and
PvuII. Numbers on the left indicate molecular sizes in kilobases.
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MetLysLysThrLeuALaALaLeulteVaLGLyA(aPheAlaAlaSerALaAlaAsnALa
GACAATTCTATTGGAGAAAGTTCAATCATAGATAGTAAACAACCATAAGGAATACAAATTATGAAAAAAACACTTGCAGCATTAATCGTTrGGTGCATTCGCAGCTTCAGCAGCAAACGCA 120

Pvu I-->
<--------------------- N Terminal ------------------------->
ALaVaLVaLTyrAsnAsnGLuGLyThrAsnValGluLeuGLYGLyArgLeuSerIlel(eALaGluGlnSerAsnSerThrVaLAspAsnGLnLysGLnGLnHisGLyALaLeuArgAsn
GCTGTTGTTTATAACAACGAAGGGACTAACGTAGAATTAGGTrGGTCGTTrTrAAGCATrTATCGCAGAACAAAGTAATAGCACTGTAGATAATCAAAAACAGCAACACGGTGCArTACGCAAT 240

<------------------ Tryptic #2 ----------------------> <--------- Tryptic #4 --------
GLnGlySerArgPheHisleLysAlaThrHisAsnPheG(yAspGlyPheTyrAtaG(nGtyTyrLeuGtuThrAr_PheVatThrLysAtaSerGluAsnG_ySerAspAsnPheGty
CAAGGTTCACGTTTCCACATTAAAGCAACTCATAACTTCGGTGATGGTTTCTATGCACAAGGTTATTTAGAAACTCGTTTTGTTACAAAAGCCTCTGAAAACGGTTCAGATAACTTCGGGT 360

> <-------------- Tryptic #3-
AspILeThrSerLysTyrALaTyrVaLThrLeuGlyAsnLysAlaPheGLyGLuVaLLysLeuGtyArgAlaLysThrlteALaAspGLylleThrSerAtaGLuAspLysGLuTyrGLy
GATATTACAAGCAAATATGCTTATGTTACTTTAGGAATAAAGCATTCGGTGAAGTAAAACTTGGTCGTGCGAAAACTATTGCTGATGGCATAACAAGTrGCAGAAGATAAAG rATATGGC 480

-----------------------------> <---------------- Tryptic #10A ------------------->
VaLLeuAsnAsnSerAsPTyrI leProThrSerGLyAsnThrValGlyTyrThrPheLysGLyl leAspGlXLeuValLeuG LALaAsnTyrLeuLeuAlaGLnLysArgGluGLyAla
GTTCTCAACAATAGTGACTATATTCCTACTAGTGGTAATACCGTTGGCTATACT TTTAAAGGTATTGATGGTT TAGTATTAGGCGCTAATTATTTATTAGCACAAAAGCGTGAGGGTGCA 600

LysGLyGLuAsnLysArgProAsnAspLysAlaGlyGLuVaLArgI leGlyGluIleAsnAsnGLyI leGLnVaLGLyALaLysTyrAspALaAsnAspI leVa LA LaLys I LeA l aTyr
AAAGGTGAAAMTAAGCGGCCTAATGATAMGGCTGGTGAAGTACGTATAGGTGAAATCAATAATGGAATTCAAGTTGGTGCAAAATATGATGCAAACGACATCGTTGCAAAAATTGCTTAT 720

EcoRI
<- ----------------- Tryptic #8 ----------------------------------> <----------- Tryptic #11 ------------->

GlyArgThrAsnTyrLysTyrAsnGluSerAsGluHisLsGlnGlnLeuAsnGlYvalLeuAlaThrLeuGylTyrArgPheSerAspLeuGlLyLeuLeuValSerLeAsperGylv
GGTAGAACTAACTACAAATATAACGAATCTGACGAGCATAAACAGCAATTAAMTGGTGTATTAGCAACTTTAGGCTATCGT TTTAGTGAT TTAGGCTTATTrAGrTGrctCTCTAGATAGTGSGC 840

> <-------------------------- Tryptic #10B ------------------------------>
TyrAtaLysThrLysAsnTyrLysI LeLysHisGLuLysArgTyrPheValSerProGLyPheGLnTyrGLuLeuMetGluAsDThrAsnVaLTYrGlyAsnPheLysTyrGLLuArgThr
TATGCAAAAACTAAAAACTATAAAATTAAACACGAAAAACGCTATTTCGTATCTCCAGGTTTCCAATATGAATTAATGGAAGATACTAATGTCTATGGCAACTTCAAATATGAACGCACT 960

SerVaLAspGlnGlyGluLysThrArgGLuGLnALaValLeuPheGlyValAspHisLysLeuHi sLysGLnLeuLeuThrTyrI LeGLuGlyAlaTyrALaArgThrArgThrThrGLu
TCTGTAGATCAAGGTGAAAAAACACGTGAACAAGCAGTATTATTCGGTGTAGATCATAAACTTCACAAACAACTATTAACCTATATTGAAGGTGCTTACGCTAGAACTAGAACAACTGAG 1080

ThrGlyLysGlyValLysThrGluLysGLuLysSerVaLGLyVaLGLyLeuArgValTyrPhe *

ACAGGTAAAGGCGTAAAAACTGAAAAAGAAAAATCAGTGGGTGTAGGTTTACGCGTTTACTTCTAATCATTTGTTAGAATACATTATTAAAGCAAGGCGAATCGAGATTCCGTTTTr 1200
MluI

FIG. 3. DNA sequence of the P2 gene of Hib DL42. The predicted amino acid sequence is shown above the DNA sequence. The first 20
amino acids, starting with Met, represent the signal peptide; the N-terminal region of the mature or fully processed P2 protein is indicated.
The underlined areas represent tryptic peptides that were analyzed by N-terminal amino acid sequencing. The restriction sites for PvuII,
EcoRI, and MluI are indicated and underlined. The asterisk indicates the position of a stop codon.

subcloned directly into the multiple cloning site in the
EcoRI- and HinclI-cleaved sequencing vectors pTZ18U and
pTZ19U (representing the two different insert orientations),
with E. coli BSJ72 as the host for transformation. These two
recombinant plasmids were designated pP2N-18 and pP2N-
19, respectively (Fig. 1).

Preliminary DNA sequence analysis revealed that the
codons encoding the N-terminal region of the P2 protein
were located at the end of the 0.5- to 0.6-kb PvuII-EcoRI
fragment immediately adjacent to the 1-kb EcoRI-PvuII
fragment in pEJH39-1. In addition, an open reading frame
was identified which extended 3' from this 0.5- to 0.6-kb
PvuII-EcoRI fragment into the 0.9- to 1.0-kb EcoRI-PstI
fragment, which also contained the MluI site (Fig. 1). This
particular EcoRI-PstI fragment was subcloned by using a

strategy analogous to that used for the 0.5- to 0.6-kb PvuII-
EcoRI fragment. Plasmid pEJH39-1 was digested to comple-
tion with both EcoRI and PstI, and the 0.9- to 1.0-kb
EcoRI-PstI fragment was purified by agarose gel electropho-
resis and ligated into the sequencing vector pVZ1. The
identity of this insert in the recombinant plasmid was verified
by restriction digest mapping of the unique MluI site in the
0.9- to 1.0-kb EcoRI-PstI fragment. This pVZ1-derived
recombinant plasmid was designated pP2C (Fig. 1). Prelim-
inary nucleotide sequence analysis of this EcoI-PstI frag-
ment suggested that it encoded all of the remaining amino
acid residues and the carboxy-terminal end of the Hib P2
protein.
DNA sequence analysis. DNA sequence analysis of the

pP2N and pP2C subclones, combined with N-terminal amino
acid sequence analysis of tryptic peptides from P2 (see
below), suggested that the 1.5-kb PvuII-PstI region (Fig. 1)
contained the coding sequence for all of the mature P2
protein except the N-terminal amino acid (Ala). Therefore,
to obtain the DNA encoding this N-terminal amino acid, the
putative signal peptide, and any adjacent regulatory regions,
we attempted to subclone the 1-kb EcoRI-PvuII fragment
located 5' in pEJH39-1 to the 0.5- to 0.6-kb PvuII-EcoRI
fragment in plasmid pP2N (Fig. 1). Numerous attempts at

subcloning this fragment into E. coli vectors were unsuc-

cessful; therefore, double-strand sequencing of this region in
plasmid pEJH39-1 was performed. Overall, DNA sequenc-
ing was carried out for both strands of the majority (two-
thirds) of the structural gene. In addition, overlapping se-

quence determinations were performed from different
starting points over the entire 1,200-nucleotide sequence
shown in Fig. 3.
Computer analysis revealed a large open reading frame

starting at nucleotide 60 and terminating in a stop codon
(TAA) at nucleotide 1143. The direction of transcription in
this open reading frame was inferred to be from within the
1-kb EcoRI-PvuII fragment, through the 0.5- to 0.6-kb PvuII-
EcoRI fragment, and into the EcoRI-PstI fragment (Fig. 1).
Transcription was terminated 12 nucleotides downstream
from the MluI restriction site in pEJH39-1.
Primary structure of P2. The calculated molecular weight

of the P2 protein encoded by nucleotides 60 to 1143 was

39,705. N-terminal amino acid analysis of purified P2 protein

INFECT. IMMUN.
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TABLE 1. Comparison of the amino acid compositions of Hib
DL42 P2, E. coli OmpF, and N. gonorrhoeae PJA

No. of residues/mola in:
Amind acid group p2b dp2b ~~OmpFc PJIA

Basic
Lys 30 (2) 18 (1) 20 (2)
Arg 16 11 (1) 16
His 7 1 12

Acidic
Asp 17 27 17
Glu 24 14 13

Polar
Asn 25 (1) 30 (2) 16
Cys 0 0 0
Gln 14 13 15
Gly 40 (1) 48 (1) 37
Ser 17 (1) 16 23 (1)
Thr 24 (1) 21 (1) 18 (1)
Tyr 23 29 18

Hydrophobic
Ala 24 (8) 29 (5) 27 (6)
Ile 15 (1) 12 (2) 6 (1)
Leu 24 (2) 20 (3) 16 (4)
Met 1 (1) 3 (2) 0 (2)
Phe 13 (1) 19 15
Pro 3 4 (1) 5 (1)
Trp 0 2 5
Val 24 (1) 23 (3) 28 (1)

a In the mature or fully processed protein. Numbers in parentheses indicate
the amino acid composition of the signal peptide.

b Data derived from the nucleotide sequence of the Hib P2 gene.
c Data obtained from Inokuchi et al. (22).
d Data obtained from Carbonetti and Sparling (6).

(18) indicated that the N terminus of the mature protein was
encoded by nucleotides 121 through 1143. This in turn
indicated that the preceding 20 amino acids encoded by
nucleotides 60 through 120 represent the expected signal
peptide (35). Mature P2 protein was composed of 341 amino
acids and had a calculated molecular weight of 37,805. This
molecular weight compares favorably with the apparent
molecular weight of approximately 38,000 to 39,000 deter-
mined by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (15, 18). The amino acid compositions of both

the mature protein and the signal peptide are listed in Table
1. N-terminal amino acid sequencing was carried out on
seven individual trypsin cleavage fragments of the P2 pro-
tein. When the N terminus was included, 158 (46%) of the
341 amino acids in P2 were identified by amino acid sequenc-
ing (Fig. 3). All of these amino acid sequences obtained by
peptide analysis matched exactly the amino acid sequences
derived from the nucleotide sequence (Fig. 3).
The primary amino acid sequence of the entire Hib P2

protein was compared with those of the E. coli porins OmpC
(30), OmpF (22), and PhoE (36) and with the sequence of the
gonococcal porin (P.IA) (6). The greatest degree of homol-
ogy was found between P2 and OmpF (24.2% identity) and
between P2 and the gonococcal porin (23.5% identity) (Fig.
4). The amino acid composition of the P2 protein was
unusual in that there were 48 strongly basic (Arg and Lys)
residues (Table 1). Computer analysis of the amino acid
sequence of P2 for regions of hydrophilicity with the Hopp
and Woods algorithm (20) revealed that the overall profile of
this protein was similar to those of OmpF and the gonococ-
cal porin protein (Fig. 5).

Analysis of P2 gene copy number. DNA hybridization
studies were performed to determine the number of P2 genes
present in Hib. Chromosomal DNA from strain DL42 and
seven other Hib strains was digested to completion with PstI
and BamHI, separated by agarose gel electrophoresis, and
transferred to nitrocellulose. A P2 gene probe was con-
structed by purifying and radiolabeling the 1,010-base-pair
PvuII-MluI fragment from pEJH39-1, which comprises all
but 13 nucleotides of the DNA encoding the mature P2
protein. Southern blot analysis revealed that all eight Hib
strains had a single PstI band of approximately 10 kb which
hybridized to this P2 gene probe (Fig. 6A). Similarly, all
eight strains had a single 45- to 50-kb BamHI fragment which
hybridized to the P2 gene probe (Fig. 6B).

DISCUSSION
Although extensive research has been done on the porin

proteins of E. coli (34), relatively little is known about the
porins of other bacterial pathogens. Genes encoding the
porin proteins of other bacterial species, including Chla-
mydia trachomatis (3, 41), Neisseria gonorrhoeae (6, 11),
Pseudomonas aeruginosa (46), and Salmonella typhi (2),
have been cloned and expressed in E. coli, thus providing
the opportunity for detailed molecular biological investiga-
tion of the structure and function of the products of these

aopF IWRNlLAVIVPALLVAGTANAAEIYNKDGNKVDLYGK--AVGLHYfSKGNGENSYGGNXMTY--ARLGFKGETOINSDLTGYGOWEY ---NFOGNNSE-GAAQTGNKT-RLAFAGL--K--YADVGSFDYGRNYGV
11 1 111111:lIII::::1 :1:1 1 1 :1 1 1:1 :11 11 1:1:1: 1 1 1: 11

P2 KKTLAALIVGAF-AASAANAAVVYNNEGTNVELGGRLI IAEQ--SNSTVDNQKOOHGALRNOGSRFHIKATHNFGDGF- -YAOGYLETR-FVTKASENGSD-NFGDITSKYAYVTLGNKA FGEVKL- --GRAKT I
111:1 11 : 1 1: 1: I 11 :1 :1: 1 1 II: :1 1: 11 : 1: I I:1 : 1: 11 1: 11 :

PtI MKKSLIALTLAALPVAAMADVTL-YGTIKAGVE-TSR-S VAHH--GAQA-DRVKTA-TEIADLGSKIGFKGQEDLGNGL--KAIWOLEOKAYVS-GTDTG----WGN ---ROSFIGL--KGGFGKVRV---GRLNSV

opF VYDALGYT-DNDLPEFGGDTAYSDDFFVGRVGGV-ATYRNSNFFGLVDGLNFAVQY-LG-KNER ---DTARRSNGDGVG-GSISYEYE-----------GFGI --- VGA-YGAADRTNLOEAQPLGNGKK--AEQWATGL

P2 A-DGITSA--EDKEYGV-LNNS-DY-IPTSGN-TVGY --- TFKG-IDGLVLGANYLLAQKREGAK-GENKRPN-DKAGEVRIG-EIN------------ NGIO--VGAKYDAND--IVAKIAYGRTNYK--YNE-SDEH
1 1:1 1:1:1. : :j1j : 1 1:: I: :: :::: 1 1:1 1 : I1 1 : :

PI LKDTGGFNPWEGKSYYLGLSNIA---QOPEERHVSVRY --- DSPE-FAGFR-AVOY-VPNDNSGKNHSESYHAGFNYKNSGFFV-QYAGFYKRHSYTTEKHOVHRLVGG-YDHDA--LYASVAVOOODAKLTWRN-DNSH

ompF KYDANNIYLA-NY--GETRNATPITNKFTNTSGFANKTODVLLVAO-YOFDFGLRPSIAYTKSK-AK-DVE-GIGDVDLVNYFEVGATYYFNKNMSTYVD--Y1INQIDSDNKLGV--GS-DDTVA-VGI-VYOF

P2 KOOLNGV-LATLGYRFSDLGLLVSLDSGYAKTKNYKIKHEKRYFVSPGFOYEL-MEDTNVYGNFKYERTSVDQGEKTREQAVLFGVDHK- -LHKOLLTY IEGAYARTRTTETGK-GVKTEK-EKSVG-VGLRVY- F
: I 11 :111:: 11 1: ::: :1 1: I1 : 1: :: : 11 I III :11 1111

PI NSO-TEV-MTAAYRFGNVTPRVSYAHGF-KGSVYDADNDNTY ----------------------------------- DQVVV-GAEYD--FSKRTSALVSAGWL ----- ORGK-G--TEKFVATVGGVGLRHK-F

FIG. 4. Homology of the predicted primary structure of the Hib P2 protein to both the E. coli OmpF protein (22) and the PIA protein of
N. gonorrhoeae (6). The homology was analyzed by the AALIGN modification (DNASTAR) of the FASTP algorithm (38), with a gap penalty
of 2 and a deletion penalty of 4. Vertical bars indicate homologies; colons indicate conservative substitutions.
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FIG. 5. Hydrophilicity analysis of E. coli OmpF, Hib P2, and the

gonococcal P.A protein with the algorithm of Hopp and Woods (20)
at a window setting of 6. The positive index values indicate
hydrophilicity.

particular genes. Similarly, information about the P2 porin
protein of Hib has only recently begun to accumulate (14, 15,
18, 26, 27, 33, 42-45), and the fact that this protein can be a
target for antibodies protective against experimental Hib
disease (33) underscores the importance of elucidating its
immunogenic, antigenic, and functional properties. Cloning
of the gene encoding the Hib P2 protein (18) made possible
the exact determination of the amino acid sequence of this
protein.
Examination of the 5' untranslated region of the P2

sequence revealed the presence of the putative promoter
sequence TTGAGA, located 44 nucleotides upstream from
the transcriptional start site. This proposed -35 sequence
differs by only one nucleotide from the E. coli consensus
sequence TTGACA (29). The proposed ribosome-binding
site AGGAA is located just 8 nucleotides upstream from the
ATG (Met) codon and contains four of the bases found in the
consensus sequence AGGAGG (40). Several putative Prib-
now boxes were identified in the region between the pro-
posed -35 sequence and the proposed ribosome-binding

FIG. 6. Southern blot analysis of restriction enzyme digests of
chromosomal DNA from eight Hib strains with a P2 gene probe.
Chromosomal DNA from eight Hib strains digested to completion
with PstI (A) or with BamHI (B) was resolved by agarose gel
electrophoresis, transferred to nitrocellulose, and probed with the
1,010-base-pair PvuII-MluI fragment from pEJH39-1. The Hib
strains used in this experiment were DL42 (lanes A), DL26 (lanes
B), CH100 (lanes C), OA104 (lahes D), SL103 (lanes E), Madigan
(lanes F), DV102 (lanes G), and H234 (lanes H). Numbers on the left
indicate molecular sizes in kilobases.

site; these were sufficiently different from the E. coli con-
sensus sequence TATAAT (29) that no assignment was
made for the -10 sequence.
The deduced amino acid sequence of P2 included a 20-

amino-acid signal peptide, beginning with Met and terminat-
ing with Ala (Fig. 3). This signal peptide appears to have the
common characteristics of these sequences, including a long
stretch of hydrophobic amino acids, a disproportionately
large number of alanine residues (8 Ala in 20 amino acids),
and an Ala-X-Ala cleavage site (34). The signal peptide for
P2 has an amino acid composition different from that of the
signal peptide for the P1 heat-modifiable major outer mem-
brane protein of Hib (32).
The deduced amino acid composition of P2 from Hib

DL42 (Table 1) was similar to those reported for other Hib
strains whose purified P2 proteins were subjected to amino
acid analysis (33, 43). Again, the Hib P2 protein ofDL42 had
a markedly higher content of strongly basic amino acids (Lys
and Arg) than did the OmpF porin of E. coli (30) and the
porin of N. gonorrhoeae (6, 11) (Table 1). It has been
suggested that the relatively high number of positively
charged residues in P2 may contribute to a greater degree of
hydrophilicity in this Hib porin (42). The Hib P2 protein also
differed from both E. coli OmpF and the gonococcal P.IA
protein in that it lacked tryptophan (Table 1).
There is a limited degree of homology (23 to 25%) between

the Hib P2 protein and the porins of E. coli (OmpF) and the
gonococcus (Fig. 4). Computer analysis of these amino acid
sequences indicated that the Hib P2 protein was slightly
more similar to OmpF than to the gonococcal porin (Fig. 4).
The hydrophilicity profile of the Hib P2 protein, as deter-
mined with the Hopp and Woods algorithm (20), was very
similar to those of OmpF and P.IA in that it was character-
ized by several relatively long hydrophilic regions and
lacked substantial hydrophobic stretches (Fig. 5).
The A+T content of the Hib P2 gene was 64%, similar to

the 62% A+T content of H. influenzae Rd chromosomal
DNA (37). Codon usage in the Hib P2 protein was compared
with that observed for the heat-modifiable major outer
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TABLE 2. Codon usage in Hib P2 and other major outer
membrane proteins

Codon frequency' in:
Amino acid Codon

Hib P2b Hib Plc E. coli OmpFd

Ala GCA 58 46 30

Arg

Asn

Asp

GCC
GCG
GCU

AGA
AGG
CGA
CGC
CGG
CGU

AAC
AAU

GAC
GAU

3
3

25

8
0
0
11
3

22

36
36

8
39

11
26
44

9
0
2
4
2

17

11
57

17
39

6
14
44

0
0
0
6
0

28

77
11

39
36

TABLE 2-Continued

Codon frequencya in:
Amino acid Codon

Hib P2b Hib P1 E. coli OmpFd

Thr ACA 19 24 3
ACC 6 11 30
ACG 0 4 8
ACU 44 24 19

Trp UGG 0 9 6

Tyr UAC 8 11 55
UAU 55 46 25

Val GUA 33 13 11
GUC 3 7 3
GUG 6 13 14
GUU 28 26 44

a Based on the number of codons used per 1,000 codons.
"Data derived from the nucleotide sequence of P2.
Data obtained from Munson and Grass (32).

d Data obtained from Inokuchi et al. (22).

Cys UGC
UGU

Gln CAA
CAG

Glu GAA
GAG

Gly GGA
GGC
GGG
GGU

His CAC
CAU

Ile AUA
AUC
AUU

Leu

Lys

Met

Phe

CUA
CUC

CUG
CUU

UUA
UUG

AAA
AAG

AUG

UUC

UUU

Pro CCA
CCC

CCG
CCU

Ser AGC
AGU
UCA
UCC

UCG
UCU

0 0
0 0

33 24
6 11

58 31
8 0

6 6
25 13
3 4

80 57

11 7
8 13

6 11
11 4
28 20

6
3
0

8
55
0

7
2
2

20
44
26

80 59
8 11

6 15

30 17
8 26

3

0

0

6

8
17
11
0

0

14

13
4
2
0

7
31
11
2
0

28

0
0 membrane protein (P1) of Hib and for the E. coli OmpF
17 protein (Table 2). In general, codons utilized in the synthesis
19 of the Hib P2 protein had an A or U in position 3; this finding

is again in keeping with the A+T-rich nature ofH. influenzae
36 chromosomal DNA (37). Codon usage differed between P2
3 and P1 in several ways. For example, the leucine codon

UUG was used frequently in the P1 gene but not at all in the
40 P2 gene. Similarly, the phenylalanine codon UUC was used
3 in the P2 gene much more frequently than was UUU; in the

91 P1 gene, the latter phenylalanine codon was predominant.
While P2 had relatively more threonine residues than did P1,

0 the threonine codon ACG was not used at all in the P2 gene,
3 but it was used in the P1 gene. Codon usage was much more

similar between the Hib P1 and P2 genes, however, than it
0 was between the P2 gene and the E. coli OmpF gene. As
36 might be expected from a previous study involving the Hib

P1 gene (32), certain codons used relatively frequently in the
0 OmpF gene, such as the proline codon CCG, the leucine
0 codon CUG, and the serine codon UCC, were not used at all

50 in the Hib P2 gene. All three of these codons lack an A or U
8 in position 3. These findings, together with the fact that E.
6 coli genes encoding abundant proteins tend to use major
0 isoaccepting transfer RNA molecules selectively (21, 30),

suggest that the distribution of major transfer RNA species
44 in Hib may be different from that in E. coli.
8 It is known that some bacteria, including E. coli, can

14 synthesize more than a single type of porin (34). In E. coli
there is considerable identity (69%) between the DNA re-

33 gions encoding the mature forms of the porins OmpF and
19 OmpC (30). When a Hib P2 probe representing essentially all

of the DNA encoding the P2 protein of strain DL42 was used
3 in Southern blot analysis with complete restriction enzyme
0 digests of chromosomal DNA from DL42 and seven other
6 Hib strains, only a single band in each digest hybridized to
6 this probe (Fig. 6). The restriction enzymes used in this
8 experiment (PstI and BamHI) do not cut within the P2 gene
3 but instead yield relatively large DNA fragments (10 and 45
3 to 50 kb, respectively) that hybridized to the P2 gene probe.

14 These results suggest that there is a single copy of the Hib P2
0 gene in the Hib chromosome and that if other porins exist in
17 Hib, their nucleotide sequences are significantly different

from that encoding the P2 protein characterized in this
Continued report. Similarly, it should be noted that minor nucleotide
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sequence variations may exist among the P2 genes detected
in the seven other Hib strains and that these differences may
not be sufficient to prevent hybridization to the DL42-
derived, 1,010-base-pair P2 probe used in these Southern
blot analyses.
A previous study suggested that unregulated expression of

intact Hib P2 protein might be lethal to E. coli (18). It is
interesting to note that we were unable to subclone into E.
coli the 1-kb EcoRI-PvuII fragment of pEJH39-1 that con-
tains the DNA encoding the signal peptide and presumed
promoter and regulatory regions of P2. The fact that Hib
promoters function effectively in E. coli (18, 19, 32) indicates
that this fragment could be used to synthesize the P2 signal
peptide, which might be lethal if overproduced in E. coli.
Alternatively, our inability to subclone this particular Hib
DNA fragment into E. coli may have resulted from some
property of either the phagemid sequencing vectors or the E.
coli host used in the subcloning experiments.

Availability of the nucleotide sequence for P2 will facili-
tate detailed analyses of the structure-function relationships
of this protein. It is known that Hib can synthesize P2
proteins with apparent molecular weights (in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) of approximately
38,000 to 39,000 or 39,000 to 40,000 and that each strain
apparently expresses one or the other, but not both, of these
two basic types of P2 (5, 14, 15, 25, 44). This characteristic
is also involved in the subtyping of Hib strains on the basis
of their outer membrane protein profiles in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (5). N-terminal
amino acid analysis of P2 proteins from the two types of Hib
strains has shown that the sequences of the first 24 amino
acids in both types of P2 are identical (E. J. Hansen et al.,
manuscript in preparation). The results of immunoprotection
studies involving antisera raised against purified P2 protein,
however, indicate that some degree of antigenic heterogene-
ity may exist among Hib strains with respect to the surface
epitopes of this protein which are targets for protective
antibodies (33). Cloning and sequencing of genes encoding
the other type of P2 protein will be required to identify those
differences in amino acid sequences between the two types
of P2 which account not only for the molecular weight
variation but also for the apparent difference in immunogenic
surface epitopes. These findings can be used with site-
directed mutagenesis techniques to identify surface-exposed
P2 epitopes which are targets for antibodies protective
against experimental Hib disease. Similarly, it may be pos-
sible to use Hib P2 DNA sequence information and site-
directed mutagenesis to identify the region(s) of the P2
protein involved in the avid binding of this protein to Hib
lipo-oligosaccharide (15).
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