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The major surface-located, channel-forming protein in the outer membrane of Haemophilus influenzae type b
(Hib) is porin (341 amino acids; M, 37,782). In order to generate Hib porin that is devoid of lipooligosaccharides
and capsular polysaccharide, the Hib porin gene ompP2 was subcloned into a plasmid vector and recombinant
Hib porin was expressed in Bacillus subtilis. Recombinant porin was produced in large quantities in B. subtilis and
formed intracellular inclusion bodies. Recombinant porin was extracted from inclusion bodies and shown to be
active in forming pores in synthetic black lipid membranes. However, these pores demonstrated different pore
characteristics than wild-type Hib porin. Mouse hyperimmune sera against recombinant porin were generated
and subjected to epitope scanning with a library of 336 overlapping synthetic hexapeptides that corresponded to
the entire sequence of Hib porin. The epitope specificities of the anti-recombinant porin antibodies were similar
to those of antibodies against Hib porin: selected regions near the amino terminus which include a buried loop
in the native structure of Hib porin were more immunogenic than regions at the carboxy terminus. Although
some mouse anti-recombinant porin antibodies mediated complement-dependent binding to Hib by polymorpho-
nuclear leucocytes in opsonophagocytosis assays, the antibodies were not bactericidal, nor did they abrogate
bacteremia in the infant rat model of infection. It was concluded that the native state of Hib porin is required for

the generation of a protective immune response against the bacterium.

The outer membrane of gram-negative bacteria, including
Haemophilus influenzae type b (Hib), contains proteinaceous
water-filled pores, termed porins, that allow the diffusion of
solutes up to a defined molecular mass (17, 19). For the
well-characterized OmpF porin of Escherichia coli K-12, the
molecular mass exclusion limit is about 600 Da (18). By
comparison, the value for the nonspecific porin of Hib is 1,400
Da (34), suggestive of some difference in the molecular
architecture and perhaps the lumen of the pore. The structural
features which contribute to this difference are unknown.

By calculating the hydrophobicity, amphiphilicity, and turn
propensity of the Hib porin sequence (8, 16), a model for the
topological organization of Hib porin was proposed (30). In
the absence of spectroscopic or X-ray crystallographic data
for Hib porin, we adopted other methods to provide direct
experimental evidence for the topological organization of Hib
porin. We generated monoclonal antibodies (MAbs) against
Hib porin and characterized their ability to bind to whole cells
(29). To define the epitope specificities of the MAbs, overlap-
ping hexapeptides of the entire Hib porin sequence were
synthesized and subjected to epitope scanning. The molecular
reactivities of binding of the MAbs provided support for the
orientation of some loops in the structural model (30). Veri-
fication of our structural model for Hib porin was recently
provided by the molecular analysis of porin sequences from
three nontypeable H. influenzae strains (26).

The immunological responses elicited against surface mac-
romolecules of gram-negative bacteria constitute important
determinants of the host’s defenses (3). Because porins are
major surface-located proteins of gram-negative bacteria,
they are considered primary targets for immune recognition
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(15). Antibodies specific for noncapsular surface compo-
nents of Hib apparently contribute to humoral defense
mechanisms. An often-cited observation (6) is that antibod-
ies against noncapsular antigens were able to protect against
experimental infection, as assessed by the infant rat model of
bacteremia. One of these protective noncapsular antigens
was reported to be porin, 38 kDa.

To extend our investigations on the immunological prop-
erties of Hib porin, we wished to address the following
questions. (i) Does recombinant Hib porin elicit antibodies
which show specificities that are similar or identical to those
of antibodies against native Hib porin? (ii) Are anti-recom-
binant Hib porin antibodies bactericidal and protective
against bacteremia? The gram-positive bacterium Bacillus
subtilis was chosen to generate recombinant Hib porin (also
called Bac porin). This organism was attractive for the
expression of the ompP2 (porin) gene for the following
reasons. Recombinant porin was produced in an environ-
ment devoid of lipooligosaccharides (LOS), and therefore
we were able to assess porin’s function independent of these
gram-negative polymers. Recombinant porin was expressed
in an environment devoid of the capsular polysaccharide
polyribosyl ribitol phosphate (PRP). We assayed the immune
response against recombinant Hib porin and the immunolog-
ical value of anti-recombinant porin (Bac porin) antibodies in
three tests: opsonophagocytosis, complement-mediated Hib
lysis, and immunoprotection in the infant rat model of
bacteremia.

MATERIALS AND METHODS

Molecular cloning of ompP2. The ompP2 gene from
pACC03, 5,523 bp (29), was used as the template for
polymerase chain reaction (PCR) with the following two
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synthetic 30-mer oligonucleotide primers: 5'-AAG CTT
AAG CTT GCT GTT GTT TAT AAC AAC-3', correspond-
ing to two tandem HindlIII sites plus codons for the first six
amino acids of the sequence (8, 16) of the mature form of Hib
porin; and 5'-AAG CTT AAG CTT TTA GAA GTA AAC
GCG TAA-3', corresponding to two tandem HindlIII sites,
the termination codon, and the penultimate five amino acids
of Hib porin. The oligonucleotides were synthesized on an
Applied Biosystems (Foster City, Calif.) 392 DNA Synthe-
sizer and gel purified to remove contaminating species. PCR
was conducted with AmpliTaq DNA polymerase (1.25 U),
commercially prepared reagents from Perkin-Elmer Cetus,
1.0 ng of template DNA, and primers at a final concentration
of 1 uM. The PCR reaction mixture was subjected to 25
cycles of denaturation (95°C, 1 min), annealing (55°C, 2 min),
and extension (72°C, 3 min) with a Techne PHC-2 thermo-
cycler (Techne Ltd., Duxford, Cambridge, United King-
dom). The PCR-generated fragment was trimmed with
HindIII and then ligated at a threefold molar excess into the
expression vector pKTH288 (4.5 kbp) that had also been
restricted with HindIIl and dephosphorylated. Plasmid
pKTH288 was derived from pKTH39 (23) by insertion of a
linker (5'-AAT TCG AAG CTT CG-3') at its EcoRlI site.

The host bacterial strain was B. subtilis IH6140 (23), a
prototrophic derivative of B. subtilis Marburg strain 1A298
from the Bacillus Genetic Stock Center, Department of
Biochemistry, Ohio State University, Columbus. Strain
IH6140 is sporulation deficient and has reduced exoprotease
activity. Bacterial cells were made competent by the method
of Gryczan et al. (7), transformed with 700 ng of the
postligation species, and selected on plates of Luria broth
containing kanamycin (10 pg/ml). The transformation fre-
quency was 350 colonies per pg of DNA. Candidate recom-
binant colonies were readily identified after visual inspection
of the plates by their obviously different color and morphol-
ogy. These candidates were transferred to plates containing
a higher kanamycin concentration (30 pg/ml) to maintain the
plasmid and screened for the presence of plasmids of the
anticipated size, 5.6 kbp. The methods used for manipulation
of recombinant DNA were those described by Sambrook et
al. (25).

Isolation of inclusion bodies. The following small-scale
protocol was devised to isolate inclusion bodies which
contained Bac porin. Recombinant bacteria (1.5 ml) were
grown at 37°C and with strong aeration to saturation (optical
density at 578 nm of 2.5) in 2x L broth containing kanamycin
(30 pg/ml). Cells were harvested by centrifugation, washed
twice with distilled water, suspended in 0.2 volume of 10 mM
Tris-HCI (pH 8.0), and converted to protoplasts by lysozyme
(0.5 mg/ml) digestion at 37°C for 30 min. The addition of
DNase (10 pg/ml) and RNase (10 pg/ml) served to reduce the
viscosity of the lysing protoplast suspension; phenylmethyl-
sulfonyl fluoride (10 pM) was added to minimize proteolysis
of Bac porin. The material was centrifuged (13,000 X g) to
recover membranes plus inclusion bodies. To solubilize
membranes, the pellet was extracted three times at ambient
temperature for 30 min each with buffer containing a
nonionic detergent and high salt: 40 mM Tris-HCI (pH 8.0),
1% Nonidet P-40, 1.0 M NaCl, and 5 mM EDTA.

Identification of proteins. Proteins were quantitated by the
bicinchoninic acid assay (28) and subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
in gels containing 12 or 15% acrylamide (12). Proteins on gels
were detected either with Coomassie brilliant blue or by
silver staining (13). Alternatively, proteins in the polyacryl-
amide gels were transferred electrophoretically to nitrocel-
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lulose, blocked with 1% bovine serum albumin (Boehringer
Mannheim Canada) in Tris-buffered saline, and reacted for 2
h at room temperature with primary antibody. After the
nitrocellulose was washed free of primary antibody, the
secondary antibody used was a rat monoclonal anti-mouse k
light chain (36) coupled to alkaline phosphatase. The immu-
noreactive conjugates bound to Hib porin were identified
with the enzyme substrates 5-bromo-4-chloro-3-indolylphos-
phate toluidinium and nitroblue tetrazolium (Bio-Rad Labo-
ratories).

Biophysical assays. Planar bilayer studies were completed
by a modification (33) of the technique of Mueller et al. (14).
Two Teflon chambers were separated by a Teflon foil having
a thickness of 100 pm and a small circular aperture 600 pm
in diameter. Lipid bilayers were formed across this aperture
with a solution of 2.5% glyceryl monooleate (Sigma) dis-
solved in n-decane. Formation of the bilayer was monitored
through a glass window on the end of one of the compart-
ments with a light source and a microscope. Bilayer forma-
tion was indicated by the membrane’s turning optically black
to incident light. The porin sample was added to the aqueous
phase either before membrane formation or after the mem-
brane had turned optically black. Conductance across the
membrane was measured by a fixed transmembrane poten-
tial. A pair of Ag-AgCl electrodes were inserted into solu-
tions of 1 M KCl on both sides of the membrane. An
operational amplifier (Analog Devices, Norwood, Mass.;
type AD 40K) was used in a current amplifier configuration
so that the flow of Cl~ ions could be recorded on a strip chart
recorder.

Preparation and analysis of antibodies. Antibodies against
recombinant porin were raised in the NIH strain of mice
(males, 6 to 8 weeks old) by immunization of five groups of
10 animals. Each animal received a primary immunization
with 20 pg of recombinant porin from inclusion bodies and
then, 6 weeks later, a second immunization, also with 20 pg
of recombinant porin from inclusion bodies. The materials
administered to the five groups of animals differed according
to whether or not Freund’s complete adjuvant (FCA) was
used; lipopolysaccharide (LPS) 0-6,7 from Salmonella en-
terica, serovar typhimurium (21), or LOS from Hib was
included with some samples.

To produce antibodies against Hib porin, New Zealand
White rabbits were immunized with protein (100 pg) that was
purified by the method of Vachon et al. (34). The primary
immunization was done with FCA; secondary immunization
was done with protein but no adjuvant. The protocols for
raising antibodies were those of Harlow and Lane (9) and
conformed to the guidelines of the Canadian Council on
Animal Care.

The reactivity of antibodies to intact Hib or isolated porin
on a solid phase was assayed by enzyme-linked immunosor-
bent assay (ELISA). Hib cells or purified Hib porin was
adsorbed to microtiter plates (Maxisorp F96; Nunc) in
carbonate buffer (50 mM sodium bicarbonate, pH 9.6) over-
night at 37°C. Blocking or antibody incubation steps were
done in 5% milk and 0.5% milk, respectively. The secondary
antibody was an MAD (rat anti-mouse « light chain) conju-
gated to alkaline phosphatase, and the substrate was 2 mg of
p-nitrophenyl phosphate (GIBCO BRL) per ml in 10 mM
diethanolamine buffer, pH 9.5.

The synthesis of overlapping hexapeptides (5) correspond-
ing to the entire sequence of Hib porin (outer membrane
protein [OMP] subtype 1H) on solid-phase supports was
described previously (30). The immunoreactivity of poly-
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clonal sera to the solid-phase peptides was assayed by
ELISA (30).

Biological assays. Opsonophagocytosis was performed
with Hib strain 3527, OMP subtype 3L (35). Bacteria were
cultured overnight on chocolate agar plates in a humid
atmosphere with 5% CO, at 37°C. The Hib strain was
inoculated in brain heart infusion broth and incubated for 2 h
at 37°C with vigorous shaking to obtain late-exponential-
phase cultures. Bacteria were washed twice in 20 mM
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid, pH 7.4) containing 0.1% glucose (HEPES-glucose) and
incubated with 0.015 mg of fluorescein isothiocyanate per ml
for 15 min at 37°C. Bacteria were washed three times in
HEPES-glucose to remove unbound fluorescein isothiocy-
anate. The concentration of bacteria was adjusted to 108
CFU/ml in opsonization buffer (20 mM HEPES buffer [pH
7.4], 5 mM CaCl,, 0.1% gelatin, 0.1% glucose, 0.1% human
serum albumin). Antisera were added to the bacterial sus-
pension at a final concentration of 15% (vol/vol). Serum from
an agammaglobulinemic patient at a concentration of 1%
(volfvol) was used as a source of complement. The bacterial
suspension (20 wl, 108 CFU/ml) was added to 100 pl of a
suspension of human polymorphonuclear leukocytes
(PMNs; 107/ml) isolated as described by Kuijpers et al. (11).
Bacteria which were not opsonized were used as a control.
The mixtures were incubated at 37°C and shaken gently.
After 30 min, samples (100 pl) were diluted in 400 pl of
ice-cold opsonization buffer containing 1% paraformalde-
hyde to stop phagocytosis. The samples were analyzed with
a FACScan (Becton Dickinson, Heidelberg, Germany). Op-
sonophagocytosis was defined as the percentage of the
PMNs that became fluorescent after association with fluo-
rescein isothiocyanate-labeled bacteria.

The bactericidal activities of pooled mouse sera were
tested as described by Kiyhty et al. (10). Bacteria were
incubated for 60 min at 37°C in microwells with dilutions of
mouse sera plus 25% human serum as the complement
source. The complement alone did not kill the bacteria.
Following incubation, aliquots of bacterial suspensions were
plated in triplicate on chocolate agar plates containing 15 U
of bacitracin per ml and incubated overnight at 37°Cin a CO,
incubator. The highest dilution that showed 50% killing was
the bactericidal antibody titer.

To assess whether passively transferred polyclonal anti-
bodies were protective in vivo, the infant rat model of
bacteremia was used (27). The antisera were given intraperi-
toneally 2 h before the challenge dose of 4,000 CFU of Hib.
Bacteria were also administered intraperitoneally. Bactere-
mia was detected 24 h later by plating 20 pl of undiluted or
100 pl of diluted (1:10 or 1:100) blood.

RESULTS

Expression of recombinant Hib porin. The expression
vector pKTH288 of B. subtilis was selected for the cloning of
the ompP2 gene under the control of the promoter for
o-amylase of Bacillus amyloliquefaciens (22). By PCR am-
plification of the ompP2 gene, the DNA sequence of the
mature form of Hib porin was generated as a HindIII
fragment. This fragment (1,032 bp) was ligated into
pKTH288 restricted with HindIII so that the codons for the
first seven amino acids of the signal sequence of a-amylase
plus four amino acids from a linker were fused in-frame to
codons for the 341 amino acids of Hib porin. B. subtilis
IH6140 was transformed with the ligated plasmid species,
selected on kanamycin-containing plates, and screened ini-
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FIG. 1. Identification of recombinant Bac porin. Protein samples
were loaded onto SDS-15% PAGE gels and revealed on the gel by
silver staining. Lane M, size marker proteins (in kilodaltons); lanes
1 to 3, porin purified from the outer membrane of Hib (250, 500, and
1,000 ng, respectively); lanes 4 to 6, proteins from inclusion bodies
from B. subtilis containing the recombinant plasmid that encodes
Bac porin (500, 1,000, and 2,000 ng, respectively).

tially for colony variants that differed from a background of
antibiotic-resistant transformants. Candidate colonies were
shown to harbor the desired recombinant gene in pKTH288
and in the correct orientation by their size and by the pattern
obtained after double digestions with restriction enzymes.

The protein created by this fusion (352 amino acids) was
predicted to have the following sequence at the amino
terminus: Met-1 Ile Gln Lys Arg Lys Arg Asn Ser Lys Leu
Ala-12 Val-13 Val-14 Tyr-15 Asn-16 Asn-17; Ala-12 to
Asn-17 correspond to the amino terminus of the mature form
of Hib porin. Bac porin was expressed to such high levels
that it aggregated within the cell and formed inclusion bodies
(20, 24). To identify Bac porin, the cells were first converted
to protoplasts; inclusion bodies were collected and washed
with buffer containing nonionic detergent plus a high salt
concentration. As assessed by SDS-PAGE, this buffer solu-
bilized proteins from the bacterial cytoplasmic membranes.
Because inclusion bodies were refractory to this treatment,
they were collected by centrifugation and suspended in 10
mM Tris-HCI (pH 8.0)-1 mM EDTA to a protein concentra-
tion of about 1 mg/ml.

Identification by SDS-PAGE of the proteins at each step
of the above protocol showed that almost no Bac porin was
lost by detergent extraction, whereas the inclusion bodies
were enriched for Bac porin (Fig. 1, lanes 4 to 6). A
persistent, contaminating species of approximately 14 kDa
was always noted with Bac porin in inclusion bodies. Several
minor protein species of both higher and lower molecular
mass than Bac porin were also routinely observed in prepa-
rations of inclusion bodies. The identity of Bac porin as the
desired recombinant protein was confirmed by Western
immunoblotting onto nitrocellulose of an SDS-PAGE gel
that displayed the inclusion body proteins and by probing
with two primary antibodies: (i) mouse MAb POR.1, which
is specific to Hib porin (29) and (ii) a rabbit polyclonal
antiserum which showed specificity towards the first 11
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FIG. 2. Comparison of channel conductances of Hib porin and Bac porin in planar bilayers. Conductance steps were recorded at a
transmembrane potential of 10 mV in 1 M KCl. (A) FPLC-purified Hib porin at 2 pg/pl in 50 mM Tris-HCI (pH 8.0)-0.1% Zwittergent Z-3,14
was diluted 500-fold into 50 mM Tris-HCI (pH 8.0); 1 to 5 pl of this material was then added to the Teflon chamber. (B) Bacillus inclusion
bodies were suspended at 50 ng/pl in 50 mM Tris-HCI (pH 8.0)-1% Zwittergent Z-3,14 and then sonicated. Insoluble material was pelleted
by centrifugation. The supernatant, which contained Bac porin at approximately 1 ng/ul, was diluted fivefold into 50 mM Tris-HCI (pH 8.0);
5 to 10 ul of this material was added to the Teflon chamber. (C) Bac porin extracted from inclusion bodies with 1% Zwittergent Z-3,14 as above
and diluted fivefold into 10 pg Hib LOS per pl-50 mM Tris-HCI (pH 8.0); 5 to 10 pl of this material was added to the Teflon chamber. (D)
FPLC-purified Hib porin at 2 pg/pl was diluted 500-fold into 50 mM Tris-HCI (pH 8.0)-5% Zwittergent Z-3,14; 1 to 5 ul of this material was
added to the Teflon chamber. The total number of conductance steps analyzed was as follows: panel A, 178; panel B, 219; panel C, 200; and
panel D, 214. Conductance steps of greater than 2.08 nS accounted for less than 5% of the total number of events and were not included in

this analysis.

amino acids that are characteristic of recombinant proteins
generated from pKTH288-related vectors. The calculated
molecular mass of 39,183 Da for Bac porin, 352 amino acids,
matched the estimate of 39 kDa derived by comparison with
Hib porin (37 kDa; Fig. 1, lanes 1 to 3) and with standard
proteins on SDS-PAGE (Fig. 1, lane M).

Channel-forming properties of Hib porin and Bac porin.
Fast protein liquid chromatography (FPLC)-purified Hib
porin was reconstituted into black lipid membranes and
assayed for channel-forming activity. On SDS-PAGE gels
(Fig. 1, lanes 1 to 3), FPLC-purified Hib porin appeared as a
single protein band when silver stained. LOS migrated as a
low-molecular-weight, minor contaminant. To the 1 M KCl
solution bathing the planar bilayer was added Hib porin at a
final concentration of 1 to 5 ng/ml. Stepwise increases in
membrane conductance of Cl~ ions were attributed to the
spontaneous insertion of porin into the bilayer. With the
transmembrane potential held at 10 mV, the changes in
membrane conductance were recorded until the conductivity
was beyond the range of the apparatus. Histograms of the

amplitude of the conductance steps for Hib porin are shown
in Fig. 2A. Hib porin showed the usual wide distribution of
conductance steps, so that for any interval of 0.2 nS, the
percentage of total conductance steps was less than 25%.
To test whether Bac porin obtained from inclusion bodies
could form channels, the total protein fraction from inclusion
bodies was extracted with a solution of 50 mM Tris-HCI (pH
8.0) and 1% Zwittergent Z-3,14. When Zwittergent-solubi-
lized Bac porin was added to the Teflon chamber at a final
concentration of 0.5 ng/ml and analyzed as above, stepwise
increases in membrane conductance were observed. Bac
porin showed a surprisingly narrow distribution in channel
conductance, with 50% of the current increment events
having a conductance of 1.4 to 1.6 nS (Fig. 2B). The same
narrow distribution was also seen after extraction of inclu-
sion bodies with either 1% octyl-pentaoxyethylene or 1.6%
cetyltrimethyl ammonium bromide (CTB) (data not shown).
When Zwittergent-extracted Bac porin was mixed with a
solution of Hib LOS (10 pg/pl in 50 mM Tris-HCI [pH 8.0])
(34), a different distribution of conductance steps was ob-
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TABLE 1. Antibodies against recombinant Hib porin

Reciprocal ELISA titer”

Immunogen against: Opsonophagocytosis assay
combination® (% positive PMNs)
Intact Hib Hib porin

i 1,194 25 12+ 4

ii 2,008 25 22 x4

iii 10,601 125 +7

iv 19,109 125 26 =8

v 2,560 25 23+0

Control 2+3

2 Sera are numbered to correspond to the combinations of materials used
for immunization of groups of 10 mice, as described in Results. The control
was complement alone, without antibody.

® The reciprocal titer versus intact Hib is the dilution of pooled mouse
hyperimmune sera that corresponds through extrapolation to 50% of the
maximum absorbance value for the colorimetric assay of enzymatic activity.
The reciprocal titer versus FPLC-purified Hib porin (10 ug/ml) is expressed as
the dilution of affinity-purified antibodies (already a sixfold dilution of pooled
mouse hyperimmune sera) that gave an absorbance of at least 0.2 over
background.

served (Fig. 2C). This distribution matched the distribution
of conductance steps seen for FPLC-purified Hib porin (Fig.
2A). Furthermore, when FPLC-purified Hib porin was di-
luted into S0 mM Tris-HCI (pH 8.0)-5% Zwittergent Z-3,14,
the histogram (Fig. 2D) became similar to that of Zwitter-
gent-extracted Bac porin (Fig. 2B).

Antibodies against Bac porin. Polyclonal antisera specific
for Bac porin from inclusion bodies were raised in mice. All
proteins from inclusion bodies were readily solubilized in
100 mM Tris-HCI (pH 8)-2% CTB and then diluted to reduce
the CTB concentration to less than 0.4%. For immunization
of groups of 10 mice, proteins from inclusion bodies (200 p.g)
were combined with the following materials: (i) 50 pg of
Salmonella 0-6,7 LPS (21); (ii) 50 pg of LOS from Hib; (iii)
50 pg of Salmonella LPS plus FCA; (iv) 50 ng of Hib LOS
plus FCA; or (v) FCA alone. FCA was used only in the
primary immunization, and no FCA was used in the second-
ary immunizations. The pooled hyperimmune sera were
numbered i to v to correspond to the above combinations.
For the three biological assays, undiluted pooled sera or
dilutions of pooled sera were used as indicated in the
relevant sections. The pooled sera were purified by passage
over an anti-k light-chain immunoaffinity column, which also
diluted the antibodies in the pooled sera by sixfold. These
purified mouse sera were the source of the antibodies used
for epitope scanning. As evaluated by ELISA of pooled
mouse sera against intact Hib cells or ELISA of purified
mouse sera against purified Hib porin, the highest titers of
antiporin antibodies were found in sera iii and iv (Table 1).

Epitope scanning. We previously synthesized 336 sequen-
tial overlapping hexapeptides that correspond to the com-
plete 341-amino-acid sequence of Hib porin, OMP subtype
1H. These hexapeptides were used to define the molecular
reactivities of nine mouse MAbs raised against Hib porin.
Seven MAbs reacted to the region between Thr-112 and
Gly-172, and two MADbs recognized the region between
Thr-318 and Val-325 (Fig. 3A) (30).

In this study, we used the overlapping hexapeptides to test
the reactivities of polyclonal sera raised against Hib porin
from a rabbit. Two regions of positive reactivity were
identified: between Ile-128 and Asn-133 and between Gly-
141 and Leu-147 (Fig. 3B). Thus, the immunological reactiv-
ities of antibodies against Hib porin that reacted to the
synthetic hexapeptides and therefore recognized linear
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FIG. 3. Epitope scanning with 336 overlapping hexapeptides
corresponding to the sequence of Hib porin, OMP subtype 1H, with
purified antibodies raised against Hib porin or Bac porin. (A)
Regions of the hexapeptides recognized by four different groups of
mouse anti-Hib porin MAbs as described previously (30). (B)
ELISA reactivities to the hexapeptides of polyclonal antibodies
against Hib porin obtained from a rabbit. (C) ELISA reactivities to
the hexapeptides of pooled mouse antisera against Bac porin prein-
cubated with Salmonella 0-6,7 LPS. (D) ELISA reactivities to the
hexapeptides of pooled mouse antisera against Bac porin preincu-
bated with Hib LOS. The hexapeptides were incubated with the
anti-Hib porin antibodies or anti-Bac porin antibodies, washed free
of unbound antibodies, and reacted with a secondary antibody.
ELISA values are expressed as 4,y units measured after 30 min of
incubation with substrate and after substraction of background
reactivity. The value of the background was an average of three
reactivities against pins not containing any peptides and subjected to
scanning under the same conditions. Negative absorbance values for
the hexapeptides were considered to be zero.
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epitopes were directed primarily to a region between Thr-112
and Gly-172 in the amino-terminal portion of the protein.

We also tested the reactivities to the hexapeptides of pools
of mouse polyclonal antisera raised against Bac porin from
inclusion bodies. Affinity-purified antibodies from two
pooled sera that provided the highest titers of anti-Hib porin
antibodies were tested: that raised against Bac porin plus
Salmonella 0-6,7 LPS plus FCA (immunogen combination
iii, above), and the other against Bac porin plus Hib LOS
plus FCA (immunogen combination iv, above). There were
no significant differences in the patterns of reactivities to the
hexapeptides of antibodies raised against Bac porin in the
presence of S. enterica 0-6,7 LPS (Fig. 3C) and antibodies
raised against Bac porin in the presence of Hib LOS (Fig.
3D). Moreover, the overall specificity of antibodies against
Bac porin (Fig. 3C and D) was similar to the specificity of
antibodies against Hib porin (Fig. 3A and B), because
selected regions in the amino-terminal portion of the protein
were clearly more immunogenic than regions in the carboxy-
terminal portion of the protein.

Biological activities of antibodies against Bac porin. Each of
the five pools of antibodies against Bac porin from inclusion
bodies was tested in duplicate for opsonophagocytosis of
Hib strain RH3527. The results (Table 1) indicated that sera
ii, iii, iv, and v were opsonic for Hib, with the highest value
shown by serum iii.

Bactericidal assays provided an assessment of the ability
of the anti-Bac porin antibodies to bind complement and to
direct complement-mediated lysis. Hib strain RH3527 was
resistant to 25% human complement. In the absence of
complement, this test strain was not lysed by any of the five
pooled hyperimmune sera (i, ii, iii, iv, or v) raised against
Bac porin. With 25% human complement plus anti-Bac porin
antibodies (the same five pooled sera), no bacteriolysis of
Hib strain RH3527 was observed, even at the lowest dilution
(1:4) of pooled sera in the standard assay. For controls, a
human pool of anti-PRP antibodies up to a dilution of 1:128
(32 ng of anti-PRP antibodies per ml) plus 25% human
complement gave 50% killing of the input number of CFU
(data not shown).

Finally, the infant rat model of bacteremia was used to
determine whether passive transfer of anti-Bac porin anti-
bodies prior to intraperitoneal challenge with live Hib might
be able to abrogate bacteremia. Four groups of infant Wistar
rats were injected with saline or anti-PRP antibodies (400 ng
per animal) or with 1:10-diluted pooled mouse sera, either
anti-Bac porin antibodies (serum iii) or anti-Hib porin anti-
bodies. After administration of a challenge dose of 4,000
CFU of Hib strain RH3527 followed by an interval of 18 h,
the geometric mean titer of CFU per ml of blood for the
control group indicated high-level bacteremia. No rats were
bacteremic when anti-PRP antibodies had been passively
transferred before challenge. The geometric mean titers for
rats receiving anti-Bac porin antibodies or anti-Hib porin
antibodies indicated that neither of these pools of antisera
conferred protection against bacteremia (Table 2).

DISCUSSION

Our first report of the expression of the ompP2 gene of Hib
in a non-gram-negative expression system described the
production of recombinant Hib porin in Sf9 insect cells (29).
Recombinant baculoviruses were isolated and shown to
express the ompP2 gene. In spite of the low levels of
expression, the recombinant Hib porin was shown to be
functionally active in its channel-forming behavior (2). To
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TABLE 2. Passive protection of infant rats by antibodies against
PRP, Bac porin, or Hib porin

No. of rats/no. in group

(%)* with: Geometric mean titer
Antibody Highiovel (10° CFU/ml of
. igh-level blood
Bacteremia bacteremia )
Saline 11/11 (100)  11/11 (100) 60.2
Anti-PRP 0/11 (0) 0/11 (0) 0.05
Anti-Bac porin” 9/9 (100) 7/9 (78) 14.6
Anti-Hib porin 9/9 (100) 7/9 (78) 4.1

“ Number of rats showing viable CFU of Hib in blood samples at 18 h
postchallenge; high-level bacteremia is defined as greater than 2.5 x 10°
CFU/ml of blood.

® Serum iii (Table 1) was the source of anti-Bac porin antibody.

obtain markedly higher amounts of LOS-free recombinant
Hib porin for immunological studies, the ompP2 gene was
expressed in B. subtilis.

Bac porin obtained by Zwittergent extraction of inclusion
bodies was shown to form pores in black lipid membranes,
demonstrating that this protein is capable of folding into a
functional form in the absence of LOS. However, these
pores displayed electrical properties that were different from
those of the channels formed by Hib porin in planar bilayers.
FPLC-purified Hib porin in planar bilayers showed a wide
distribution of conductance steps, a distribution that repro-
duced our previous results (33) and that is typical of porins
analyzed in black lipid membranes (1). The differences in
electrical properties of Bac porin from inclusion bodies were
a higher average single-channel conductance (1.4 versus 1.1
nS) as well as a narrower distribution of single-channel
conductance steps (Fig. 2B). This altered biophysical behav-
ior was also seen with Bac porin obtained after treatment of
inclusion bodies with either a nonionic detergent (octyl-
pentaoxyethylene) or a cationic detergent (CTB), demon-
strating that the observed differences in biophysical behavior
were not detergent dependent. When FPLC-purified Hib
porin was subjected to 5% Zwittergent and tested in planar
bilayers, it showed a narrow distribution of conductance
steps very similar to what was seen for Bac porin from
inclusion bodies. The treatment with 5% Zwittergent may
have caused some perturbation of the native conformation of
Hib porin. Bac porin isolated from inclusion bodies may be
in a similar partially denatured state and able to assume the
native conformation only by forming a complex with LOS.
In support of this idea, Bac porin extracted from inclusion
bodies was reconstituted with a solution of LOS; the Bac
porin-LOS complex showed a distribution of conductance
steps (Fig. 2C) that matched the profile seen for FPLC-
purified Hib porin.

Immunological reactivities were compared for anti-Hib
porin antibodies and anti-Bac porin antibodies against
hexapeptides corresponding to the complete sequence of
Hib porin. In both instances, hexapeptides derived from the
amino-terminal portion were clearly more reactive, espe-
cially in the region between Thr-112 and Gly-172 (Fig. 3).
This effect may be due to the enhanced surface accessibility
of this region under nonnative conditions.

Most bacterial porins are organized in their native confor-
mation as stable trimers that are SDS resistant and dissociate
into monomers only upon boiling (18). Whereas denatured
monomers exist in a random coil or a-helical conformation,
native trimers are predominantly B-sheets (4, 31). The sec-
ondary structure of a monomer may expose sequences that
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might be masked in the trimer (4). Although the native
conformation of Hib porin appears to be a trimer (32), the
trimers are unstable and migrate on SDS-PAGE as mono-
mers after incubation at room temperature in sample buffer
containing 2% SDS. This instability of Hib porin could
account for the immunodominance associated with the re-
gion from Thr-112 to Gly-172. The region between Thr-112
and Asp-126 in Hib porin, which we assigned to hydrophilic
loop number 3, was not surface exposed, as shown by the
nonreactivity of intact Hib with MAbs specific to this region
(30). We postulated that this loop, in its native conformation,
might be folded back into the channel, forming the eyelet of
the pore. Under the conditions used for antigen preparation,
Hib porin may have undergone denaturation, and this loop
may have become immunogenic.

The immunogenicity of Bac porin isolated from inclusion
bodies was enhanced in the presence of both FCA and LPS
(Table 1). However, this induction of anti-Bac porin activity
by LPS was independent of the source of LPS; the use of
either Salmonella 0-6,7 LPS or Hib LOS resulted in anti-
Bac porin antibodies at the same titers. LPS from both
sources was therefore a general adjuvant. Furthermore, the
overall patterns of reactivity of anti-Bac porin antibodies
raised in the presence of Salmonella O-6,7 LPS (serum iii) or
in the presence of Hib LOS (serum iv) to the hexapeptides
were similar (Fig. 3C and D). Serum iii was better in bringing
about opsonophagocytosis of intact Hib than serum iv (Table
1). Whether this difference in opsonophagocytic response is
attributable to the differences in specificities of the two sera
is not known. Nevertheless, even serum iii was not bacteri-
cidal for Hib.

In the infant rat model of infection, when serum iii was
passively transferred into rats, it was able to reduce the
bacterial titers in the blood by fourfold compared with the
control without antibody. However, it was inefficient in
protecting the rats from bacteremia. Pooled antisera from 10
mice raised against FPLC-purified Hib porin were able to
reduce the bacterial titers in blood by 15-fold compared with
the control without antibody. However, it was also ineffi-
cient in abrogating bacteremia in infant rats. Such observa-
tions agree with our earlier tests of the biological activities of
a panel of MAbs against Hib porin; they were neither
bactericidal or protective (29). By comparison, the anti-Hib
capsular polysaccharide antibodies were very efficient in
preventing bacteremia (Table 2). These results are in con-
trast with the recently published data for the immunological
activities of the class 1 outer membrane protein of Neisseria
meningitidis produced in B. subtilis (BacP1). Antibodies
raised against BacP1 complexed with Salmonella O-6,7 LPS
were bactericidal and protective against N. meningitidis
(20). The reason for the difference in protective abilities
between the two outer membrane proteins will become
clearer only through their further characterization.

Antibodies directed against the native determinants of a
surface-exposed protein are considered critical for immuno-
protection. The following observations indicate that Hib
porin tends to lose its native structure when removed from
its membrane environment. (i) When incubated at room
temperature in sample buffer containing 2% SDS, the mono-
meric form of the protein predominates on SDS-PAGE. (ii)
As seen with Bac porin, the protein devoid of LOS demon-
strates altered biophysical behavior. (iii) The antibody re-
sponse produced against the protein is directed primarily
against nonnative epitopes. We are not able to substantiate
earlier claims (6, 15) that anti-Hib porin antibodies are
protective. We conclude that antibodies to our isolated form
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of Hib porin or against recombinant Bac porin provide little
or no protection against Hib disease.
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