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ABSBTRACT

Ph.D. Ramakrishnan Srikumar Microbiology and Immunology

Haemophilus influenzae type b (Hib) is a Gram-negative
bacterium that causes meningitis in infants. A protein called
porin of 341 amino acids, M, 37,782 daltons, is located in the
outer membrane of Hib and allows for the diffusion into the
periplasmic space of small solutes up to a molecular mass of
1400 daltons.

Based on parameters of hydrophilicity and amphiphilicity
a model for Hib porin was generated. The model proposed an
organization of sixteen anti-parallel f-strands that traverse
the outer membrane, eight long loops that connect the B-
strands on one side and short turns on the other side.

By flow cytometry, six out of a panel of nine monoclonal
antibodies against Hib porin recognized amino acid sequences
at the cell surface. Hib porin was purified and subjected to
chemical and enzymatic digestions. The fragments were
immunoblotted; N-terminal sequencing identified boundaries of
fragments. C-terminal deletions of Hib porin generated in the
baculovirus expression system identified C-terminal boundaries
of monoclonal antibody reactivities.

To map precisely the primary sequences to which these
monoclonal antibodies bound, overlapping hexapeptides for the
entire sequence of Hib porin were synthesized. These studies

identified two surface-exposed regions in the mature sequence
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of Hib porin, amino acid residues 162-172 and 318-325. In the
Hib porin model, these regions correspond to loops 4 and 8,
respectively. Two regions between residues 112-126 (loop 3)
and residu.es 148-153 were buried or inaccessible at the
surface of the outer membrane.

Recombinant Hib porin was expressed in Bacillus subtilis.
The biophysical and immunological properties of this
lipooligosaccharide-free recombinant Hib porin were compared
with those of native Hib porin.

In order to examine the role of loop 3, site-directed
mutagenesis of the cloned Hib porin gene was undertaken. Six
or twelve amino acid deletions in loop 3, expressed in a porin
deletion strain, showed significant increase in sensitivities
to several anti-microbial agents as compared to wild-type Hib
porin. Deletion of twelve amino acids showed more pronounced
phenotypes than deletion of six amino acids. Such mutagenesis
experiments provided support to the notion that lcop 3 in Hib

porin folds back into the pore and produces a constriction of

the channel.
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ABREGE

Ph.D. Ramakrishnan Srikumar Microbiologie et Immunologie

Haemophilus influenzae type b (Hib) est une bactérie
Gram-négative qui s’avére une des cause des méningites chez
les enfants en bas 4ge. La porine, protéine de 341 acides
aminés et de 37,782 daltons, est localisée dans la membrane
externe de Hib et permet 1la diffusion dans 1l’espace
périplasmique de petits solutés de masse moléculaire jusqu’a
1400 daltons.

Un modéle pour la porine de Hib fut é&laboré en fonction
des paramétres d’hydrophilicité et d’amphiphilicité. Le
modéle proposé consiste en une organisation de seize brins §
antiparalléles traversant la membrane extérieure, de huit
longues boucles qui relient les brins 8 d’un cbté&, et des
petites boucles & l’autre cété.

A l’aide du cytométrie de flux, six sur un total de neuf
anticorps monoclonaux dirigés contre la porine de Hib ont
reconnu la séquence des acides aminés a la surface cellulaire.
La porine de Hib a été& purifiée avant de subir des digestions
chimigques et enzymatiques. Les fragments ont é&té
immunodétectés; le séquengage par le N-terminal a identifié
les extrémités des fragments. Les délétions C-terminales de
la porine de Hib générées dans le systéme d’exXpression de
baculovirus, ont identifi& la réactivité des extrémités C-

terminales des anticorps monoclonaux.
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Pour identifier avec précision les séquences primaires
sur lesquelles se lient ces anticorps monoclonaux, des
hexapeptides se chevauchant ont é&té& synthétisé&s pour la
séquence compléte de la porine de Hib. Ces &tudes ont permis
d’identifier dans ia séquence mature de la porine de Hib, deux
régions dont la surface est expos&e, soient 1les résidus
d’acides aminés 162-172 et 318-325. Dans le modéle de 1la
porine Hib, ces régions correspondent aux boucles 4 et 8
respectivement. Deux régions, entre les résidus 112-126
(boucle 3) et 1les résidus 148-153 é&taient cachées ou
inaccessibles & la surface de la membrane extérieure.

La porine recombinante de Hib a &té exprimée dans
Bacillus subtilis. Les propriétés Dbiophysiques et
immunologigques de cette porine recombinante de Hib, dé&pourvue
de lipooligosaccharides, ont &té comparées avec celles de la
porine native de Hib.

Pour déterminer le rdle de la boucle 3, une mutagénése
dirigée de la porine clonée de Hib &té entreprise. Des
délétions de six ou de douze acides aminés dans la boucle 3,
exprinée dans une souche de porine avec délétion, ont montré
une augmentation significative de la sensibilité & plusieurs
agents anti-microbiens comparativement 3 la porine native de
Hib. La @élétion de douze acides aminées a montré des
phénotypes plus prononcés gque la délétion de six acides
aminés. Les expériences de mutagéndse ont appuyé 1l’idée que
la boucle 3 dans la porine de Hib se replie dans le pore et

produit une constriction du canal.
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CONTRIBUTION TO ORIGINAL KNOWLEDGE

1. Proposed a model fcr the folding of the major outer
membrane protein, porin, of Haemophilus influenzae type b.
This model has been tested by our laboratory and by others and
was confirmed to he entirely consistent with the experimental

evidence.

2. Mapped precisely the epitopes recognized by six monoclonal
antibodies against Haemophilus influenzae type b porin to

stretches of six to eleven amino acids.

3. Provided direct evidence for the surface exposure of two
regions in Haemophilus influenzae type b porin. These regions
correspond to loop 4 and loop 8 in the proposed model for this

protein.

4. Demonstrated the exquisite specificity of one monoclonal
antibody by its ability to discriminate a single amino acid
change, Argl66 to Gln, in the primary sequence of Haemophilus

influenzae type b porin.

5. Obtained several 1lines of evidence to indicate that
antibodies to the isclated form of Haemophilus influenzae type

b porin provide no immune protection against this bacterium.



6. Constructed chromosomal deletions of the porin gene ompP2
in nontypeable Haemophilus influenzae and Haemophllus

influenzae type b.

7. Designed a system for the expression and characterization
of mutant Haemophilus influenzae type b porins and other
heterologous porins in a genetic background in which the porin

gene was deleted.

8. Gathered structural and functional evidence to support the
proposal that loop 3 in Haemophilus influenzae type b porin
folds back into the pore and produces a constriction of the

channel.
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CHAPTER 1
GENERAL INTRODUCTION AND LITERATURE REVIEW

1. Introduction

Haemophilus influenzae is a small, non-motile, rod-shaped
Gram-negative bacterium. Some strains do not possess a
detectable capsule and are referred to as nontypeable
Haemophilus influenzae. These strains are generally a
harmless component of the normal flora in the upper
respiratory tract of humans. They may become pathogenic in
older or immunologically-compromised individuals.

Other strains of Haemophilus influenzae are encapsulated
and cause disease. They can be categorized into several
serotypes based on the immunological properties of the
capsuiar polysaccharide (type a through f£). 0of all the
serotypes, Haemophilus influenzae type b (Hib) is the most
important pathogen (Turk, 1984; van Alphen & Bijlmer, 1990).
It is a causative agent of bacterial meningitis mainly in
infants and young children. Until recently, it was the
leading cause of bacterial meningitis in this popalation
(Dajani et al., 1979). Besides bacterial meningitis, Hib can
also cause septicemia, epiglottitis, cellulitis, arthl::itis,
osteomyelitis, pericarditis, and pneumonia (Wilfert, 1990).

The fatality rate for Hib meningitis is approximately 5%,

and 40% of surviving children show significant neurologic



sequelae (Wilfert, 19%0). In 1985, it was estimated that
systemic disease caused by Hib occurred in 500 per 100,000
children in the United States before the age of five (Cochi et
al., 1985). Between 1985 and 1989, the incidence of disease
in this population in the United States had diminished to 37
per 100,000 (Adams et al., 1993). Anti-microbial therapy was
partly responsible for reducing Hib disease. However, the
emergence during the past decade of organisms resistant to
several antibiotics including ampicillin, chloramphenicol, and
the cephalosporins (Wilfert, 1990) posed a threat to the
efficacy of treatment of these infections with these agents.
This threat plus the strain imposed on the health care system
(Hay & Daum, 1987) spurred researchers to focus studies on the
prevention of Hib disease by immunization.

Immunity to Hib infection is derived by antibodies to the
type b capsular polysaccharide, polyribosylribitol phosphate
(PRP). Whereas a PRP vaccine was fairly effective in children
over 24 months of age, the vaccine was clearly not effective -
in children under 18 months of age (Weinberg & Granoff, 1988).
The deficiency of children under 18 months of age to mount an
antibody response to a T cell-independent antigen such as PRP
was the reason for its ineffoctiveness. PRP was therefore
conjugated te several proteins to create conjugate vaccines.
By this conjugation it was expected that antibodies to PRP
would be generated in a T cell-dependent fashion. PRP was

conjugated to diphtheria toxoid (PRP-D), tetanus toxoid (PRP-



T), or te an outer membrane protein of Nelsseria meningitidis
(PRP-OMP) (Weinberg & Granoff, 1988). These conjugate
vaccines have been in use since 1987 and have been useful in
significantly reducing the incidence of Hib related disease in
children including those under 18 months of age. Between 1987
and 1992, the incidence of Hib disease in the United States
among children less than 5 years was reported to be 11 per
100,000 (Adams et al., 1993).

Although these PRP-conjugate vaccines had a marked impact
in the incidence of Hib disease, other candidates for the
protein component were sought to create new conjugate
vaccines. It seemed logical to identify a surface-exposed
outer membrane protein of Hib for such an endeavour. The
advantage of such a conjugate vaccine over the existing ones
would be that antibodies to the outer membrane protein may
contribute additionally to immune-protection against Hib
disease.

Porins of Gram-negative bacteria are outer membrane
proteins that are surface-exposed and are responsible for the
molecular sieve properties of these cells (Nakae, 1976). They
form water-filled channels which allow the diffusion of
molecules such as sugars, amino acids, nucleosides, and
hydrophilic antibiotics into the periplasmic space. Classical
porins such as the outer membrane protein F (OmpF) of
Escherichia coli reside in the outer membrane as trimers. 1In

this thesis, the term porin is generally used to identify this



class of proteins. Monomeric outer membrane proteins that
exhibit pore-forming activity have also been identified. The
maximum size of a solute molecule that can permeate the pores
defines a value termed the molecular mass exclusion 1limit.
The variety of porins and their exclusion limits differ from
one bacterial genus to another.

The outer membrane of Hib contains approximately 24
different proteins. Five proteins account for 80% of the
outer membrane proteins (Loeb & Smith, 1982b) and are detected
as major bands on sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The nomenclature of the five
major outer membrane proteins of Hib and their molecular
masses by SDS-PAGE are the following: protein a or Pl, 46
kilodaltons (kDa); protein b/c or P2, 38 kDa; protein e or P4,
28 kDa; protein 4/f or PS5, 34 kDa; and protein g or P6, 15 kDa
(Granoff & Munson, 1986; Loeb & Smith, 1982a). The primary
sequences of all five proteins from nontypeable Haemophilus
influenzae (Hi) or Hib have been determined and some of their
properties are known. Protein Pl is surface-exposed and is
heat modifiable; on SDS-PAGE it migrates differently upon
boiling in sample buffer. Although the function of Pl is not
known, this protein exhibits 42% identity to the outer
membrane protein, FadL, of E. coli (Black, 1991). Fadl plays
a role in the uptake of exogenous long-chain fatty acids in E.
coli. P2 is a'surface-exposed protein that functions as a

porin and is the subject of this thesis. P4 is a lipoprotein



that is surface-exposed (Green et al., 1991). PS5 is heat
modifiable and shows 50% identity to the outer membrane
protein OmpA of E. coli (Munson et al., 1993). Like OmpA, PS5
is proposed to play a role in maintaining the integrity of the
Hib outer membrane. Pé6é is a surface-exposed protein that was
recently shown to bind to the ompP6 gene thereby regulating
its own expression (Sikkema et al., 1992). Of the five major
proteins, P6 is the most conserved among different strains.
Due to their surface location and abundance, all these
proteins have been studied extensively as potential vaccine
components., Some of the minor proteins in the outer membrane
of Hi or Hib that function in the acquisition of iron have
been chafacterized. These proteins include haemin-binding
protein (Hanson & Hansen, 1991), haemopexin-binding protein
(Cope et al., 1994), and transferrin-binding protein (Gray-
Owen et al., 1995).

The protein P2 (341 amino acids; M, 37,782 daltons) is the
most abundant in outer membrane of Hib. When the five major
outer membrane proteins were tested for pore function, only
the P2 protein exhibited channel activity (Vachon et al.,
1985). This prompted researchers to refer to the P2 protein
simply as Hib porin.

Recently, the entire DNA sequence (1.83 x 10° hase pairs)
of nontypeable Haemophilus influenzae strain KwW20 was
determined (Fleischmann et al., 1995). This is the first

report of sequencing the complete genome of any bacterium.



Oother than the ompP2 sequence itself, none out of the 1,743
predicted coding regions in the Hi chromosome showed any
homology to the porin gene. Since porin sequences from the
same dgenus show similarities, this finding provided
confirmation that the protein enceded by ompP2 was the only
porin in Haemophilus strains.

Haemophilus influenzae type b porin allows for the non-
specific diffusion of solutes and has a slight preference for
cations (Vachon et al., 1986). It is expressed at high levels
under all conditions tested (Loeb & Smith, 1982b). A
genetically-altered Hib strain that did not express the porin
procein was shown to be uvirulent in an animal model of
infection (Cope et al., 1990), demonstrating the importance of
porin in pathogenicity of Hib. Because of 1its surface
location, abundance, constitutive expression, and role in
disease, Hib porin may be a candidate for the construction of
a new PRP-conjugate vaccine against Hib. Therefore,
information concerning the immunogenicity of this protein
combined with information on the protective ability of anti-
Hib porin antibodies is essential for the evaluation of this
protein’s candidacy. Aan evaluation of the surface-exposed
parts of Hib porin is also of interest since antibodies to
these regions of the protein might be predicted to be
protective.

The molecular architecture of Hib porin is currently

unknown. Since this protein is the route of entry of



hydrophilic antibiotics, information on the structure of this
protein may enable researchers to identify novel antibiotics
that would be most effective for anti-microbial therapy
against Hib.

Several other reasons warrant the determination of the
topology and structure of Hib porin. The pore formed by Hib
porin has a molecular mass exclusion limit of 1400 daltons
(Vachon et al., 1985), considerably larger than the value of
600 daltons for the pore formed by OmpF of E. coll. By
liposome swelling assays (Vachon et al., 1988), Hib porin
appeared tb have a greater pore diameter than that associated
with the porins of E. coli. Unlike most classical porins,
trimers of Hib porin are gquite unstable and were detected by
SDS-PAGE only when the proteins were previously cross-linked
(Vachon et al,, 1988). What is the molecular organization of
Hib porin that contributes to these unique features and how
does that organization differ from other well characterized
bacterial porins?

This thesis presents results of experiments designed to
elucidate the structure of Hib porin and 1its native
topological organization in the outer membrane. An
understanding of the topology of this protein coupled with
information pertaining to its immunological properties will be
useful in the development of alternate strategies for
combating Hib infections. The characterization of this

protein will also allow for an examination of



structure/function relationships of Hib porin.

2. The cell envelope of Gram~negative bacteria

The cell envelope of Gram-negative bacteria including
Escherichla coli, Salmonella typhimurium, Pseudomonas
aeruginosa, and Haemophilus influenzae, ccumsists of three
different layers: the outer membrane, the murein or
peptidoglycan layer, and the cytoplasmic or inner membrane
(Fig. 1). The inner membrane represents a real diffusion
barrier and is composed of phospholipids and proteins. The
inner membrane is a bilayer: it contains an outer leaflet and
an inner leaflet of phospholipids. It is a symmetric bilayer
with respect to its lipid content: both leaflets contain the
same phospholipids with phosphatidyl ethanolamine being the
major lipid (Meadow, 1975). The inner membrane contains
several hundred proteins: these include proteins of the
respiratory chain, those involved in transport across the
inner membrane, components of the machinery for protein export
and enzymes involved in the synthesis of the peptidoglycan
layer.

The peptidoglycan layer is composed of a network of a
hetero-polymer called murein consisting of amino sugars. The
amino sugars' (dimers of N-acetylglucosamine and N-
acetylmuramic acid) form 1long 1linear strands that are
covalently 1linked between muramyl residues by short

tetrapeptides (Labischinski & Maihdof, 1994),. This layer



Fig. 1. Molecular representation of the envelope of a Gram-
negative bacterium. Ovals and rectangles represent sugar
residues, whereas circles depict the polar head groups of
glycerolphorholipids. MDO and XDO are membrane-derived
oligosaccharides and 3-deoxy~D-manno-octulosonic acid,
respectively. The core region depicted is that of Escherichia

coli K-12, Reproduced with permission from Raetz, 1993.



o

|
st Peptidoglycan
T eEege— MO

-

i -

n n «— Phosapholipida

i

0K

i

JuBkLbuLl
Cylop



provides rigidity to the cell envelope, contributes to the
shape of the cell and prevents the bacteria from osmotic
lysis. The space between the inner membrane and the
peptidoglycan layer is referred to as the periplasmic space.
The contents of the periplasmic space is the periplasm. The
constituents of the periplasm include proteins that bind
substrates in order to facilitate their transport across the
inner membrane, several enzymes including those that hydrolyse
f-lactam antibiotics, and membrane-derived oligosaccharides
(MDO) that allows the organism to cope with changes in the
osmolarity of the medium (Bayer & Bayer, 1994).

The outer membrane plays an important role in the
physioclogy of the Gram-negative bacteria. It allows the
passage of certain substances into the periplasmic space but
impedes the passage of others: thus the outer membrane is said
to be selectively permeable. The outer membrane is composed
of lipids and proteins and its permeability properties can be
attributed to these components. The outer nmembrane is a
bilayer which is asymmetric with respect to its lipid content:
the inner leaflet is composed of phospholipids much in the
same manner as the inner membrane but the outer leaflet is
composed exclusively of a special kind of lipid sugar called
lipopolysaccharides (LPS) or lipooligosaccharides (LOS) in
some bacteria (Benz, 1994). Some proteins in the outer
membrane serve to maintain the structural integrity of this

layer whereas others are involved in transport of substrates
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into the periplasmic space.

Some Gram-negative bacteria also possess additional
layers surrounding the outer membrane such as capsules (made
up of polysaccharide) or S layers (made up of protein)
(Hancock, 1991}).

Most work on the cell envelope and its components have
been carried out in E. coli. Therefore, most of information
presented in this chapter is from this organism. Whenever
possible, the relationships are extended to Haemophilus
influenzae type b, the subject of this thesis, to point out
similarities as well as differences. In special
circumstances, information regarding other bacteria are also

presented,

3. Btructure and composition of the bacterial outer membrane

3.1. Lipopolysaccharides

Lipopolysaccharide is an amphiphilic molecule consisting
of two or three components that are covalently associated and
are proximal to distal in the following order. (1) A
hydrophobic 1lipid A moiety (endotoxin), (ii) a core
oligosaccharide region, and in some cases, (iii) an O-antigen
chain (Hancock et al., 1994). The basic structure of the
lipid A moiety is a diglucosamine backbone to which between
five and seven fatty acid acyl chains are linked through ester

and amide bonds. The core oligosaccharide is comprised of 3-
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deoxy-D-mannooctulosonate (KDO) and other heptose and hexose
residues. The O-antigen which 1is most surface-exposed
consists of a variable number of identical saccharide
subunits. It is the O-antigen that shows the greatest amount
of variability among Gram-negative bacterial species. 1In some
species such as H. influenzae, the O-antigen is not extensive:
such strains are referred to as rough and the polymer is
referred to as lipooligosaccharides (Hancock et al., 1994).
The negatively-charged phosphate groups present in the sugars
of the core oligosaccharide bind divalent cations (Yamada &
Mizushima, 1980). Such cross connections of neighbouring LPS
molecules form a rigid network that helps to stabilize the

outer membrane (Hancock et al., 1994).

3.2. Proteins

Approximately 50% of the outer membrane by weight is
protein (Benz, 1994). A large portion of this belongs to a
few species of major outer membrane proteins with molecular
mass between 30 and 50 kilodaltons. These major outer
membrane proteins (approximately 100,000 copies per cell)
include those that primarily serve to stabilize the outer
membrane such as OmpA of E. coli (Morona, R. et al., 1984) and
others that form channels in the outer membrane such as OmpF
and ompC of E. coli (Nikaido & Vaara, 1985) and H. influenzae
type b porin {(Vachon et al., 1985). In some cases, both these

roles may be accomplished by the same protein. Examples of
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such proteins are OprF of P. aeruginosa and the major outer
membrane protein (MOMP) of Clamydia trachomatls (Hancock et
al., 1994). The type and number of channel-forming proteins
expressed in the outer membrane differ from one bacterial
species to another. Ancther protein that is abundantly
present in the outer membrane is lipoprotein. The 1lipid
moiety allows these proteins to be inserted within the
bilayer. About one-third of the lipoproteins are covalently
attached to the peptidoglycan (Braun, 1975). Othe: outer
membrane proteins such as OmpA, OmpF and OmpC of E. coli and
OprF of P. aeruginosa have strong non-covalent associations
with the peptidoglycan (Hancock et al., 1994). These
interactions produce a tight network between murein and the
outer membrane that protects the bacterial cell from osmotic
lysis (Hancock, 1991).

Besides the major proteins, the outer membrane also
contains several minor proteins. Examples of these minor
proteins are those that are responsible for the export of
toxins out of the cell (TolC of E. coli; Benz, 1994) and the
active transporters discussed below.

Due to their surface location, these outer membrane
proteins are receptors for binding and entry of bacteriophages
and anti-microbial agents such as colicins, toxins, and
certain antibiotics. Phages that bind to porins, such as
phage lambda to maltoporin or LamB of E. coli, have also been

identified. A Hib porin-specific phage or anti-microbial
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agent is yet to be identified.
4. Accessibility of solutes to the periplasmic space

4.1. Uptake across the outer menmbrane

Hydrophobic substances that manage to gain access into
the periplasmic space do so by their ability to penetrate the
lipid bilayer of the outer membrane. on the other hand,
hydrophilic substances gain access into the periplasmic space
via several proteins embedded within the outer membrane.
These proteins can be categorised into three classes. (1)
Non-specific channels, (ii) specific channels, and (iii)
active transporters (Nikaido, 1992; Nikaido, 1994). The non-
specific channels such as OmpF and OmpC of E. c¢oli and Hidb
porin allow for the diffusion of small hydrophilic solutes up
to a certain molecular mass into the periplasmic space. These
non-specific channels exhibit a high rate of flux for the
solutes. Although monomeric OmpA of E. coli has been recently
shown to form channels (Sugawara & Nikaido, 1992), the rate of
solute diffusion through OmpA is only about 1% compared to the
OnpF and OmpC porins. It was concluded that the role of OmpA
in E. coli is likely a structural one: it helps to maintain
the integrity of the outer membrane. OprF from the outer
membrane of P. aeruginosa also shows a solute flux rate
similar to OmpA (Nikaido et al., 1991). The role of OprF in

outer membrane permeability to small, hydrophilic solutes may
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be significant in P. aeruginosa since its outer membrane lacks
other non-specific porins.

The specific channels facilitate the diffusion of one or
more selected substrates. Examples of specific channels are
LamB of E. coli for maltose and maltodextrins, Tsx of E. coli
for nucleosides, and OprP of P. aeruginosa for phosphate
(Nikaido, 1994a). These proteins usually have binding sites
for the substrates within the channel. Therefore transport
via the specific channels could proceed even when the
substrate is not abundantly present in the medium. Active
transporters are proteins that translocate larger substrates
that cannot gain access to the periplasmic space via the
channels. Examples are FhuA of E. coli for ferrichrome and
BtuB of E. coli for vitamin B (Nikaido, 1994a). Active
transporters bind specifically to one or more substrates but
their translocation across the outer membrane into the
periplasmic space requires the coupling of energy in the
cytoplasm provided by the inner membrane protein TonB.
Translocation via the active transporters can occur even when
the concentration of thes substrate is greater in the
periplasmic space than in the external medium.

The expression of some of these proteins in the outer
membrane are regulated in response to one or more
environmental signals and consist of sophisticated control
mechanisms (Nikaido, 1994a) whereas the expression of others

are constitutive. Almost all specific channels are induced in
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the presence of their substrates and many of the active
transporters are induced under conditions that are limiting
for essential nutrients such as iron. Non-specific porins
from some bacterial species, such as OmpF, OmpC, and PhoE of
E. coli, are subject to regulation whereas porins in others
such as Hib porin are constitutively expressed. OmpF and OmpC
are reciprocally regulated by the osmolarity of the medium.
In medium containing low salt OmpF is preferentially expressed
and in medium containing high salt OmpC is preferentially
expressed (Nikaido & Vaara, 1985). Although PhoE is induced
by low concentrations of phosphate (Overbeeke & Lugtenbery,
1980), the rate of flux of phosphate through PhoE was found to
be similar to any anion of comparable size (Nikaido &
Rosenberg, 1983). Hence PhoE is grouped with the non-specific

porins.

4.2. Outer membrane permeability barrier

Many Gram-negative bacteria are resistant to a number of
large, hydrophilic compounds and hydrophobic compounds. These
include substances such as 1lysozyme, digestive unzymes,
hydrophobic antibiotics (fusidic acids, erythromycin, and
rifampicin) and detergents (bile salts). Due to the chemical
properties of the LPS, the outer membrane has an unusually low
permeability to the agents mentioned above. The fatty acid
acyl chains of the lipid A can be packed much more densely
than the glycerol phospholipids (Nikaido, 1994b). This

17



arrangement makes the ocuter membrane an effective barrier for
hydrophilic agents. The permeability barrier for hydrophobic
agents is due to LPS in the outer membrane. LPS is negatively
charged and is crosslinked by divalent catibns. The outer
membrane can be made more permeable to many hydrophobic
compounds by mutational alterations to the structure of LPS or
by the disruption of the divalent cationic network using EDTA
or competing polycationic molecules (Hancock et al, 1994).
Since Hib produces LOS in the outer membrane, it is more
sensitive to hydrophobic antibiotics than other Gram-negative
bacteria that produce LPS (Hancock & Bell, 1988), The outer
membrane of Hib was also shown to be more permeable to small
hydrophilic solutes when compared with the outer membrane of
E. coll and P. aeruginosa (Coulton et al., 1983). This high
degree of permeability was attributed to the presence of
larger channels in the outer membrane of Hib.

Some large, hydrophilic substances such as siderophores
(ferrichrome, ferric enterochelin) gain access into the
periplasmic'space by way of active transporters as discussed
above. The entry of small, hydrophilic solutes (sugars, amino
acids, inorganic ions, nucleosides, and antibiotics such as
the f-lactams, chloramphenicol, tetracyclines, and quinolones)
into the periplasmic space and the efflux of waste products to
the exterior occurs by passive diffusion through porins, those
that form both specific and non-specific channels. Porins

form water-filled channels in the outer membrane. The sizes
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of the channels formed by Gram-negative bacterial outer
membrane proteins range from 6 to 23 angstroms (Hancock, 1987)
and their exclusion 1limits range from 600 to 5000 daltons
(Welte et al., 1995). The water—-filled nature of these
channels make them poor routes for hydrophobic compounds
whereas the channel size restricts the entry of large,
hydrophilic substances. Mutations that alter the structure of
these outer membrane components may also change the
permeability properties of the outer membrane.

To classify solutes as being able or unable to permeate
the porins based on their hydrophilicity and size is not
always accurate. Such a simplistic and qualitative view can
be quite misleading. Other physical and chemical properties
of the solute molecules also influence the rates at which they
permeate the channels. For example, the shape of the solute
molecule as well as the charge that it imparts are factors
that determine the rates of their diffusion through the

porins.

5. Investigation of porin function

S.1. In vivo assays

Permeation of substances through the outer membrane in
bacterial cells can be studied in several ways. (1) The
uptake of radio-labelled substrates into the cell (Sonntag et

al., 1978); (ii) the growth of cells on defined substrates
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which are usually the sole sources of any one nutrient group
(Benson & Decloux, 1985); and (iii) susceptibilities of the
bacteria to several anti-microbial agents such as antibiotics
(Capobianco & Goldman, 1994). Since the type and number of
porins expressed in bacterial species are different, the
permeability properties of the outer membranes of different
organisms cannot be compared by these methods. Even in the
same species, changes to the conditions of growth can result
in the differential expression of the amount, type and number
of porins. Therefore, only under the same conditions, the
permeability properties of a given porin and changes to the
permeability after mutagenesis of that porin can be evaluated
by these experiments. However, the interpretation of data
using these assays may become difficult due to several
complications. (1) The presence of more than one route of
entry for the sclutes; (ii) in the case of mutated porins,
whether or not the mutations change cellular physiology
besides their alteration of channel properties; and (iii)} the
inactivation, efflux or transport across the inner membrane of

the solutes,

5.2. Porin-deficient mutants

Porin-deficient, antibiotic-resistant mutants have been
isolated from several Gram-negative bacteria. E. coli mutants
deficient in OmpF and OmpC porins that showed resistance to

cefazolin and moxalactam (Jaffé et al., 1983), S. typhimurium
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mutants deficient in the OmpC porin that showed resistance to
cephalexin (Medeiros et al., 1987}, and Serratia marcescens
mutants deficient in the 41,000-dalton porin that showed
resistance to f-lactams (Goldstein et al., 1983) are examples.
Most of the porin-deficient mutants displayed increased
resistance to hydrophilic antibiotics. The differences in
sensitivities of these mutants over the wild-type strains as
determined by their minimum inhibitory concentrations (MICs)
were two~fold to more than 100-fold. Porin-deficient strains,
that showed more than a 100-fold increase in the minimum
inhibitory concentration of antibiotics over their wild-type
counterparts, were proposed to contain inactivation systems
for those antibiotics in both strains (Nikaido, 1989). When
such a system was absent for a particular antibiotic, the
minimum inhibitory concentrations for the wild-type and the
porin-deficient strain were altered only slightly (Nikaido,
1989). Therefore the loss of porins in strains produces
significant levels of resistance to antibiotics, especially in
combination with the inactivation of those antibiotics.
Methods that complement the in vivo assays for porin
function are provided by in vitro techniques, given the

availability of purified porin.

$5.3. In vitro assays
Classical porins of Gram-negative bacteria are major

outer membrane proteins that form stable trimers. In fact,
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most porins migrate as trimers when subjected to SDS-PAGE
after incubation of the protein in SDS-containing sample
buffer at room temperature. The samples have to be boiled in
order to denature these porins into monomers. Moreover, most
of them are tightly associated to the peptidoglycan layer,
These properties provide a relatively simple method for the
purification of these proteins. First bacteria are sonicated
or passed through a French pressure cell. Subsequent
centrifugation and collection of the pellet isolates the cell
envelope. Detergents are then used to solubilize most
components of the cell envelope. The insoluble material
contains a few proteins either covalently attached to or non-
covalently associated to the peptidoglycan. The porins can be
released from this preparation either by digestion of the
peptidoglycan by lysozyme or by extraction with salt. A final
step of chromatography is usually undertaken in the presence
of a suitable detergent in order to obtain porin in pure form.

Several in vitro techniques are used to study pore
function. The first method (Nakae, 1975) is based on the
efflux of radio-labelled solutes from proteolipcsomes:
liposomes reconstituted with purified porins. By this assay
it was concluded the molecular mass exclusion limit for E.
coll OmpF, OmpC and PhoE porins was about 600 daltons (Jap &
Walian, 1990) and that of Hib porin was about 1400 daltons
(vachon et al., 1985).

The second method is termed liposome swelling assays
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(Nikaido & Rosenberg, 1983). In this method, the rates of
sugars of different sizes to permeate porin-reconstituted
liposomes afe determined. This method is considered more
informative than the former method since it determines the
relative rates of diffusion of a series of sugars, rather than
the absolute rates. Initially the liposomes contain a large
molecular weight sugar, such as dextran of 20 to 40
kilodaitons, that is unable to permeate porins. These
liposomes scatter light and consequently exhibit high optical
density. [Liposomes are diluted into a solution containing
dextran (isotonic with respect to the inside of liposomes) and
the test sugar. If the sugar is able to diffuse into the
liposomes, water will move along with it to correct for the
change in osmotic pressure within the liposomes with respect
to the exterior. The consequent swelling of liposomes can be
detected as a dexrease in the optical density. Usually,
measurements are made for about 10 seconds after mixing. The
initial rate of swelling is taken as a measure of rate of
solute permeation. From the initial rate of swelling, the
effective diameter of the porin channel can be calculated
according to the theory of Renkin (Renkin, 1954). By this
method, the pore formed by OmpF was estimated to be 11
angstroms (Nikaido & Rosenberg, 1983) and the pore formed by

HibL porin was estimated to be 18 angstroms (Vachon et al.,

pa

988) .

The third method is the assay of channel function in
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black lipid membranes (Benz et al., 1978). In this technique,
the conductivity of ions through the porin channels is
measured. The device consists of a chamber separated by a
teflon sheet. A small hole in the teflon sheet connects the
¢is and trans sides of the chamber each containing an
electrode. The chamber is filled with buffer and lipids are
applied across the hole. When viewed through a microscope,
the formation of a lipid bilayer is indicated by the field
turning black to incident light. The purified porin sample is
added to one side of the chamber after application of voltage
across the two electrodes (i0 to 100 mV). The protein
spontaneously inserts into the bilayer and if channel
formation occurs, ions flow through the pores to equilibrate
the potential difference created. The conductance of ions is
detected as current.

Depending on the dilution of the porin sample used in
this assay, either single channel conductance measurements
(more dilute protein) or macroscopic conductance measurements
(moxre concentrated protein) can be obtained. Whereas in
single channel conductance there are stepwise increments in
current, 1in macroscopic conductance many porins insert
simultaneously resulting in a concerted increase in the
current. The macroscopic conductance method can also be used
to study ion or substrate selectivity under zero applied
potential.

Single channel conductances of OmpF porin, Rhodobacter
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capsulatus porin, and Hib porin in 1M KCl were reported as 2
nanosiemens (nS) (Benz et al., 1979}, 3.3 nS (Benz, 1994), and
1.1 nS (Vachon et al., 1986), respectively. It was proposed
(Benz, 1994) that the difference in conductance between OmpF
and Rhodobacter capsulatus porin may reflect the larger
diameter of the latter channel (Cowan et al., 1992; Weiss et
al., 1991). Although the solute size exclusion limit and
channel size (liposome swelling assay) for Hib porin were
greater than that for OmpF, the single channel conductance was
lower. This anomaly has not yet been resolved, but it has
been suggested that monomers of Hib porin may form functional
channels (Dahan et al., 1994). Due to the uncertainty of the
oligomeric state of porin in these synthetic membranes,
conductance measurements may not correlate with their channel
dimensions estimated from liposome swelling assays, especially

when comparing porins from different species.

6. Structure of porins

6.1. Primary structure

Several Gram-negative bacterial porin sequences have been
determined. They include several species from the family
Enterobacteriaceae, and from other genera including
Pseudomonas, Chlamydia, Bordetella, Neisseria, Rhodobacter,
Comomonas, and Haemophilus. Their primary structures show

some common features. The molecular mass of the monomers of
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these proteins range from 30 to 50 kilodaltons. The DNA
sequences shows that they all contain a typical prokaryotic
signal sequence present in proteins exported across the inner
membrane. Unlike inner membrane proteins, the amino acid
sequences of the proteins do not contain long stretches of
hydrophobic amino acids that can span the membrane as a-
helices. Hydrophilic (charged and uncharged) and hydrophobic
amino acids occur evenly along the entire lengths of the porin
proteins, a feature that is required for t!e formation of
amphiphilic (alternating between hydrophobic and hydrophilic)
f-strands. ©Usually there are no cysteines present in the
sequences and the C-terminal amino acid is phenylalanine.
This terminal phenylalanine was proposed to be important for
proper localization of the proteins in the outer membrane
{Struyvé et al., 1991).

When porin sequences from Gram-negative bacteria were
compared, significant global similarities were not present.
Bacterial porins from the same species (E. coli OmpF, OmpC,
and PhoE), from the same genera (Nelisseria meningitidis class
3 porin and Neisseria gonorrhoeae PIA porin), and from related
organisms (E. coli and Salmonella typhimurium OmpC) show
sequence similarities (Jeanteur et al., 1994). Based on the
similarities of porin sequences, a phylogenetic tree (Fig. 2)
was proposed (Jeanteur et al., 1994). In general, these
results are in agreement to the phylogenetic relationships

derived by 16S ribosomal RNA analyses.
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Fig. 2. Phylogenetic tree derived from similarity of porin
sequences. Each branching point shows the level of maximum
similarity between the groups that it connects. The protein
name is the one most used in the literature describing the
gene product. The species is that from which the gene was
originally isolated. Reproduced with permission from Jeanteur

et al., 1994.
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6.2, Secondary structure

Secondary structures of porins have been determined by
spectroscopy of purified porins. They include circular
dichroism (CD) and fourier transform infrared spectroscopy
(FTIR). The major secondary structures in these porins were
B-sheets (50 to 60%). The rest were turns and undefined
structures. A small amount of a-helices was also detected
(Eisele & Rosenbusch, 1390; Nabedryc et al., 1988).

The secondary structure of these porins have been
predicted by using several algorithms (Jeanteur et al., 1994).
The folding pattern based on these predictive parameters
showed several amphiphilic f-strands connected by hydrophilic
loops that could form channel-producing f-barrels in the outer
membrane. The predicted secondary structures have been tested
experimentally by one of several ways: (i) mapping mutations
that abolish substrate or phage binding to porin (Korteland et
al., 1985); (ii) mapping and localization of antibody binding
sites of porin (Klebba et al., 1990); (iil) 1limited
proteolysis of intact cells and mapping cleavage sites in the
outer membrane protein (Koebnik & Braun, 1993); and (iv)
insertion of foreign epitopes in porin and their localization
(Charbit et al., 1991). These experiments have been most
useful in the identification of regions in porins that are
part of surface-exposed or buried loops thereby providing
information on their topological organization.

Porins with f-sheet structure have also been identified
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in the outer membranes of mitochondria and chloroplast (Welte
et al., 1995), as well as in the outer membrane of the
bacterium Thermotoga maritima (Rachel et al., 1990), which is
considered ancestral to eubacterial spe:r {2s., It appears that
the fB-barrel motif that produces channels has been conserved
through evolution.

cuter membrane receptors of E. coli, FhuA and FepA, are
involved in the uptake of siderophores ferrichrome and ferric
enterochelin, respectively. Deletion of sequences in these
receptors that are thought to be surface-exposed converted
these receptors to non-specific channels (Killmann et al.,
1993; Rutz et al., 1992). Therefore, it was suggested that
the f-barrel motif may be universal to most if not all outer

membrane proteins.

6.3. Three-dimensional structure

The structures of the non-specific channels Rhodobacter
capsulatus porin (Weiss et al., 1991), Rhodopseudomonas
blastica porin (Kreusch et al., 1994), and E. coll OmpF and
PhoE (Cowan et al., 1992) porins have been solved to atomic
resolution by X-ray crystallography. The crystal structures
confirmed the results of the topological analyses of these
porins. Although the amino acid sequences of R. capsulatus
perin and OmpF show very 1little homology, their folding
pattern are remarkably similar (Fig. 3). Based on the crystal

structures, the consensus folding pattern shows 16 anti-
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Fig. 3. Ribbon diagrams of structures of porins. The
monomers of the Rhodobacter capsulatus porin (A) and the E.
coli OmpF porin (B) and the trimers of the Rhodobacter
capsulatus porin (C) and the E. coli OmpF porin (D) are shown.
The 16 f-strands are represented by arrows and the a-helices
by coils. Loop 3 of OmpF is shaded in black for clarity. 1In
the presentations of the monomers, the periplasmic space is
below the molecules. For the trimers, the views are from the
external side. In the Rhodobacter capsulatus porin trimer,
the bound calcium atom in the molecular interface (black ball)
and two calcium atoms bound to residues of loop 3 (grey balls)
are also shown. The presentations of the Rhodobacter
capsulatus porin and OmpF were reproduced with permission from

Welte et al., 1995, and Cowan & Schirmer, 1994, respectively.
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parallel fS-strands and loops that connect these strands on
either side to form a f8-barrel. The f-barrel structure forms
a large channel. The f-strands are tilted 30 to 60 degrees in
relation to the trimer axis. Each monomer produces a channel
and therefore there are three channels in the trimer.

Within each f-strand, the side chains of amino acids on
the side facing the membrane are hydrophobic and the amino
acid side chains facing the channel are hydrophilic. However,
close to the surface of the bilayer there is a preference for
the aromatic amino acids tyrosine and phenylalanine. The side
chains of these amino acids are thought to extend outward to
the hydrophilic environment (tyrosine) or extend into the
lipid (phenylalanine) thereby helping to anchor these proteins
in the outer membrane,

The loops on the extracellular side are much longer and
those on the side of the periplasmic space form tight turns.
Most extracellular loops are surface-exposed. Although few in
number, the a-helices found in the porin structures are
restricted to the loops. Several acidic residues in the
surface~exposed loops are thought to interact with the
negatively charged LPS through divalent cation bridges (Cowan
et al., 1994). One important feature that is universal to all
these porins relates to the role of loop 3.

As the distance between neighbouring f-strands is 4.5
angstroms, 16 S8-strands should give rise to a backbone to

backbone diameter of 23 angstroms. However, the pores are

34



narrowed at one point to a cross-section of 8 x 10 angstroms
in R. capsulatus porin and 7 x 11 angstroms in E. coli OmpF
(Nikaido, 1994a). The narrowing of the pores was attributed
to loop 3 which in all cases folds back into the fS-barrel and
thereby produces a constriction. The solute-discriminating
properties of these channels are expected to be influenced by
the eyelet formed by this loop as opposed to the overall
dimensions of the f-~barrel. This organization produces a
channel that has a wide entrance, a wide exit, and a
constriction in the middle. Such an architecture provides for
the efficient flux of small hydrophilic solutes but impedes
the passage of larger ones.

A section through the channel parallel to the plane of
the outer membrane shows several negative charges on one side
of the eyelet and several positive charges on the other.
Certain amino acids of the B-strands and amino acids of loop
3 contribute to this charge separation. Due to electrostatic
forces of these charged residues, their side chains are
extended maximally. This arrangement is thought to produce a
predominantly hydrophilic channel that is well defined and has
rigid shape.

Hydrophobic interactions between monomers that bring
about oligomerization was reported in both R. capsulatus porin
and E. colli OmpF. Several other features, sometimes unique to
one porin, also helps in trimer formation or in its

stabilization. In OmpF, loop 2 from one subunit extends into
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the other where it makes hydrophilic contacts. This feature
is not seen in the R. capsulatus porin. In the R. capsulatus
porin, the N-terminus of one monomer is bridged to the cC-
terminus of the other; the N-terminus to C-terminus contact in
OmpF is within the same subunit. Unlike OmpF, the trimer of
R. capsulatus porin is disrupted in the presence of EDTA
(Nestel et al., 1989). Since the structure of R. capsulatus
porin shows several bound calcium ions (not found@ in OmpF},
these calcium ions may help in the stabilization of the R.
capsulatus porin trimer.

0f the specific channels, the high resclution structure
of LamB of E. c¢olli has been obtained (Schirmer et al., 1995).
Several of the properties of the non-specific porins arc also
seen in LamB. However, the structure shows 18 fS-strands, and
3 loops (including loop 3) contribute to the constriction that
is midway through the channel. Residues detected as part of
the maltose and maltodextrin binding site are located within
the channel; some of these amino acids are found in the
internally-folded loop 3 (Klebba et al., 1994).

The availability of crystal.structures of porins and
several porin sequences from other bacteria have prompted
researchers to align the sequences and predict the structures
of less well characterized porins. Three porins whose
structures had been solved (Rhodobacter capsulatus porin and
E. coli OmpF and PhoE porins) were part of such an alignment

(Fig. 4). Also included was the porin protein from
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Fig. 4. Alignment of porin sequences and prediction of
membrane-spanning f-strands. The <M> + H (index of
hydrophobicity and amphiphilicity) was plotted using the set
of porin sequences shown in Fig. 2. The structures of three
of these porins have been solved and the boxes indicate the
true strands revealed by X-ray crystallography. In order to
show the alteration of hydrophobic residues within f-strands,
the hydrophobic residues are shaded black. Residues (Y, H,
and P) that posses some polar properties are shaded grey.
Charged residues involved in the eyelet are outlined. Each
number (1 to 16) under the alignment denote a predicted g-
strand. Reproduced with permission from Jeanteur et al.,

1994.
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nontypeable Haemophilus influenzae which is approximately 80%
identical to Hib porin. Although the homologies among the
bacterial porins were superficially weak (Jeanteur et al.,
1991), a more careful examination revealed several regions of
conservation (Fig. 4). The highest values for the hydrophobic
and amphiphilic indexes (<M> + H) were localized to these
recgions. In the crystal structures of porins, these regions
corresponded to the 16 f-strands. The amino acids of the
loops were variable; some conservation was present in residues
of loop 3. During evolution, selection by antibodies and
phages may have forced the amino acids of surface-exposed
loops to evolve at a higher rate than others. Also, the
external loops may simply have more freedom to change without

altering pore function.

7. S8tructure~function relationship of porins

The three-dimensional structures of porins explain many
of their functional properties. The two major porins in E.
coli, OmpF and OmpC, exhibit high degree of homology. The
channel formed by OmpF was determined to be slightly larger
than that formed by OmpC (Nikaido, 1989). The alignment of
the two porins showed that when compared to OmpC, there was a
deletion in the sequences corresponding to loop 3 of OmpF.

Mutants of E. coli were selected for the expression of

larger pores that allowed for the growth in maltose in strains
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that 1lacked the maltose-specific porin LamB. In these
mutants, several point mutations in OmpF (Benson et al., 1988)
and OmpC (Misra & Benson, 1988a; Misra & Benson, 1988b) that
produced wider channels than their wild-type counterparts were
identified. Remarkably, most of the point mutations alter one
of the charged residues (many in loop 3) that form the
electrostatically-rigidified eyelet mentioned above. This
strategy also resulted in the selection of deletions in loop
3 of these porins that produced widening of the channel. The
insertion of an antigenic determinant (7 amino acids) into
loop 3 of E. colli PhoE porin resulted in a mutant PhoE whose
channel was much narrower than wild-type PhoE (Struyvé et al.,
1993).

Whereas OmpF and OmpC porins show a preference for
cations, PhoE porin shows a preference for anions. Site-
directed mutagenesis of Lys residue at 125 (in loop 3) in PhoE
to a Glu residue reversed the ion selectivity of this porin;
it became cation selective similar to OmpF and OmpC (Bauer et
al., 1988).

The channels formed by several non-specific porins can be
voltage gated. 1In most instances, voltage gating of porins
occurred at potentials over 100 mV., The sequestration of
cations by the negatively-charged membrane-derived
oligosaccharides in the periplasm creates a potentjial across
the outer membrane. This potential, referred to as Donnan

potential, could not be greater than 100 mV (Nikaido, 1993).
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Therefore, the physiolougical relevance of voltage gating is
unclear at the present time. Nevertheless, it has been shown
that mutations that change the voltage dependency of porins
are those that change charged amino acids in the eyelet region
including those of loop 3 or that result in small deletions in
loop 3 (Delcour et al., 1991; Rocque & McGroarty, 1990).

In Hib porin, a residue in the surface-exposed loop 4
(amino acid 16€) has been shown to be critical for voltage
gating (Dahan et al., 1994). The molecular mass exclusion
limit of Hib porin (1400 daltons) is larger than those of the
four non-specific porins whose structures are known. Based on
this, researchers (Welte et al., 19¢5) suggested that loop 3
in Hib porin may not be involved in narrowing the channel, and

that loop 4 may be part of the external channel entrance.
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PREFACE TO CHAPTER 2

We wished to identify the topological organization of
Haemophilus influenzae type b (Hib) porin in the outer
membrane. This chapter describes the generation of a panel of
anti-Hib porin monoclonal antibodies (mAbs) as probes of Hib
porin topology. The identification of regions in Hib porin
recognized by these mAbs enabled the construction of a
preliminary epitope-map of antibody reactivities. Some of
these epitopes were localized to the bacterial cell surface.

The immunological activities of these mAbs were also tested.
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Summary

The major outer membrane protein of Haemophilus
influerzae type b (Hib) is porin (M, 38000, 341 amiro
acids). To identily antigenic determinants on Hib porin
that might be exposed at the bacterial cell surface,
seven mouse monoclonal anti-Hib porin antibodies
were generated. The monoclonal antibodies were
tested for their binding to intact cells by flow cytome-
try; all but one bound to thea cell surface. Digestions of
Hib porin with cyanogen bromide, hydroxylamine or
trypsin generated fragments, the identities of which
were confirmed by microsequencing of the amino
termini. Following electrophoresis and immunoblot-
ting of the fragments, the specificities of the mono-
clonal antibodles for their cognate sequences were
determined. The porin gene ompP2 was expressed in
the baculovirus expression vector system; the recom-
binant porin was recognized by all of the monoclonal
ant'bodles. Deletions were created by omega
mutagenesis of ompPZ, generating proteins truncated
after amino acids 139, 174, 182, and 264. These
deletion proteins were tested for reactivities with the
monoclonal antibodies, thereby establishing the
boundaries of three antigenic determinants that were
recognized by the tnonoclonals: domain (i), amino
acids 104-130; domain (li) amino acids 162~174; and
domain (iii), amino acids 267-341. The blological acti-
vitias of monocional antibodies that were rapresenta-
tive of these three classes were tested for their
bactericidal activity in complement-mediated lysis of
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whole cells. The monoclonal antibodies were alyo
tested for their immunoprotective properties in the
infant rat model of bacteraemia. Although the mono-
clonal antibodies were surface-binding, they were
neither bactericidal nor protective.

Intreduction

Haemophilus influenzae type b (Hib) is the most common
cause of bacterial meningitis in infants under 18 months.
To elicit protective antibodies against this disease, much
attention has been directed to the capsular polysaccha-
ride polyribosyl ribitol phosphate (PRP) of this bacterium
and its use as a vaccine (Granoff et al., 1986). Because
PRP alone was poorly antigenic in young infanls most
susceptible to disease, a new generation of vaccines was
developed based on conjugation of PRP to carrier
proteins. These polysaccharide—protein conjugates are of
recognised value in prevenling disease (Eskola et al.,
1990; Mikeld et al., 1990). Other surface components of
Hib have also been considered as vaccine candidates
{Granoff and Munson, 1986}. Studies performed with an
experimental infant rat model demonstrated that anti-
bodies specific for non-capsular surface components
might play a role in humeoral defence mechanisms. A key
observation was that antibodies directed against non-
capsular antigens were able o protect against the experi-
mental infection {(Munson e? al., 1983). One of the non-
capsular antigens is porin {M, 38000}, the most abundant
protein in the outer membrane of this bacterium.

We have studied the Hib porin extensively and have
shown that it has a molecular mass exclusion limit to
solutes greater than 1400Da (Vachon et ar. 1985), a
cross-sectional diameter of 0.9nm (as dete:mined by
reconstitution into black lipid membranes; Va:hon et al,,
1986}, and a trimeric organization in the outel inembrane
(Vachon et al., 1988). Furthermore, Hib porin !5 surface-
exposed and conserved; munocional antibody Hb-2
recognized native porin at the surface of intact cells
(Hamel et al., 1987b) and reacted with 453/455 type b
strains collected from a wide variety of sources {Hamel !
al., 1987a). Information on the structural and antigenic
conservation of Hib porin {(Hansen et al., 1989h) has been
axtended to the cloning and sequencing of the porin gene
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Fig. 1. Purification of porin from Hib strain ATC.29795. Samples were run
on 13% SDS-PAGE and silver sitined. Lanes 1 and 2: 1500 and 3000ng
of parin prepared by the procedures of Vachon et af, (1985) and
previously appearing as a single band after staining with Coomassia
Britdant Blue staining. Lones 3. 4 and 5: 250, 500, 1000ng of FPLC-
purified porin preparad as described in tho Experimental procedures.
Lona 6: moleculor mass markers in kDa.

{(Hansen &t al., 198%a; Munson and Tolan, 1989).
Additional DNA sequence data have been recently
generated for Hib porin genes from prototype sirains of
three major clone tamilies of different outer mambrane
protein (OMP} subtypes: 2L, 3L, and 6U. These gene
sequences showed variations of 1, 0, and 13 nucleotides
respectively, over the entire sequence (Munson et al,
1989} relative to the first reported porin sequence. The
variations correspond to 1, 0, and 10 amino acid changes
in primary sequence relative 1o porin from OMP subtype
1H.

To extend the information on porin of Hib beyond its
biophysical behaviour and its gene structure, we wished to
identity regions of porin that might be surface-exposed
and accessible to antibodies. Our approach was to
generate a panel of anti-Hib porin monoclonal antibodies
{mAbs), to map the epitopes on porin that were recognized
by them, and to identify those epilopes that are at the
bacterial cell surface. Because polyclonal antibodies
against Hib porin have been reported to be bactericidal
and protective, the mAbs were also tested for their
biological activities in complement-mediated bactericidal
tests and immunoprotection in the infant rat model of
infection.

Results

Monoclonal antibodies against Hib porin

The purification scheme for porin of Hib strain ATCC9795
as described by Vachon et al. (1985) yielded a single
species of protein when stained with Coomassie Brilliant

Blue. Upon silver staining of the preparations, several
contaminating bands appeared (Fig. 1). The use of tast-
protein liquid chromatography (FPLC) impraved the purifi-
cation to produce one major species by silver staining,
provided high yields (1¢mg per run), and showed some
contamination with lipopolysaccharide (LPS) of less than
100ng per ng of FPLC-puritied protain. LPS could not be
removed even by repeated passage of the samplo over the
MonoQ column.

BALB/c mice were immunized with FPLC-puritied Hib
porin suspended in Freund's incomplate adjuvant. Poly-
clonal sera were collected from the mice and analysed for
the presence of Hib potin-specific antibodies by immung-
blotting. These sera reacted strongly with the 38kDa parin
and weakly with other OMPs. To generate stable hybrido-
mas from the cells, the porin-challenged splenocytes ware
fused with the SP2/0 myeloma cell line. Tissue-culture
supernatants from the hybridomas were screened tor
antibodies by means of the enzyme-finked immunosor-
bent assay (ELISA} using outer membrane preparations
from Hib and FPLC-puritiad Hib porin as coating antigens,
and the positive ones were further analysed for their
capacity to recognize denatured porin by immunoblotting.
OMPs were solubilized in electraphoresis sample butfer
by boiling, electrophoresed on a 12% acrylamide gel, and
transferred to nitrocellulose. Immabilized proteins were
reacted first with the culture supernatants and thon with a
secondary anti-mouse immunoglchulin conjugated 1o
peroxidase. If a band of 38kDa was cbserved In this
second screen, then the hybridoma was cloned by limiting
dilution and retested in the above two assays. Using these
strategles, seven anti-Hib porin monoclonal antibodigs,
mAb POR.1 to mAb POR.7, were generated, each speci-
fically reacting with a band in the preparation of the OMPs
that co-migrated with purified Hib porin. The mAbs
ditfered according to the reciprocal titres of their reactivi-
tlas against FPLC-purified Hib porin and were of different
lgG isotypes (Table 1).

Surface binding of monocional anlibodies

Whiletheab sresulls demonstrated that mAbs POR.1 1o
POR.7 reacted with Hib porin in outer membrane vesicles
(ELISA) and with denatured porin {immunablotting), it was
important to assess whether the seven monoclonala
boundto native Hi'. porin at the bacterial cell surface. Flow
cylometry is a sonsitive technique for "assessing the
surface location of cellular macromolecules by thair
reaction with specific antibodies. Intact bacteria were
mixed with a mAb, washed free of unbound mAb, and the
surface-bound mAb was detected with anti-mr e kappa
light-chain mAb 187.1 (Yelton et al., 1981) conjugated to
fluorescein or anti-mouse IgG heavy chain conjupated to
fluorescein. Surface-bound fluorescence on 20 000 cells
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Fig. 2. Flow cytometry of Haemophilus influenzaa typa b with anti-Hib porin monoclonal antipodies. Bacleria were prepared and stained as dascribed in
the Experimental procedures. Panel a. Hib siraln ATCC3795 stained only with secondary antibody conjugated to FITC; panels b and ¢, Hib strain
DL42/2F4  stained with maAb POR.4 and mAL POR.Y, respectively; panels d, e and | Hib strain ATCCY9795 stained with mAb Hb-2 and maAb POR.4 ang

mADB POR.1, respoctivaly.

per sample was assessed by flow cytometry. As a control
for non-specific binding of antibody, we used Hib strain
DL42/2F4~, a porin-daletion mutant, No staining of strain
DL42/2F4~ was observed with any of mAbs POR.1 to
POR.7 or with mAb Hb-2 (Fig. 2). When Hib strains
ATCCO9795 or RH3527 were assayed, there was no
detectable staining with mAb POR.1. However, all other
POR.2 to POR.7 mAbs and mAb Hb-2 stained these cells,
as shown by theincreasein relative fluorescence intensity.
H. influenzae strain RH3528 is a non-capsulated variant
derived from RH3527 and was stained by mAbs POR.2 to
POR.7 and mAb Hb-2 but not by mAb POR.1.

Identification of immunoreactive amino acid sequences
of Hib porin

To identify the primary amino acid sequences with which
the seven mAbs reacted, several chemical and enzymatic
digestions were conducted using FPLC-puritied protein.
The digestion products were separated by sodium dode-
cyl sulphate/polyacrylamide gel electrophoresis (SDS—
PAGE), blotted onto nitrocellulose, and probed with each
mAb. Cyanogen bromide digasted the Hib porin at a
unique Met-266 to two fragments of 30kDa and 8kDa.
Differant patterns of mAb reactivity were distinguished: (i)
mAbs POR.1, POR.2, POR.3, POR.4, and POR.5 reacted
with the amino-terminal 30kDa fragment; (i} mAbs POR.6
and POR.7 reacted with the carboxy-terminal 8kDa
fragment.

Cleavage with hydroxylamine occurs primarily between
Asn—Gly bonds. In Hib porin there are three potential
cleavage si'es for this reagent: between aminc acids
74/75, 181/182, and 218/219. Digastion conditions were
selected to favour partial cleavages and so a family of five
tragments was observed upon staining of the electropher-
ograms. These fragments were 30, 24, 20, 18, and 14kDa

Tabtle 1. Monocional antibodies against porin of H. influsnzas type b.

Reciprocal Titre ol Antibody Reactivity

mAb recombinant porin - Immunoglobulin
designation  bacterial porin®  BEVS® subclass

POR.1 10 000 25000 IgG1, x

POR.2 5000 5000 19G1.

POR3 5000 5000 1931, x

POR.4 1000 5000 Gl «

POR.S 1000 1000 19G3, x

POR.G 1000 500 IgG2n, x
POR.7 100 500 19G2a. x ,

Hb-2 500 500 lgG2a, «’

a. FPLC-purified bacterin! porin (10pgmi™') from strain ATCC9795 in
carbonate bulfer was adsorbed to the ELISA plate, ovemight, at room
temperature; dilutions of mAbs were reacted with antigen, followed by a
secondary antlbody conjugated to alkallne phosphatase. The reciprocal
titre i3 expressed as the difution of mADb which gave an absorbance reading
of at least 0.2 over background for the colorimatric assay of enzymatic
aclivity,

b. Lysate from 512 ingect cells Infected with ACPOR virus {1.5pgml™*) was
adsorbed to tha ELISA plato. Conditions for primary and secondary
reactions with antibodies and with substrate were the same as for the
reaction with FPLC-purified parin.
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Fig. 3. Cleavage of Hib ponn by hydroxylamine and idantiicalon of the
cleavage products by microsequencing, Five polypeplides were
generaled by partia! digestion wilh hydroxylamine: 30, 24, 20, 18, and
14kDa. Each polypeptide was saquenced from its amino terminus and
was oriented relative 10 the others by saquence and by molecular size.
The numerical valties at tha ends of gach line represant the confirmed
amino-tarmunal amino acids and the assigned carboxy-terminal aming
acids, based upon the location of Asn-Gly inkages in the pnmary
sequence of porin.

(Fig. 3). When these five porin-derived peplides were
immunoblotted and probed with mAbs, the following
reactivities were detectad: mAbs POR.1, POR.2, POR.3,
POR.4, POR.5, POR.6 and POR.7 reacted with the 30kDa
fragment; mAbs POR.1, POR.2, POR.3, POR.4, and
POR.5S reacted with the 24 and the 20kDa fragments;
mAbs POR.6 and POR.7 reacted with the 18 and 14kDa
fragments. To confirm the sites of cleavage, microse-
quencing of the first five amino acids of each fragment was
conducted. These sequences were then matched with the
primary amino acid sequence of Hib porin as follows:
Gly-75-Ser-Asp—~Asn-Phe, 30kDa fragment; Ala-1-Val-
Val-Tyr-Asn, 24 and 20kDa fragments; Gly-182-lle-Gin-
Val=-Gly, 18kDa fragment; Gly-219-Vat-Leu-Ala-Thr,
14kDa fragment, These data indicate that the boundaries
of epitopes recognized by mAbs POR.1, POR.2, POR.3,
POR.4, and POR.5 are between amino acids 75 and 181
and that the boundaries of epitopes recognized by mAbs
POR.6 and POR.7 are between amino acids 219 and 341.

Although porins from other bacteria are generally
resistant to enzymatic cleavage (Rosenbusch, 1990),
porin of Hib was cleaved by trypsin when the digestion
was performed overnight in detergent. Trypsin was pre-
dicted to cleave this protein mare than 40 times at the Arg
and Lys residJes. After overnight incubation and with a
high amount of trypsin, seven cleavage products (and
sometimes eight) were resalved by SDS-PAGE on a 20%
gel followed by silver staining. Although these fragments
were not always of the same intensity, their relative
mobilities and therefore molecular sizes could be accu-
rately estimated, The trypsin cleavage products were
19.5,19.1,18.9, 18.4, 17.1, (15.5), 15.0, and 14.0kDa (Fig.
4A). Monocional antibedies POR.6 and POR.7 reacted
with both the 19.5 and 19.1kDa fragments (Fig, 4B).
Monoclonal antibodies POR.2, POR.3, POR.4, and POR.5
reacled only with the 18,9 and 15.5kDa fragments and
mAb POR.1 reacted with all six trypsin fragments between
18,9 and 14.0kDa. Microsequencing of the peptides
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showed that the amino termini were Ala-171-Gly-Glu-
Val-Arg, 19.5kDa fragment; le-176-Gly-Glu-lle-Asn,
19.1kDa fragment; Ala-1-Val-Val-Tyr-Asn, 18.9, 18.4,
and 17.1kDa fragments; GIn-33-GIn-His—Gly-Ala, 15.5,
15.0, 14.0kDa fragments. Considering the locations and
the relative susceplibilities of trypsin-sensitive cleavage
sites between amino acids 156 and 175 and using the
sizes of trypsin cleavage products calculated trom the
primary senuenca, lentative assignmenis were made for
the carboxy-termini of the fragments. The proposed
C-terminal residues are: Phe-341 for the 19.5 and
19.1kDa fragments; Arg-175 for the 18.9 and 15.5kDa
fragments; Lys-170 for the 18.4 and 15.0kDa fragments;
Lys-161 for the 17.1 and 14.0kDa fragments. A summary
of these assignments is found in Fig. 4C. Fram these data
it is proposed that mAb POR.1 reacts with some amino
acid sequences up to Lys-161, that mAbs POR.2, POR.3,
POR.4, and POR.5 react with sequences betwaen Gly-162
and Arg-175, and that mAbs POR.6 and POR.7 recognize
some amino acids in the carboxy-terminal haif of Hib
porin. Instead of digesting Hib porin in solution, experi-
ments were conducted to digest Hib porin by trypsin that
was immobilized in a polyacrylamide gel. One of the many
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Fig. 4. Cleavage of Hib porin by tiypsin and idenification of monoclonal
antibody reactivities against the ¢ieavage products.

Panel A, Hib pann In solulion was digesiad with trypain, aliquots wers
ramoved at 1, 2, and 16h of Incubation (lanes 1, & and 3),‘'sloc-
trophoresed on a 20% SDS-PAGE, and silver staindd 1o identily iha
fragmants. The molecular masses (kDn) of throo of tha fragmoms ore
Indicoted for reference in the iaft margin,

Panel B, Reaction of anli-Hib porin mAbs agalnst trypsin digusiion
tragments. Lanes 1 to 7: mAos POR.8, POR.7, POR.2, POR,J, POR 4,
POR.5, and POR.1, reanactivoly.

Panel C. Qrientation of fragments from Irypsin cleavage of Hib porin,
Fragments were saquanced from thair amino-termini; the lirat amino acid
from the sequenco data is the numerical valuo on the leh of sach lina,
Carboxy-termini were assigned, based upon sizes ol the fragmenis; the
nurmaetical vatue on the right ol sach ling indicales the carboxy-terminus
of tha cleavage fragments,
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Fig. 5. ideniification of proteins in extracts of St9 insect cells infected
with wild-type baculovirus AcNPV (fanes 1-6) or with recombinant virus
ACPOR (lanos 7-12). Roplicate S culturas wene infecied with virus at a
muRiplicity o1 infection of 10;1 and samples were taken at the following
hours, post-infection: 0 (lanes 1 and 7); 12 {lases & and B!, 24 flanes 3
and 9); 48 (lanes 4 and 10); 72 (lanes 5 and 11); and 96 lanes 6 and 12),
Samples were lysad in alectrophoresis sample butfar, sheared by pas-
sago through o ind-guage noadle, and elactrophoresed on a 10%
acrylamida slab gel. Proteins wete stained with Coomassia Brilliant Blua,
Maolacular mass standards {in kDa) ere indicated In the ¢column laballed
‘M. The arrow in the latt-hand mangin indicates the position of polyha-
drin; the arraw in 1he right-hand margin indicates the position of recom-
binant porin.

fragments of this partial proteclysis had a M, of 27 000 and
&n amino terminus of Ala-104-Lys=Thr-lle-Ala; such a
fragment ~ould extend to Phe-341. This 27000 porin
fragment ;cacted with mAb POR.1 as well as with mAbs
POR.2, POR.3, POR.4, POR.S, POR.6 and POR.7. Sucha
rasult served to narrow further the domain of reactivity for
mAb POR.1 to betwean Ala-104 and Lys-161.

Recombinant porin from baculovirus expression vector
systemnt

An Independent verification that the mAbs were reacting
against the Hib porin protein and not against contaminat-
ing materials such as LPS was obtained by expressing the
porin gene ompP2 in a non-bacterial expression vector
system. The baculovirus expression vector system {BEVS)
is an attractive system because no LPS is synthesized by
St9 insect cells. The ompP2 gene was cloned into
pJV.P10Z, one of a new generation of baculovirus transfer
vectors which possess the following features: the polyhe-
drin promoter drives the expression of the foreign gene;
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the gene for B-galactosidase is divergently transcribed
from the P10 premoter and in the presence of a
chromaogenic indicator serves to identify recombinant
plaques on a tawn of Sf9 cells. Blue plaques were purified
by three cycles of plaque punfication and a single isolated
plaque was amplified to give a high-titre lysate designated
AZPOR. Because of the cloning strategy that was used,
the nucleotide sequence of recombinant porin was
extended to croate four amine acids at the amino terminus
Met-Gly-Thr-Pro followed by Val-2-Val-3-Tyr-4-Asn-
5—- ~Fhe-341 of the mature porin protein.

The time course of synthesis of recombinant porin from
BEVS was monitored by infecting S19 cells with a stock of
recombinant virus AcPOR. For comparison, wild-type
baculovirus AcNPV was used to infect a paraliel culture of
S19 cells. Samples were extraot:d at various times post-
infection and the total protuins of the infection mixture
were identified by SDS-PAGE {Fig. 5). Up 1o 24 hours
post-infection (hpi), the spectrum of proteins in cells
infected with AcNPV or with AcPOR was indistinguish-
able. At 48hpi, a major protein corresponding to polyhe-
drin (33kDa) appeared i the lysate of cells infected with
AcNPV., The relative amounts of this protein were
equivalent in the sanples taken up to 96 hpi. For S19 cells
infected with AcPOR, a novel species of protein appeared
at 48hpi and was of the M, anticipated for recombinant
porin (38000). No polyhedrin protein was detectable in
these same samples, thereby confirming the purity of the
AcPOR virus stocks. Again the amounts of this recombi-
nant protein were comparable in all samples up to 96hpi.

Two assays were used to identify the presonce of
recombinant porin and its reactivities with mAbs. First,
samples of the above extracts were blotted onto nitrocell-
ulose, probed with each of the mAbs POR.1 to POR.7 and
detacted with a secondary antibody conjugated to alkaline
phosphatase. Extracts from mock-infected cells and from
cells infected with AcNPV served as controls. For the latter
two axtracts, no bands were detected by immunoblotling.
All mAbs reacted with recombinant porin by Western
blotiing. The kinetics of synthesis of recomhinant porin
(Fig. 6) matched the appearance of the novel protein
species of M, 38000 that was identified by staining with
Coomassie Brilliant Blue staininy. Recombinant porin first
appeared at 48hpi and was also observed in samples
taken at 72 and 96hpl. Recombinant porin co-mig;atad
with FPLC-purified Hib porin from the bacterial outer
membrane. The absence of lower moleculdr-weight
speciss on Western blotting suggested that there was little
or no degradation of recombinant porin.

Asecond assay showed that recombinant porin reacted
in a solid-phase system in a manner similar to porin
isolated from Hib. Extracts of St8 insect cells infected with
AcPOR were applied to ELISA plates and then tested with
increasing dilutions of mAbs POR.1 to POR.7. The

56



670 R, Srkumaret al.

kDa

-46

RS IR W e e

=30

-2f

23 4 5§ 6 7 8 910

Fig. 8. Kinetics of synthesis of recombinant porin In BEVS, At differant
times post-infection of 59 insect cells by AcPOR, the samples were
collecled and tysed. After separation by S0S-PAGE. proteins were
transterred to mtrocellulose, probed with mab POR.1, and datected with
o secondary anti-mouse mAb canjugated 1o alkaling phosphatase.
Mack-inlacted cells (lane 1) and cells infected with ACNPV (lane 2} were
used os negative controls, Parin isolated from Hib was the positive
gontrol lor immuncreactivity: 100ng (lane 9) and 250ng {lane 10).
Recombinan! parin was nat detected in samplas at 0 {lane J), 12 (lane 4,
or 24 (lane 5) hpi. It appeared first in the sampie 1aken at 48 hpi (lane 6)
and was also dotected in samples at 72 and 96hpi (lanes 7 and B
respectively). Motocular mass {in kDa) markers are indicated in the right
margin.

reciprocal titres of mAb reactivities are shown in Table 1
and these values are comparable with these obtained for
the reactivities of mAbs against Hib porin,

Truncated porin proteins from BEVS

Because we were abie 10 synthesize stable, full-length
recombing.-* porin without apparent endoganous proteo-
lysis by Sf9 insect cells, it was of interest to generate
stable carboxy-terminai deletion proteins in the BEVS and
o use these deletion proteins to confirm the domains of
reactivities of the panel of seven mAbs. By omega
mutagenesis, the transcription and translation termination
signals from gene 32 of T4 phage werse inserted as a
spectinomycin/streptomycin-resistance cassette at four
hexanucleotide recognition sites Dral, SnaBl, EcoR, and
Asel within the porin gene. The insertions of the omega
cassetie al these positions within ompP2 were expecled
to generate proteins that terminated after amino acids
139, 174, 182 and 264 of the primary sequence of mature
porin. These four deletion proteins were designated
POR139, POR174, POR182, and POR264 and they were
used to clarify the domains of reactivities of the mAbs with
particular reference to the carboxy-terminal boundaries.
Mouse potyclonal anti-porin lgG and mAb POR.1 recog-
nized all four deletion proteins (POR139, POR174,
POR182, POR264} as well as full-length recombinant
parin from BEVS and bacterial porin (Fig. 7). Monoclonal
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antibodies POR.2, POR.3, POR.4 and POR.5 dd not
recognize the truncated protein POR139 but they showed
a positive reaclion on immunoblotting against proteins
POR174, POR182, and POR264, Monoclonal antibodias
POR.& and POR,7 did not react with tha truncated prolein
PORZ264 but were posilive against full-length recombinant
porin, These data servad to establish the following
carboxy-lenminal boundaries of reactivity: mAb POR.1,
amino acid 139; mAbs POR.2, POR.3, POR.4, and POR.5,
amine acid 174, mAbs POR 3 and POR.7, amino acid 341,

Biological activities of mAbs

Because six mAbs were demonstrated to bind to the
surface of Hib, we tested the mAbs for their biological
activities in two diffarent experimental systems. Bacterici-
dal assays provided an indication of the abiiity of the mAb
to bind complemment and to activate complement-
mediated killing of intact ceils. The immunoprotection of
the mAbs was assessed in the infant rat model of
bacteraemia; passive transfer of protective antibodies,
prior to intraperitoneal challenge with a dose ol Hib,
resuits in clearance of the infecting bacteria. Antibodies
that are not pratective are unable to abrogate bacterae-
mia, the index of infection,
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Flg. 7. Identilication of recombinant carboxy-terminal delaticn proteins
and their immunoreactivities with monocional antibodies. Four runcated
ganes wara crenied by omega mutagenesis of ompP2 and the daletion
protaing were expressad in BEVS, The following sampies wero subjected
to the SDS~PAGE: lane 1; mock-infacied S19 cells; tanes 2, 3, 4 and 5;
St@ ¢ells inlected with racombinant virus that axpressed POR139,
POR174, POR182, and POR264, respactivaly; lana 6; 519 cells Infected
with ACPOR; lane 7, FPLC-puritiad ponn from Hib, Proteins were elec-
trophoreaed, transfamed 10 nitroceliulosa, probed with mAb POR., and
calected wilh an enzyme-linked secondary antibody. Molacular mass (in
kDo) markers are indicated in tha right margin.



Table 2. Passive protection of infant rats by antibodies aganst PRP or
against porin,

High-level
bacterasmin®

Geomatric mean utra

Antibody  Bactoraemia* {e.fu, x 107 mi”" blood)

Nona /11 {100%)  11/11{100%) 60.2
AMi-PRP Q11 {0%) o/11 {0%) 0.05
POR.1 &8 (100%) &8 (100%) 387
POR.2 9/9 (100%) &M (89%) 282
POR.S %9 (100%) 98 (100%) 6€0.0
POR.6 979 (100%) 99 (100%) 47.0
Ho-2 we {100%) 99 {100%) 336

#, b, Values listed oro numbers of rats showing vioble c.f.u. of Hib in blood
samples at 18 hours post-challange; high-level bacleraemia is delined as
greater than 2.5 x 10° c.Lu, mi~? of bicod.

The Hib strain ATCC3795 was avirulent for the infant rat
since Intraperitoneal challenge of 40 or 400 or 4000
colony-forming units {c.f.u.) did not result in bacteraemia.
Upon injection of the same numbers of ¢.f.u. of Hib strain
RH3527, bacteraemia was routinely established. This
strain was therefore chosen for both biotogical assays. In
addition, a spontaneously derived non-capsulated deriva-
tive {RH3528) was tested as a second target strain for
bactericidal activitias. Some mAbs were selected for
assay according to the primary porin sequences to which
the antibodies bound: POR.1, POR.2 and POR.5, and
PCOR.6. As controls, mouse anti-Hib porin mAb Hb-2
(Hamel et al, 1987b), a human poo! of anti-PRP anti-
bodies, and mouse anti-LPS mAb 3DA11 were used.

Hib strain RH3527 was resistant to 25% human com-
ptement and was not lysed by any of the moncclonal or
polyclonal antibodies alone. In the presance of comnle-
ment plus anti-PRP antibodies up to a dilution of 17128,
50°6 killing of the input number of Hib strain RH3527 was
obsarved. There was ho bactericidal effect if complement
had been heat-inactivated. In the presence of compla-
ment plus each of the mAbs PCR.1, POR.2, POR.S,
POR.8, or Hb-2, no reduction in c.f.u. was detected, even
with the lowest dilution {1/100) which coresponced to 0.5
g of affinity-purified mAb, This lack of bactericidal
activity by the mAbs was not a strain-dependent phenom-
encn since the same results were obtained with Hib strain
Eagan. Nor was the phanomenon related to the inhibition
of complement action by the presence of capsula, H,
influen- - -train RH3528, resistant to only 5% comple-
ment, ... 0t lysed by any of the antibodies alone, but
was efficiantly kitled by 5% complement plus anti-LPS
mAb 3DA11 (IgG3) up to 1/3000 dilution. Again, 5%
complement plus either mAb POR.1, POR.2, POR.S,
POR.6 or Hb-2 was tested and shown not to be bacterici-
dal against strain RH3528.

Infant rats in seven groups (with a minimum of eight rats
per group} wara injected with saline or anti-PRP anti-
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bodies (400 ng per animai) or mAbs POR.1, POR.2, POR.5,
POR.6 or Hb-2 (a!l affinity-purified, up to 8ug per rat).
Upecn administering a challenge dose of 4000¢.f.u. of Hib
strain RH3527 followed by an interval of 18hours, the
geomelric mean titre for the conire! group indicated
high-level bacteraemia; no rats were bacteraemic when
anli-PRP antibodies were passively transferred before
challenge. The geometric mean titres for rats receiving
anti-porin mAbs Indicated that nong of these antibodies
conferred protection against bacterasmia (Table 2).

Discussion

The major pore-forming protein in the outer membrane of
H. influsnzae type b plays an essential role in permitting
the transmembrane passage of water-soluble solutes into
the periplasm. Qur initiai characterization of the biophysi-
cal behaviour of porin (Vachon et al., 1986) has recently
been extended by the cloning and sequencing of the
ompP2 gene (Hansen et al,, 1989a; Munson and Tolan,
1989). Although the primary sequences for the porin gene
from four OMP subylpes of Hib are now available (Munson
et al., 1980), there Is little information on the relationship
between these variations of sequence and the immuno-
biological response that they elicit. There is also a paucity
ofinformation about the native topological organization of
porin of Hib as it is oriented in the outer membrane. An
obvious goal in the characterization of parin of Hib is to
confirm the role of this protein in pathogenesis and
immunity to infection. The studies in this paper were
prompted by the often-cited report that polyclonal anti-
bodies against porin of Hib have protective activity in the
infant rat model of bacteraemia (Munson et al., 1983). We
wish 1o provide some answers to the following questions:
what antigenic determinants on porin of Hib elicit an
immune responsae; can the epitopes recognized by anti-
bodigs be assigned to the outer or inner surface of the
outer membrane; what amino acid sequencas on Hib porin
are recognized by antibodies; do the antibodles against
bacterial porin also recognize recombinant parin; and
what is the role of such antibodies in conferring immuno-
protection against bacteraemia?

Generating a panel of seven monocicnal antibodies
againsi porin of Hib (also designated OmpP2) has pro-
vided experimental tools with which to answer some of
these questions, Our mAbs reacted with both native and
denatured OmpP2, and all but one was shown by fiow
cytometry to react to porin of Hib and to porin on a
non-capsulated strain of H, influenzae. Taken together,
thesa results implied that linear amino acid sequences at
the cell surface were recognized by the mAbs and that
strategies of protein fragmentation could be used to
identity the cognate sequences. Such an analysis would
have been more difficult if conformational epitopes had
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been recognized by the mAbs (Hansen et al,, 1989b). A
combination of chemica! and enzymatic digestions of
OmpP2 gave information about the primary sequences to
which the mAbs bound. The mAbs were tentatively
assigned to three groups based upon their patterns of
reactivities. While prolein fragmentation gave clearly
diiierent patterns of recognition by mAbs, some caution
was appropriate because of the report of the isolation of
anti-Hib porin mAbs (Gulig et al., 1983) which were later
confirmed to be directed against LPS (Gulig and Hansen,
1985). The cloning and expression of ompP2 in the BEVS,
an LPS-free system, provided unequivocal avidence that
the mAbs were reactive against Hib porin and not against
any other bicpolymer of Haemophilus. n the BEVS, four
stable carhoxy-terminal deletion proteins were synthes-
ized: POR139, POR174, POR182 and POR264. These four
proteins reacted variously with the mAbs and permitted
accurate identification of the carboxy-terminal boundaries
for mAb reactivities. Our data serve to identify the follow-
ing domains of mAb reactivities: §) mAb POR.1 reacts with
some amino acids between Ala-104 and Phe-139; (i)
mAbs POR.2, POR.3, POR.4, and POR.S react with some
amino acids between Gly-162 and Val-174; and {iii) mAbs
POR.6 and POR.7 react with some amino acids between
Glu-267 and Phe-341. From our results with flow cytom-
elry, we propose that domain (i} is either buried in the
membrane or is on the periplasmic face of the outer
membrane, that domain {ii} is a surface-exposed loop, and
that domain {iii) or, more likely, part of this sequence is also
criented as a surface-exposed loop, Because domains (i)
and (iii) are long stretches of 36 and 75 amino acids,
respectively, further fine-structure mapping of these
regionsis . -rranted, Domaln (i) of 13 amino acids is close
to the minimum length of sequences required fo:  ~tibody
recognition.

Coinciding with our success in generating and charac-
terizing surface-reactive mAbs, there appeared another
repart in which mAbs against OmpP2 were isolated and
used for essentially epidemiological purposes (Martin et
al,, 1990). Most of the mAbs that were isolated in thelr
study also appearad to be surface-reactive. No studies
were reported that related to the biological effects of the
mADs, i.e. bactericidal tests or animal-protection studies.
It was of interast that their mAbs reacted with encapsu-
lated bacterial clones previously assigned to phylogenetic
division ! {Musser et al., 1990) whereas none reacted with
clones in primary division Il

Some recent mapping of B-ceil epitopes on OmpP2
identified four distinct immunogenic and antigenic regions
(Martin et al., 1991). We have used computer-assisted
methods (PC-Gene) to predict antigenic determinants on
OmpP2. The thres highest points of hydrophllicity are
Lys-326-Lys-331 (average hydrophilicity, Ah = 2.43),
Lys-161-Arg-166 (Ah = 2.03), and Lys-165-Lys-170

(Ah = 2,03). Six of our seven mAbs map 10 these regions
and some of their mAbs map to these regions.

A surprising result of our studies is that even though six
of the mAbs were surface-reactive, none was able to
mediate complement-dependent lysis of Hib. This lack of
bactericidal effects was not atiributable to some steric
hindrance of the capsule as was previously shown for
anti-P1 antibodies {van Alphen et al., 1988}, since flow
cytometric analysis demonstrated binding of mAbs both
to capsulated and non-capsulated H. influenzas; nor were
the mAbs immunoprotaective in an infant rat model of
bacteraemia. It is possible that antibodies against othar
surface-located anligenic determinants on porin of Hib
might elicit ditferent biclogical effects compared with
‘thase we observed. On the other hand, some revision of
the conclusions of Munson et al. (1983) — that antl-porin
antibodies are bactericidal and protectiva —may be
necessary. Recombinant porin will be of value in extend-
ing our ocbservations.

Experimental procedures

Bacterial strains and culture conditions

H. influgnzae type b (Hib) strains ATCC9785 (vachon et al., 1985),
Eagan (Moxon at al., 1974) and RH3527 (also designated 760705;
van Alphen et al., 1983) were used in our studias. Thoy are of OMP
subtypes 1H, 1L, and 3L, respectively, and tharelore have the
same primary sequences of porin (Hansen et al., 1989a; Munson
et al., 1989), a result confirmed by our nuclectide sequencing. A
spontanecusly isolated variant ol RH3527 is designated RH3528
and is devoid of capsular polysaccharide. Hib strain DL42/2F4
was constructed by Insertion mutagenesis ol the porin gene
ompP2 and was characterized as porin-daficient (Cope et &,
1990}, The idantity of all straine of M. influenzae was conflrmed by
thelr growth requirements for haemin and NAD*. The capsular
serotype was determined by tha latex agglutination kit, commear-
clally avaitable from Wellcome Laboratories. Strains were grown
either on chocolate agar supplemented with 1% Isovitalex (BBL)
or in brain-heart infusion medium supplemented with Fildes,
Enrichment Agar {Becton Dickinsan).

Preparation of antigens

Vesicles containing OMPs from Hib wera prepared using the
lithium chioride extraction procedura {Johnston et al., 1876).
Alternatively, OMPs were exiracted from whole cells of Hib with
2% cetyt trimethyl ammonium bromide (CTB). Forpurification of
the 38kDa parin, the CTB extract was subjected to chromatogra-
phy on DEAE-Sepharose {(Vachon et 2/., 1985), Parin was further
purified by FPLC using a MonoQ HR 5/5 column (Pharmacia LKB
Biotechnalogy Inc.). The protein solution from the DEAE-Sopha-
rose column containing S0mM Tris-HC) pH8.0, 10mM ethylene-
diaminetetraacetic acid (EDTA), and 0.05% Zwittorgent 2-3,14
was washed with 80% ethanol and suspendad in S0mM Tris-HCl
pH8.0, 0.05% Zwittergent Z-3,14, A sample of 30mg in 10mi wes
loadad on to the column. The salt concentration of tha olution
buffer was raised to 0,35M using a 2ml NaCl gradient. A number
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of protein-containing peaks were eluted at this salt concentration.
When no other proteins could be eluted at 0.35 M NaCl, the salt
concentration was raised in a gradient fashion to 1.M. A major
peak which contained highly purified porin was eluted at 0.65M
NaCl.

Anti-porin monocional antibodies {mAbs)

BALB/c mice were injected intraperitoneally with 10ug of FPLC-
purifled porin in Freund's incomplate adjuvant {Gibco Laborato-
nes), At two weeks and four wesks after prima. , immunization,
animals received injections of 109 of porin, also in incomplete
adjuvant. Four days before fusion, a booster dose of 30pg of
OMPsin 0.01 M phosphate butter, pH7.5, 0.85% NaCl {PBS) was
given intravenously. Spleen cells from immunized mice were
fusad in a ratio of 10;1 with non-secreting hypoxanthine-guaning
phosphoribosyl transferase-deficient SP2/0 myeloma call line in
a solution contalning 50% (w/v) polyethylene glycol (PEG1450;
Eastman Kodak) in Dulbecco's modified Eagle's medium (Flow
Laboralories). Fused cells at a concentration of 10° cells m!* "
were distributed into 96-well tissua-culture plates which already
contained a feeder layer of 4 x 10° murine macrophages. On day
10-12, hybridoma supernatants were tested for reactivity against
vesicles containing OMPs. Antibody-secreting cells were
subcloned by limiting dilution. The class and subclass of mAbs
were detarmined with reagents prepared by Southern Biotechno-
logy Assoclates.

Purification of mAbs using affinity chromatography

Mouse antl-Hib porin mAbs were purified by using a rat anti-
mause kappa mAbs 187.1 (Yeltor: et al., 1981) calumn. Ascites
fiuld was diluted five tirmes with PBS. The sample was passed
through a filter of 0.45 ism pore size (Nucleopere), loaded onto the
column, and washed with PBS. Bound anti-porin mAbs were
eluted with 0.1M sodium <cetate pH2.8, 0,15M NaCl. The
absarbance {al 280nm} of the collected fractions was measured
and peak fractions were pooled. After additian of 1M Tris-HCI
pH8.2 to neutralize the pH, the pooled fractions were dialysed
against PBS. The total protein was measured using the dye
binding assay. The mAbs were then brought to a concentration of
0.5mgmt-"'. Dilutions renging from 17100 to 1/100000 were
used in ELISA and In Western immuncblotting analysls.

Flow cytometry

Bacteria trom fresh overnight cultures were washed In Tris-buf-
fered saline and suspended in the same butfer to 10° cells mi™’.
To 2 x 10° bacteria was added affinity-purilied mAb at 17100
dilution, corresponding to Spgmi-' of antibody (Bentley and
Kiebba, 1988). Atter incubation for 60min at 37°C, cells were
pellated by brief centrilugation in a micrecentrifuge, washed, and
further incubated with fluorescein-labelled anti-mouse Ig and
analysed using a FACScan (Becton Dickinson) with Consort 30

soltware. Acquisition gates were set on forward scatter and side - -

scatter to exclude lysed cells and cell aggregates. To minimize

background noise, all solutions including the sheath fluid were

filtered through a 0.22um filter, Twenty thousand cells were
analysed for each sample.

€0
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Cleavage of Hib porin by cyancgen bromide

Two-microgram amounts of FPLC-purified Hib porin were solub-
flized in 251 of 70% acetic acid. Cyanogen bromide (2509}
{Pierce) was added to each reaction vial and incubated at room
temperature in the dark tor 18h (Gross, 1967). Upon completion
of the reaction acetic acid and cyanagen bromide were removed
frarn the reaction medium by vacuum concentration. The protein
peliets were resuspended in 251 of sample buffer, bailed for
Smin, and analysed by SDS-PAGE.

Hydroxylaminolysis of Hib porin

Aliquots of 5pg of FPLC-purified Hib porin were subjected to
SDS-PAGE and the gel was stained with Coomassie Brilliant
Blue. Gel pieces were excised, transferred to 1.5ml viais and
washed four times with 5% methanol at 4°C to remove SDS. The
gel pieces were brought almost to dryness In a vacuum concen-
trator. To the vials containing the gel pieces was added 300u10!
cleavage solution; the samples were incubated at 45°C for 3h.
Cleavage sclution was 2 M hydroxylamine hydrochloride (Baker).
6M guanidine hydrochtoride, and 15mM Tris in4.5 M LIOH pH9.0
{Bomstein and Balian, 1977). The reaction was stopped by adding
150pl of 70% acetic acid to each vial. The gel pleces were
washed four times with 5% methanol at 4°C to remove the
cleavage solution. The gels were brought to near dryness; 100!
of sampie buffer was added to each vial and boiled for Smin.
Peptide fragments were released from the gels by analysis on 8
sacond SDS-PAGE. For amino-terminal sequencing and for
staining of fragments with Coomassie Brilllant Blue, the above
protoco! was repeatad with 50 kg of porin as starting material.

Limited trypsin digestion of Hib pori- i~ solution or in
geis

Twa-microgram amounts of FPLC-purifisa ib porin in Spl of
50mM Tris-HCI pH 8.0, 0.05% 2wittergent Z-3,14 were placed in
reaction vials. TPCK-treated trypsin (200ng) {Sigma) in 10l of
50mM Tris-HCI pH 8.0 was added to acch vial and the vials were
incubated at 37°C for up to 16h (Smyth, 1967). Sample buffer
{25u) was added; bolling for S5min terminaied the reaction.
Peptide fragments resulting from tha digestion were analysed by
SDS-PAGE. For amino-terminal sequencing, 20 ug of porin was
digestad with 2 ug of TPCK-treated trypsin.

Altematively, FPLC-pusified Hib porin was immobilized in
acrylamide gels and subjected 1o trypsin digestion. Gel pieces
containing S5pg amounts of porin were incubated in 300wl of
50mM Tris-HCI pH8.0 containing 500 ng of TPCK-traated trypsin.
The reaction was at 37°C for 1h. For sequencing purposes, S0Lg
of Hib porin was treated with 5pg of TPCK-treated trypsin. Gel
pieces were prepared and the digestion praducts analyssd bythe
same protocols as in hydroxylaminolys's,

Amino-terminal sequencing of peptide fragments

Cleavage products were subjected to SDS-PAGE and fragments
transferred electrophoretically onto Immobilon-P  {Millipore)
membranes. The membranes were washed several times with
distilled water to remove traces of glycine from the transfer butier.
Bands were cut out and subjected to gas-phase sequencing
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(Hewick et al, 1981} in a Pl 2090E Integrated Micro-Sequencing
System (Portan Instruments inc). Edman dagradations werg
ccnducted according to procedures recommended by the manu-
facturer. PTH-amino acid analysis employed gradient etution
(Solvent A: triethylamine/acetic acid/tetrahydrofuran pH4.0:
solvent B: acetonitrito) from a reversad-phase Hewlett Packard
Aming Quant (200 x 2.1mm} column with a flow rate of
0.2miImin ! a1 42°C. Five sequential cycles of the amina terminus
of eaci) tragment were sequenced.

Molecular cloning of ompP2

Chromosomal DNA of Hib strain ATCC9795 was digested with
Pvuil and size-fractionated by electroelution from an agarose gel.
A library of chromosomal fragments was constructed in M13
mp18 that had been digested with Smal. The library was
screened using an oligonucleotida (5'-GCTGTTGTTTATAA-
CAACGAAGGG-J') complementary to amino acids at the amino
terminus of Hib porin, A Pvull fragment containing the entire porin
sequence but lacking codons for the signal sequence was
isolated as a 2.0kbp insert. The Hib porin gene was excised from
the RF form of M13 by digestion with Kpn! and Sspl as a tragment
of 1130bp and subgioned into pBluescript (Stratagene} that had
been restricted with Kpril and Smal. The resulting ptasmid was
designated pACCO1. The restriction map of the insert matched
the information reported by Hansen et al. {1989a) and by Munson
and Tolan {1989).

Improved baculovirus expression vectors were recently
developed o expedite screening of recombinants (Vialard et al.,
1990) and a recent version of this class of vectors, pJV.P10Z, was
used in our experiments. This vector contained promoters
derived from the P10 and the polyhedrin genes of Aulographica
califomica nuclear polyhedrosis virus, P10 promoter directed
synthesis of a B-galactosidase and tha palyhadrin promoter
controlled the synthesis of the ompP2 gene. Tha unique Nhel
claning site of this plasmid necessitated modification of the 5°-
and 3' sequences of the porin gene. To generate the Nhel ends on
ompP2, a synthetic adeptor was added to the 5 end and
consisted two cligonuclaotides: 5°-CTAGCTATAAATATGGGT-
AC-3' and 5'-CCATATTTATAG-3'. When these two oligonucleo-
tides were annea'ed, they generated Nhel and Kpnl siles al their
§' and 3' ends: internal sequences introduced an AT-rich region
just upstream of the ATG start site. The AT-rich sequance may
serve as a polymerase-binding site. This sequence also corre-
sponds to those necessary for maximal levels of expression of
another toreign gene {(Matsura et al., 1987).

pACCO1 was digested with Kpnt and BamHi lo excise the
entira Hib porin gene. The DNA fragment containing ompP2 was

gel-purified and ligated with annealed adaptor at a molar ratio of -

10:1 {adaptor:porin). The adaptor-modified fragment with Nhel-
BamH| ends was force-cloned into pBR322 cut with Nhel and
BamHl, thergby creating pACCO2 as an intermediate plasmid
containing empP2. pACCO2 was digested with 8amH|, backiiled
with the Klenow fragment of DNA polymerase 1, and ligatad to an
8bp Nhel linker thut was added in 100-fold molar excess. The
linker-ligated porin gene was then subjected to excess Nhel
digestion to remove multiple finkers from the 3° end of the ompP2
gene. This linker-ligated fragment was subcloned into pBR322
cut with Nhel and was designated pACCO03 (5523bp). The Nhel
insert of pACCO3 (1161 bn) was ultimately transferred into the
13kbp baculovirus transfer plasmid, pJV.P102, creating
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PACC32. Two primers that were complementary 1o the vector's
5'-promoter sequences (5'-CGTAACAGTTTTGTAATAAA-3') nnd
3'-end sequences (5-GTGAGTTTTTGGTTCTTGCC-3') were
used for DNA sequencing 1o confirm the prigntation aof tha porin
gene with r@spect to the polyhedrin pronioter and 1o conlirm the
fidelity of the subcloning through intermediate plasmids.

To generate a series of doletion mutants of ompP2, pAGCO3
was digested with Drat or SnaB! or EcoRl or Asel. Restriction
with the first two enzymes ylelded blunt ends; restriction with the
latter two enzymas gencrated cohesive ends that were back-filled
with the Klenow fragment of DNA polymerase. Each ol the
linearized, blunt-ended plasmids was ligated with the omega
casselte derived from pHP45 {Prentki and Krisch, 1984). This
cassette ol 2kbp contains the spectinomycin/streptomycin-
resistance genas and in either orientation provides a large stahle
stem-loop structure, making it an efficient transcription terming-
tor. The blunt-end ligation of tho cossette resulted in the
recircularization of the ptasmid, now increased in size ta 7.5kbp.
The cassette-modified ompP2 genes were puritied as Nhol
tragmenis and ligated into pJV.P10Z cut with Nhel,

DNA transfections, plaque assays. and isolation of
recombinant virus

PACC33 and tha four transfer voctars containing omoga-madi-
fied ompP2 genas wera purified by CsGl gradient ultracentriu-
gation and wero separately transfected into SI9 cells togather
with wild-type viral DNA (Summers and Smith, 1987) by using the
calcium phosphate precipitation tachniqua. Plaque assays were
performed on cullure plates, such that the infected cells were
overlaid with 1% Sea Plaque agarose in Grace's madium and
containing 1509 of Bluo-Gal per mi ol overlay. Blue plaques,
easlly recognized atter in~ubation for §d at 27°C, were picked and
ditfused overnight in Grace's medium. Plaque nssays ware
repeated on 10-fold dilutions of ditfused virus, again using
Bluo-Gal in the overlay. Three rounds of plague assays wore
sufficiont to generate recombinant virus free of wild-type virus.
Isclated reca:. " inant virus was finally amplitied to atitra 107 p.tu.
ml

Microbiological tests

Bactericldal activity was tesied as described cariler (Kiyhty ot al.,
1588), Bactaria were incubatod for 60min, 37°C in microwells with
dilutions of serum or mAbs and 5 or 25% human serum as o
camplement source. The complement source did not kill the
bacteria without added antibady. Atter incubation, sliquots of the
bacierial suspensions were plated in duplicate on a chocolate
agar plate and incubated overnight at 37°C in a CO, incubator.
The tast dilution that gave 50% killing was taken as the bacterici-
dal antibady titre.

To determine whether passively given mAbs waro protective in
vive, infant rat experiments were performed as deacribed earlier
(Smith et al. 1973). The antisera or mAbs were given Intra-
peritoneally {i.p.) 2h belore the challenge Hib which was also
given |.p. Bacteraemia was detecied 24 h later by plating 20l of
neat or 100! of 1:10 and 1:100-diluted blood. -



Analytical procedures

Sodium dodecy! sulphate/ polyacrylamide gel electrophoresis
{5DS-PAGE) was used to assess the purity of Hib porin following
FPLC, 10 resolve fragments derived irom chemical or enzymatic
digastions of Hib porin. and to resolva proteins in samples of outer
membrane vesicles or insect cell lysates. The ge! compositions
wers adopted from protecols of Lugtenberg ef al. (1975). Gels
wero stained for protains with Coomassie Brilliant Blue or by the
more sensitive method of Momissey (1981} for silver staining. The
molecular mass standards were from Pharmacia LKB Biotech-
nology Inc. Altematively, gels were silver stained to identify
lipopolysaccharide (LPS) by the procedure of Tsai and Frasch
{1982}, The amounts of LPS that remained bound to Hib porin
samples wera estimated by comparing the staining pattem to
standards of 50, 100, 200 end 300ng on the same gels.

Following SDS-PAGE, proteins were transferred electrophor-
etlcally (Towbln at al., 1979) to nitrocallulose paper (Schisicher &
Schuell, Inc.). Rainbow markers (Amersham Canada Lid) were
also electrophoretically transterred and used on immunoblots to
ostimate the sizes of reactive fragments. The nitrocellulose paper
was biocked with 1% (w/v) skimmed milk or with 1% bovine
serum alburnin in Tris-saline, and the immobilized proteins were
incubated with {i) hyperimmune serum, or {i) concentrated culture
supernatants or {iti) affinity-purified monoslonal antibodias. The
developing antibodies were alkaline phosphatase-labetled anti-
mouse immunoglobulins (Cappel Laboratories). The enzymatic
reactivity of alkaline phosphatase was detected by additicn of
substrates NBT and BCIP (BioRad Laboratories).
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PREFACE TO CHAPTER 3

As probes of the topoleogical organization of Haemophilus
influenzae type b (Hib) porin, we previously generated
monoclonal antibodies (mAbs) against the isclated protein and
screenaed them for their reactivities with intact bacteria.
Surface-reactive mAbs bound to two cegions of Hib porin: amino
acids 162 to 174, and amino acids 267 to 341. Another region
between amino acids 104 and 139 was strongly antigenic but not
surface-exposed. This chapter describes work on defining
precisely the amino acid seguences that are recognized by each
of these mAbs. These data were used in conjunction with
predictions of porin secondary structure to generate a working
model for the topological organization of Hib porin at the

bacterial cell surface.
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The major surface-located protein in the outer membrane of Haemophilus influenzae type b (Hib) is porin,
molecular mass, 38 kDa, 341 amino acids. To define precisely the molecular reactivities of nine mouse
monoclonal antibodies (MAbs) against Hib parin, overlapping hexapeptides corresponding to the entire
sequence of porin were synthesized. The epitopes recognized by the MAbs were mapped by enzyme-linked
immunosorbent assay (o stretches of 6 to 11 amino acids. Antigenic sites hetween amino acids 112 and 126, 148
and 153, 162 and 172, and 318 and 325 were identified. The antigenic sites between amino acids 162 and 172
and between amino acids 318 and 325 were determined by flow cylometry 10 be on the bactexial cell surface.
Four MAbs, POR.2, POR.3, POR.4, and POR.S, that react with amino acids 162 to 172 were able to
discriminate among porins from the three major cuter membrane protein subtypes of Hib, i.e., 1H, ZL, and
6U. A model for the topologicul orgunization of Hib porin was created by calculating the hydrophobicity,
amphiphilicity, and turn propessity in its amino acid sequence. Determination of th: molecular reactivities of
the antl-Hib porin MAbs provided substantive evidence for the orientation of selected regions of porin in the

outer membrane of Hib.

Porins of gram-ncgative bacteris form transmembrane
walter-fillcd channcls that permit diffusion of hydrophilic
solutes across the outer membrane (2, 20). By acting as
molecular sicves, they display unique features of selective
permeability such that the maximum size of a solute mole-
cule that can permeate the pores defines a value termed the
molecular weight exclusion limit. Solutes lower in molecular
weight than this wvalue diffuse readily through porins,
whereas solutes whose molecular weights exceed the value
of the cxclusion limit arc impeded in their passage. The
varicty of porins and their exclusion limits differ from one
bacterinl genus to another.

Most porins arc organized in the cuter membrane as
trimers which are unperturbed by detergents such as sodium
dodecyl sulfate (SDS) (2, 22). Porins are also an unusual
class of membrane proteins because the primary amino acid
sequences of their monomers contain a high density of
churged residues and there are no clearly hydrophobic
siretches which, would be predicted to span a membrane as
an alpha helix (13, 22). 1t has therefore been proposed that
the secondary structurc of porin is organized as transmem-
branc beta strands (2, 22), a proposal for which there is now
experimental support (12, 30). Interest in the structural
organization of porins has been heightened by the identifi-
cation of sequence alignments, from which some predictions
can be made as to membrane-spanning strands. For exam-
ple, the alignment of eight scquences from the enteric porin
family generated information about alternating conserved
{beta sirand) and variable (loop) regions (14). By compari-
son, the porins from neisseriac are nol as strongly con-
served, but six sequence alignments still had few ambigu-
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itics. When these sequence similarities were then considered
along with plots of hydrophobicity and hydrophobic moment
and with turn predictions, it was possible to propose trans-
membrane beta strands and loops as the hallmarks of porin
structure {14), One of the requiremems ol such detailed
structural analysis is that several porin sequences from a
given bacterial genus are known. Amino acid sequence
information is available for three porin variants of Haemoph-
ilus influenzae type b (Hib) (18, 19). However, these data are
insufficient to construct a Haemapfilus porin family.

The pore formed by Hib porin has a molecular size
cxclusion limit of 1,400 Da (26), considerably higher than the
value of 600 Da for the pore formed by OmpF of Esclerichia
coli. In addition, by liposome swelling assays, Hib potin
appears to have a greater pore diameter than that associated
with the porins of E. coli (25). Unlike most porins, trimers of
Hib porin are quite unstable and were visualized by SDS-
polyacrylamide gel electrophoresis (PAGE) only when the
protcins were previously cross-linked (25). Recenlly, how-
cver, by image reconstruction of two-dimensional crystals
(4}, the trimeric organization of Hib porin has been clearly
demonstrated. .

As probus of the topological organization of Hib porin, we
previously generated monaclona! antibodics (MAbs) against
the isolated protein and screened them for their reactivities
with intact bacteria. Surface-reactive MAbs bound to two
regions of Hib porin: amino acids 162 to 174 and 267 to 341.
Another region, between amino acids 104 and 139, was
strongly antigenic but not surface exposed (23). We have
extended these studies on Hib porin by defining preciscly the
amino acid sequences that are recognized by each of our
seven MAbs, To expand our study, we obtained from ather
laboratories two different MAbs against Hib porin and
identificd the amino acids that they recognize. These data
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were used in conjunction with predictions of porin second-
ary struclure 1o gengsrate a working model for the topological
organization of Hib porin at the bacterial cell surface.

MATERIALS AND METHODS

Bacterial strains and growth coaditions. Three Hib strains
were used in this study, and they differ by outer membrane
protein {OMP) subtype: Hib ATCC 9795 is OMP subtype 1H
(23, 26); Hib MCH 5539, a clinical isolatc provided by K.
Knowles, Montreal Children’s Hospital, is OMP subtype
2L; and Hib 1481 is OMP subtype 6U {27). All strains were
grown on chocolate plates or in liquid medium consisting of
brain heart infusion plus hemin (1.0 pg/m!) and NAD* (1.0
pg/mly at 37°C,

Hexapeptide synthesis. Overlapping hexapeplides were
synthesized on solid-phase supports as described by Geysen
et al. {6, 7); by using a commercially available epitope-
mupping kit (Cambridge Rescerch Biochemicals, Gadbrook
Park, MNorthwich, Cheshire, United Kingdom). Peplidcs
were synthesized on polycthylene pins which were prepared
by the supplier of the kit to contain distally Auorenylmethyl
oxycarbonyl (Fmoc)-f-alanine coupled to the polyethylene
matrix via hcxamethylene diamine and acrylic acid. All of
the amino acids used were provided by the manufacturer and
were in the form of Fmoc-protected peatafluorophenyl ac-
tive esters, except serine und threonine, which were Fmoc-

-protected oxobenzotriazine active esters. All amino acids
had their side chains protected with ¢-butyl derivatives,
except arginine, which had a methoxy-trimethylphenylsulfo-
nyl side-chain-protecting group. The catalyst for the cou-
pling reaction, hydroxybenzotriazole, was also provided by
the supplier. Dimcthylformamide (DMF; Accusolv;
Anachemia) was the solvent used in the synthesis, and it was
freed from contaminating amines by standing over type 4A
molecular sieves (Anachemia) for 6 weeks in the dark belore
commencement of synthesis. Amine levels in this DMF were
monitored by measuring the UV absorbance of the sample
treated with 1-fluoro-2,4-dinitrobenzene (28). The final con-
centrativn of free amines in the DMF used for the synthesis
was less than 2 ppm. All other solvents were of the highest
purity levels and were used withouwt any further treatment.
On the basis of the amino acid sequence of Hib porin, a
schedule for the synthesis of overlapping hexapeptides over
the entire sequence of this protein was created by using the
software provided.

The first step in the synthesis involved removal of the
protecting group from the Fmoc-B-alanine of each pin to
facilitate subsequent amino acid coupling. This was achieved
by mild basc trecatment of the pins with 20% piperidine in
DMF. Fellowing deprotection and washing, the pins were
immersed in 96-well polyethylene wrays, cach well containing
100-p] aliquots of solution. The solution consisted of the
appropriate Fmoc amino acid ester (30 mM) and hydroxy-
benzotriazole dissolved in DMF. Amino acid coupling was
carricd out overnight at room temperature. The deprotection
and coupling were repeated in this manner until a peptide of
the required length was gencrated on ezch pin. The direction
ol synthesis resulted in a peptide whose C terminus was
proximal to the common B-alanine and whose N terminus
was distal. The N terminus of each peptide was deprotecicd
and immediately acetylated by rcaction with a mixture of
DMF-acetic anhydride-tricthylamine (5:2:1, volivolivol) 10
remove the unnatural charge. Finally, the side chains of
amino acids in the peptide were deprotected and neutralized
by reaction with trifluoroacetic acid-phenol-ethancdithiol
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(38:1:1, volivolivol), followed by washirg in a bath contain-
ing 5% di-isopropylethylamine in dichloromethanc. After the
derivatized pins were washed in a methanal bath for 13 h,
thcy were dried in vacuo, This procedure allowed for sya-
thesis of a set of 336 consecutive and overlapping hexupep-
tides corresponding to the complete sequence of 341 amino
acids of Hib porin, OMP subtype 1H.

Also synthesized in parallel were two control tetrapep-
tides, Pro Leu Ala Gln (PLAQ) and Gly Leu Ala Gin
(GLAQ). The success of synthesis was coatirmed by dewm-
onstration of the reactivity of a previously characierized test
antibody (Cambridge Rescarch Biochemicals) 1o the positive
control, PLAQ, and lack of reactivity to the negative con-
trol, GLAQ,

Immunological assays. The immunoreactivity of the solid-
phasc peptides was assayed by enzyme-linked immunosor-
bent assay {ELISA) as recommended by the manufacturer,
Pins with the im.nobilized peptides were placed in microtiter
plates (Maxisorp F96; Nunc) containing 200 gl of blocking
solution (2% bovine scrum albumin, 0.1% Tween 20 in
phosphate-buffered saline, 0.05% sedium azide) for 1 h at
roam temperature, Following blocking, the pins were incu-
bated overnight at 4°C with 150 pl of antiporin MAbs
appropriately diluted in blocking solution. Aller being
washed four times with 0.05% Tween 20 in phosphate-
buffered saline, the pins were incubated with 150 pl of o
sccondary antibody (rabbit anti-mouse immunoglobulin G
[heavy and light chains] conjugated o horseradish peroxi-
dasc; [CN) appropriately diluted in blocking solution (minus
sodium azide) for 1 h at room temperature, The washes were
repeated, and the pins were incubated with 0.5 mg of the
substrate,  2,2"-azino-bis(3-cthylbenzthinzoline-6-sulfonic
acid) (Sigma), per ml in disodium hydregen Pe-citric acid
buffer, pH 4.0, for 30 min in the dark. The microtiter plates
were read on a Muliiscan MC (Titertek; Flow Laborutories)
ELISA plate reader at 405 nm. After immunoassay, the
immabilized peplides were freed from bound antibady by
ultrasonication in hot SDS and $-mercaptocthanol and fi-
nally washed in methanol. The peplides were then reused for
subsequent immunoassays (7).

Reactivity of MAbs to isoluied porin on microtiter plates
waus assayed by ELISA as described for immunoreactivity of
immobilized peptides, with the following modifications.
Blocking and incubalion steps were performed in (1L.5% milk,
the sccondary antibody was a MAb (the rat anti-mousc
light chain cunjugatcd to alkaline phosphatase), and the
substrate was 2 mg of p-nitrophenylphosphate (GIBCO,
BRL) per ml in dicthanolamine buffer, pH 9.5,

Flow cytametry. Details of our conditions for flow cytom-
etry were published recently (23). Bacteria from fresh over-
night cultures were washed in Tris-buffercd suline und
suspended in this buffer to 10° cells per ml. An aMnity-
purificd MAb (concentration, 0.5 mg/ml) at a 17100 dilution
was mixcd with 2 x 10 cells and incubated at 37°C for 1 h,
Bacteria were pelleted in an Eppendorf microcentrifuge,
washed, und incubated with anti-mouse immunoglobulin
conjugated 1o fluorescein. Analysis of labelled cells used a
FACScan (Bectoun Dickinson) with Consort 30 soltware, For
each sample, 2 % 10* cclls were analyzed.,

Modelling of Hib porin. Hydrophobicity and amphiphilic-
ity plots of Hib porin were gencraled by using a compulcr
program called AMPHI (11). The hydrophobicity scale (%)
for every amino acid uscd in this program is thc consensus
scale created and first reported by Kyte and Dooliltle (16).
H,(f) and Hy(i) values were calculated by using the following
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cquations: F1,(i) = [h{(i = 3} + Ali = 2) + h{i = 1) + A{i)]7
and Hy(i) = [h{i = 4) + Al = 2) + A{i)}/5.

Twao types of transmembranc beta strands with distinct
valucs of average hydrophobicity [H,(i)] or average am-
phiphilicity [H(i}] were anticipated for Hib porin: residues
which interact with the hydrophobic membrance bilayer on
either side of the beta suand [H (/) = 1.6]: and residues
which interact with the hydrophobic bilayer on one side and
with the hydrophilic surface of the pore’s interiar on the
ather side of the beta strand [/fy(i) = 1.6 and Hy(i + 1) <
0.4]. Alter beta strands in Hib porin within such defincd
limits were identified, other potential beta strands were
predicted because they displayed rclatively high values for
Ho{i) and H,(f). Once identified, candidates for bela strands
and loops were evaluated by turn prediction.

Turmns in Hib porin were identificd by using the method of
Paul and Rosenbusch, which was adapted for proteins dis-
playing beta structurc (21), with a slight modification for the
minimum number of residues required to satisfy the condi-
tions for turn prediction. Constituent amine acids were
divided into three groups. Turn promorers include Asn (N),
Asp (D), Glu (E), Gly (G), Pro (P), and Ser (S); tumn blockers
compwise Ala (A), Gin (Q), Tle (1), Leu (L), Met (M}, Phe (F),
Trp (W), Tyr (Y), and Val (V); turn-indifferent residues are
Arg (R), Cys (C), His {H), Lys (K), and Thr (T). Segments of
four or more residues in which at least onc was tum
pramoting and none was turn blocking were identified as
turns.

RESULTS

Epitope scanning of Hib porin, 1H. We clected to synthe-
size overlapping hexapeplides for the entire sequence of 341
amino acids of Hib porin (9, 19) and to use these hexapep-
tides to definc the molecular reactivities of our seven MAbs
(23). A primary requirement for such analysis is that the
MAbs react with linear epitopes as opposed to conforma-
tional determinants, This criterion was satishied by our seven
MAbs because they reacted with SDS-deratured porin on
Western blotting (immunoblotting) and a subset of the MAbs
rcacted with truncated porin proteins that were expressed in
the baculovirus expression vector system (23). All of the
MAbs were purified on o monoclonal anti-mouse « light
chain immunoaffinity column (32}, and some range finding
was then nccessary 10 determine conditions for optimum
dilutions of the MAbs in their reactivities with the hexapep-
tides. Insufficicnt dilution of a MAb contributed to high
background valucs of ELISA data; appropriate dilutions
showed clearly a single peak of reactivity over a small
number of hexapeptides (onc to six) and a uniform, low
background over all other rcgions of the sequence.

Affinity-purificd MAb POR.1 (concentration, 0.5 mg/ml) at
a dilution of 1/5,000 reacted with six contiguous hexapep-
tides of the 336 hexapeptides tested (Fig. 1). The reactivities
ol MAb POR.1 spanned the region Asp-116 to Asp-126 (Fig.
2). No other hexapeptide bound MAb POR.1, and nonspe-
cific binding to all other regions ol the sequence was appro-
priately low. MAb POR.4 rccognized five hexapeptides,
those between Gly-162 and Ala-171 (Fig. 2). The pattern of
reactivity of MAbs POR.2 and POR.3 to the hcxapeplides
was identical to that of POR.4. By comparison with these
results, a subtly different reactivity was determined for MAb
POR.5: it bound to three hexapeptides that included the
amino acid sequence from Lys-165 to Gly-172 (Fig. 2). MAb
POR.6 was tesicd and found to react with hexapeptides
between Thr-318 and Val-325 (Fig. 2). MAb POR.7 showed
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FIG. 1. Epitope scanning with hexapeptides corresponding to
the sequence of Hib porin, OMP subtype 1H. The sequence of 341
amino acids was synthesized as 336 sequentiol overlapping hexapep-
tides on solid-phase supports. Hexepeptides were incubated with
POR.1, washed free of unbound MADb, and reacted with a secondary
antibndy as described in Materinls and Mecthods. ELISA values are
expressed as A g5 units measured after 30 min of incubation,

0.0 1.2

a pattern of reaclivity identical to that of POR.6. All of these
reactivitics are therefore consistent with our previous infor-
mation, which assigned the sequences that were recognized
by the seven MAbs to three distinet repions of Hib porin.

Also tested was mouse MAb Hb-2, a surface-reactive
anti-porin MAb that has been shown to react with 451 of 453
type b strains from a worldwide collection of H, influenzae
(8). MAb Hb-2 did not react with fast protein liquid chroma-
tography (FPLC)-purified porint on Western blotting nor did
it react with any of the hexapeptides, This result is consis-
tent with the suggestion that Hb-2 recognizes some confor-
mational determinant(s) of Hib porin.

To amplify the analysis of Hib porin by epitope scanning,
we tested mouse MAbs from different laboratories which
reacted positively with the porin of Hib ATCC 9795. Two
MAbs, 9F5 (10) and 23AAI12 (27), were previously charac-
terized as recognizing buried or otherwise inaccessible re-
gions of Hib porin, the locations of which weare unknown.
Both MAbs 9F5 and 23AA12 were first tested for recognition
of full-length recombinant porin and four C-terminal dele-
tions of porin generated in the baculovirus expression vector
systern. These deletion proteins were POR139 (containing
amino acids 1 to 139 of the mature Hib porin), POR174,
POR182, and POR264. Al of these recombinant proteins
were previously uscd to designate regions of antibody rec-
ognition (23). MAb 9F5 reacted on Western blotting with
recombinant porin and alt four truncated porin proteins.
MADb 23AA12 did not react with POR139 but gave a positive
signal with POR174, POR182, POR264, und full-length
recombinant porin {data not shown). Such data enabled
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FIG. 2. ELISA reactivities of anti-11ib porin MAbs, The entire set of hexapeptides was subjected to epitope scunning with six anti-1lib
potin MAbs, Oaly the region of positive ELISA reactivity (A,,s) is shown in each panel. The numerival value that idemtifies each hexupeptide
sequence corresponds to the amino acid in the sequence of Hib porin {OMP subtype LH) a1 the amino end of & given peptide.

preliminary localization of epitopes recognized by these
MADbs: 9F5 between Ala-1 and Phe-139 and 23AA12 between
Lys-140 and Val-174. Epitope Scanning identified the pri-
mary sequences 10 which these MAbs bound. MAb 9F5
recognized Thr-112 10 Lys-117, and MAb 23AAI12 recog-
nized Gly-148 to Lew-153 (Fig. 2).

Altered immunoreactivities of MAbs against porins. Varia-
tions in the mobility patterns of OMPs on SDS-PAGE have
been employed as a means of classifying Hib isolates (1).
This diversity of patterns extends to the differing mobitities
of porin, and these differences on SDS-PAGE have now
been correlated with amino acid sequence changes of potin
(18). We wished to determine whether any of the panel of
MAbs would discriminate between variants of porin. Three
bacterial strains were used. They differ in porin protein
amino acid sequence, Hib ATCC 9795 has 1H porin having
the prototype sequence (9, 19); Hib MCH 5539 has 2L porin,
a change of Arg-166 to Gln compared with 1H porin (18); Hib
1481 has 6 porin, a total of 10 amino acid sequence changes
compared with 1H porin: Phe-96 to Leu, Gly-162 o Met,
Glu-163 to Ala, Arg-166 to Leu, Asp-169 to Asn, Asp-193 to
Asn, Ser-210 to Ala, Lys-214 to Thr, [l¢-249 to Val, and
Glu-320 10 Gly (18). Our DNA sequence data confirmed
these amino acid changes. Porin protein was extracted from
cach of these three strains and purified by FPLC on a
MonoQ column to apparent homogenceity (23). A single band
appearcd on silver staining of 500 ng of purified protein.
Each of these three purified proteins was then used in a
solid-phase ELISA to assess the immunoreactivities of the
MADs against different porins. The reciprocal titers deter-
mined by ELISA provided comparisons of the reactivities of
MAbs against the Sequence variants.

All of the MAbs from POR.1 to POR.7 reacied with
FPLC-purificd Hib porin 1H (Tablc 1). Identical rcactivity
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puatterns were displayed by MAbs POR.IL, POR.S, POR.6,
and POR.7 against 1H porin and 2L porin, MAbs POR.2,
POR.3, und POR.4 showed a ninefold decrease in renctivity
1o 2L porin compared with 11 porin. In marked contrast w
these data, we were unable to detect by ELISA any reactiv-
ity of MAbs POR.2, POR.3, POR.4, and POR.S with 6U
porin. The reaclivities of MAbs POR.1, POR.6, and POR.7
with isolated 1H porin, 2L porin, and 6U porin were identi-
cal, as indicated by the reciprocal titers of antibody reactiv-
itics on ELISA.

Recognition of different Hib parins on intact cells. While the
above information on the binding of MAbs with isolined
porin identified marked differences in reactivity, it did not

TABLE 1. Reactivities of MAbs pgainst parin varianis of Hib

Reciprocal Liter of antibudy reachivity”

MAb with OMP subtype:
IH 2L [0V
PPOR.1 N,100 4,100 B, 100
POR.2 8,100 SO0 <1}
POR.3 8,10 XK) =100
POR.4 2,700 kil 100}
POR.5 4S00 9N <10
POR.6 2,700 2,700 2,10
POR.7 300 kij0] am

* FPLC-purificd porin (5 pg/ml) from the three diflferent Elib sirains in
carbunate hulfer was adsorbed to an ELISA plate overnight at room temper-
uture. Thicefold dilutions (statting lrom 1/100) of affinity-purified MAbs
{concentration, 0.5 mg/ml) were seacted with antigen, followed by & second.
ary antibody conjugated o alkaline phosphztase. ‘The reciprocal titer is
expressed us the dilution of a MAD that gave sn absorhance of at least 1.2 over
the background for the colorimetric assay of enzymatic activity.
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FIG. 3. Flow cytametry of Hib with antiporin MAbs, Bacteric were prepared and stained as described in Materials and Methods. Three
strains of Hib were analyzed: ATCC 9795 (OMP subtype 1H) in panels A, D, G, and J; MCH 5539 (OMP subtype 2L} in panels B, E, H, und
K; and 1481 (OMP subtype 6U) in panels C, F, 1, and L. The MAbs tested were POR.1 in panels A, B, and C; POR.4 in pane’s D, E, and
F; POR.S in pancls G, H, and 1; and POR.6 in panels J, K, and L.

pravide information as to whether the cognate epitopes were
exposed at the bacterial eell surface or were buried in the
outer membrane and therefore inaccessible 1o antibodies, To
probe the topological orientation of the amino acid se-
quences that were recognized by our pancl of MAbs, we
employed flow cytometry of intact Hih. After reaction of
freshly grown bacterial cells with a selecied MADb, the celis
were exhaustively washed and reacted with a fluorescem
sccondary antibody. Fluorescence-activated cell sorting
{FACS) identified whether a population of cells was labelled
or not labelled by the primary MAb. All experiments in-
cluded two controls: Hib ATCC 9795 reacted positively with
MAb Hb-2; Hib DL42/2F4~ is a porin Ccletion strain (3) and
was negative by flow cytometry for all of the anti-porin
MADbs tested. Data from FACS scans with four MAbs are
presented (Fig. 3) because they represent the clearest dis-
tinctions between MADb reactivitics with sequence variants
of Hib porin. MAb POR.1 was uniformly negative by FACS
analysis of Hib which contains 1H, 2L, or 6U porin (Fig. 3A,
B, and C). Even though this MAb reacts strongly with the
isolated porins, the cpitope to which MAb POR.1 binds is
therefore not surface exposed. MAb POR.4 reacted posi-
tively with cells with 1H porin, to an intermediate extent
with intact Hib that contuins 2L porin, and negatively with
intact cells with 6U porin {Fig. 3D, E, and F). Reactivity of

MAbs POR.2 and POR.3 with intact bacteria was similar to
that of POR.4. MAb POR.5 was positive with cells display-
ing either 1H or 2L porin and negative with Hib displaying
6U porin {Fig. 3G, H, and I}. MAb POR.6 rcactcd positively
by FACS analysis with all threc Hib sirains (Fig. 3J, K, and
L), and so did MAb POR.7.

Epitope scanning of Hib porin 2L. The reactivitics of MAbs
POR.2, POR.3, and POR.4 with FPLC-purified 2L porin on
ELISA (Table 1) and with intact Hib of OMP subtype 2L by
FACS analysis (Fig. 3) were clearly lower than in parallel
experiments that analyzed 1H potrin. To determine whether
this diffcrential reactivity was attributable to a change in the
sccontdary structure or to a difference in direct recognition of
primary scquences, cpitope scanning of the Hib 2L porin
was undcrtaken. Since the 2L porin differs by a single amino
acid change of Arg-166 to Gln (18), ali possible overlapping
hexapeptides that incorporated Gin-166 were synthesized.
The six new hexapeptides for the sequence of Hib 2L porin
were those from Lys-161 to Gln-166 and Gin-166 to Ala-171.
‘We then asked whether MAbs POR.2, POR.3, POR.4, and
POR.5 would zecognize the hexapeptides of the Hib 2L porin
sequence. Whereas MAb POR.4 reacted with the sequence
Gly-162 Glu Asn Lys Arg Pro Asn Asp-169 from Hib 1H
porin {Fig. 2), it did not react at all to the sequence in which
Arg-166 had been changed to Gln (Fig. 4). The identical
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FIG. 4. Epitope mapping with hexapeptides corresponding to the
sequence of Hib porin, OMP subtype 2L, The asterisk indicates the
unique change (Acg-166 10 Gln) in the primary sequence of 2L porin
compared with the primary sequence of 1H porin. The ELISA
vitiues were determined afier reaction with anti-Hib porin MAbs
POR.4 and POR.5.

result was seen for MAbs POR.2 and POR.3. MAb POR.5
bound to the sequence Lys-165 Arg Pro Asn Asp Lys Ala
Gly-172 [rom Hib 1H porin (Fig. 2); the change of Arg-166 to
Glo had no effect on the ability of MAb POR.5 to recognize
the hexapeptides which incorpurated this sequence change
(Fig. 4).

Mode! for 1opological organization of Hib perin. Bacterial
porins arc generally considered to be composed of heta
strands that traverse the membrane and loops that connect
the beta strands on either side of the membrane. Individual
beta strands can cither be buried in the hydrophobic miliew
of the membrane or be arranged such that one side faces the
fipid membrane and the other side faces the interior of the
channel. In the latter cose, the side contacting the membrune
must be predominantly hydrophobic and the other side must
be predominantly hydrophilic so as to provide a hydrophilic
lining 10 the pore. This orientation is referred to as am-
phiphilic (11). Hydrogen bonding between neighboring
strands then leads to formation of a closed structure, a beta
barrel, which can function as a pore across the membrane.
Loops connecting beta strands, on the other hand, are
exposed 1o the aqueous environment on cither side of the
membrane and must therefore be predominantly hvdro-
philic. To cannect neighboring beta strands, the loops en-
couater turns along their sequence (21). Owing to this and
other constraints in secondary structure, the loops on any
one side of the membrane are expected to protrude to
various cxtents and therefore are not cqually accessible at
the surfuce. The ultimate refinement for the structure of
porins has come from analysis of crystals of Rhodobacter
capstelatus porin (29, 30).

We predicied beta strands for Hib porin of OMP subtype

? \ ! !l'\ ' l‘
NI T
Bl A B
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F1G. 5. Plots of structure predictions for Hib porin. By using a
window ol seven neichbors, the hydraphobicity [24)] (A) and
amphiphilicity [Hy(r)] Tor beta strands (8) were plotied, Peak values
that predict hydrophobic (W) and amphiphilic (@) beta strands are
within the stringency limits specified by Jiihnig (see Results). Other
hydrophobic (V) and amphiphilic (O) hets strands are proposed
because the regions display relatively high values lor H,{0) aml
H, i), respectively, The potential beta strands aze aumbered 1o 16,

sequence as described by Jihnig (11), To predict hydropho-
bic stretches in Hib porin, the average hydrophobicity of
each ncighhoring seven residucs [Ho(i)] sliding over the
cntire sequence was plotted (Fig. 5A). A positive value of
Ho{i) for a given sequence denotes hydraphobicity, while o
ncgative value denotes hydrophilicity. Six membrane-span-
ning hydrophobic beta strands (Fig. SA, closed triangles)
were predicted over regions which displayed peak values of
H,(i) = 1.6. Amphiphilic regions in Hib porin were identified
by plotting the average amphiphilicity of each of the five
alternate amino acids within nine-residuc segments [F/,(7)]
sliding over the entire sequence (Fig. 58). Alicrnate amino
acids in a sequence would be distributed to one side of a
hypothetical membranc-spanning beta sirand. Five am-
phiphilic beta strands (Fig. 5B, closed dismonds) were
identified over regions which displayed values of H (i) 2 1.6
and H,(i + 1) = 0.4 as specified by Jihnig (11), These limits
for predicting hydrophobicity and amphiphilieity were based

~ on the analyses of a large number of membrane proteins,

1H, the prototype scquence used in our studies, by identi-

fying hydrophobic and amphiphilic stretches in its primary
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Such pattern searches within these defined limits were useful
in predicting 11 beta strands. Since analyses of other porins
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FI1G. 6. Topology ut Hib porin, The structure of Hib porin, OMP subtype 1H, was predicted from analyses of its hydrophabicity,
amphiphilicity, and reactivity with MAbs. Sixteen beta strands corresponding lo sequences in Hib porin defined by the numbers in Fig. 5 are
shown as rectangles. For each beta strund, the right side shows residues that are proposed to face the tining of the pore; the left side shows
residues that are proposed to interact with the outer membrane bilayer. Some reference numbers are shown for amino acids positioned in
loops. Signiticantly hydrophilic residues D, E, H, K, N, Q, R, 8, and T are circted. Surface-located epitopes are enclosed in parallelograms.
Epitopes buried or inaceessible to antibodies are enclesed in triangles.

of gram-negative bacterin revealed greater than 11 beta
strands (14, 30), we attempted to identify other potential beta
strands in Hib porin in 2 manncr analogous to that proposcd
hy Jibnig (11). To do this, we predicied four beta strands
which corresponded to relatively hydrophobic {Fig. SA,
open triangles) and/or relatively amphiphilic (Fig. 5B, open
diamonds) regions, even though the peak values of Hy(i) and
H\(i) in these regions were not within the limits specified
above. Fifteen beta strands (Fig. 5B, no. 1, 2, 3,4, 5,7, 8,9,
10, 11, 12, 13, 14, 15, and 16) were located by using the plots
gencrted by the program AMPHIL. By inspection of the
amino acid sequence of Hib porin for amphiphilic stretches,
the last of the heta sirands (Fig. 5B, no. 6) is proposed
because it was close to beta sirand 7 and conformed 1o the
emerging pattern (14) which found pairs of closely linked
antiparallel beta strands, cach pair being separated by long
stretches of hydrophilic residues {scc Discussion). Beta
strand 6 for either OmpF-OmpC of E. coli or the porin of
Neisseria meningitidis was also not readily predicted in the
study of baclerial porins (14). The determination of the
three-dimensional structure of OmpF will provide detailed
cluritication (22a). Thus, 16 beta strands of 9 to 14 amino
ucids were predicted for Hib porin.

Loops in the Hib porin sequence arc proposed by locating

stretches of hydrophilic amino acids and by identifying

residues that promoted turps. Regions exhibiting hydrophilic
character (Fig. 5A) served to identify loops in the Hib porin
sequence. In addition, the degree of amphiphilicity in these
regions (Fig. SB) was significantly lower. Finally, we sub-
jected the Hib porin sequence to turn predictions as de-
seribed by Paul and Rosenbusch {21), by locating stretches
of four or mare amino acids in which at lcast one residue was
turn promoting and nonc was turn blocking. Stretches of
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amino acids that arc predicted to promote turns occurred
cxclusively in regions that had previously been assigned 10
loops on the basis of hydrophilicity. In contrast, stretches of
amino acid sequences that arc predicted to block turns
occurred primarily in stretches that had been previously
predicted to be beta strands.

On the basis of these considerations, a model for the
topological organization of Hib porin in the outer membrane
was generated (Fig. 6). The model proposes 16 beta strands.
Fourteen of these strands are sufficiently amphiphilic to
interact with the bilayer of the outer membrane on one side
and to face the interior of the hydrophilic channel on the
other. Two strands (Fig. 6, beta strands 7 and 10) are more
hydrophobic thun amphiphilic and are predicted to span the
outer membrane without being directly exposed to the
interior of the pore. The model also shows eight large loops
on one side of the predicted beta barrel and cight short loops
on the other side. These loops connect neighboring beta
strands and arc predominantly hydrophilic. Two of the large
loops are located at the outer leaflet of the outer membrane
on the basis of our detcrmination of the reactivities of
anti-porin MADbs against intact cells of Hib.

DISCUSSION

Experiments reported here were designed to extend our
observations on the molecular reactivitics of seven mouse
MADbs against Hib porin and 1o generate information on the
folding of the protein in the outer membrane. Initial charac-
terization of our MAbs was based upon their recognition of
frugments of porin that were obtained by chemical and
enzymatic digestions. In addition, omega mutagenesis of
porin gene ompP2 (23) created 3 deletions and the truncated
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porin derivatives were expressed in the baculovirus expres-
sion vector system. Our initial resolution of the anligenic
determinants which were recognized by the MAbs varied
considerably: 36 residues for region i between amino acids
104 and 139, 13 residues for region ii between amino acids
162 and 174, and 75 residucs for region iii between amino
acids 267 and 341 (23). To refine this analysis, 336 overlap-
ping synthetic hexapeptides were generated for the entire
Hib porin scquence and tested for recognition by Hib porin
MAbs. This strategy of epitope scanning gencrated data that
were entirely consistent with our previous assignments.
MADb POR.1 rcacted with six hexapeptides, thercby narrow-
ing region i to the sequence between amino acids 116 and
126. MAbs POR.2, POR.3, POR.4, and POR.S reacted with
hexapeptides between amino acids 162 and 172 and was
therefore close to the earlier boundaries proposed for region
fi. MAbs POR.6 and POR.7 recognized hexapeptides which
included the cight amino acids between 318 and 325 and
served to define the limils of region iii. Two other MAbs
werc analyzed by epitope scanning and found to react with
amino acids 112 to 117 (MAb 9F5) and 148 to 153 (MAb
23AA12). All of these assignments were possible because
lincar epitopes and not conformational cpitopes arc recog-
nized by the nine MADbs. This contrasts with the lack of
reactivity with hexapeptides shown by Hb-2, a MAb that
rccognizes conformational determinants.

Region ii is of particular interest because of the amino acid
sequence variations it displays. If the porin of OMP subtype
1H is taken as the prototype sequence, then the sequence of
the porin of OMP subtype 2L differs by a single amino acid
change, Arg-166 to Gln. This uniquc change can be distin-
guished by MAbs POR.2, POR.3, and POR.4; there was a
nincfold decreasc in the reactivity of these MAbs with
FPLC-purificd 2L porin in the solid-phasc assay (ELISA)} by
comparison with 1H porin. Such a decrcase in reactivity was
also reflected in the results from flow cytometry, in which
MAbs POR.2, POR.3, and POR.4 showed diminished sur-
face binding to intact cells of Hib MCH 5539 (2L) comparcd
with Hib ATCC 9795 (1H). By cpitope scanning, these three
MAbs were unreactive with hexapeptides when they were
changed in scquence to reflect th Arg-166-t0-Gin substitu-
tion. Different results for MAb recognition therefore reflect
different stringencies that are inherent to the assays. Syn-
thetic hexapeptides present a limited number of amino acids
for antibody recognition and provide a context of restricicd
structural fexibility (28). Isolated protein and protein in its
native conformation at the bacterial surface present the same
amino acids but in different contexts. Our data indicate that
the primary sequence to which these threc MAbs bind is
between Gly-162 and Ala-171 in the 1H porin sequence and
that these MAbs are unable to bind to hexapeptides in this
region containing the Arg-166-to-Gln change. However,
when these MAbs encounter the native sequence of the Hib
2L porin (isolated 2L porin or porin on intact cells of Hib
with OMP subtype 2L}, the presence of other residucs may
be able to compensate to a certain extent the Arg-166-to-Gin
substitution and thereby allow for some binding. These
additional residues may directly participate in the structure
ol the epitope, or in their presence, the epitope may better
assume a conformation required for antibody binding. Porin
of OMP subtype 6U has four changes in sequence within
region ii: Gly-162 to Mel, Glu-163 to Ala, Arg-166 to Leu,
and Asp-169 to Asn. These multiple changes are sufficient to
abolish the reactivitics of MAbs POR.2, POR.3, and POR.4
ageinst the isolated Hib 6U porin and against intact Hib
1481, which displays this protein at the cell surface.
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MAb POR.5 wlso recognizes amino acids within region i
but has a specificity different from that of MAbs POR.2,
POR.3, and POR.4. The hexapeptides with which it reacted
{amino acids 165 10 172} were slightly shifted from those
recognized by MAbs POR.2, POR.3, and POR.4 (aminn
acids 162 to 171). MAb POR.S hinding to hexapeptides was
refractory (o the Arg-166-to-Gin change, and by flow cytom-
etry MAb POR.S reacted positively with Hib ATCC 9795
and MCH 5539. Nevertieless, POR.S did not react with Hib
1481, which contains two changes in its porin sequence
between amino acids 165 and 172, Taken together, these data
indicate the utility of our anti-Hib porin MAbs that are
dirccted against region i of porin: they differcatiate minor
and specific differences among strains of the major Hib OMP
subtypes 1H, 2L, and 6U.

The porin of R. capsulatus, another gram-negative bacte-
rium, has been crystallized, and the structure has been
solved to 4 resolution of 1,8 A {30), The monomer subunit of
this porin congists of 16 beta strands which form a com-
pletely antiparullel beta barrel in which all strands are
connected to their neighbors by leops. The connecting loops
are gencrally longer at the top of the barrel, corresponding to
the extracellular surface, and shorter at the bottom, corre-
sponding to the peripiasmic surface (29). A recent report that
analyzed the stiructure of a family of bacterind porins by using
sequence alignments snd structure prediction also arrived at
the same consensus for the arrangement of bacterial potins
(14). Those researchers predicted 16 beta strands which are
arranged in pairs, with the lurgest connecting loaps on the
extracellular side and very short turns on the periplasmic
side.

Porin of H. influenzae was not included in the shove study
{14), since the 18% homology of Hib porin with OmpF of E,
colf was considered to be at the lower limit of significance for
meaningful comparison. Could algorithms similar to those
used by Jeanteur et al. (14) be applicd to predict the
topological organization of Hib porin? Such predictiuns
might then be substuntiated by our mapping and lecalization
of MAb binding sites on Hib porin. To scarch for amphiphilic
regions in porin of Hib, we used n program (AMPHI)
devcloped by Jihnig (11), a program that is similar to that
first described by Eisenberg ct at, (5) and was usced (o predict
the structure of OmpF (15). We used the Jihnig method
because of its demonstrated validity for predicting second-
ary structures of OMPs (11). Morcover, when we subjected
the amino acid scquence of R capsulatus porin (31) 10
secondary-structure prediction by using this program, the
highest values for hydrophobicity [H,(i)] and amphiphilicity
[Hp(®) corresponded to regions of beta strandy us deter-
mined by analysis of the crystal structure of this protein.
Once we had identified potential beta strands for Hib porin
on the basis of hydrophobicity and amphiphilicity data (Fig.
5A, B), we constructed a model for the organization of Hib
porin in the outer membranc (Fig. 6). Beta strands of 9 to 14
amino acids were predicted. From anslyses ol sccondary
structures of other porins (12, 30), this range appearstobea
conservalive estimate for the Jength of hota strands that
traverse the membranc. We then subjected the model of Hib
porin to verification by identifying turns by using the method
of Paul and Rossnbusch (21). The chaice of three amino
acids as the minimum requircment for constituting A wrn, as
proposed by Paul and Rosenbusch (21), would t2lscly iden-
tify turns that may otherwise be within beta strands, Be-
cause Gln is the only hydrophilic amino acid that acts as a
turn blocker in beta-pleated shects, a sequence of three
hydrophilic amino acids which can be within a beta strand
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{two of the amina acid side chains facing the interior of the
pore and the other facing the lipid membrane, where it could
contribute to hydrogen honding) would most often be iden-
tified as a turn. For example, a portion of the sequence of R.
capsulatus porin, Val-227 Asp His Lys Als Tyr Gly Leu Ser
Val Asp Ser Thr Phe-241), has been shown to be a beta strand
(31). This scquence contains (wo stretches of amine acids,
Asp His Lys and Asp Ser Thr, both of which would be
predicted to be turns according to the criterion proposcd by
Paul and Rosenbusch. To circumvent this bias, we used four

amino acids as the minimum number required to constitute a
" turn. When applicd to Hib porin, the choice of this criterion
resulied in identification of terns and turn clusters exclu-
sively in regions that had been previously assigned to loops.
It is noteworthy that all but one (residuc position 193) of the
amino acid changes among porins of the three OMP subtypzs
of Hib (1H, 2L, and &U) fall within surface-exposcd loops
predicted for Hib porin. This finding is consistent with the
notion that scquence variations accur primariiy in surface-
exposed foops (14).

Dircct evidence for exposure of two of the largest loops to
the exterior stemmed from the fact that some of our anti-
porin MAbs which bound to amino acids 162 to 172 and 318
to 325 also reacted with Jatact cells of Hib. Such data
supported the proposed orientation of the side consisting of
the large loops o the outside and the side corresponding to
the tight conneetions of beta strands to the periplasm, The
cpitope recognized by MAb 23AA12 (amino acids 148 to 153)
has bheen located within a hydrophobic beta strand which
spans the membrane (Fig. 6). The region of Hib porin
corresponding to amino acids 112 10 126 was recognized by
two anti-porin MAbs and predicted to be part of an external
toop. Howcver, this region is not surface cxposed, as
determined by the noareactivity of these MAbs with porin in
intact cells, Nor did these MAbs react with outer membrane
vesicles (data not shown), indicating that their cognate
cpitopes are not exposed on the side of the periplasm. The
region cncompassing these sequences may be part of an
unusually hydrophilic beta strand, Alternatively, this loon
could be folded into the pore ond therefore the sequences
would be unavailable for antibody binding. A region desig-
nated c in PhoE of E. coli is thought (o form a Joop. Evidenee
for this proposal was based on structure predictions and on
sequence variations when this region was compared with the
corresponding regions in OmpF and OmpC. However, no
surface exposure could be detected for this region (24). A
loop of 44 amino acids in a corresponding region in the porin
of R capsulatus was located within the pore (30), We
speculate that the toop in Hib porin encompassing amino
acids 112 to 126 is located similarly.

Coinciding with our success in generating and character-
izing MAbs against Hib porin (23), there appeared another
report of MAbs against this protein {17). Although the
cpitopes of MAb recognition defined by those studies are
less well refined than ours, there is some correspondence of
regions recognized by the MAbs derived from both studies.
Of partticular interest are their group C MALs which map to
a region between amino acids 148 to 174, Like some of our
MADbs (POR.2, POR.3, and POR.4), group C MAbs were
able to discriminatc between Hib strains of OMP subtypes
1H and 2L. They reacted with OMP subtype 1H and not with
OMP subtype 2L.. Another of their MAbs, P2-17, mapped to
a region between amino acids 28 and 55, which is distinct
from any region of MAb recognition defined by our study.
Further refinement of the recognition sites for their MAbs
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would be useful in cvaluating our model of the topological
organization of Hib porin.

Even though the amino acid sequence of Hib porin shows
little homology to any of the known porins from gram-
negative bacteria, our model of Hib porin is in agreement
with the emerging consensus for the channel-forming motif
of porins. The predictive value of the several algorithms
vsed iu this study is clearly substarntiated by our MAb
mapping data. By rcconstitution of Hib porin with dimyris-
toyl phosphatidylcholine, we recently succceded in obtain-
ing two-dimensional crystalline sheets. Our present crystals
are sufficiently well ordercd to allow reconstruclion of
images at a resolution of about 30 A (4). These combined
approaches will ultimately guide us towanls a high-resolu-
tion structure of Hib porin.
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PREFACE TO CHAPTER 4

We wished to extend our investigations on the
immunological properties of Haemophilus influenzae type b
(Hib) porin described in Chapter 2. In this chapter, we
describe studies on the properties of lipooligosaccharide-free
recombinant Hib porin expressed in Bacillus subtilis. We
assayed the immune response against recombinant Hib porin and
the immunological value of anti-recombinant porin antibodies
in immunoprotection. The biophysical activity of this
recombinant Hib porin was alsoc tested and compared to that of

native Hib porin.
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The major surface-located, channel-forming protein in the cuter membrane of Haemophitus influenzae type b
(Hib) is porin (341 amino acids; M, 37,782). In order to genecate Hib porin that is devold of Hpooligosaceharides
and capsular polysaccharide, the EHib porin gene ompP2 was subcloned into a plasmid vector and recombinnnt
Hib porin was expressed in Baciilus subtifis. Recombinant purin was produced in large quantities in B, subsilis und
formed intracellular inclusion bodies. Recombinant porin was exiracted 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 aguinst recombinunt porin were penerated
and subjected to epitope scanning with a library of 336 overlapping synthetic hexapeptides thit corresponded to
the entire sequence of Hib porin. The epitope specificitics of the anti-recombinant porin antibodics were similar
to those of antibodies against Hib porin: sclecled regions near the amino terminus which include n huried loop
in the native structure of Hib porin were more immunogenic than regions at the carboxy terminas. Although
some mouse anti-recombinant porin antibodies mediated complement-dependent binding to Hib by polymorpho-
nuclear leucocytes in opsonuphagocytosis ussays, the antibodies were not bactericidal, nor did they abrogute
bacteremia in the infant rat model of infection. It was concluded that the nutive stute of Hib porin is required for

the generation of a protective immune response against the bacterium,

The outer membrane of gram-negative bacteria, including
Haemophiles influenzae type b (Hib), contains protcinaccous
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 abeut 600 Da (18). By
comparison, the valuc for the nonspeeific 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 Hi porin sequence (8, 16), a model for the
topological organization of Hib porin was proposed (3. In
the absence of spectroscopic or X-ray crystallographic data
lor Hib porin, we adopted other methods to provide direct
experimeutal evidence for the topological organization of Hib
porin. We generated monoclonal antibodies {MAbs) against
Hib porin and characterized their ability 1o bind 1o whole cells
(29). To define the epitope specificitics of the MAbs, overlap-
ping hexapeptides uf the entire Hib porin sequence were
synthesized and subjected to epitope scanning. The molecular
reactivities of binding of the MAbs provided supporn 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 stroins (26).

The immunological responses ¢licited 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-ncgative bacteria,
they are considered primary targets for immune recognition
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(15). Antibodies specific for noncapsular surface conypu-
nents of Hib apparently contribute 1o bumoral defense
mechanisms. An often-cited observation (6) is that antibod-
iey against roncapsular antigens were able to protect against
experimental infection, os assessed by the infant tat model ol
bacteremia. One of these protective noncapsular antigens
was reported to he porin, 38 kDa,

To extend our investigations on the immunological prop-
ertics of Hib porin, we wished o address the following
questions. (i) Does recombinant Hib porin elicit antibodies
which show specificitics tha are similar or identical o those
of antibodics against native Hib potin? (i) Are anti-recom-
binam Hib porin antibodies bactericidal and protective
aguinst bacteremia? The gram-positive bacierium Bacillus
subrilis was chosen to generate recombinum Hib porin (also
called Bac porin). This organism was attructive 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 Lo assess porin's function independent of these
pram-negative polymers. Recombinant porin was expressed
in an enviromnent devoid of the capsular polysaccharide
polyribosy! ribitol phosphate (PRP). We assayed the immune
response against recombinant Hib porin and the immunolog-
ical value of anti-recombinant porin {Bae porin) antibodies in
three tests: opsonophagocytosis, complement-mediated FHib
lysis, and immunoprotection in the infant rat madel of
bacteremia.

MATERIALS AND METHODS
Muolecular cloning of ompP2. The ompP2 genc [rom

pACCD3, 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 oligonucieotide primers: 5-AAG CTT
AAG CTT GCT GTT GTT TAT AAC AAC-3', correspond-
ing to two tandem Hindlll sites plus codons for the first six
amino acids of the sequence (B, 16} of the mature form of Hib
porin; und 5'-AAG CTT AAG CTT TTA GAA GTA AAC
GCG TAA-Y, corresponding to two tandem HindllIl sites,
the termination codon, and the penultimate five amino acids
of Hib porin. The oligonucleotides were synthesized on an
Applicd Biosystems (Foster City, Calif.) 392 DNA Synihe-
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 pritmers at a final concentration
of 1 pM. The PCR reaction mixture was subjected to 2§
cycles of denaturation (95°C, 1 min), annealing (55°C, 2 min),
and cxtension (72°C, 3 min) witk a Techne PHC-2 thermo-
cycler (Techne Lid., Duxford, Cambridge, United King-
dom). The PCR-gencrated fragment was trimmed with
HindIll and then ligated at a threefold molar excess into the
expression vector pKTH288 (4.5 kbp) that had also been
restricted with HindlIl and dephosphorylated. Plasmid
pKTH288 was derived from pKTH39 (23) by insertion of &
linker (5'-AAT TCG AAG CTT CG-3') at its EcoRl site.

The host bacterial strain was B. subtilis 1H6140 (23), a
prototrophic derivative of B. subtilis Marburg strain 1A298
[rom the Bacillus Genetic Stock Center, Department of
Biochemistry, Ohio State University, Columbus. Strain
TH6140 is sporulation deficient and has reduced exoprotease
uactivity. Bacterial cells were made compelent by the method
of Gryczan ¢t al. (7), transformed with 700 ng of the
postligation species, and selected on plates of Luria broth
containing kanamycin (10 wg/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
o 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 ct
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 2% L broth containing kanamycin
(30 pg/mi). Cells were harvested by centrifugation, washed
twice with distilled water, suspended in 0.2 volume of 10 mM
Tris-HCI {pH 8.0), and canverted ta 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 protcolysis
of Bac porin. The material was centrifuged (13,000 % g) 1o
recover membranes plus inclusion bodics. To solubilize
membranes, the pellet was extracted three times at ambient
temperature for 30 min cach 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 § mM EDTA.

Identification of proteins. Proteins were quantitated by the
bicinchoninic acid assay (28) and subjected to sodium dode-
eyl suifate-polyacrylamide gel clectrophoresis (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 clectrophoretically 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 tem, crature with primary aniibody. After the
nitrocellulose was washed free of primary antibody, the
secondary antibody used was a rat monoclonal anti-mouse
light chain (36) coupled to alkaline phosphatase. The immu-
norcactive conjugates bound to Hib porin were identificd
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 um 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-decanc. Formation of the bilayer was monitored
through a glass window on the end of onc of the compart-
ments with a light source and a microscope. Bilayer forma-
tion was indicated by the membranc’s tuming optically black
to incident light. The porin samplc was added to the aqueous
phase ¢ither before membrane formation or after the mem-
brane had turned optically biack, Conductance across the
membranc was measured by a fixed transmembranc poten-
tial. A pair of Ag-AgCl clectrodes were inserted into solu-
tions of 1 M KCl on both sides of the membrane. An
operationul amplifier (Analog Devices, Norwood, Mass.;
type AD 40K) was used in a current amplificr configuration
50 that the flow of Cl™ ions could be recorded on a strip vhart
tecorder.

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 rcceived a primary immunization
with 20 pg of recombinant porin from inclusion bodies and
then, 6 wecks 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) O-6,7 from Salmonella en-
terica, serovar typhimuriom (21), or LOS from Hib was
included with some samples.

To produce antibodies against Hib porin, New Zealand
White rabhits were immunized with protein (100 pg) that was
purified by the method of Vachon et al. (34). The primary
immunization was donc with FCA; sccondary 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 Carc.

‘The reactivity of antibodics to intact Hib or isolated porin
on a solid phase was assayed by enzyme-linked immunosor-
bent assay (ELISA). Hib cclls 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 MAb (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-phasc 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 latc-exponential-
phase cultures. Bacteria were washed twice in 20 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethancsulfonic
acid, pH 7.4) containing 0.1% glucose (HEPES-glucosce) and
incubated with 1,015 mg of filuorescein isothiocyanate per ml
for 15 min at 37°C. Bactcria were washed three times in
HEPES-glucose to remove unbound fluorescein isothiocy-
anate. The concentration of bacteria was adjusted to 10°
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% (volfvel). Scrum from
an agammaglobulinemic patient at a concentration of 1%
{voljvol) was used as a source of complement, The bacterial
suspension (20 ul, 10* CFU/ml) was added to 100 pul of a
suspension. of human polymorphonuclear levkocytes
{(PMNs; 107/ml) isolated as described by Kuijpers et al. (11).
Bacteria which werc 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, Heidcloerg, 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). Bacleria 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°C in a CO,
incubator. The highest dilution thal showed 50% killing was
the bactericidal antibody titer.

To assess whether passively transferred polyclonal anti-
bodies were protective in vivo, the infant rat mode! of
bacteremia was used (27). The antiscra 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 wl of undiluted or
100 pl of diluted (1:10 or 1:100) blaod.

RESULTS

Expression of recombinant Hib porin. The expression
vector pKTH28B of B. subtilis was sclected for the cloning of
the ompP2 gene under the control of the promoter for
a-amylase of Bacillus amyloliguefaciens (22). By PCR am-
plification of the ompP2 gene, the DNA sequence of the
matyre form of Hib porin was gencrated as a HindlIl
fragmemt. This fragmemt (1,032 bp) was ligated into
pKTH288 restricted with HindlIlI so that the codons for the
first seven amino acids of the signal sequence of a-amylase
plus four amino acids from u 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. ldentification of recombinant Bac porin, Protein samples
were loaded onlo SDS-15% PAGE gels und revealed on tie gel by
silver staining. Lane M, size marker prateins {in kilodalions); lanes
1 to 3, porin putificd from the outer membrune of Hib (250, 504, and
1.000 ng, respectively); lanes 4 1o 6, proteins from inclusion budies
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 poattern
obtained ufter 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 Iie Gin Lys Arg Lys Arg Asn Ser Lys Leu
Aln-12 Val-13 Val-14 Tyr-15 Asn-16 Asn-17; Ala-12 10
Asn-17 conespond to the amino terminus of the mature form
of Hib porin. Bac porin was cxpressed 1o such high levels
that it aggregated within the cell and formed inclusion bodies
(20, 24). To identify Bac porin, the cells were first converted
o protoplasts; inclusion bodics were collected and washed
with buffer containing nonionic detergent plus a high salt
concentration. As assessed by SDS-PAGE, this buffer solu-
bilized protcins from the bacterial cytoplasmic membrancs.
Because inclusion bodies were refractory to this treatment,
they were collected by centrifugation and suspended in 10
mM Tris-HCl (pH 8.0)-1 mM EDTA to a prolein concentra-
tion of about 1 mg/ml.

Identification by SDS-PAGE of the proteins at each siep
of the above protocol showed that almost no Bat porin was
lost by detergent extraction, whereas the inclusion bodies
were enriched for Bac porin (Fig. 1, lancs 4 1o 6). A
persistent, contaminaling specics of approximately 14 kDa
was always noted with Bac porin in inclusion bodics. Several
minor protcin specics of both higher and lower molecular
mass than Bac porin were also routinely observed in prepa-
rations of inclusion bodics, The identity of Bac porin as the
desired recombinant protein was confirmed by Western
immuncblotting onto nitroccllulose 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
antiscrum which showed specificity towards the first 11

78



Var. 61, 1493

20

15:

| 15;

RECOMBINANT HAEMOPHILUS PORIN 3337

20;

Percent of Total
Conductance Steps

1.5

20

Channel Conductance (nS)

FIG. 2. Comparison of channe! conductances of Hib porin and Bac porin in planar bilayers. Conductance steps were recorded at o
transmembrane polential of 10 mV in 1 M KCL {A) FPLC-purified Hib porin n1 2 pg/ul in 50 mM Tris-HC) (pH 8.0)-0.1% Zwittergent Z-3,14
was dilmed 500-fold into 50 mM Tris<-HC) (pH 8.0); 1 to 5 sl of this muterial was then ndded to the Teflon chamber. (B) Baciilus inclusion
bodies were suspended a1 50 nghud in 50 M Tris-HCl (pH B.0)-1% Zwintergent Z-3,14 and then sonicated, Insoluble materin) was pellcted
hy centrifugation, The supernatant, which contnined Bac porin at upproximately 1 ngipl, was diluied fivefold into 50 mM Tris-HCI (pH 8.0);
§ 16 10 ul of this material was added to the Teflon chamber. (C) Bac porin extracted from inclusion bodies with 1% wittergent 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 ul of this material was added 1o the Teflon chamber. (D)
FPLC-purified Hib potin st 2 ug/p) was diluted 500-fold into 50 mM Tris-HCI (pH 8.0)-5% Zwittergent Z-3,14; 1 10 5 ! of this material was
udided 1o the Teflon chamber. The 1ota) number of conductance steps analyzed was as follows: panel A, 178; panel B, 219; panel C, 200; and
paned D, 214, Conductunce steps of greater than 2.08 nS accounted for less than 5% of the total aumber of events and were not included in

this analysis.

amino acids that are characteristic of recombinant proteins

generaled from pKTH288-related vectors. The cafculated
molccular 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, lanc 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 channcl-forming activity. On SDS-PAGE gels
(Fig. 1, lancs 1 10 3), FPLC-purificd Hib porin appeared as a
single protein band when silver stained. LOS miprated as a
low-molecular-weight, minor contaminant. To the 1 M KCI
solution bathing the planar bilayer was added Hib porin at o
final concentration of 1 to 5 ap/mi. Stepwise increases in
membrane conductance of C17 jons were attibuted to the
spontancous insertion of porin into the bilayer. With the
transmembranc potential held at 10 mV, the changes in
membrane conductance were recorded until the conductivity
was beyond the runge of the apparatus. Histograms of the
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amplitude of the conductance steps for Hib porin arc 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
bodics was cxtracted with a solution of 50 mM Tris-HCl (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
parin showed a surprisingly narrow distribution in channel
conductance, with 50% of the currcnt increment events
having a conductance of 1.4 to 1.6 n§ (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/ul in 50 mM Tris-HCI [pH 8.0))
(34), a different distribution of conduclance steps was ob-
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TABLE 1. Antibodics against recombinant Hib porin

Reciprocal ELISA tier®

Immunogen against: Opsonophagocytosis assay
cumbinalion®” (“+ posinive PANS)
Entact Hib Hib porin

i 1.194 15 12=4

it 2,008 25 =4

i 10,6011 125 =7

iv 19,109 125 260=8

v 2,560 25 B=0

Control 2=*3

¢ Sera ate numbcered to correspond to the combinaiians of materials used
for immunization of groups of 10 mice, as described in Results, The contrul
was complement alone, without antibody,

® The reciprocal titer versus inlact Hib is the dilution of poeled mouse
hyperimmune sera that corresponds through extrapolation to SUSF of the
maximum absorbance value for the colotimetric assay of enzymatic activity.
The reciprocal titer versus FPLC-purified Hib porin (10 pg/ml) is expressed us
the dilution of affinity-purificd antibodies (already a sixfold dilution of pooled
mouse hyperimmune sera) that gave an absorbance of ut least 0.2 over
hackground. .

served (Fig. 2C). This distribution matched the distribution
of conductance steps scen for FPLC-purified Hib porin (Fig.
2A). Furthermore, when FPLC-purified Hib porin was di-
luted into 50 mM Tris-HCl (pH 8.0)-5% Zwittcrgent Z-3,14,
the histogram (Fig. 2D) became similar 10 that of Zwiter-
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
1Y) mM Tris-HC (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 pg)
were combined with the following materials: (i) 50 pg of
Salmonella 0-6,7 LPS (21); (i} S0 pg of LOS from Hib; (iii)
50 pg of Salmonella LPS plus FCA; (iv) 50 pg of Hib LOS

plus FCA; or (v} FCA alonc. FCA wuas uscd only in the

primary immunization, and no FCA was used in the second-
ary immunpizations. The pooled hyperimmune scra were
numbered i to v to correspond to the above combinations.
For the three biological assays, undituted pooled sera or
dilutions of pooled sera were used as indicated in the
relevant sections. The pooled sera were purilied by passage
over an anti-x light-chain immunoaflinity column, which also
diluted the antibodies in the pooled sera by sixfold, Thesc
purificd mouse sera were the source of the antibodies used
for epitope scanning. As cvaluated by ELISA of pooled
mouse sera against intact Hib cells or ELISA of purified
mousc scra 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 uscd to define the molecular
reactivitics of nine mousc MAbs raised against Hib porin.
Seven MAbs reacted to the region between Thr-112 and
Gly-172, and two MADbs recognized the rcgion betwcen
Thr-318 and Val-325 (Fig. 3A) (30).

In this study, we used the overlapping hexapeptides to test
the reactivitics of polyclonal sera raised against Hib porin
from a rabbit. Two regions of positive reactivity were
identified: between [le-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 rafsed aguinst Hib porin or Bac porin. (A)
Regions of the hexapeptides recognized by four different gronpy of
mousc anti-Hib porin MAbs as described previously (30). (B)
ELISA reactivities 1o the hexapeptides of polyclonal antibodies
against Hib porin abtained from a rabbit, (C) ELISA reactivities to
the hexapeplides of pooled mouse antisera against Bac porin prein-
cubated with Salmonetia O-6,7 LPS. (1)) ELISA reuctivities to the
hexapeptides of pooled mouse antisera ngainst Bac porin preincu-
bated with Hib LOS. The hexspeptides were incubated with the
anti-Hib parin antibodies or anti-Bac porin antibodies, washed free
of unbound antibodies, ond reacted with a secondary antibody,
ELISA vatues are expresscd as A units measured after 3) min of
incubation with substrate and after substraction of background
renctivity. The value of the background was an average of three
reuctivities against pins not cantaining any peplides and subjected 1o
scanning under the same conditions. Negutive sbsorbance values for
the hexupeptides were considered 10 be zcro,
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cpitopes were directed primarily to a region between Thr-112
and Gly-172 in the amino-terminal portion of the protein.

We also tested the reactivitics to the hexapeptides of pools
of mouse polyclonal antiscra raised against Bac porin from
inclusion bodies. Affinity-purified antibodies from two
pocled scra that provided the highest titers of anti-Hib porin
antibodics were tested: that raised against Bac porin plus
Salmoneile 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 pattemns of reactivilies to the
hexapeptides of antibodies raised against Bac porin in the
presence of S. enterica 0-6,7 LPS (Fig. 3C) and antibodics
raised against Bac porin in the presence of Hib LOS (Fig.
3Dj. Morcover, the overall specificity of antibodics against
Bac porin (Fig. 3C and D) was similar to the specificity of
antibodies against Hib porin (Fig. 3A and B), because
selccied regions in the amino-tcrminal portion of the protein
were clearly more immunogenic than regions in the carboxy-
terminal portion of the protein.

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

Bactericidal assays provided an assessment of the ability
of the anti-Bac porin antibodies to bind complement and to
dircet 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 hyperimmunc sera (i, i, iii, iv, or v) raised against
Bac porin. With 25% human complement plus anti-Bac porin
antibodics (the sume five pooled sera), no bacteriolysis of
Hib strain RH3527 was observed, even at the lowest dilution
(1:4) of pooled sern in the standard assay. For controls, a
human pool of unti-PRP antibodies up to a dilution of 1:128
(32 ng of anti-PRP untibodies per ml) plus 25% human
caomplement gave 50% kiiling 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-
bodics prior to intraperitoncal challenge with live Hib might
be able to abrogale bacteremia. Four groups of infant Wistar
rats were injecied 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
controt group indicated high-level bacteremia. No rats were
bacteremic when anti-PRP antibodies had been passively
transferred before challenge, The geometric mean titers for
ats receiving anti-Bac porin antibedies or anti-Hib porin
antibodies indicated that ncither of these pools of antisera
confcrred 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 poria in S19 insect cells (25).
Recombinant baculoviruses were isolated and shown to
cxpress the ompP2 gene. In spite of the low levels of
cxpression, 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 antibadies against
PRP, Bac porin, or Hib porin

Mo, of rats/no. in group

(%) with: Geometric mean liter
Antibody Tightevel (n? Ell;l:i'ml of
. igh-leve
Bacteremia bacteremia )

Saline 11711 {100)  11/11 (100) 60.2
Anti-PRP 0711 (D) 0/11 (0} 0.05
Anti-Bac porin® 99 (100) 79 (78) 14.6
Anti-Hib porin 9/9 (100) 719 (78) 4.1

* Number of rats showing visble CFU of Hib in blood samples at 18 h
posichalienge; high-level bacteremin is defined as greater than 2.5 x 10°
CFU/ml of blood.

B Serum iii {Table 1) was the source of anti-Bac poria 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 vf inclusion
bodies was shown to form pores in black lipid membrancs,
demonstrating that this protcein is capable of folding inlo a
functional form in the absence of LOS. Howcver, these
pores displaycd clectrical propertics 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 resulis (33) and that is typical ol 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-chapnel
conductance steps (Fig. 2B). This altered biophysical behav-
ior was also seen with Bac porin obtaincd after treatment of
inciusion bodies with either a nonjonic 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 namrow 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 bodics may be
in 4 similar partially denaturcd state and able to assume the
native conformation only by forming a complex with LOS.
In support of this idea, Bac porin cxtracted from inclusion
bodics was reconstituted with a solution of LOS; the Bac
porin-LOS complex showed a distribution of conductance
steps (Fig. 2C) that matched the profile secen for FPLC-
purified Hib porin.

{mmunological reactivitics were compared for anti-Hib
porin antibodics and anti-Bac porin antibodies against
hexapeptides comesponding to the complete sequence of
Hib porin. In both instances, hexapeptides derived from the
amino-lerminal 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 scquences 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 ard 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 channe), forming the eyelet of
the pore. Under the conditions used for antigen preparalion,
Hib porin may have undergone denaturation, and this loop
may have become immunogenic.

The immunogenicity of Bac porin isolated from inclusion
bodies was cnhanced 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 anli-
Bac porin antibodies at the same titers. LPS from both
sourccs was thercfore a general adjuvant. Furthermore, the
averall patterns of reactivity of anti-Bac porin antibodics
raised in the presence of Salmonella 0-6,7 LPS (serum iii) or
in the presence of Hib LOS (serum iv) to the hexupeptides
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 specificitics of the two scra
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 1o 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 rajsed against FPLC-purificd Hib porin were able 10
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 carlier 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 (BacPl). Antibodies
raised against BacP1 complexed with Salmonella 0-6,7 LPS
were bactericidal and protective against N. meningitidis
(20). The reason for the difference in protective abililies
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 indjcate 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 dirccted primarily
against nonnative epitopes. We are not able to substantiate
earlier claims (6, 15) that anti-Hib porin antibodies arc
protective. We conclude that antibodics to our isolated form
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of Hib porin or against recombinant Bac porin provide little
or no protection against Hib discase.
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PREFACE TO CHAPTER 5

From our previous studies (Chapter 3), a region in
Haemophilus influenzae type b (Hib) porin, between residues
112 and 126, was not surface-exposed. This region was
predicted to be part of the third loop in our topolegical
model for Hib porin. This chapter describes work that was
designed to test the hypothesis that, analogous to other well
characterized porins, the third loop in Hib porin folds into
the lumen of the pore and produces a narrowing of the channel.
Genetic deletions and insertions were constructed in the Hib
porin sequences corresponding to the third loop. These mutant
porins were used to transform a nontypeable Haemophilus
influenzaa strain that was deleted for porin. The
sensitivities of these strains to various anti-microbial

agents were compared.
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1. Summary

A protein called porin (341 amino acids; M, 37 782 Da)
located in the outer membrane of Haemophilus influenzae type
b (Hib) allows for the diffusion of small solutes up to a
molecular mass of 1400 Da intc the periplasmic space. In
order tc examine the role of loop 3 in the structure of Hib
porin, site-directed mutagenesis of the cloned Hib porin gene
was undertaken. Hib porin containing 6 or 12 amino acid
deletions in loop 3 was expressed in a nontypeable Haemophilus
influenzae strain deleted for porin. Strains expressing such
mutant porins showed significant increases in sensitivities to
several anti-microbial agents as compared to wild-type Hib
porin. Deletion of 12 amino acids showed more pronounced
phenotypes than deletion of 6 amino acids. Therefore
deletions in loop 3 caused alterations in pore properties. By
comparison, strains expressing mutant porins with 6 or 12
amino acid deletions in the surface-located loop 4 showed no
changes in sensitivities to the anti-microbial agents. The C3
epitope of the polioviral VP1 capsid protein was inserted into
loop 3 and loop 4 of Hib porin. Whereas the C3 epitope in
strains expressing C3 insertion in loop 4 was surface-exposed,
the C3 epitope in strains expressing €3 insertion in locop 3
was inaccessible at the surface. Such mutagenesis experiments
provided support to the notion that loop 3 in Hib porin folds

back into the pore and produces a constriction of the channel.
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2. Introduction

The outer membrane of Gram-negative bacteria forms a
selective permeability barrier to substances present in their
environment. Solutes such as sugars, amino acids,
nucleosides, and small antibiotics diffuse easily across the
outer membrane whereas substances such as proteins,
detergents, and large antibiotics do not gain easy access into
the periplasmic space. Porins are trimeric proteins located
in the outer membrane and are largely responsible for the
molecular sieve properties of this bilayer. They form water-
filled channels which allow the diffusion of hydrophilic
molecules into the periplasmic space (Benz et al., 1978;
Nakae, 1976; Nikaido & Vaara, 1985). The maximum size of a
solute molecule that can permeate the pores defines a value
termed the molecular mass exclusion limit., Solutes lower in
molecular mass than this value diffuse readily through porins
into the periplasmic space, whereas solutes whose molecular
mass exceed the value of the exclusion limit are impeded in
their passage. The variety of porins and their exclusion
limits differ from one bacterial genus to another (Jeanteur et
al., 1994).

Haemophilus influenzae type b (Hib) is an encapsulated
Gram~negative bacterium that until recently was the nost
frequent cause of meningitis in infants under 18 months. The

most abundant outer membrane protein in Hib is porin and is
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encoded by the ompP2 gene. Whereas the outer membrane of E.
coli contains at least three proteins (OmpF, OmpC, and PhoE)
that are general diffusion channels (Nikaido, 1992), only one
of the six major outer membrane proteins from Hib has been
shown to form pores. The pore formed by Hib porin has a
molecular mass exclusion limit of 1400 Da (Vachon et al.,
1985), considerably larger than the value of 600 Da (Nikaido,
1992) for the pore formed by OmpF of E. coli. By liposome
swelling assays, Hib porin has a greater pore diameter (Vachon
et al., 1988) than the porins of E. coli.

Based on the crystal structures of Rhodobacter capsulatus
porin (Weiss et al., 1991), Rhodopseudomonas blastica porin
(Kreusch et al., 1994), and E. coli OmpF (Cowan et al.,
1992), PhoE (Cowan et al., 1992), and LamB (Schirmer et al.,
1995) porins, the folding pattern of the consensus bacterial
porin can be predicted to be comprised of (i) 16 or 18 anti-
parallel B strands that traverse the outer membrane forming a
B barrel and (ii) loops that connect the § strands on either
side of the membrane. The connecting 1loops on the
extracellular surface are generally longer than the loops on
the periplasmic surface.

Based on parameters of hydrophilicity and amphiphilicity,
we previously generated a computer-derived model for the
secondary structure of Hib porin (Srikumar et al., 1992b).
Even though the amino acid sequence of Hib porin showed little

homology to any of the known porins of Gram-negative bacteria
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(Jeanteur et al., 1994), our model of Hib porin was in
agreement with the emerging consensus for the channel-forming
motif of porins. Our model for Hib porin predicted (i) 16
anti-parallel § strands that traverse the outer membrane and
(ii) eight long loops that connect the § strands on one side
of the membrane. A panel of seven mAbs against Hib porin
(Hansen et al., 1989b; Srikumar et al., 1992a; wvan Alphen et
al., 1991) provided data which (i) supported the computer-
assisted predictions of Hib porin’s secondary structure and
(ii) allowed for the orientation of the Hib porin model such
that the eight long, connecting loops were assigned to the
extracellular surface. These studies established two surface-
exposed regions in Hib porin, amino acids 162-172 and 318-325,
In the topological model for Hib porin, these two regions were
part of the fourth loop (loop 4) and the eighth loop (loop 8),
respectively. Two regions between residues 112-126 and
residues 148-153 were buried or inaccessible at the surface of
the outer membrane, The region between residues 112~126 was
predicted to be part of the third loop in the topological
model for Hib porin (Srikumar et al., 1992b).

In the consensus model for the folding of bacterial
porins, there is an indication that the third loop (loop 3)
contributes to the narrowing of the channel. In the
Rhodobacter capsulatus porin, Rhodopseudomonas blastica porin,
and E. coli OmpF, PhoE, and LamB porins, loop 3 folds back

into the channel and produces a constriction of the channel.
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This feature is predicted to control pore sizes, thereby
establishing their molecular mass exclusion limits. Mutants
of E. coli were selected genetically for the expression of
peres larger than those that have a molecular mass exclusion
limit of 600 Da (Benson & Decloux, 1985). In these mutants,
several deletion and point mutations in loop 3 of the OmpF
(Benson et al., 1988) and OmpC {(Misra & Benson, 1988a; Misra
& Benson, 1988b) porins were identified. The region
encompassing amino acids 112-126 in Hib porin and predicted to
be part of loop 3 was nhot surface-exposed (Srikumar et al.,
1992b) . OQur hypothesis is that loop 3 forms the constriction
within the barrel of Hib porin, analogous to other
characterized bacterial porins.

To test the hypothesis that loop 3 of Hib porin folds
into the lumen of the pore and produces a narrowing of the
channel, genetic deletions and insertions were constructed in
the Hib porin sequences corresponding to loop 3 and loop 4.
Plasmids carrying the cloned Hib porin gene or carrying
mutations in the Hib porin gene were used to transform a
nontypeable Haemophilus influenzae (Hi) strain that was
deleted for porin. The sensitivities of these strains to

various anti-microbial agents w:re compared.

3. Materials and Methods

Media, enzymes and reagents. Unless otherwise stated,

20



Haemophilus strains were grown on chocolate agar plates {36 g
1? GC base (Difco), 10 g 1! haemoglobin, and 20 ml 1! vitox
supplements (Oxoid)} containing 150 ug ml!' of bacitracin.
Ligquid cultures of Haemophilus strains were grown in brain
heart infusion (BHI; Oxoid) broth supplemented with haemin (10
pg ml') and NAD (10 pg ml?); this medium is designated
supplemented BHI (sBHI). Media used to grow E. coli strains
have been described (Sambrook et al., 1989). Unless otherwise
stated, antibiotic concentrations used for selection of
chromosomal or plasmid markers in Haemophilus and E. coli were
20 ug ml' of kanamycin and 10 ug ml? of tetracycline. The
concentration of ampicillin used for selection of plasmid-
encoded resistance in E. coli was 100 g mll,
Oligonucleotides were synthesized at the Sheldon Biotechnology
Centre, McGill University.

Bacterial strains and plasmids. The strains and plasmids
used in this study are 1listed in Table 1. Nontypeable
Haemophilus influenzae strain DB117 is a recombination-
deficient derivative_from parent Kw20.

Molecular bioiogioal techniques. Restriction
endonuclease digestions, ligations, and DNA manipulations were
performed as described in Sambrook et al., 1989. E. coli
strain DH5a or Hi strain DB117 were used as hosts for large
scale isolation of plasmid DNA using the plasmid maxi kit
(Qiagen). DNA was extracted from agarose gels using the

Geneclean kit (Bio 101). For transformation of E. coli, cells
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TABLE 1.

Bacterial strains, phages, and plasmids used in this study

8train, phage,
or plasmid

Relevant
characteristics

gource or
raeference

E. coll strains

DH5a

CJ236
MV1190

Haemophilus s*rains

ATCC9795
KW20

DB117

DL42
DL42/2F4"
RSFA21
RSFAb21
RS01

RS03 to RS08

Phage

M13K07

Plasmids

pBluescript SK(-)
puUC-CI
pPEJH39-1-35

PFFAQ2
PFFA03 toc pFFAO8
pPRSO02

PRS03 to pRSO08
pR521

supE44 AlacUié69 (¢80 lacZAM15)
hsdR17 recAl endAl gyrad96 thi-1 relAl
dutl ungl thi-1 relAl/pCJlos(cam’ F)
A(lac—ProAB) thi supE A(srl-recA)306::Tn1o(tet")
F' [traD36 proAB lacI' lacZAM15]

Wild-type Hib subtype 1H ompP2*
Wild-type Hi Rd ompP2* rec-1*

KW20 rec-1

Wild-type Hib subtype 1H ompP2* rec-1*
DL42 ompP2

KW20 AompP2 kan'

DL42 AompP2 kan'

RSFA21 containing pEJH39-1-35

RSFA21 containing pRS03 to pRSO8

M13 carrying a mutation in gene II

Phagemid bla*

PACYC184 fi(EcoRI::EcoRI pUC4K 1.1 kb kan')

pGB103 N (PstI::EcoRI-PstI DL42 2.5 kb ompP2*)
ColEl Hi Rep

pBluescript SK(-) Q{Pvull::PvulI-Sspl pEJHI9-1-35

1 kb segquences coding for mature Hib porin)

pFFAQ2 carrying mutations in sequences coding for

mature Hib porin

pEJH39-1-35 f1{PvulI-Mlul::pvull-SalI-Mlul adaptor)

pEJH39-1-35 ompP2
pRS02 f1{Sall::Sall puUC~CI 1.1 kb kan')

Bethesda Research
Laboratories

Bio~Rad

Bio-Rad

Vachon et al., 1985
Alexander & Leidy,
1951

Setlow et al., 1972
Hansen et al., 1989a
Cope et al., 1990

This study

This study

This study

This study

Bio~Rad

Stratagene
Vieira & Messing, 1982
Cope et al., 1990

This study
This study
This study

This study
This study




were made competent with calcium chloride (Sambrook et al.,
1989). Haemophilus strains were made competent for DNA uptake
using calcium chloride by a similar method (Barcak et al.,
1991). To induce natural competence in Haemophilus, strains
were grown under conditions described previously (Barcak et
al., 1991).

construction of a nontypeable Haemophilus irfluenzae
strain deleted for its porin gene. The entire Haemophilus
influenzae type b porin gene (ompP2) together with upstream
sequences (1.1 kb at the S5-end of the gene) and downstream
sequences (0.37 kb at the 3’-end of the gene) are contained in
the shuttle vector pEJH39-1-35 (Fig. l1a) as an EcoRI-PstI
fragment. This plasmid was linearised with PvuII and then
subjected to partial digestion with Mlul. The digestion
products were electrophoresed on an agarose gel; the 11.6 kb
PvulI-Mlul DNA fragment was isolated, A double-stranded DNA
adaptor with PvulIl and MIuIl ends containing an internal sall
site was constructed by annealing two single-stranded
oligonucleotides: 5'-CTG GTC GAC A-3’ and 5'-CG CGT GTC GAC
CAG-3’. Ligation of the adaptor to the 11.6 kb DNA fragment
~created a novel Sall site. The ligation mixture was used to
transform Hi strain DB117; selection was for tetracycline
resistance. Plasmid DNA was isolated from transformants and
was designated pRS02 (Fig. la). Plasmid pRS02 had 98 % of the
coding sequences for Hib porin removed, bhut retained sequences

flanking the excised porin gene. 1In order to overcome Sall
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Fig. 1. Genetic construction of Hi deleted for porin. The
strategy used is described in Methods. A: Construction of
pRS21 starting from pEJH39-1-~35. ColEI and Hi Rep are
sequences required for replication in E. coli and Haemophilus,
respectively. The Sspl restriction site identified in pEJH39-
1-35 is not unigue to the plasmid. B: Mechanism of homologous
recombination that resulted in gene replacement and the
generation of porin-deleted, kanamycin-resistant Hi strains

(Hi A Porin, Kanf).
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site modification in Hi strain DB117, pRS02 was used to
transform E. coli strain DHSa and plasmid DNA was re-isolated.
E. coli-derived pRS02 was digested with Sall and ligated to a
1.1 kb SallI-restricted DNA fragment containing a kanamycin
resistance gene derived from transposon Tn903. The ligation
mixture was used to transform E. coli strain DHS5a with
selection for tetracycline and kanamycin resistance. The
plasmid in which the kanamycin resistance cassette with its
own promoter had been cloned in the same orientation as the
Hib ompF2 promoter was designated pRS21 (Fig. 1a).

Plasmid pRS21 was digested to completion with BamHI and
the digestion mixture was used to transform naturally-
competent Hi strain KXKW20; selection was for kanamycin
resistance. Kanamycin-resistant transformants were analyzed
for their expression of porin in the outer membrane. From Hi
strains that were deficient for porin expression, chromosomal
DNA was subjected to Southern blotting using the Hib porin
gene and the kanamycin resistance gene as probes.

southern hybridigzation. Genomic DNA was isolated from
Haemophilus strains by a microscale procedure (Barcak et al.,
1991). DNA  restriction fragments were separated
electrophoretically in 0.7 % agarose gels containing TAE (0.01
M Tris-acetate plus 0.01 M EDTA) buffer and transferred to
Nytran hybridization membranes (Schleicher & Schuell).
Enzymes and the digoxigenin (DIG) DNA labelling kit (The

Genius system) for Southern hybridization were obtained from
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Boehringer Mannheim. Southern hybridizations were carried out
with DIG-labelled probes by following the manufacturer’s
instructions. Hybridizations were at 68 °C and a final wash
with 0.1X SSC containing 0.1 $ SDE at 68 °C for 15 min was
included to reduce the background. The concentration of the
probes during the hybridization steps was 25 ng ml! of
hybridization solution.

Mutagenesis of cloned Hib porin. Plasmid pEJH39-1-35 was
digested with Pvull and SspI. The 1.1 kb PvulII-Sspl DNA
fragment was isolated (Fig. l1la); it contained only the coding
sequences for the mature form of Hib porin. This DNA fragment
was ligated to the 2.5 kb Pvull fragment from pBluescript
SK(-) and used to transform E. coll strain DHS5a; selection was
for ampicillin resistance. A recombinant plasmid in which the
PvulI-Sspl DNA fragment from pEJH39-1-35 was cloned in the
same orientation as the lacZ gene in pBluescript SK(-) was
designated pFFA02. It was used for mutagenesis experiments.

(1) Deletion mutagenesis. Site-directed deletions in Hib
porin were constructed with the Muta-Gene Phagemid In Vitro
Mutagenesis kit, Version 2 (Bio-Rad), using single-stranded
mutagenic oligonucleotides. Two regions in Hib porin were
selected for mutagenesis (Fig. 2); they correspond to loop 3
and loop 4 in the proposed topological model for Hib porin
(Srikumar et al., 1992b). Plasmid pFFA02 was used to
transform dut ung E. coli strain CJ236. After infection of a

transformant with helper phage M13K07, uracil-containing
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Pig. 2. Mutations in Hib porin. A portion of our published
model (Srikumar et al., 1992b) for the secondary structure of
Hib porin is shown. It encompasses 8 strand 5 to § strand 8.
A: Deletions in loop 3 and loop 4 of Hib porin. The eight
amino acids (--=) and the fourteen amino acids (---) of Hib
porin deleted in each loop are enclosed. B: C3 epitope
insertions in loop 3 and loop 4 of Hib porin. The point of

insertion of the C3 epitope in each loop is indicated.
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single-gtranded phagemid DNA was isolated and used for the
nutagenesis. Two mutagenic oligonucleotides created deletions
of 6 amino acids and 12 amino acids in loop 3: 5-ACA AGT GCA
GAA GAT AAA GAG CTC GAC TAT ATT CCT ACT AGT-3' and 5-GAT GGC
ATA ACA AGT CGCA GAG CTC CCT ACT AGT GGT AAT AcCC-3/,
respectively. Two mutagenic oligonucleotides created
deletions of 6 amino acids and 12 amino acids in loop 4: 5'-
AAG CGT GAG GGT GCA AAA GAG CTC AAG GCT GGT GAA GTA CGT-3’ and
5/~TTA GCA CAA AAG CGT GAG GAG CTC GAA GTA CGT ATA GGT GAA-3/,
respectively. Each mutagenic oligonucleotide also
incorporated a unique Sacl site {underlined, Fig. 3a). After
in vitro mutagenesis, the reactions were used to transform E.
coli strain MVil190. Plasmids were isolated from transformants
of the four deletion mutagenesis experiments, mapped using
restriction enzyme digestions, and candidates corresponding to
each mutation were confirmed by DNA sequencing. Plasmids
(pFFAO5 to pFFAO8, Table 1) were digested to completion with
Pvull and Mlul and the 1.0 kb PvulI-MIul DNA fragments
containing the mutations were isolated. These fragments were
ligated to the 11.6 kb Pvull-Mlul DNA fragment from pEJH39-1-
35 and used to transform calcium chloride-competent Hi strain
deleted for porin (RSFA21, Table 1), with selection feor
kanamycin and tetracycline resistance.

(ii) €3 insertion mutagenesis. Plasmid pFFA02 contains
unique sites for the restriction enzymes Spel and SnaBI within

the coding sequences for the mature form of Hib porin.
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Pig. 3. Sequences of mutant Hib porins. The regions of the
mutations in Hib porin are shown. A: Plasmids carrying
deletions in Hib porin; pRS05: 6 amino acid deletion in loop
3, pRS0€: 12 amino acid deletion in loop 3, pRS07: 6 amino
acid deletion in loop 4, and pRS08: 12 amino acid deletion in
loop 4. B: Plasmids carrying C3 insertions in Hib porin;
PRS03: C3 epitope insertion in loop 3 and pRS04: C3 epitope
insertion in 1loop 4. The first nucleotide of the 1local
sequence is preceded by a number indicating its position in
the published sequence of the Hib porin gene (Munson & Tolan,
1989); the position of the last nucleotide is also indicated.
The wild-type Hib porin nucleotide sequences are shown in
lower case letters; upper case letters correspond to the
additional sequences of the mutations. The corresponding
amino acid sequences are indicated above the nucleotide
sequence; the numbers above the amino acids denote their
position in mature Hib porin. The amino acid sequence of the

C3 epitope is italicised.
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Restriction sites for Spel and SnaBI are found within
sequences encoding amino acids of lcop 3 and loop 4 of Hib
porin, respectively. These sites were used to construct in-
frame insertions of the C3 epitope of the VP1 protein of
poliovirus (Charbit et al., 1991; Moeck et al., 1994) in Hib
porin. Plasmid pFFA02 was digested with either Spel or SnaBI
and ligated to double-stranded oligonucleotide linkers SpeI-C3
or SnaBI-C3. Linker SpeI-C3 was constructed by annealing two
single-stranded oligonucleotides: 5-CT AGT GAT AAC CCG GCG
TCG ACC ACT AAC AAG GAT AAG A-3/ and 5-CT AGT CTT ATC CTT GTT
AGT GGT CGA CGC CGG GTT ATC A-3; linker SnaBI-C3 was
cor.structed by annealing two single-stranded oligonucleotides:
5'-GT GAT AAC CCG GCG TCG ACC ACT AAC AAG GAT AAG C-3' and 5'-G
CTT ATC CTT GTT AGT GGT CGA CGC CGG GTT ATC AC-3’. Linkers
SpeI-C3 and SnaBI-C3 created the codons for the C3 epitope in-
frame to the codons for Hib porin (Fig. 3b). The ligation
mixtures were used to transform E. coll strain DHS5a with
selection for ampicillin resistance. Plasmids from
transformants were isolated, mapped, and sequenced. Plasmids
(pFFA03 and pFFAO4, Table 1) were digested to completion with
Pvull and Mlul, ligated to the 11.6 kb PvuII-MIuIl DNA fragment
from pEJH39-1-35 and treated as described for deletion
mutagenesis.

DNA sequence determination. For dideoxy sequencing
(Sambrook et al., 1989), the T7 Sequencing kit (Pharmacia) was

used. One oligonucleotide was adequate for all DNA sequencing
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across regions encoding amino acids corresponding to loop 3
and loop 4. The primer was 5-T(584) GAA GTA AAA CTT GGT CGT
(603)G-3’ where the numbers are according to the published
sequence of the Hib porin gene (Munson & Tolan, 1989).

Preparation of outer membrane vesicles, 8DS-PAGE, and
immunoblotting. Outer membrane vesicles were obtained by
treatment of Haemophilus cells with Tris-lysozyme-EDTA
(Hantke, 1981). Samples of vesicles containing outer membrane
proteins were suspended in electrophoresis sample buffer (with
2 % SDS), heated for 5 min at 100 °C, and run on 10 %
polyacrylamide gels. For immunoblotting, outer membrane
proteins were subjected to SDS-PAGE as described above,
transferred to nitrocellulose paper (Schleicher & Schuell) and
treated as described previously (Srikumar et al., 1992b). The
dilutions of primary and secondary antibodies wused for
immunoblotting were 1/2000.

Flow cytometry. Bacteria from mid-log phase cultures
were washed in PBS and suspended in PBS to 2 x 10° cells per
ml. Affinity-purified anti-Hib porin mouse mAbs (Srikumar et
al., 1992a) or anti-peptide (C3 epitope of poliovirus) rabbit
hyper-immune serum (Moeck et al., 1994) at 1/100 dilution was
mixed with 2 x 10* cells and incubated at room temperature for
1 h. Bacteria were pelleted, washed, and incubated at room
temperature for 1 h with anti-mouse or anti-rabbit
immunoglobulins conjugated to fluorescein. Bacteria were

diluted ten-fold in PBS and analyzed for green fluorescence
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intensity using a FACScan flow cytometer (Becton Dickinson)
with LysisII software, For each sample, 10* cells were
analyzed.

Assays of sensitivities to arti-microbial agents.
Bacteria were grown for 6 h, 37 °C in sBHI containing 10 mM
magnesium sulfate. For the selection of antibiotic resistance
markers, sBHI contained kanamycin (10 ug ml?') and tetracycline
(5 pg ml'). Bacteria were centrifuged, suspended in 50 mM
magnesium sulfate, and stored over-night on ice. Bacteria
(100 pl) were mixed with 3 ml molten sBHI top agar (0.7 %
bacto-agar) and spread over sBHI agar (1.5 % bacto-agar)
plates., After solidifying, absorbent discs (6.5 mm diameter,
gel blot paper GB002, Schleicher & Schuell) were placed on the
agar and appropriate volumes (2-10 pl) of anti-microbial
agents dissolved in distilled water were pipeted onto the
discs. Following over-night incubation at 37 °C, the
diameters of the zones of growth inhibition were measured.
For strains RSFA21 and RS06 (Table 1), the amount of cells
added to the molten sBHI top agar was four-fold greater than

that used for the other strains.

4. Results

A nontypeable Haemophilus influenzae strain deleted for
its porin gene. Plasmid pRS21 was constructed by replacing

the sequences coding for the mature form of Hib porin in
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pEJH39-1-35 with a kanamycin resistance cassette (Fig. 1a).
The kanamycin resistance cassette in this construct was
flanked by sequences upstream and downstream of the Hib ompP2
gene., A BamHI fragment derived from pRS21 and containing the
kanamycin resistance cassette was used to transform naturally-
competent nontypeable Hi. This transformation yielded
kanamycin-resistant, porin deletion mutants. Such mutants
were predicted to arise by homologous recombination which
results in gene replacement of the wild-type chromosomal copy
of the porin gene with the kanamycin resistance cassette (Fig.
1b).

Initial characterization of the Hi strains deleted for
porin was based on growth properties of recombinants in
comparison to strain DL42/2F4". DL42/2F4 is a porin~minus Hib
strain previously constructed by linker mutagenesis (Cope et
al., 1990). On chocolate plates, DL42/2F4 grew poorly when
compared to wild-type strains DL42 and KW20. After
transformation of the naturally-competent Hi strain KW20, most
transformants (= 98 %) were kanamycin-resistant and exhibited
retarded growth characteristics compared to the wild-type
strain. SDS-PAGE analysis and Western blotting of outer
membrane preparations from these transformants showed that
gain of kanamycin resistance coincided with loss of porin
exprassion (Fig. 4, lane 4 and Fig. 5a, lane 4). Southern
blot analyses (Fig. 6) confirmed the replacement of <the

chromosomal copy of the Hi porin gene with the kanaunycin
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Fig. 4. oOuter membrane proteins of strains expressing mutant
Hib porins, Protein samples were resolved by SDS-PAGE (10 %
gel) and stained with Coomassie blue. Lane M: 7500 ng of
molecular weight markers; lane 1: 2500 ng of FPLC-purified Hib
porin (Srikumar et al., 1992a); lanes 2 and 3: 7500 ng of
outer membrane proteins (OMPs) from strains DL42 and KW20,
respectively; lane 4: 3750 ng of OMPs from Hi porin deletion
(Hi A porin) strain RSFA21; lanes 5 to 11l: 7500 ng of OMPs
from strains RS01, RS05, RS06, RS07, RS08, RS03, and RS04,
respectively. Captions on the top indicate sample
characteristics. For example, six amino acid deletion in loop
3 of Hib porin is referred to as Loop 3 A6aa and the C3
epitope insertion in loop 3 of Hib porin is referred to as

Loop 3 C3.
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Fig. 5. Western blots of outer membrane proteins. Samples
that were twenty-fold less and in the same order as shown in
Fig. 4 were resoclved by SDS-PAGE. The proteins were
transferred onto nitrocellulose and probed with antibodies and
detected with secondary antibodies conjugated to alkaline
phosphatase. Anti-Hib porin mAbs POR.1, POR.4, and POR.6 were
used in panels a, b, and ¢, respectively. Anti-C3 polyclonal
antibodies were used in panel d. Epitope scanning performed
previously (Srikumar et al., 1992b) showed that POR.1, POR.4,
and POR.6 recognized Hib porin sequences between amino acids
Asp-116 and Asp-126 (Loop 3), Gly-162 and Ala-171 (Loop 4),

and Thr-318 and Val-325 (Loop 8), respectively.
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Fig. 6. Southern blots of restriction enzyme-digested genomic
DNA. DNA samples were subjected to agarose gel
electrophoresis using 0.7 % gels. Lane la: 3 ng of 1.0 kb
PvulI-Miul porin fragment from pEJH39-1-35; Lane 1b: 3 ng 1.1
kb Sall kanamycin resistance (Kan®) cassette from pUC-CI;
Lanes 2 and 3: 5000 ng of Pvull-digested genomic DNA from KW20
and RSFA21, respectively. After separation by
electrophoresis, the DNA samples were transferred onto nylon
membranes, hybridized with digoxigenin (DIG)-labelled probes
and detected with anti-DIG antibodies conjugated to alkaline
rhosphatase. Probes used were: 1.0 kb porin fragment (panel

a) or 1.1. kb Kan® cassette (panel b).
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resistance cassette. The Hib ompP2 probe hybridized to a
chromosomal DNA fragment from wiid-type Hi strain KW20 (Fig.
6a, lane 2) but not to any chromosomal DNA fragment from the
porin deletion strain RSFA21 (Fig 6a, lane 3). Conversely,
the kanamycin resistance gene probe hybridized to a
chromosomal DNA fragment from the porin deletion strain RSFA21
(Fig. 6b, lane 3) but not to any chromosomal DNA fragment from
wild-type Hi strain KW20 (Fig. 6b, lane 2).

Mutations in Hib porin. By site-directed mutagenesis, we
introduced deletions and insertions in the proposed loop 3 and
loop 4 of Hib porin (Fig. 2). The sequences of the mutations
and the resulting mutant Hib porins are shown in Fig. 3. The
specific amino acids deleted were those that corresponded to
epitopes recognized by the anti-Hib porin mAbs POR.1 (loop 3)
and POR.4 (loop 4) (Srikumar et al., 1992b). Since all four
oligonucleotides used for construction of the deletions
contained an extra six nucleotides corresponding to a Sacl
site, each deletion protein gained two additional amino acids
Glu and Leu. For example, in the loop 3, 6 amino acid
deletion, eight amino acids of Hib porin were removed and
replaced by the amino acids Glu and Leu; hence there was a net
deletion of six amino acids. The ends of the linkers SpeI-C3
and SnaBI-C3 were compatible for insertion at Spel and SnaBI
restriction sites, respectively. Thus, in addition to the
eleven amino acids of the C3 epitope, two extra amino acids in

the loop 3 C3 mutant protein and an extra amino acid in the
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loop 4 C3 mutant protein were introduced; hence there were net
insertions of 13 amino acids and 12 amino acids in the loop 3
€3 and loop 4 €3 mutant proteins, respectively.

Plasmids containing the cloned Hib porin gene (pEJH39-1-
35, Table 1) or containing deletions and insertions in Hib
ompP2 (pRS03 to pRS08, Table 1) were used to transform the
porin deletion strain RSFA21. Proteins expressed in the
transformants (RS01 and RS03 to RS08, Table 1) were detected
by SDS-PAGE of total cell lysates (data not shown). In order
to determine the cellular location of the mutant proteins,
outer membrane vesicles were prepared, run on polyacrylamide
gels and stained with Coomassie blue. The levels of porin
expression in strain RS01 (multiple copies of Hib ompP2; Fig.
4, lane 5) were two-fold greater compared to wild-type strains
DL42 and KW20 (single copy of ompP2; Fig. 4, lanes 2 and 3).
The levels of expression of mutant porins in strains RSO05,
RS06, RS07, RS08, RS03, and RS04 (Fig, 4, lanes 6 to 11) were
the same as porin expression in strain RS01.

By SDS~PAGE, porin from Hib strain DL42 migrated more
slowly than porin from Hi strain KW20 (Fig. 4, lanes 2 and 3).
Deletions in loop 3 (Fig. 4, lanes 6 and 7) or C3 epitope
insertion in loop 3 of Rib porin (Fig. 4, lane 10) altered the
mobility of the resulting mutant porins when compared with the
migration of wild-type Hib porin. Deletions in loop 4 (Fig.
4, lanes 8 and 9) or C3 insertion in loop 4 (Fig. 4, lane 11)

did not alter the mobility of the resulting mutant porins when
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compared with the wild-type Hib porin.

Immunoblotting of mutant porins, Three anti-Hib porin
mAbs (POR.1, POR.4, and POR.6; Srikumar et al., 1992a) and a
polyclonal antibody against the C3 epitope of poliovirus (928;
Moeck et al., 1994) were used to analyze mutant proteins.
Whereas all three anti-Hib porin mAbs reacted with porin from
DL42, only POR.1 reacted with porin from KW20 (Fig. 5a, lane
3). In the porins from strains DL42 and KW20, the amino acid
sequences in the region corresponding to the epitope (Srikumar
et al., 1992b) recognized by POR.1 are conserved. MAb POR.1
did not react with mutant Hib porins from strains RS05 and
RS06 {Fig. 5a, lanes 6 and 7) and mAb POR.4 did not react with
mutant Hib porins from strains RS07 and RS08 (Fig. 5b, lanes
8 and 9). Genetic deletions of sequences coding for the
epitopes recognized by mAbs POR.1 and POR.4 therefore
abolished the reactivities of these mAbs to the corresponding
mutant porins. Because sequences coding for the epitope
recognized by mAb POR.6 were present in the genetic constructs
pRS05, PRS06, pRS07, pRS08, pRS03, and pRS04, mAb POR.6
reacted with all the mutant Hib porins (Fig. S5c¢, lanes 6 to
11). Anti-C3 polyclonal antibodies reacted only with mutant
Hib porins from strains RS03 and RS04 (Fig. 5d, lanes 10 and
11). Only the proteins from the mutant strains expressing Hib
porins with C3 epitope insertions showed reactivity to the
anti-C3 antibodies.

Flow cytometric analyses. Anti-Hib porin mAb POR.S,
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previously shown to bind to a surface-exposed epitope in Hib
porin (Srikumar et al., 199%92a), was used to stain intact
bacterial cells of strains expressing the mutant porins. MAb
POR.6 recognized all the mutant strains (RS03 to RS08) at the
cell surface (data not shown) confirming the outer membrane
localization of all mutant proteins. When anti-C3 polyclonal
antibodies were used, the C3 epitope in the mutant Hib porin
expressed in strain RS04 was detected by flow cytometry (Fig.
7c) but not the C3 epitope in the mutant Hib porin expressed
in strain RS03 {Fig. 7b).

Growth properties of strains expressing mutant Hib
porins. Haemophilus strains were grown on chocolate plates
for 16 h, 37 °C. Single colonies of strains DL42, KW20, RSO1,
RS03, RS04, RS07, and RS08 grew well and to the same colony
sizes. Growth of strain RS05 was slightly retarded when
compared to the other strains; its colony size was smaller.
Growth of RS06 on chocolate plates was severely affected:
after 16 h at 37 °c, this strain grew as pinpoint colonies.
This pattern of growth exhibited by RS06 was identical to the
growth pattern exhibited by RSFA21 and porin-minus Hib strain
DL42/2F4" (data not shown).

When Haemophilus strains were grown in sBHI 1liquid
medium, strains DL42, KW20, RS01, RS03, RS04, RS07, and RSO8
exhibited similar growth characteristics; they all grew to
saturation (A, = 1) after 6 h at 37 °C. Strain RS05 grew

slightly slower than the above-mentioned strains but, upon
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Fig. 7. Flow cytometry of Hib. Bacteria were reacted with
rabbit anti-C3 polyclonal antibodies followed by anti-rabbit
IgG (heavy and light chains) conjugated to fluorescein. Three
strains were analyzed. Panels a, b, and c: RS01, RS03, and

RS04, respectively.
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further incubation, it reached the same level of saturation.
Strain RS06 grew more slowly and never reached the same level
of saturation as the other strains. The growth
characteristics of RS06 in sBHI 1liquid medium were again
similar to that of RSFA21 and the porin-minus Hib strain
DL42/2F4" (data not shown). Compared to the other mutations
in Hib porin, deletion of the 6 amino acids in loop 3 of Hib
porin caused only a slight change in the growth property of
strain RS05; deletion of 12 amino acids in loop 3 of Hib porin
resulted in a drastic change in the growth phenotype of strain
RS06. This defect in growth exhibited by strains RSFA21,
DL42/2F4°, and RS06 was partly compensated by growing these
strains in medium containing 10 mM magnesium sulfate.
Sensitivities to anti-microbial agents. Wild-type and
mutant Haemophilus strains were tested for their sensitivities
to ten different anti-microbial agents (Table 2). Except for
rifampicin, there were no significant differences in
sensitivities to the anti-microbial agents when the wild-type
Hib strain DL42 was compared to the wild-type Hi strain Kw20;
these assays did not discriminate between wild-type porins
from Hi or Hib. When RSFA21 was compared to the wild-type
strains, there were no pronounced differences in sensitivities
to the anti-microbial agents. The presence or absence of
porin in the outer membrane of this bacterium did not change
the sensitivities to these anti-microbial agents. There were

no significant differences in the sensitivities to anti-
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TABLE 2, Sensitivities to anti-micrcbial agents

Diarater®’ of 2zone of growth inhibition ({(mm)

Strain Porin Anti-microbial agent?

characteristic’ ¢ P N s B E R sDs sDC  CTB
DL42 W.t. Hib porin 10 13 10 11 12 11 8 11 10 11
KW20 W.t. Hi porin 11 13 10 10 12 11 10 12 10 11
RSFA21 Hi A porin 11 11 10 11 14 12 11 13 10 11
R501 Cloned Hib porin 11 12 9 10 12 12 10 12 10 i1
RS0S Loop 3 Aé6aa 11 13 10 12 16 16 14 16 12 11
RS06 4 Loop 3 Al2aa i3 15 11 i5 22 19 17 17 15 12
RS07 Loop 4 A6aa 11 12 9 10 12 12 10 12 10 11
RS08 Locp 4 Al2aa 11 12 9 10 12 12 10 12 10 11
RS03 Loop 3 C3 11 12 9 10 13 14 12 12 10 11
RS04 Leop 4 C3 - 10 12 9 10 12 12 11 12 10 11

‘Assays were performed as described in Materials and Methods. Each value for the diameter
of zone of growth inhibition is an average of values from threa separate experiments. The standard
deviation in these instances were between 0 and 2.

As desoribed in the legend for Fig. 4.

*The anti-microbial agents, their molecular masses, and the amounts usad par experiment ara
the following: C: chloramphenicol (M 323, 0.6 pg); P: penicillin (M 372, 0.2 pg):; N: neomycin
(M_ 614, 10 pg); S: streptomycin (M 582, 2 ug); B: bacitracin (M 1411, 1500 pg); E: erythromycin
(M_"734, 3 pg); R: rifampicin (M‘ 823, 1 pg); SDS: sodium dodecylsulfate (M, 288, 45 pg): SDC:
sodium desoxycholate (M 415, 750 ug); and CTB: hexadecyl trimethyl ammoniumbromide (M 365, 500
Hg) .



microbial agents between strain DL42 (single copy of Hib
ompP2) and strain RS01 (multiple copies of Hib ompP2). The
two-fold increase in Hib porin levels observed in strain RSOl
compared to wild-type strain DL42 did not contribute to any
changes in sensitivities to these anti~-microbial agents. The
sensitivities of the strains, RS03, RS04, RS07, and RS08, to
the anti-microbial agents were similar to those of strains
DL42, KW20, and RS01. The sensitivities of strain RS05 to
several of the anti-microbial agents (bacitracin,
erythromycin, rifampicin, and SDS} were significantly greater
than the sensitivities of strains DL42, KW20, and RS0l to
these agents. The sensitivities of the strain RS06 to
bacitracin, erythromycin, rifampicin, SDS, and sodium
desoxycholate were even greater than the sensitivities of RS05
to these agents. Also, the sensitivities of RS06 to the other
anti-microbial agents were greater than the sensitivities of
strains DL42, KW:2, and RS0l to these agents. Taken together,
these data indicate that deletions in loop 3 of Hib porin
results in increased sensitivities to selected anti-microbial
agents when compared to wild-type Hib porin. Deletions in
loop 4 of Hib porin showed no difference in sensitivities to
the anti-microbial agents when compared -to wild-type Hib

porin.
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5. Discussion

our studies were designed to <create genetically
engineered Hib porins that display altered pore properties.
One pre-requisite for such studies was a Haemophilus strain
which no longer expressed wild-type porin. DL42/2F4 is a
porin-minus Hib strain that was previously characterized by
Cope et al. 1Its chromosomal sequences coding for porin were
inactivated by insertion of an out-¢ f-frame EcoRI linker.
However, this mutation in DL42/2F4 allowed revertants to be
isolated by their rapid growth on chocolate plates. By SDS-
PAGE and staining with Coomassie blue, the expression of a
major outer membrane protein in these revertants was
demonstrated. Immunoblotting showed that this major outer
membrane protein was related to but not identical to wild-type
Hib porin (data not shown). Deletions across the EcoRI site
of ompP2 in DLA4A2/2F4 restored the reading frame of the coding
sequences and resulted in re~expression of porin. To create
a stable mutation in ompP2 that permanently abolished porin
expression, we removed 98 % of the coding sequences for porin
from the chromoscme of Hi strain KW20. Such a strain was
ideal for the expression and characterization of mutant Hib
porins.

The ompP2 sequences of several Hi strains (Duim et al.,
1994; Sikkema & Murphy, 1992) were compared to the ompP2

sequence of Hib (Hansen et al., 1989%a; Munson & Tolan, 1989).
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Approximately 75-85 % homology at the DNA level was observed.
Since the kanamycin resistance cassette in pRS21 was flanked
by sequences upstream and downstream of Hib ompP2, the genetic
relatedness between Hi and Hib was sufficient to give rise to
porin deletion strains in Hi by homologous recombination.

Studies that compared the ompP2 sequences of several Hi
strains (Duim et al., 1994; Sikkema & Murphy, 1992) and Hib
strains (Munson et al., 1989) showed that sequences coding for
the amino acids in loop 4 and loop 8 were among the most
variable, However, sequences coding for amino acids in loop
3 were conserved. This accounts for the differences in
reactivities of the anti~-Hib porin mAbs POR.1, POR.4, and
POR.6 to the porins from Hi and Hib.

Using the same protocol as described for the construction
of RSFA21, 98 % of the coding sequences for porin were deleted
in the chromosome of Hib strain DL42 (data not shown). Such
a porin deletion strain in Hib was designated RSFAb2l. The
strain RSFA21 was chosen over the strain RSFAb2l for
expression and characterization of mutant Hib porins because
Hi strains were more amenable to genetic manipulation than Hib
strains and strain RSFA21 grew better than strains DL42/2F4
and RSFAb21.

All the mutant proteins were localized to the outer
membrane. Deletions or C3 epitope insertions in the selected
regions of Hib porin did not affect the processing and outer

membrane assembly of the resulting mutant proteins. The
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accommodation of an additional 13 amino acids (C3 epitope plus
Ser and Thr) in the region between residues 115~-133 in Hib
porin supports our proposal that this region in Hib porin
forms a loop. By SDS~PAGE, deletions and the C3 insertion in
loop 3 produced some changes in mobilities of these mutant
proteins as compared to wild-type Hib porin. Similar
mutations in loop 4 did not result in any structural
alterations when compared to wild-type Hib porin. We are not
adequately able to explain these differences.

By flow cytometry, the C3 epitope inserted in loop 4 of
Hib porin was surface-exposed, a result that matched our
earlier work (Srikumar et al., 1992a; Srikumar et al., 1992b).
However, the C3 epitope inserted in the proposed loop 3 of Hib
porin was not surface-exposed. Such a result further
strengthens our claim that loop 3 folds back into the 8 barrel
formed by Hib porin (Srikumar et al., 1992b; Srikumar et al.,
1993), and is therefore inaccessible to antibodies.

The role of major outer membrane proteins, including
porins, in outer membrane stability and bacterial growth has
been demonstrated by others (Hancock et al., 1994). The outer
membrane was stabilized by the interaction of proteins with
the underlying peptidoglycan (Hancock et al., 1994). Compared
to the other strains, RSFA21 and RS06 displayed retarded
growth characteristics. 1In both strains growth was enhanced
by the addition of 10 mM magnesium sulfate. The integrify of

the outer membrane of RSFA21 may be compromised by the zbsence
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of the major protein, porin. These results suggest a role for
Hib porin in the maintenance of outer membrane integrity,
perhaps by interaction of porin directly or indirectly with
the peptidoglycan. Because RS06 showed similar growth
phenotypes as RSFA21, one or more of the amino acid residues
115~128 of Hib porin may be important for the stability of the
outer membrane.

To correct for differences in growth of strains for the
anti-microbial sensitivity assays, it was necessary to adjust
the amounts of cells initially added to the sBHI plates.
After over-night incubation of plates at 37 °cC, 1t was
desirable to obtain even levels of confluence for all strains.
Compared to the other strains, the use of four-fold eycess of
cells for strains RSFA21 and RS06 was required to achieve
comparable levels of cell density the following day. Compared
to others, strains expressing the mutant Hib porins, loop 3,
6 amino acid deletion and loop 3, 12 amino acid deletion,
showed increased sensitivities to several anti-microbial
agents. We propose that the deletions in loop 3 made the
channel larger, resulting in an increased influx of
antibiotics into the periplasmic space. This interpretation
is supported by other studies that characterized pore function
of outer membrane proteins (Benson et al., 1988; Capobianco &
Goldman, 1994; Klebba et al., 1994; Misra & Benson, 1988a;
Rutz et al., 1992). Deletion of 12 amino acids in loop 3 of

Hib porin showed more pronounced sensitivities than deletjon
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of 6 amino acids in loop 3 of Hib porin. Deletion of 12 amino
acids may have further increased the pore size as compared to
deletion of 6 amino acids. Alternatively, the more pronounced
phenotypes exhibited by RS06 may be the outcome of a
combination of characteristics namely a larger pore size and
an unstable outer membrane. Compared to deletions in loop 3,
deletions in loop 4 did not show any difference in phenotypes
when compared to wild-type Hib porin. Deletion of amino acid
sequences in the surface-exposed loop 4 did not alter the pore
sizes of these mutant Hib porins. Unexpectedly, the porin
deletion strain RSFA21 displayed similar 1levels of
sensitivities to the anti-microbial agents as compared to the
wild-type strains. Such a result suggests that porin is not
the unique route of entry for these anti-microbial agents. As
these assays are not useful in detecting mutant porins that
give rise to smaller pores, it was not surprising that strains
expressing the €3 epitope insertion in loop 3 of Hib porin
showed the same phenotypes as wild-type strains. Whether the
C3 epitope inserted into loop 3 of Hib porin produces a
further constriction of the pore remains to be examined.

By the disc assays, the smaller, hydrophilic antibiotics
did not show significant differences in sensitivities among
strains. The use of more-sensitive techniques may allow for
their discrimination. Since the growth properties of these
strains are different, comparisons of the minimum inhibitory

concentrations (MICs) for the anti-microbial agents is not
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possible. Bacitracin is a large, hydrophilic antibiotic.
Erythromycin and rifampicin are larger and more hydrophobic
than the other antibiotics (except bacitracin) used in this
study. Bacitracin, erythromycin, and rifampicin showed
significant changes in their growth inhibition among strains.
Anionic detergents SDS and sodium desoxycholate also showed
significant differences in their levels of growth inhibition.
Hib porin forms a channel that is relatively large compared to
E, coli OmpF and OmpC, and it is the most abundant outer
membrane protein. Differences in levels of growth inhibition
in strains expressing larger pores than that formed by wild-
type Hib porin can be expected with larger antibiotics as
opposed to smaller ones. The 12 amino acid deletion in loop
3 that removed several charged residues (three negative
charges and one positive charge) may have made the channel
less hydrophilic. Such a channel would enhance the uptake of
hydrophobic antibiotics and detergents. However, the cationic
detergent hexadecyl trimethyl ammoniumbromide (CTB) did not
show any change in its level of growth inhibition. Perhaps,
the uptake of the positively-charged CTB is not enhanced
through these mutant channels.

Because our model for the topology of Hib porin is
consistent with the emerging structural consensus for porins
as derived from high resolution X-ray analysis, a sequence
alignment was made for Hib porin versus E. c¢oli OmpF

(unpublished results, Coulton, J., Diederichs, K., Srikumar,
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R. & Welte, W.). Identities were found for 59 amino acids and
they were evenly distributed over the entire lengths of the
two proteins. Superposition of the two sequences identified
significant differences in the lengths of loop 3; loop 3 of
Hib porin was much smaller than that of OmpF. This
observation is in correspondence with the deduced molecular
mass exclusion limits for Hib porin (1400 Da) and OmpF (600
Da). Our model predicts that deletions of 6 amino acids and
12 amino acids in loop 3 should increase the molecular mass
exclusion limit of Hib porin to some value greater than 1400
Da. Further analyses of purified mutant Hib porins will
provide detailed information about the structural context of
loop 3 in defining the molecular mass exclusion limit of Hib

porin.
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CHAPTER 6

GENERAL CONCLUSIONS AND OPPORTUNITIES FOR RESEARCH

We proposed (Chapter 3) a model for the folding of
Haemophilus influenzae type b (Hib) porin in the outer
membrane. Even though the amino acid sequence of Hib porin
showed little homology to any of the known porins of Gram-
negative bacteria, our model of Hib porin was in agreement
with the emerging consensus for the channel-forming motif of
porins. We generated a panel of monoclonal antibodies (mAbs)
as probes of Hib porin topology (Chapter 2). These anti-Hib
mAbs provided substantive data which confirmed the computer-
assisted predictions of Hib porin’s secondary structure. Loop
4 and loop 8 in the Hib porin model were shown directly to be
surface-exposed (Chapter 3).

The prediction for the folding of Hib porin (Jeanteur et
al., 1994), which was based on the alignment of several porin
sequences (Chapter 1), was in agreement with our model for 15
of the 16 f-strands. Only B-strand 5 was not in concurrence
in both studies. In the original report of the modelling of
Hib porin (Chapter 3), f-strand 5 was predicted with the least
confidence and its assignment was the most difficult. Perhaps
f-strand 5 is not properly located in our model and is more N-
terminal as is suggested by the sequence aligmment data. This

would imply that loop 3 is longer than what was originally our
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prediction. Construction of new deletion mutations in Hib
porin that remove amino acid sequences more N-terminal than
the loop 3 deletions (Chapter 5) may aid in the proper
assignment of boundaries for f-strand 5 and loop 3 in Hib
porin.

Other studies on nontypeable Haemophilus influenzae (Hi)
porin, which shares approximately 80% identity with Hib porin,
have confirmed our model for the folding of Hib porin. Based
on the Hib porin model, the topological organization of Hi
porin was predicted (Sikk=ma & Murphy, 1992). Using mAbs, the
surface exposure of loop 5 and loop 8 in Hi porin was directly
demonstrated (Haase et al., 1994). The comparison of several
heterogenic porin sequences from Hi strains (Duim et al.,
1994; Sikkema & Murphy, 1992) and Hib strains {(Munson et al.,
1989) showed that regions corresponding to amino acid-
hypervariability occurred primarily in the proposed loop 1,
loop 2, loop 4, loop 5, and loop 8 of the consensus model for
the folding of Haemophilus porins.

Upon injection of purified Hib porin or recombinant Hib
porin, the antibody response was predominantly against non-
native epitopes of Hib porin (Chapter 4). Such a result may
be due to the unstable nature of this outer membrane protein
when isolated from its membrane environment. The inability of
these anti-Hib porin antibodies to protect against infection
by this bacteriun was therefore not surprising.

Antibodies against Hi porin and Hib porin that recognized
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surface-exposed epitopes have been reported by others. Some
of these antibodies were bactericidal in vitro and others were
protective in animals. However, in all cases the antibodies
were immunologically active only against the homologous strain
and not against heterologous strains of the same serotype
(Haase et al., 1994; Munson et al., 1983; van Alphen et al.,
1991). The hypervariability of the surface-exposed loops of
Hi and Hib porins generates strain specific antibodies. Taken
together, these observations do not 1lend support for the
candidacy of Hib porin in vaccine development.

To ascertain if loop 3 in Hib porin played the same role
as in other well characterized bacterial porins, we undertook
site-directed mutagenesis of cloned Hib porin gene (Chapter
5). Strains expressing mutant Hib porins with deletions in
loop 3 were more sensitive to anti-microbial agents than
strains expressing wild-type Hib porin. Such experiments
provided support to our hypothesis that loop 3 in Hib porin is
involved in narrowing of the channel, analogous to other
bacterial porins. The anti-microbial sensitivities of the Hib
porin deletion mutant was similar to the wild-type strain.
Other studies that compared the sensitivities of wild-type
strains and porin deletion strains to anti-microbial agents
have reported similar results: significant differences in
sensitivities to a particular antibiotic was evident only when
an inactivation system for that antibiotic was present in

these strains (Nikaido, 1989). Nevertheless, to prove
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unambiguously that the deletions in loop 3 of Hib porin
produce larger channels, these mutant porins will be purified
and tested for channel formation by in vitro techniques such
as solute efflux from proteoliposomes, 1liposome swelling
assay, and black lipid membranes (Chapter 1).

It is also important to demonstrate that, compared to
wild-type Hib porin, the secondary structures of these mutant
porins have not been altered. Our hypothesis regarding the
role of loop 3 in Hib porin predicts that deletions in loop 3
should not modify the f-barrel motif of these mutant porins.
Spectroscopic studies (circular dichroism and fourier
transform infrared spectroscopy) of purified mutant Hib porins
will be undertaken and the spectra will be compared to those
of purified Hib porin.

We have constructed a system in which to express cloned
Hib porin or mutant forms of it in a homologous but porin-free
background (Chapter 5). Such a system could be used in the
future for the expression and characterization of novel
mutants of Hib porin. Because the growth of Haemophilus
strains are drastically affected in the absence of their
characterized porins (Chapter 5), it would be interesting to
identify other proteins that could restore the growth
phenotype of these strains. Candidates from the outer
membrane of the homologous organism as well as from the outer
membrane of heterologous organisms could be tested. These

experiments are predicted to provide new insights into the
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role of Hib porin in the outer membrane of this bacterium.

Several questions with respect to the structure and
function of Hib porin remain unanswered. These questions
relate to the differences of Hib porin when compared with the
other well characterized porins. Why are the trimers of Hib
porin not as stable as E. coli OmpF or the Rhodobacter
capsulatus porin? Why is the exclusion limit and channel size
of Hib porin greater than that of OmpF and Rhodobacter
capsulatus porin? 1Is loop 3 shorter in Hib porin compared to
the others? <Can the length of loop 3 alone determine the
channel size of Hib porin or are specific amino acid
interactions important? As seen in the specific channel LamB
of E. coli, arw other loops involved in the formation of the
nyelet of Hib porin? Some of these questions can be resolved
by site-directed mutagenesis of Hib porin as described above,
but others have to await the structural determination to high
resolution of this protein.

The purification scheme described for Hib porin (Chapter
2) has been successfully amplified to generate large amounts
of purified protein. The availability of large quantities of
purified Hib porin has led naturally to our collaboration on
the structural bioclogy of membrane proteins. One of our
objectives is the determination of the molecular architecture
of Hib porin using X-ray crystallography. In collaboration
with another research group, optimal conditions for crystal

growth of Hib porin were recently established. Ultimately,
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the high resolution structure of this protein will allow for
some critical evaluation of our predictions of Hib porin
structure and function, and will direct us to test structural
determinants which relate to the organization of membrane

proteins.
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