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ABSTRACT
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Haemophilus influenzae type b (Hib) is a Gram-negative

bacterium that causes meningitis in infants. A protein called

porin of 341 amino acids, ~ 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 p-strands that traverse

the outer membrane, eight long loops that connect the p­

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, amine 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 residues 148-153 were buried or inaccessible at the

surface of the outer membrane.

Recombinant Hib porin was exprassed 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 amine 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 amine acids. 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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Haemophilus influenzae type b (Hib) est une bactérie

Gram-négative qui s'avère une des cause des méningites chez

les enfants en bas âge. La porine, protéine de 341 acides

aminés et de 37,782 daltons, est localisée dans la membrane

externe de Hib et permet la diffusion dans l'espace

périp1asmique de petits solutés de masse moléculaire jusqu'à

1400 daltons.

Un modèle pour la porine de Hib fut élaboré en fonction

(les paramètres d'hydrophilicité et d'amphiphilicité. Le

modèle proposé consiste en une organisation de seize brins P
antiparallèles traversant la membrane extérieure, de huit

longues boucles qui relient les brins P d'un cOté, et des

petites boucles à l'autre cOté.

À 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 à la surface cellulaire.

La porine de Hib a été purifiée avant de subir des digestions

chimiques et enzymatiques. Les fragments ont été

immunodétectés; le séquençage par le N-termina1 a identifié

les extrémités des fragments. Les délétions c-terminales de

la porine de Hib générées dans le système d'expression de

baculovirus, ont identifié 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 été synthétisés pour la

séquence complète cte la porine de Hib. Ces étuàes ont permis

d'identifier dans la séquence mature de la porine de Hib, deux

régions dont la surface est exposée, soient les résidus

d'acides aminés 162-172 et 318-325. Dans le modèle de la

porine Hib, ces régions correspondent aux boucles 4 et 8

respectivement. Deux régions, entre les résidus 112-126

(boucle 3) et les résidus 148-153 étaient cachées ou

inaccessibles à la surface de la membrane extérieure.

La porine recombinante de Hib a été exprimée dans

Bacillus subtilis. Les propriétés biophysiques et

immunologiques de cette porine recombinante de Rib, dépourvue

de lipooligosaccharides, ont été comparées avec celles de la

porine native de Rib.

Pour déterminer le rOle de la boucle 3, une mutagénèse

dirigée de la porine clonée de Rib été entreprise. Des

délétions de six ou de douze acides aminés dans la boucle 3,

exprimée dans une souche de porine avec délétion, ont montré

une augmentation significative de la sensibilité à plusieurs

agents anti-microbiens comparativement à la porine native de

Rib. La délétion de douze acides aminées a montré des

phénotypes plus prononcés que la délétion de six acides

aminés. Les expériences de mutagénèse ont appuyé l'idée que

la boucle 3 dans la porine de Rib se replie dans le pore et

produit une constriction du canal •
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CHAPTER 1

GENERAL INTRODUCTION AND LITERATURB RBVIBW

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 Haemophilu~ influenzae are encapsulated

and cause disease. They can be categorized into several

serotypes based on the immunological properties of the

capsu::'ar polysaccharide (type a through f). Of a11 the

serotypes, Haemophilus influenzae type b (Hib) is the most

important pathogen (Turk, 1984; van Alphen & Bijlmer, 1990).

l.t is a causative agent of bacterial meningitis mainly in

infants and young children. until recently, it was the

leadinq cause of bacterial meningitis in this popalation

(Oajani et al., 1979). Besides bacterial meninqitis, Hib can

also cause septicemia, epiglottitis, cellulitis, arthritis,

osteomyelitis, pericarditis, and pneumonia (Wilfert, 1990).

The fatality rate for Hib meningitis is approximately 5%,

and 40% of surviving children show significant neurologie

1
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sequelae (Wilfert, 1990). 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 ineffl'ctiveness. PRP was therefore

conjugated to 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-
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T), or tn an outer membrane protein of Neisseria 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, amine 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. In

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

3
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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 limit.

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 (SOS-PAGE). The nomenclature of the five

major outer membrane proteins of Hib and their molecular

masses by SOS-PAGE are the following: protein a or Pl, 46

kilodaltons (kOa); protein bIc or P2, 38 kOa; protein e or P4,

28 kOa; protein d/f or P5, 34 kOa; and protein g or P6, 15 kOa

(Granoff & Munson, 1986; Loeb & smith, 1982a). The primary

sequences of aIl five proteins from nontypeable Haemophilus

inLluenzae (Hi) or Hib have been determined and some of their

properties are known. Protein Pl is surface-exposed and is

heat modifiable; on SOS-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 B. coli (Black, 1991). FadL plays

a role in the uptake of exogenous long-chain fatty acids in B.

coli. P2 is a surface-exposed protein that functions QS a

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

4



•

•

•

that is surface-exposed (Green et al., 1991). P5 is heat

modi.fiable and shows 50% identity to the outer membrane

protein OmpA of E. coli (Munson et al., 1993). Like OmpA, P5

is proposed to play a role in maintaining the integrity of the

Hib outer membrane. P6 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, aIl 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 characterized. 'rhese 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 amine acids; M, 37,782 daltons) is the

most ~bundant 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 106 I,ase pairs)

of nontypeable Haemophilus influenzae strain KW20 was

determined (Fleischmann et al., 1995). This is the first

report of sequencing the complete genome of any bacterium•
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other 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 genus show similarities, this finding provided

confirmation that the protein encoded by ompP2 was the only

porin in Haemophilus strains.

Haemophilus influenzae type b porin allows for the non­

specifie diffusion of solutes and has a slight preference for

cations (Vachon et al., 1986). It is expressed at high levels

under aIl conditions tested (Loeb & smith, 1982b). A

genetically-altered Hib strain that did not express the porin

pro'i:ein was shown to be -lvirulent in an animal model of

infection (Cope et al., 1990), demonstrating the importance of

por:i.n in pathogenicity of Hib. Because of its 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. An 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
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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. coli. By

liposome swelling assays (Vachon et al., 1988), Hib porin

appeared to have a greater pore diameter than that associated

with the porins of E. coli. Unlike most classical porins,

trimers of Hib porin are quite 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 its 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
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structure/function relationships of Hib porin.

2. The oeil enve10pe ot Gram-neqative baoteria

The cell envelope of Gram-negative bacteria includinq

Escherichia coli, Salmonella typhimurium, Pseudomonas

aeruginosa, and Haemophi1us inf1uenzae, cv'sists 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-acetylqluoosamine and N­

acetylmuramic acid) forro long linear strands that are

covalently linked between muramyl residues by short

tetrapeptides (Labischinski &Maihdof, 1994). This layer
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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

glycerolpho~holipids. MDO and KDO are membrane-derived

oligosaccharides and 3-de0Y.i'-D-manno-octulosonic acid,

respectively. The core region depicted is that of Escherichia

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

~-lactam antibiotics, and membrane-derived oligosaccharides

(MOO) 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

physiology 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 membrane 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

11
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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 ln 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. structure 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. (i) A

hydrophobie lipid 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 is 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. In 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. in~luenzae

type b porin (Vachon et al., 1985). In some cases, both these

roles may be accomplished by the same protein. Examples of

13
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such proteins are OprF of P. aeruginosa and the major outer

membrane protein (KOMP) of clamydia trachomatis (Hancock et

al., 1994). The type and number of channel-forming proteins

expressed in the outer membrane differ from one bacterial

species to another. Another protein that is abun::lantly

present in the outer membrane is lipoprotein. The lipid

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

14
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agent is yet to be identified.

4. Accessibility of solutes to the periplasmic space

4.1. uptake across the outer membrane

Hydrophobie 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. (i)

Non-specifie channels, (ii) specifie channels, and (iii)

active transporters (Nikaido, 1992; Nikaido, 1994). The non­

specifie channels such as ompF and OmpC of E. coli and Hib

porin allow for the diffusion of small hydrophilic solutes up

to a certain molecular mass into the periplasmic space. These

non-specifie 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

OmpF 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

15



•

•

•

be significant in P. aeruginosa since its outer membrane lacks

other non-specifie porins.

The specifie channels facilitate the diffusion of one or

more selected substrates. Examples of specifie 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 specifie 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 the substrate is greater in the

periplasmic space than in the external medium.

The expression of some of these proteins in the outer

membrane are requlated in response to one or more

environmental signaIs and consist of sophisticated control

mechanisms (Nikaido, 1994a) whereas the expression of others

are constitutive. Almost aIl specifie channels are indu,ced 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-specifie porins

from sorne 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 & Lugtenberg,

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 ~embraDe permea~ility ~arri.r

Many Gram-negative bacteria are resistant to a number of

large, hydrophilic compounds and hydrophobie compounds. These

include substances such as lysozyme, digestive ~nzymes,

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
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arrangement makes the outer membrane an effective barrier for

hydrophilie agents. The permeability barrier for hydrophobie

agents is due to LPS in the outer membrane. LPS is negatively

eharged and is erosslinked by divalent cations. The outer

membrane ean be made more permeable to many hydrophobie

eompounds by mutational alterations to the structure of LPS or

by the disruption of the divalent eationie network using EDTA

or eompeting polyeationie moleeules (Raneoek et al. 1994).

Sinee Rib produees LOS in the outer membrane, it is more

sensitive to hydrophobie antibioties than other Gram-negative

baeteria that produee LPS (Raneoek & Bell, 1988). The outer

membrane of Rib was also shown to be more permeable to small

hydrophilie solutes when eompared with the outer membrane of

E. coli 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 Rib.

Some large, hydrophilic substances such as siderophores

(ferrichrome, ferrie enterochelin) gain access into the

periplasmic space by way of active transporters as discussed

above. The entry of small, hydrophilic solutes (sugars, amine

acids, inorganic ions, nucleosides, and antibiotics such as

the ,6-1actams, chloramphenicol, tetracyclines, and quinolones)

into the periplasmic space and the efflux of waste products to

the exterior oceurs by passive diffusion through porins, those

that form both specifie and non-specifie ehannels. Porins

form water-filled channels in the outer membrane. The sizes
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of the ehannels formed by Gram-negative baeterial outer

membrane proteins range fro~ 6 to 23 angstroms (Haneoek, 1987)

and their exclusion limits range from 600 to 5000 daltons

(Welte et al., 1995). The water-filled nature of these

ehannels make them poor routes for hydrophobie compounds

whereas the channel size restricts the entry of large,

hydrophilie 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

5.1. In vivo assaYII

Permeation of substances through the outer membrane in

bacterial cells can be studied in several ways. (i) 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. (i) 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-defioient 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 (Jaffê et al., 1983), 8. 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,OOO-dalton porin that showed

resistance to ~-lactams (Golùstein 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 lOO-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 sliqhtly (Nikaido,

1989) • Therefore the loss of porins in strains produces

siqnificant levels of resistance to antibiotics, especially in

combinat ion with the inactivation of those antibiotics.

Methods that complement the in vivo assays for porin

function are provided by in vitro techniques, qiven the

availability of purified porin.

•

5.3. In vit:ro assays

Classical porins of Gram-neqative bacteria

outer membrane proteins that form stable trimers.
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most porins migrate as trimers when subjected to SOS-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 proteoliposomes:

liposomes reconstituted with purified porins. By this assay

it was concluded the molecular mass exclusion limit for E.

coli ompF, Ompc and PhoE porins was about 600 daltons (Jap &

Walian, 1990) and that of Hib porin was about 1,100 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 are 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 conta in a large

molecular weight sugar, such as dextran of 20 to 40

kilodaltons, that is unable to permeate porins. These

liposomes scatter light and consequently exhibit high optical

density. Liposomes are diluted into il solution containing

dextran (isotonie with respect to the inside of liposomes) and

the test sugar. If the sugar i5 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 5welling of liposomes can be

detected as a de~;~ea!'e 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

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

191>8).

The third method is the assay of channel function in
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black lipid membranes (Ben~ 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

cls 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 (10 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 conductan:::e 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

(more concentrated protein) can be obtained. Whereas in

single channel conductance there are stepwise increments in

current, in macroscopic conductance many porins insert

simultaneously resulting in a concerted increase in the

current. The macro~copic conductance method can also be used

to study ion or substrate selectivity under zero applied

potential.

Single channr~ conductances of OmpF porin, Rhodobacter
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capsulatus porin, and Hib porin in lM 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 3tructure

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 ail 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 stretchee of

hydrophobie amine acids that can span the membrane as a­

helices. Hydrophilic (charged and uncharged) and hydrophobie

amino acids occur evenly along the entire lengths of the porin

proteins, a feature that is required for t) e form'ition of

amphiphilic (alternating between hydrophobie and hydrophilic)

p-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

(5truyvé 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 (Neisseria 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 165 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 fromJeanteur

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 o;pectroscopy

(FTIR). The major secondary structures in these porins were

,8-sheets (50 to 60%). The rest were turns and undefined

structures. A small amount of a-helices was also detected

(Eisele & Rosenbusch, 1990; 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 ,8-strands connected by hydrophilic

loops that could form channel-producing ,8-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) ; (iii) limited

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 ,8-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' ~~s. It appears that

the p-barrel motif that produces channels has been conserved

through evolution.

outer 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-specifie channels (Killmann et al.,

1993; Rutz et al., 1992). Therefore, it was suggested that

the p-barrel motif may be universal to most if not all outer

membrane proteins •

6.3. Three-dimensional structure

The structures of the non-specifie channals Rhodobacter

capsulatus porin (Weiss et al., 1991), Rhodopseudomonas

blastica porin (Kreusch et al., 1994), and E. coli 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 amine acid sequences of R. capsulatus

porin and ompF show very little 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 (0) are shown.

The 16 ~-strands are represented by arrows and the a-helices

by coils. Loop 3 of OmpF is shaded in black for clarity. In

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 (:l-strands and loops that connect these strands on

either side to form a (:l-barrel. The (:l-barrel structure forms

a large channel. The (:l-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 (:l-strand, the side chains of amine acids on

the side facing the membrane are hydrophobie and the amine

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 (:l-strands is 4.5

angstroms, 16 8-strands should give rise to a backbone to

backbone diameter of 23 angstroms. However, the pores are
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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 p-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 p-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 p-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.

Hydrophobie interactions between monomers that bring

about oligomerization was reported in both R. capsulatus porin

and E. coli 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 ta the C­

terminus of the other; the N-terminus ta C-terminus contact in

OmpF is within the same subunit. Unlike OmpF, the trimer of

R. capsulatus parin 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.

Of the specifie channels, the high resolutio;. structure

of LamB of E. coli has been obtained (Schirmer et al., 1995).

Several of the properties of the non-specifie porins arc also

seen in LamB. However, the structure shows 18 p-strands, and

3 loops (including loop 3) contribute ta 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 .tollnd 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 ta 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 parins) were part of such an alignment

(Fig. 4). Alsa included was the porin protein from
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Fig. 4. Alignrnent of porin sequences and prediction of

membrane-spanninq ,8-strands. The <M> + H (index of

hydrophobicity and arnphiphilicitYl was plotted using the set

~f 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 hydrophobie residues within ,8-strands,

the hydrophobie residues are shacied black. Residues (Y, H,

and Pl 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 ,8­

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 hydrophobie

and amphiphilic indexes (<M> + H) were localized to these

regions. In the cry~tal structures of porins, these regions

corresponded to the 16 p-strands. The amine 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. structure-function relationship of porins

The three-dimensional structures of porins exp;~.ain 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 sliqhtly 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 qrowth in m41tose in strains
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that lacked the maltose-specifie 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. coli 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-specifie porins can be

voltage gated. In 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 potential across

the outer membrane. This potential, referred to as Donn~n

potential, could not be greater than 100 mV (Nikaido, 1993).
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Therefore, the physiological relevance of voltage gating is

unclear at the present time. Nevertheless, it has been shown

that mutations that change the voltage dependency of po~ins

are those that change charged amine 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 166) 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-specifie porins whose structures are )rnown. 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 CBAPTER 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 ~s enabled the construction of a

preliminary epitope-map of antibody reactivities. Sorne of

these epitopes were localized to the bacterial cell surface.

The immunological activities of these mAbs were also tested •
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Monoclonal antibodies specifie to porin of Haemophilus
influenzae type b: localization of their cognate epitopes
and tests of their biological activities

•
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Summary

The major outer membmne proteln of Heemaphllus
Intluef1Zae type b (Hlb) 15 porln (M, 38000, 341 amlna
Bclds). Ta Identlly anllgenlc determlnents on Hlb porln
that mlght be expased nt the baeterlal cell surface,
seven mouse monoclonal anti-Hlb por;n antlbodies
were generated. Tha monoclonal antlbodlas wera
lested for thelr blndlng ta Intact cells by now cy1oma­
try; ail but one bound ta the cell surface. Digestions of
Hlb porln wllh cyenagan bromlde, hydroxylamlne or
trypsln generated fragments, the Identltles of whlch
were cannrmed by mlcrosaquenclng of tha amlno
lermlnl. Fallawlng elactropharesls and Immunoblot­
Ilng of the fmgmente, the spaclftcltles of the mono­
clonal antlbodles for thelr cognete saquancas were
determlnad. The porln gane ompP2 was expressed ln
the baculovlrus expression vector system; the recom­
binant porln was racognlzed by ail of tha monoclonal
an!!bodles. Delations Were created by omega
mutaganesla of ompP2, genemtlng prolelns truncaled
afler amlno aclds 139, 174, 182, and 264. These
deletlon protelns were lested for reactlvllies wlth Iha
monoclonel enllbodles, Ihereby estsbllshlng tha
boundarles of three antlgenlc determlnants lhat ware
racognlzad by Ihe monoclonals: domaln (li, amlno
aclds 104-130; domaln PO amlno aclds 162-174: and
domaln PlO, amlno aclds 267-341. The blologlesl aetl­
villes of monoclonal antlbodleslhal were representa­
live of Ihese Ihree classes were lesled for Ihelr
beeterlcldal actlvily ln complement-medialed Iysls of

Recelved 4 January, 1991: revisedand aceepled 6 November. 1991. -For
correapondence. Tet. (514) 398 3929: Fax (SU) 398 7052.

whole cells. The monoclonal antibodies were al~o

lesled for Ihelr Immunoproteetlve properties ln the
infant ml model of baetememla. Although the mono­
clonal antlbodles were surface-blndlng, they were
neither bactericldal nor protective.

Introduction

Haemophilus influenzae type b (Hlb) 15 the most common
cause of bacterial meningitis in infants Imder 18 months.
To elicit protective antibodies against this disease. much
attention has bean directed ta the capsular polysaccha­
ride polyribosyl ribltol phosphate (PRP) of thls bacterlum
and its use as a vaccine (Granoff el al" 1986), Because
PRP alone was poorly antigenic in young infants most
susceptible to disease, a new generation of vaccines was
developed based on conjugation of PRP ta carrier
protelns. These polysaccharide-protein conjugates are of
recognlsed value ln prevenling dlsease (Eskola el al..
1990; Miikelli et al.. 1990), Other surface components of
Hlb have also been considered as vaccine candidates
(Granoff and Munson, 1986). Studles performad with an
experlmental Infant rat model demonstrated that antî­
bodies speclflc for non-capsular surface componants
might play a raie ln humoral delence mechanisms. A key
observation was that antibodles dlrected agalnst non­
capsular antigens were able to protect against the experi­
mental Inlectlon (Munson el al" 1983). One al the non­
capsular antigens Is porin (M, 38000), the most abundant
proteln ln the outer membrane 01 this bacterium.

We hava studled the Hlb porin extensively and have
shawn that it has a molecular mass exclusion IImlt ta
solutes greater than 14000a (Vachon et al. 1985), a
cross-sectlonal djameter 01 0.9nm (as detelmlned by
reconstitution into black Iipid membranes; Va'.:hon .et al.,
1986), and a trlmerlc organlzat'on in the autel rn~mbrane

(Vachon et al" 1988). Furthero1lore. Hlb pOl,n :s surface­
axposad and conservad; munoclonal antîbody Hb-2
recognlzed native porin at the surlace of intact cells
(Hamel et al., 1987b) and reacted with 4531455 type b
strains collected tram a wide variety of sources (Hamel et
al., 1987a). Inlormation on the structural and antlgenlc
conservation 01 Hlb porln (Hansen et al., 1989b) has been
extendad ta the cloning and sequenclng 01 the porin gana
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Results

Monoclonal anfibodies against Hib porin

The purification scheme for porin of Hlb straln ATCC9795
as described by Vachon et al. (1985) ylelded a single
speeles of protein when stained with Coomassle Brilliant

Fig. 1. Purification 01 porin Irom Hlb slroln ATCI':9795. Samples wero run
on 13% SOS-PAGE and si'ver slained. Lanas 1 and 2: 1500 and 3000ng
01 porin proparcd by the procedures 01 Vachon et lIf. (1985) and
previously appearing ns 8 sln(lle band af1er staining with COOmassie
Brilllant Blue slslning. Lanes 3, 4 and 5: 250. 500. 10000g 01 FPLC'
purified porin prepared as described in tho Expttrimenta/ proceduros.
Lano 6: moleculor m8SS markers ln kOa.

Blue. Upon silvûr stalning 01 the preparatIons, saveral
contaminatlng bands appeared (Fig. 1). Tho use of last·
protein liquid chromatography (FPLC) impravod the punfi­
cation ta praduce one major species by silver stnining,
provided high yields (10mg per run), and showed sorne
contamination with Iipopolysaccharide (LPS) of less than
100ng per ~g of FPLC·puritied prolein. LPS couid no\ be
removad aven by repeated passage of the samplo avor the
MonoO column.

BALB/c mice werd immunized wlth FPLC·purlfiad Hib
porin suspended in Freur"ld's incomplete adjuvant. Poly­
clonai sera were collected Irom the mice and analysed for
the presence of Hib porin-specific antibodies by immuno­
blotting. These sera reacted strongl\, with the 38kOn porin
and weakly with other OMPs. Ta generate stable hybrido­
mas from the cells, the porin·challenged splenocytes were
fused with the SP2JO myeloma cell line. Tissue.culture
supernatanls from the hybridomas were screenod lar
antibodies by means 01 tho enzyme-Iinked immunasor­
bent assay (ELISA) using outer membron. preparations
from Hib and FPLC-purilied Hib porin as coatlng antigens,
and the positive ones were further analysad lor their
capacity ta recagnize denatured porin by immunoblotting.
OMPs ware solubilized in electrophoresis sample buHer
by boillng, electrophoresed on a 12% acrylamide gel, and
translerred ta nitrocellulose. Immobilized proteins were
reacted lirst with the culture supornatants and thon with a
secondary anti·mouse Immunoglch'Jlin conjugated to
paroxida....e. If a band of 38 kDa was observed ln thls
seeond screen, then the hybrldoma was cl"ned by limiting
dilution and retesled in the above Iwo assays. Using lhese
strategies, seven anti-Hlb porln monoclonal antlbodie.,
mAb POR.l ta mAb POR.7, were generated, each speel­
fieeily reactlng wlth a band ln the preparation of the OMPs
that co-migrated with purl/ied Hib porln. The mAbs
differed accordlng to the reciprocal titres of thoir maclivl·
tles agalnst FPLC-purified Hib porin and were of dl/ferent
IgG Isotypes [Table 1).

Surface binding of monoclonal antibodies

While the at>· J results demonslrated that mAbs POR.l ta
PaR.7 reacted with Hib porin in outer membrane vesicles
(ELISA) and with denatured porin (Immunoblottlng),lt was
important ta asse55 whether the seven 11)0noclonals
bound ta native Hi'. porin at the bacterial cellsurface. Flow
cytometry Is a sensitive technique lor'assesslng the
surface location of cellular macromoleeules by thelr
reaction w;th speeific antibodies. Intact bacterla were
mixed with a mAb, washed free of unbound mAb, and the
surface·bound mAb was deteeted wlth antl-mr .e kappa
IIght-chain mAb 187.1 (Yellon et al., 1981) conjugated ta
fluoresceln or antl-mouse IgG heavy chain conjugated ta
fluoresceln. Surface-bound fluorescence on 20 000 cells
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(Hansan et al.. 1989a; Munson and Tolan, 1989).
Additlonal DNA sequence data have been recenUy
generated for Hlb porin genes from prototypa slrains of
three major clone families of different outer membrane
proteln (OMP) subtypes: 2L, 3L, and 6U. Thesa gene
sequences showed variations of l, 0, and 13 nucleotldes
respectively, over the entire sequence (Munson ef al.,
1989) relative ta the first reported porln sequence. The
variations correspond ta l, 0, and 10 amlno acld changes
ln primary sequence relative ta porin from OMP subtype
lH.

Ta extend the Informetion on porln of Hlb beyond ils
biophyslcal bahavlour and Itsgene struclure, we wlshed ta
Identlly reglons of porln that mlght be surface·exposed
and accessible ta antibodles. Our approach was ta
generate a panel of antl-Hib porln monoclonal antlbodles
(mAbs), ta map the epltopes on porin that were recognized
by them, and ta Identlly those epitopes that are at the
bacterlal cell surface. Beeeuse polyclonal antibodles
against Hib porin have been reported ta be bactericldal
and protectlve, the mAbs were also tested for their
blological activities in complement-medlated bacterlcldal
tests and immunoprotection in the Infant rat model of
Infection.

•
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Fig. 2. Flow Cy10melry 01 Haemophilus influenzas Iype b wilh anli·Hlb porin monoclonal ilntibodies. Bacleria were prepared and slalnee! as described in
the Experimental procedures. Panel a. Hib straln ATCC9795 slainee! only wilh secondary anlibody conjugated 10 FITC; panels band c. Hlb straln
DL4212F4 stainod wilh mAb POR.4 and mAb PDR.1. respeclively; panels d. e and 1: Hib stmln ATCC9795 stalnad with mAb Hb·2 and mAb POR.4 and
mAb PQR.l. rospoctlvoly.

•

per sampie was assessed by Ilow cytometry. As a conlrol
for non-specifie binding of anlibody. we used Hib strain
DL4212F4- • a porin-deletion mutant. No staining of strain
DL4212F4- was observed wilh any 01 mAbs PORI ta
POR.7 or wilh mAb Hb-2 (Fi~. 2). When Hib slrains
ATCC9795 or RH3527 were assayed. thera was no
detectabfe stainlng wilh mAb PORI. However. ail other
POR.2 ta POR.7 mAbs and mAb Hb-2 stafned these cells.
as shown by the increase in relative fluorescence intensity.
H. influenzae strain RH3528 Is a non-capsulated variant
derived Irom RH3S27 and was stained by mAbs POR.2 ta
POR7 and mAb Hb-2 but not by mAb POR.1.

Identification of immunoreactive amino acid sequences
ofHibporin

Ta identily lhe primary amlno acid sequences with which
the seven mAbs reacted. severa! chemical and enzymatic
digestions were conducted uslng FPLC-purifled protein.
The digestion producls were separated by sodium dode­
cyl sulphatelpolyacrylamlde gel electrophoresis (SOS­
PAGE). bloUed onto nitrocellulose. and probed with each
mAb. Cyanogen bromide digested the Hib porin at a
unique Mel-266 ta two fragments of 30kDa and 8kDa.
Differenl paUems of mAb raactivity were dlstingulshed: (1)
mAbs POR.l. POR.2. POR.3. PORA. and POR.S reacted
wJth the amlno-termlnaI30kDafragment; (Iij mAbs POR6
and POR.7 raacted wilh lhe carboxy-terminal 8kDa
Iragment.

Cleavage with hydroxylamine occurs primarily between
AsrH3ly bonds. In Hib porin ther. are three potential
cleavage si'es for this reagent: between amino acids
74nS. 181/182. and 2181219. Digeslion conditions were
selected la lavour partial cleavages and sa a lamily of five
fragments was observed upon slalning of lhe eleclropher­
ograms. These fragmenls were 30. 24. 20. 18. and 14kDa

Table 1. Monoclonal antibodies againsl porin of H. innuenzafl type b.

~cal Tilre 01 Antlbody Reactivity

mAb recombinant porin Immunoglobulin
designation bacterial porin- BEVSII subelass

POR.1 10000 25-000 IgGl.K
POR.2 5000 5000 IgGl.K
POR.3 5000 SOOO IgG1,K
POR.4 1000 5000 IgG1, K
POR.S 1000 1000 IgG3.K
POR.6 1000 500 IgG2B. K
POR.7 100 500 IgG2a. K.
Hb·2 500 500 tgG2a. K'

Do FPLC·putified bllcterial porin (tOJl.gmrll from straln ATCC9795 in
carbonale burtet was edsorbee! 10 the ELISA plate, ovemight, al room
temperature; dilutions 01 mAbs were reacted wl1h emlgen, Iollowecl by a
secondary anllbody conJug81ee! 10 afkallne phosphatase. The reciprocal
titre is expressed as the dilution of mAb whlch gaveen Obsorbance readlng
01 8t Joasl 0.2 over background for the colorimetrie assay 01 enzymatlc
aetivily.
b. Lysate trom Sf9 insect cells Inlec1ed wllh AcPOR vlrus(t.SJl.9 ml-'l was
adsorbOd to the EUSA Plaio. Conditions for prlmary end secondary
reactions wilh anlibodies and with substrale were lhe same as for Ihe
reactlen with FPLC·purifled porin.
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____~3,,8"'k"'0"'· "1341

171 195kOa 1141
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33 150 kDa .170

33 14.0 kQa 161
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Fig. 4. Cleavage 01 Hib porln by IIvp,in and identifleallon of monoclonal
anllbOdy reactiviUes ogain,l the cloovaoo pt'oduct,.
Panel A. Hib ponn ln solution wa, dlgMl8d wlth trypsin. aliquois wttl'e
romovod a11. 2. and 16h of Incubation llanos 1. ~ nnd 31, 'elec·
trophorasod on a 20% SDS-PAGE. and Silvar slaindd to Idenilly the
fragments. The molecular masses (kDa) 01 ttvao of tho Iragmenta are
Indlcaled lor referenceln the leh margin.
Panel B. Reaction 01 anU·Hlb porIn mAba agalMt 1ryplln d~tlon
fragment'. Lanes 1101: nu\\lS POR.e. POR.7. POR.2. POR.3. POR.4,
POR.S. and POR.1, res,oecllvoly.
Panel C. Orientation ollrogments 'rom Irypsin claavage 01 Hlb porin,
Fragmenta WflfO aequenced Irom lheir amino·lermini; the lirst amino acid
lrom tho sequoneo data ill the numerical valua on the !eh 01 .,..ch lino.
CarbOxy·termlnl were asaigned. based upon alzOts 01 the Irogmonta; lhe
numerlcal"aIue on the rlghl 01 each line Indicates tho carbolty·terminus
of the clENIvage fragments.

shewed that the amine tannlnl were Ala·171-Gly-GIu­
Val-Arg, 19.5 kOa fragment; lIe-17~1y-G1u-II&-Asn,

19.1 kOa fragmenl; Ala-l-Vat-Val-Tyr-Asn, 16.9, 1604,
and 17.1 kOa fragmenls; Gln-33-Gtn-His-G1y-Ata, 15.5,
15.0. 14.0kDa fragments. Censidering the locations and
the relative susceptibilities of trypsin·sonsitive c1eavago
sites between amino acids 156 and 175 and using the
sizes of trypsin cleavage praducts calculoted Iram tho
primary se'1uenca, tentative assignmenls were made for
the carbax)·-tennini al the fragments. The proposed
C-terminal residues are: Phe-341 lar the 19.5 and
19.1 kOa fragments; Ar9-175 for lhe 16.9 and 15.5kOa
fragmenls; Lys-170 for the 16.4 and 15.0kOa fragmenls;
Lys-161 for the 17.1 and 14.0kOa fragments. A summary
of these assignmenls is found in Fig. 4C. From these data
it is propased that mAb POR.l roacts with sorne amino
acid sequences up to Lys-161, lhat mAbs POR.2, POR3,
PORA, and PORS reacl wilh sequences belween Gly-162
and Arg-175, and that mAbs POR6 and POR7 recognize
sorne amino acids in the carboxy·terminal hoU 01 Hib
porin. Instsad 01 digesting Hib porin ln solution, experi·
ments were conducted to digesl Hib porin by trypsln thal
was immobilized in a polyecrylamide gel. One of tho many

18kOa 1341

14 kOa 341

, ...., ..>3"'8"k"'0,,0'-__.....341

75 30 kOa 1341

24 kDa 1218

20 kOa 181

182

2191

"
"

Ag. 3. Cleavage of Hlb pOrln by hydroxylamlno and IdonllhC311on 01 the
cle3vllgo produc1S by mlcrosaquoncing. Five polypeptides wero
gcncrnlOd by panial digestion with hydtOxylamino: 3D, 24, 20, 18, and
14kOa. Each polypoptide was sequenced Irom ils amino terminus and
was orientCCS relative to the oUler!. by sequence and by molecular silO.
The numericaJ valuO$ al the ends 01 cath lino repreSltnllhe conlirmed
amine-terminal amino acids and the assigned calboxy·terminnl amino
acids, based u~on the location 01 Asn-Gly .nkngcs in the pnrrn1ry
sequence 01 porin.

(Fig. 3). When these five porin-derived peplides were
immunobtotled and probed wilh mAbs, the fottowing
reactivities were detecled: mAbs POR.1, POR2, POR3,
POR4, PORS, POR6 and POR7 reected with lhe 30kOa
f"gmenl; ",Abs POR.1, POR2, POR,3, POR4, and
PORS reacled wilh the 24 and the 20kOa fragments;
mAbs POR6 and POR7 reacled wilh the 16 and 14kOa
fragments. Tc confirm the sites of cleavage, micrase~

quenclng at the first five amina acids of each fragment was
conducled, These sequences were then matched with the
primary amino acid sequence of Hib porin as fallaws:
Gly-75-5er-Asp-Asn-Phe, 30kOa fragmenl; Ala-1-Vel­
Val-Tyr-Asn, 24 and 20kOa fragments; Gly-162-1I~1n­
Val-Gly, 16kOa fragmenl; Gly-219-VaI-Leu-Ala-Thr,
14kOa Iragment. These dala indicate that lhe bounderies
of epitopes recognized by mAbs POR1, POR,2, POR.3,
PORA, and PORS are between amino acids 75 and 161
and that the boundaries of epitopes recognized by mAbs
POR6 and POR.7 are between amino acids 219 and 341.

Although porins from other bacleria are generally
resistant to enzymalic cleavage (Rosenbusch, 1990),
porin of Hib was cleaved by trypsin when the digestion
was perlormed overnight in detergent. Trypsin was pre­
dicted to cleave this protein more then 40 limes at the Arg
and Lys resldJes, Alter overnight incubalion and w,th a
high amounl of trypsin, seven cleavage producls (and
sometimes eighl) were resolved by SOS-PAGE on a 20%
gel followed by silver staining. Although these fragments
were nat always of the same intensity, their relative
mobilities and therefore molecular sizes could be accu­
raleiy eslimated, The trypsin cleavage producls were
19,5,19.1,16,9,1604,17.1,(15,5), 15,0, and 14.0kOa(Fig.
4A). Monoclonel antibodies POR.6 and POR.7 reacted
with both the 19.5 and 19.1 kOa fragments (Fig, 46).
Monoclonal antibodies POR2, POR.3, POR.4, and PORS
reacled only wilh the 16,9 and 15.5kOa fragments and
mAb POR.1 reacled with ail six trypsin fragments between
16,9 and 14.0kOa. Microsequencing of the peplides
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fragmenls al thls partial proleolysls had a M, 01 27 000 and
an amlno lermlnus of Ala-l04-Lys-Thr-II&-AJa; such a
lragmanl .'ould axlend la Phe-341. This 27000 porin
fragmenl :aacled wilh mAb POR.l as weil as wlth mAbs
POR.2. POR.3. PORA. POR.S, POR.6 and POR.7. Such a
resull served la Mrrow further the domaln 01 raactlvity for
mAb POR.110 beIWeen Ala-104 and Lys-16l.

M 1 2 3 4 S 6 7 B 9 10 Il 12
Ag. 5. ldenl/tlcallon 01 pco1elns ln eX1racts 01 St91nsec1 cells Inlected
wilh wUd·lype bacutovirus AcNPV panes 1-6) or wlth recombinant virus
l'.cPOR (lanos 7-12). Roplic410 sm cultures W8f8 In'ecled wlth virus al a
multlphclty oi Infection 0110:1 and samples were taken al the tollowlng
holn, posHnlecllon: 0 liane!. 1 and 7): 12 (UIole5 2 and Il~. 24 (lanes 3
and 91: 48 (lanos 4 and 10): 72 (lanes 5 and 11): and 96 (lanes 6 and 121.
$Dmplos 'Nere ly5ed in electrophoresis sample buffet. sheared bV pas.
saga throUQh 0 Imo'guage nooclle. and electrophofesed on a 10%
acrylamlde slab gtIl. Prolein, were stained wllh CoomBssitt BriUlanl Blue.
Molecular mass standatds (ln kDoI B/'8 indicoted ln the column labolled
'M'. The arrow in the laft·hand margin Inclleates the position 01 polyhe·
<trin: the llrfQW in lhe right·hand margln indates the posltion ot recom·
binant porin.

Recombinant porin /rom baculovirus expression vector
system

An Independenl verification thallhe mAbs were reacting
agalnst the Hlb porln proteln and not agalnsl contamlnat­
Ing malerials .uch as LPS was oblalned by sxpresslng the
porln gene ompP2 ln a non-bacterial exprasslon veclor
syslem. The baculovlrus exprasslon veclor syslem (BEVS)
is an aUractiva system bacausa no LPS Is synthesized by
S19 Insect cells. The ompP2 gene was cloned Into
pJV.Pl OZ, one al a new ganerallon 01 baculovirus lransfer
vectors which possess Ihe following laatures: the polyha­
drin promoler drives tha exprasslon 01 the loraign gene;

Epitope mapping of mAbs against porin of Hib 669

the gene for ~-9alactosidase is divergently transcribed
tram the PlO prLmoter and in the presence of a
chromogenic indicator serves to identity recombinant
plaques on a lawn of Sf9 cells. Blue plaques were purified
by three cycles Dfplaque purification and a single isolated
plaque was amplified la glve a hlgh·llire Iysale designaled
A:;POR. Because of lhe ctoning slralegy lhal was used,
the nucleotide sequence of recombinant porin was
extended to C":'~=lte four amine acids at the amino terminus
~el-<3Iy-~hr-Pr" fOllowed by Val-2-Val-3-Tyr-4-Asn·
5- - -Phe-341 of the mature porin pratain.

The lime course of synthesis of recombinant porin trom
BEVS was monllored by Inlecling 519 cells wllh a slock of
recombinant virus AcPOR. For comperisan, wild~type

baculovirus AcNPV was used to infect a parallel culture of
Sf9 ceUs. Samples ware extr(',:,:t~,i at various times post­
infection and the total proldlns of the infection mixture
were Idenlified by S05-PAGE (Fig. S). Up la 24 hours
posl-infeclion (hpij, Ihe speclrum of prolelns ln cells
Inlecled wlth AcNPV or wllh AcPOR was Indlsllngulsh­
able. Al 48hpl, a major prolein correspondlng ta polyhe­
drin (33kOa) appeared Ir. Ihe Iysale of cells Inleclad wilh
AcNPV. The relalive amounls of lhls prolein were
equlvalent ln Ihe ""'Tlples taken up la 96hpl. For SI9 cells
Infected wilh AcPOR, a novel species of proleln appearad
at 48 hpl and was of lhe M, anticipaled for racomblnanl
porin (38000). No polyhodrin proteln was delectable in
lhese sama samples. theraby conflrmlng lhe purlty 01 tne
AcPOR virus slocks. Agaln the amounls of thls recombi­
nant proleln wera comparable in ail samples up la 96hpi.

Two assays were used la Identily Iha pre.,nce 01
racombinant porin and Ils raacllvltles wllh mAbs. Flrsl.
samples 01 the above extracts ware blotted onto nitrocell­
ulose. probed with aach otthe mAbs POR.l10 POR.7 and
deleclad wllh a secondary anllbody conjugatad la alkallne
phosphalase. Extracls Irom mock-Infected cells and Irom
cells Infecled wllh AcNPV served as contrais. Forlhe latter
IWO axtracts. no bands were deteclac! by immunoblottlng.
Ali mAbs reacted wlth recombinant porin by Westem
blottlng. The klnetics 01 synthasls 01 racomblnanl porin
(Fig. 6) malched the appaarance 01 the novel proleln
speclas of M, 38000 Ihal was idenlifled by stainlng wlth
Coomassie Brilliant Blue staininl:J. Recombinant porin first
appaarad al 48 hpl and was also obsalVed ln samples
taken al 72 and 96hpl. Recombinant porin co-ml9/BIed
wllh FPLC-purified Hlb porln from the baelerial' outer
membrane. The absence 01 lower molecular-welght
spacies on Weslam bloUlng suggesled Ihallhere was IIUle
or no dagradatlon 01 recombinant porln.

A second assay showed Ihat recombinanl porin reacted
ln a solid-phase syslem in a manner slmllar la porln
isolalad lrom Hlb. EJctracts of S19lnsect cells Inlecled wilh
AcPOR ware applled la ELISAplaies and Ihen lested wlth
increaslng dilullons of mAbs POR.l ta POR.7. The
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Fig. 6. Kinetics 01 synthesis 01 recombioonl porin ln BEVS. At ditferenl
limes post-infection 01 Sf9 insecl cells by AcPOR. the samples were
collecled and Iysed. Attcr seP'lrnlion by SOS-PAGE. protetns WOfC

Iransferred 10 nitrocellulose. probed wilh mAb POR.l. ond detecled wilh

li socondary nnll-mouse mAb conjugDlod 10 a1ka1ine phosphtltase.
Mock·inleclcd cells Qane 1) and cells inleclod wilh AcNPV (Jane 2) were
used os negative controis. Porin isolated Irem Hib wcs tho posihvo
conlrollor immunoreoclivily: l00ng Qane 9) and 2500g Qo.ne la).
Recombinant porin was nol deleclod in samp10s al 0 (lano 31. 12 Qane 4),
or 24 (Inne 51 hpi. Il appeared lirsl in the sample laken al 48 hpl (Iane 6)
and wes aise dolecled in samplss nt 72 and 96hpi (Innes 7 and B
respectivelyl. Motocular mass (in kDa) rrorkcrs are incllcated in lho lighl
margln.

reciprocal titres of mAb reactivities are shown in Table 1
and Ihese values are comparable with Ihose obtained for
the reactivities 01 mAbs against Hib porin.

Truncated porin proteins (rom BEYS

Because we were aD'. 10 synthesize stable, full·length
recombina;· ~ porin witheut apparent endogeneus pretee­
Iysis by SI9 insect cells, it was of Interest 10 generate
stable carboxy-lerminal deletion proteins in the BEVS and
te use tllese deletien preteins te cenfirm the demains of
reaclivilies of Ihe panel 01 seven mAbs. By omega
mutagenesis, the transcription and translation termlnalion
signais lrom gene 32 of T4 phage were inserted as a
spectinomycinlstreplornycin-resistance cassette al four
hexanucleolide recognition sites Dra l, SnaBI, EcoRI, and
Asel wllhin Ihe porin gene. The insertions 01 the omega
cassetle at these positions wlthin ompP2 were expected
10 generale proteins Ihal terminaled alter amino aclds
139, 174, 182 and 264 o!the primary sequence of malure
porin. These lour deletion proteins were designated
POR139, POR174, POR182, and POR264 and Ihey were
used 10 clarify Ihe domalns of reaclivities of the mAbs with
particular reference to the carbexy-terminal boundaries.

Mouse polyclonal anti-porin IgG and mAb POR.1 recog­
nized ail lour deletlon proteins (POR139, POR174,
POR182, POR264) as weil as full-lenglh recombinant
porin lrom BEVS and bacterlal porin (Fig. 7). Monoclonal
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antiOOdies POR.2. POR.3. POR.4 and POR.5 dld nol
recognize the truncated proteln POR139 but they showed
a positive reaction on immunobtotting against proteins
POR174. POR182. and POR264. Monoclonal anlibodles
POR.6 and POR. 7 did not react with tha truncnted rrolcifl
POR264 but were positive against fun~length re;,:ombinant
porin. These data servad te establish the lollowÎng
carboxy~tenninal boundaries of reactivity: mAb P:JR.l.
amino acid 139; mAbs POR.2, POR.3. PORA, and POR.5.
amino acid 174; mAbs POR ~ and POR.7, amino acld 341.

Biological activities of mAbs

Because six mAbs were demanstroted to bind to the
surlace 01 Hib, we tested the mAbs for their biologlcal
activities in two ditterant experimental systems. Bacterici­
dal assays provided an indication of the ability 01 tho mAb
to bind complement and ta activate complemont·
mediated killing of intact cells. The immunoprotection 01
the mAbs was assessed in the infant rol model of
bacteraemia: passive transfer 01 protectlve nntibodies,
prior ta intraperitoneal challenge with a dose of Hib.
results in clearance of the infecting bactoria. Antibodies
that are not protectlve are unable ta abrogote bacteroe­
mia, the index of infection.

-00

-21

-14

2 • 4 • • T

FIg. 7.ldenlilleallon 01 recomblnanl csrbolly·tormlnal dolftllotl prololn,
and their Immunoreaetjyilles wllh monoclonal anllbodles. Four Irunealad
gents were crealed by omega mutagenellill of ompP2 and the dllielion
pt'oteins WMe ellpre5sed in BEYS. The fOllowlI'lQ I18mple WIlfO lubllleted
la tho SOS-PAGE: lane 1: mock·infected SI9 celll; lane12. 3. 4 and 5:
Sf9cells Inlectect wtlh recombinant virulllhat 811Pfeued POR139.
POR174. POR182. and POR264, rellpeetlvely; lone 6: Sf9 cellllnfttelfJd
wilh AcPOR: Iane 7, FPLC·purilled porIn 'rom Hlb. Prolelnl were e\eC.
lropharesed. tranllerred la nitrocelluloso. Pfobed wiltl mAb POR.1, and
detecled with an onzyme·Unlcod aocondary enlibody. Molecular mals (ln
kOa) markers are indicated ln lhe rlghl margln•
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T.~ 2. Pa"we protection 01 inlant rais by nnlibodies 8901051 PAP or
agains, pot'in.

HIgh-levol Geometrie mean WEI

Anlibody BaC1Of8emia· becteraemiaD (e.f.u. x 'O~ml" blood)

None 11111 (100%) 11111 (100%) 60.2
Anti·PRP 0/11 (O%l 0/11 (0%) 0.Q5
POR1 Bl8 (100%) 818 1100%) 38.7
POR.2 919 (100%) 8J9 (B9%) 28.2
POR.S 919 (100%) 919 1100%) 60.0
PORB !lI9 1'00%) 8J9 ('00%) 47.0
Hb·2 !lI9 ('00%) !lI9 ('00%1 33.6

.. b. Values hsted 8ro numbers or mis ShOWing vil:Iblo c.t.u. 01 Hib ln blood
aamples al 18 hours post-chaRenge; higll-Isvol baeteraemla ls delined as
greater lhan 2.5 x ,Q3 c.f.u. mi-loI blood.

The Hib slrain ATCC9795 was avlrulent for the infant rai
slnce Inlraperitoneal challenge of 40 or 400 or 4000
colonY-formlng units (c.l.u.) dld not result in bacteraemia.
Upon Injection 01 the same numbers of c.l.u. of Hib strain
RH3527, bacteraemla was routlnely establlshed. This
slraln was therefore chosan for bolh blological assays. In
addition, a spontaneously derived non-capsulated deriva­
live (RH3528) was tested as a second target straln lor
bactericldal activltlas. Some mAbs were select...1 for
assay accordlng to the primary porin sequences to which
the antibodies bound: POR.1, POR.2 and POR.5, and
POR.6. As controls, mouse anli-Hib porin mAb Hb-2
(Hamel el 81., 1987b), a human pool of anli-PRP anli­
bodies, and mouse anli-LPS mAb 3DA11 were used.

Hlb strain RH3527 was resistant to 250/, human com­
plement and was notlysed by any of the monoclonal or
polyclonal antlbodles alone. In the presence of comola­
mellt plus antl-PRP anlibodles up to a dilution of 11128,
50'b killing of the input number of Hib straln RH3527 was
o~served.There was no bactericldal effectif complement
had been heat-inacUvated. In the presence of comple­
ment plus aach of the mAbs prR.1, POR.2, POR.5,
POR.6, or Hb-2, no reductlon in c.f.u. was detected, even
with the lowest dilution (1'100) whlch correspon~ed to 0.5
l'g of afflnity-purified mAb. n,ls lack of bactericidal
aclivlly by lhe mAbs was not a strain-dependent phenom­
enon slnce the same results ware obtalned with Hlb straln
Eagan. Nor was the phenomenon related to the Inhlbllion
01 complement action by the presence of capsule. H.
Influan- ·'traln RH3528, reslstantto only 5'1'0 comple-
ment. . ,otlysed by any of the antlbodles alone, but
was efflclantly killed by 5'1'0 complement plus anti-LPS
mAb 3DA11 (lgG3) "P to 113000 dllulion. Agaln, 5'1'0
complement plus elther mAb POR.1, POR.2, POR.5,
POR.6 or Hb·2 was tested and shown not to be bactericl­
dal agalnst straln RH3528.

Inlant rats ln seven groups (Wllh a minimum of elght rats
per group) were Injected with saline or antl-PRP antl-

Epitope mapping of mAbs a~ainst ponn of Hib 671

bodies (400ng per anlmaQ ormAbs POR.1, POR.2, POR.5.
POR.6 or Hb-2 (ail affinlty-purilied. up to 81'g per rat).
Upon admlnlsterlng a chailenge dose of 4000c.l.u. of Hib
straln RH3527 followed by an Interval 01 18hours, the
geometric mean titre for the control group indicated
high-Ievel bacteraernia; no rats were bacteraemic when
antî-PRP antibodies were passively transferred before
challenge. The geometric meso titres for rats receiving
anti-porin mAbs Indlcated that none 01 these antlbodles
conferred protection against baCleraemia (Table 2).

Discussion

The major pore-forming protein in the outer membrane of
H. ,Muenz8e type b plays an essentlal role ln permittlng
the transmembrane passage of water-soluble solutes Inlo
the periplasm. Our initial characterizatlon 01 the biophysl­
cal behavlour 01 porln (Vachon et al., 1986) has recenUy
been extended by the cloning and sequencing 01 the
ompP2 gene (Hansen et al.. 1989a; Munson and Tolan,
1989). Allhough the prlmary sequences for the porin gene
from four OMP subytpes of Hlbare now available (Munson
8t 81.. 1990), there Is IIttle information on the relatlonshlp
between these variations of sequence and Ihe Immune­
blologlcal response thatthey ellcit. There is also a pauclty
01 Information about the native topological organlzatlon of
porin of Hlb as It Is oriented in the outer membrane. An
obvlous goal ln the characterizalion of porln of Hib Is to
confirm the role of thls proteln ln pathogenesls and
Immunlty to inlectlon. The sludles ln this paper were
prompted by the olten-clted report that polyclonal antl­
bodies agalnst porin of Hlb have protective actlvity ln Ihe
Infanl rat model 01 bacleraemla (Munson et 81.,1983). We
wish 10 provide some answers 10 the followlng questions:
what antlgenlc determinants on porin of Hlb ellclt an
Immune response; can the epltopes recognlzed by anli·
bodies be asslgned to the outer or inner surface of the
outer membrane; what amlno acld sequences on Hlb porin
are recognlzed by antlbodies; do the antibodles agalnst
bacterial porin also recognlze recombinent porin; and
what is the role of such anlibodles ln conferrlng Immuno­
protection agalns! bacteraemla?

Genemting a panel 01 seven monoclonal antlbodies
againsl porin 01 Hib (also deslgnated OmpP2) has pro­
vlded experimental tools wlth which to answer some of
thase questions. Our mAbs reacted with both na.tive and
denatured OmpP2, and ail but one was shown by f10w
cytomatry to react to porin of Hlb and to porin on a
non-capsulaled straln of H. Influenzae. Taken together,
these resulto Implied that IInear amlno acld sequences at
the cali surface were recognized by the mAbs and that
strategies of proteln fragmentallon could be used to
Identily the cognate sequences. Such an analysis would
have been mOre dlfficult if conlormational epitopes had
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been recognized by the mAbs (Hansen et al.. 1989b). A
combination of chemical and enzymatic digestions of
OmpP2 gave information about the primary sequences to
which the mAbs bound. The mAbs were tenlalively
assigned ta three groups based upon their patterns of
reactivities. While protein fragmentation gave clearly
dii;erent patterns of recognition by mAbs. sorne caution
was appropriate because of the report of the isolation of
anti-Hib porin mAbs (Gulig et al., 1983) which were later
confirmed ta be directed againsl LPS (Gulig and Hansen.
1985). The cloning and expression of ompP2 in the BEYS.
an LPS-free system, provided unequivocal evidence that
the mAbs were reactive against Hib porln and not against
any other biopolymer of Haamophllus. In the BEYS. four
stabia carboxy-terminal deletion proteins were synthes­
ized: POR139, POR174. POR182 and POR264. Thesefour
protains raactad variously with tha mAbs and permittad
accurale identification of the carboxy-terminal boundaries
10r mAb raactivities. Our data sarva ta identify the lollow­
Ing domains of mAb reactivities: (il mAb POR.1raacts with
soma amino acids between Ala-104 and Phe-139; (iQ
mAbs POR.2, POR.3. PORA. and POR.5 react with soma
amino acids betwean Gly-162 and Val-174; and OiQ mAbs
POR.6 and POR.7 react with soma amlno acids be\Ween
Glu-267 and Pha-341. From our results with f10w cylom­
etry. wa propose that domain (Q is either buried in the
mambrane or is on the periplasmlc face of the outar
membrana, that domain (ii) Is asurface-exposed loop. and
that domain (iiQ or, more likaly, part of this sequence isalso
oriented as a surfaca-exposed loop. Beeeuse domains (i)
and (iiQ are iong stretches of 36 and 75 amino acids,
raspeclively, lurther fine-structure mapplng 01 thase
regions is .rranted. Domain (iQ 01 13 amlno acids is close
ta the minimum length of sequences required fa; 'tibody
recognition.

Coinciding wilh our success ln genarating and charac­
terizing surface-reactive mAbs. there appeared another
report in whlch mAbs against OmpP2 were Isolated and
used lor assentielly epidemlological purposes (Martin et
al., 1990). Most of the mAbs that were isolatad ln their
study also appeared ta be surface-raaclive. No studies
were reported that related la the blological ellects 01 the
mAbs. i.e. bactericidal tasts or animai-protection studles.
Il was of Interest that their mAbs reacted with encapsu­
lated bacterial clones prevlously assigned ta phylogenetlc
division 1(Musser et al•• 1990) whereas none reacted with
clones in primary division Il.

Some recent mapplng 01 B-cell apltopes on OmpP2
idenlifled lour distinct Immunogenic and antigenlo reglons
(Martin et al.. 1991). We have used computer-asslsted
methods (PC-Gene) ta predlol antigenlo determlnants on
OmpP2. The three highest points 01 hydrophlliclty are
Lys-326-Lys-331 (average hydrophillclty. Ah = 2.43).
Lys-161-Arg-166 (Ah = 2.03). and Lys-165-Lys-170

(Ah = 2.03). Six of our seven mAbs map la lhese regions
and 50mB of thaïr mt-\Ds map to thase ragions.

A surprising result of our studiBS i5 that Bven though SIX
of the mAbs were surlace-reactive, nono was able to
mediate complement-dependent Iysis of Hib. This lack 01
bactericidal affects was not attributable to sorne starie
hindrance of the capsule as was previously shown for
anti·PI antibodia" (van Alphen et al.. 1986). since f10w
Cylometric anaiysis damonstrated binding 01 mAbs bath
to capsulatad and non-capsutated H. influenzas; nor were
the mAbs immunoprotective in an infant rat model of
bacleraemia. Il is possible thal antibodies against other
surface-Iocated antigenlc detsrminants on porin of Hib
might elicit ditfarsnt biologiesl affects compared with

"thase we observed. On the other hand, sorne revision of
the conclusions of Munson et al. (1983) - that antl-porin
antibodies are bactericidal and protectivB -may bc
necessary. Rpcambinant porin will be of vnlue in extend­
ing our observations.

Experimentel procedures

Bscteria/ strains and culture conditions

H. influanzaatypab IHibl slrulns ATCC9795 (VDchon ar DI.• 19851.
EDgan (~10xon atDI.. 1974) Dnd RH35271DIso dDsignDtod 760705;
van Alphen etal., 1983) were used in our studios. Thoy ore 01 DM?
subtypes 1H, lL. and 3L. respectlvely, and therelore have the
seme primaf)' sequences 01 porin (Hansen et a!., 19890; Munson
et al.• 1989),8 result contirmed by our nucleotlde aoquonclng. A
spontaneously isoloted variant 01 RH3527 la dealgnated RH352B
and 15 devoid of capsular polysaccharide. Hlb strein DL4212F4
WBS constructed by Inser1ion mutagenesis 01 the porln gene
ompP2 and wes charactenzed as porin·deflcient (Cope et al.,
1990). The identltyof a1l st,'Ilnfl of H.lnfluenzaewas conflrmed by
thelr growth requlrements lor haemln end NAD'. Tho capsuler
serotype was determined by the latex agglutination kit, commer­
clally avalJable Irom Weilcamo laboratorles. Stmins were grown
either on chocolate agar supplemonted wlth 1% lsevltalex (BBl)
or in brain-heart infusion medium supplemontoct wlth Flldell,
Enrichment Agar (Becton DIckinson).

Preparation 01 anllgens

Vesicles contalning OMPs trom Hlb wore prepared using the
lithiUm chlorido extraction procedure (Johnstan et al., 1976).
Altematively. OMPs were extraeted tram whole tells 01 Hlb wlth
2% cetyltrimelhyl emmonlum bromldD (CTB). FO('Purlflcalion of
the 3BkOa porin. the cm extmct W8S subjOc1ed to chromalogra­
phy on DEAE-5epharose (Vachon er DI.. 19851: Porin wu further
puriflod by FPLC ualng eMonoO HR 515 column (Phermecle LKB
Blolechnology Inc.). The protein solullon from the DEAE-5ephe­
rose column containlng 50mM Tris-Hel pHB.O, tOmM elhylene­
diemlnetelroacellc acld (EDTA). and 0,05% Zwiltergenl Z-3.14
wu washod wllh 80% elhanol and suspended ln 50mM Trls-HCI
pH8.0. 0,05% ZwiUergenlZ-3.14. Asomple of 30mgln 10mlwDS
loaded on 10 the column. The salt concentration 0' the olullon
butfer was ralsed to O.35M using a 2ml NeCI gradient. A number
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of prolein-containing peaks were eluted at this salt concentration.
When no other proteins could be eluted at 0.35 M NeCl, the salt
concentration was raisod in a gradient fashion to 1.OM. A major
peak which contnined highly purilied porln was eluted al 0.65 M

NaC/.

Anti-porin monoclonal anlibodies (mAbs)

BALB/e mice were injectod intrapcritoncalty with 10).1.9 of FPLC­
purlfled porln in Freund's Incomplete adjuvant (Glbco Laborato­
nes). At Iwo weeks and tour weeks after prime.! immunization.
animais received injections of lOl1g of porin. also in incompletc
adjuvant. Four doys belore fusion. a booster dose of 30119 of
OMPs in 0.0 1M phosphate butter, pH 7.5.0.85% NaCI (paS) was
glven intravenously. Spleen cells trom immunized mice were
fused in 0 rotio of 10:1 with non-socreting hypoxanthine·guanlne
phosphoribosyt transferase-dericient SP2IO myeloma cellllne in
a solution contalning 50% (w/v) polyethylene glycol (PEG1450;
Eastman Kodak) ln Dulbecco's modified Eagle's medium (Flow
Laboratories). Fused cells at a concentrat:on of 10:' cells ml" '
were dlstributed into 96-well tissue-culture plates wh/ch already
contalned a feader layer 014 x 1a:' murine macrophages. On day
1~12, hybridoma supernatants were tested for reactlvity against
vesic/es containing OMPs. Antibody-secretlng cells were
subcloned by Iimiting dilution. Tho class and subclass of mAbs
were daterminad wlth reagents prepared by Southem Blotechno­

logV Assoclates.

Purification of mAbs using affinity chromatography

Mouse enU-Hib porin mAbs were purlfied by using a rat anti­
mouse kappa mAbs 187.1 (Veltor. et al., 1981) column. Ascites
f1uld was diluted five times with PBS. The sample was passed
through a flUer of 0.45 J.Lm pore sile (Nucleopcre), loaded onto the
column. and washed wlth pas. Bound anti-porin mAbs were
eluled wilh O.lM sodium ·'cotate pH2.8. 0.15M NaCI. The
absorbance (at 280nm) of the collected fractions was measured
and peak fractions were pooled. Aher addition of 1M Trls-HCI
pH 8.2 la neutrallze the pH. the pooled fractions were dlalyaed
agalnat PBS. The total proteln was measured uslng the dye
blndlng assay. The mAbs were then brought to a concentration of
0.5mgm'·'. Dilutions rsnglng from 11100 ta 1/100000 were
usQf1ln ELISA and ln Western Immunoblottlng analysls.

Flow cytometry

Bactoria from frash ovemight cultures were washed ln Trls-buf­
fered saline and suspended in the sama buffer ta 108 cells ml-'.
Ta 2 )( la" bacteria was added eff/nlty-purified mAb at 1/100
dilution, corresponding to 5~gml-l of Bntlbody (Bentlay end
Klebba. 1988). Atter Incubation tor GOmin at 3rc. celts wera
pelleted by brief centrifugation ln a mlcrocentrifuge, washed, and
further incubated with f1uoresceln-labelled antl-mousa Ig and
analysod uslng a FACSCBn (Becton Dickinson) with Consort 30
software. Acquisition gates were sat on fOlWard scatter and slde .
scetter ta exclude Iysed cells and cell aggregates. Ta mlnlmlze
background noise, ail solutions including the sheath fluid were ,
fllterad through a 0.22J.Lm filter. Twenty thousand cells were
anolysed lor each sample.
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Clesvsge of Hib potin br cysnogen bromide

Two-microgram amounts of FPLC-purifiecl Hib porin were solub­
ilized in 25 J.LI of 70% acellc acid. Cyanogen bromide (250 ~g)

(Pierce) wes added ta each reaction vial and incubated at room
temperalure ln the dark for 18h (Gross. 1967). Upon completion
of the reaction acetic acid and cyanogen bromide were removed
trom the reaction medium by vacuum concentration. The protein
pellets were resuspended in 25~1 of sample buffer, boiled for
Smin. and analysed by SOS-PAGE.

Hydroxylaminolysis of Hib porin

AUquots of 5 J.Lg of FPLC-purified Hib porio wero subJected ta
SDS-PAGE and the gel was stainad with Coomassie Brilliant
Blue. Gel pieces were exclsed, transterred ta 1.Sml vials and
washed four limes with 5% methanol at 4"C ta remove SOS. The
gel pleces were brought almasl to dryness ln a vacuum concen­
trator. To the vials containing the gel pleces was added 300~1 01
cleavage solution; the samples were incubated at 4S"C for 3h.
Cleavage sclution was 2 M hydroxylamine hydrochloride (Baker),
6M guanidine hydrochloride, and lSmM Tris in 4.5 M UOH pH 9.0
(Bomstein and Balian, 1977). The reaction was stopped byadding
150 IJ.I of 700/0 acetic acid to each vial. The gel pleces were
washed four limes with 5% methanol at 4"C ta removc the
cleavage solution. The gels were brought to near dryness; 100J.L1
of sampie buffer was added to each vial and boiled for Smin.
Peptide fragments were released from the gels by anelysis on a
second SOS-PAGE. For amino-termlnal sequenclng and for
stBlnlng of fragments with Coomassie Brimant Blue, the above
protocol was repeated with 50 p.g of porin as startlng material.

Limited trypsin digestion of Hib pori' . !, solution or in

gels

Two.microgram amounts of FPLC-purifltlo '-1ib porln in SIJ.I of
50mM Tris-HCI pH 8.0. 0.05% Zwlnargent Z·3.14 were placed ln
reactlon vials. TPCK-treated trypsln (200ng) (Sigma) ln 10J.L1 ot
SOmM Tris-HCI pH 8.0 was added ta e~ch vial and the vials were
Incubated et 3?'C for up ta 16h (Smyth. 1967). Sample buffcr
(2SIJ.Q was added; bolling for Smln termina.ted the reactlon.
Peptide fragments resultlng from the digestion were'analysed by
SOS-PAGE. For amino-termlnal sequencing, 20l1g 01 porin was
dlgested with 2~g of TPCK-treated trypsln.

Altematively, FPLC-purilled Hlb porin was Immoblllzed in
acrylamlde gels and subjected ta tT)'psln digestion. Gel places
contalning SJ.Lg amounts of porln were Incubated ln 3ooJ.LI of
50mM Tris-HCI pH8.0 contalnlng 500ng ofTPCK-treatedtrypsln.
The reactlon was at 37°C for 1h. For sequencing purposes, 50 J.Lg
ot Hlb porin was treated with 5 J.Lg of TPCK-treated trypsin. Gel
pleceswere prepared and the digestion products analv'\ed by the
same protocols as in hydroxylamlnoly&·l).

Amino-terminal sequencing ofpeptide fragments

Cleavage produets were subjected ta SOS-PAGE and fragments
transferred electrophoretlcally onto Immobllon-P (Mil1lpore)
membranes. The membranes werc washed several times with
dlstil1ed water ta remove traces of glycine from the transferbuffer.
Bands were eut out and sublected ta gas-phase sequencing
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(Hewick et al•• 1981) in a PI2090E Integratcd Micro·Sequencing
System (Porton Instruments Inc.). Edma" dagradations werc
ccnducted according to procedures recommended by the manu­
facturer. PTH-amino acid analysis emplcyed gradient elution
(Solvent A: tricthylaminelacetic acic1ltetrahydroluran pH4.0:
solvent B: acctonitrile) from a re\lcrsed-phase Hewlett Packard
Amino Quant (200 x 2.1 mm) column wilh a flow rate of
0.2 ml min 1 al 42~C. Five sequential cycles of the amino ter'1linus
of t:d~j1tragment were sequcnced.

Mo/ecu/ar cfoning of ompP2

Chromosomal DNA of Hib strain ATCC9795 was digested wilh
Pvull and size-fractionated by electroelution Itom an agerose gel.
A Iibrary of chromosome! fragments was constructed in M13
mp18 that had been ctigested wilh Smal. Tha library was
Screened using an oligonucleotide (S'-GCTGTIGTTTATAA­
CAACGAAGGG-3') complementary to amino acids at the amino
terminus 01 Hib porin. A ?vun fragment containlng the entire porin
sequence but !acking codons lor the signal sequence was
isolated as a 2.0 kbp insert. The Hib porin gene was excised tram
the RF form 01 M13 bydigestion with Kpnl and Ssplasalragment
01 1130bp and subcloned into pBluescript (Straragene) that had
been restrlcted with Kpnl and 5mal. The resulting ptasmid was
deslgnatod pACC01. The restriction map 01 the insert matched
the information reported by Hansen et al. (1989a) and by Munson
and Tolan (1989).

lmproved baculovirus expression vectors ""ere recently
developed ta expedite screenlng of recombinants (Vialard et al.,
1990) and a recent version of this class 01 veetors, pJV.Pl0Z. WBS

used ln our experlments. this vector contalned promoters
derived from the PlO and the polyhedrln genes of Autographiea
cs/i'omica nuclear polyhedrosls virus. PlO promoter directed
synthesls of a p-galactosldase and the polyhedrin promotsr
controlled the synthesis of the ompP2 gene. The unique Nhel
cloning site of this plasmld necessitated modification of the S'­
and 3' sequences of the porin gene. Ta generatethe Nhal ends on
ompP2, a synthetic adaptor was added ta the S'end and
consisted two oligonuclectides: S'-CTAGCTATAAATATGGGT­
AC-3' and 5'-CCATATTTATAG-3'. When thase two ollgonucleo­
tides were annealed, they generated Nhal and I<pnl sites at their
5' and 3' ends: internai sequences introduced an AT-rich ragion
just upstream of the ATG start site. The AT-rich sequence may
serve as a polymerase-binding site. This sequence also corre­
sponds ta those necessary for maximallevels of expression 01
another toreign gene (Matsure at al•• 1987).

pACCOl was dlgested wlth /<pnl and BsmHI to excise the
entire Hib porln gene. The ONA tragment contalning ompP2 was
gel-purified and Iigated with enneaJed adaptor at a molar mtlo of
10:1 (adaptor:porin). The adaptor-moditied tragment with Nhel­
BamHI ends was torce-cloned into pBR322 cut with Nhal and
Bam HI, thereby creating pACC02 as an lntermediate plasmid
eontaining ompP2. pACC02 was digested wlth BamHl, baekfilled
with the Klenow fragment ot ONA polymerase 1. and Iigated to an
8bp Nhellinker that was added in 1oo-fold molar exeess. The
I1nker-llgated porin gene was then subjected ta exeess Nhel
digestion to remove multiple Iinkers trom the 3' end ot the ompP2
gene. This Iinker-Ilgated fragment was subcloned 1nto pBR322
cut wlth Nhe! and was deslgnalad pACC03 (5523bp). The Nhel
insert of pACC03 (1161 b~) WBS ultimBtely transferred into the
13kbp baculovirus transfer plasmid, pJV.P10Z. creatlng
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pACC33. Two primers thal were complorl1cntmy la Iho voctat'5
5' ·promoter sequences (5' -CGTAACAGrrnGTAATAA,A-3') and
3'-end sequonces (S'-GTGAGT1TTTGGnCnGCC-3') waro
used for DNA sequcnclOg ta conlirm tM orienlation oltho potin
geno wilh respect ta the polyhodrin pronlalcr and ta conlirm Iho
lIdellty 01 the subcloning lhrough intermcdmte plnsmids

Ta goneratc a series 01 doletlon mutants 01 ompP2. pACC03
was digested with Dral or SnaBI or EcaRI or Asoi. Restriction
with the 'irst two enzymes ylelded blunt ends: reslriction with the
latter two enzymes gencraled cohesive cnds that waro back-filled
with the Klcnow fragment of ONA pc.lymeroso. Each 01 1ho
llnearized. blunt-ended ptasmids was ligated wilh the omcgll
cassette derived tram pHP4S (Prpnlki and Krisch. 1984). This
cassette 01 2kbp contains the spectinomycinlslreptomycin­
resistance genes and in either orientation pro\lides 0 lorgo stable
stem-Ioop structure, making It an efficient transcription termina­
tor. The blunt-end Iigal10n of the cassette resulted in tho
rcclrculorization ot the plosmid. naw incrensod in sile ta 7.5 kbp,
The cassettc-modilied ompP2 genes were purltied os NhtJl
lragments and ligatod into pJV.P10Z eut wilh Nha!.

DNA transfections. plaque assays. and isolation of
recombinant virus

pACC33 and the tour transfer vQctors containing omogn·modl­
fied ompP2 genes were purified by CsCI grodient ultracontrlfu­
galion and wero seporalely transtected into Sf9 cells togolher
wlth wild-typo viral DNA (Summers and Smith, 1987) by uslng the
calcium phosphate precipitation tachniquo. Plaque assays wore
performed on culture plates, 5uch that lhe inloctad cells Wore
ovcrlald with 1~ :=ion Plaque agaroso in Graco's medium and
contalning 150fl9 01 Bluo-Gal par ml ot overlay. Blue plaques,
ebSily recognlzed attar In~ubationlor 5d at 27"C. were plcked and
ditfused ovemlght in Groce's medium. Plaque ilSsays wore
rcpeated on 10-rold dilutions of dlffused virus. agai" using
Blue-Gal in the overlay. Thrce rounds of plaqua nssnys woro
sutficicnt to generate recombinant virus froc of wild·typu virus.
lsolated reco: l' linont virus was fina1ly amplilied to 0 titre 10' p.t.u.
mil.

Microbio/oglca/ tests

Bacterlcldol actlvity WBS tesled os descrlbed eorlier (Kfiyhty cr al.,
1668), Bacterio were incubatod tor SOmln, 3rC in mlcrowolls wlth
dilutions of serum or mAbs and S or 25% humon serum as 0
complement source. The complement source dld nol kill the
bacteris wlthout odded antibody. Atter Incubation, oUquots of tho
bacterial suspensions were ploted ln duplicate on' e chocolate
agar plate and Incubated ovemight ot 3i'QC ln li CO:!, lncubalor.
The last dilution that gave 500/0 kllling wos taken DB the bacterlel­
dal antibody titre.

Ta detennine whelher passlvety given mAbs waro protectlve ln
vivo, infont rat experiments wore performed os described QarUer
(Smith et al.• 1973). The entlsera or mAbs were given Intra­
periloneally fl.p.) 2h before the challenge Hlb whlch weB slao
glven I.p. Bactoraemia was deloeted 24 h later by platlng 20 fll of
noat or loofll of 1:10 and 1:100·diluted blood.
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AnalyticaJ procedures

Sodium dodecyl sulphatel polyacrylamide gel electrophoresis
(SOS-PAGEI was used 10 assess the purity of Hib porin following
FPLC. 10 resolV8 fragments derived trom chemical or enzymatic
digestions of Hib porin. and to resolve proleins in saf""lples of outor
membrane vosicles or Inseet cali Iysatas. The gel compositions
ware adopted trom prolocols of Lugtenberg et al. (1975). Gels
waro stalood for proteins wilh Coomassie SriUisnt Blue or by the
more sensitive method of Morrissey (1981) for sllver S1Binlng. The
molecular mess standards wero from Pharmacie LKB Biotech·
"ology Inc. Alternatlvely, gels woro silver stained 10 idenlify
lipopolysaccharide (LPSI by the procedure ot Tsai and Frasch
(1982). The amounls of LPS that remalned bound la Hlb porln
samptes were estimaled by comparing the stalning pattern la
standards of 50,100,200 and 300ng on Ihe same aels.

Following SDS-PAGE, protelns were transferred electrophor~

etlcally (Towbln er al., 1979) to nItrocellulose paper (Schleicher &
Schuell, Inc.). Rainbow markers (Amersham Canada Ltd) were
al~o electrophorctically tmnsfcrred ond uscd on immunoblots to
cstlmota tho sizos of rcactîve fragments. The nitrocellulose paper
was blocked with 1% (w/v) sklmmed milk or with 1% bovine
serum albumln in Tris~saline, and the immobillzed protelns were
incubated with (I) hyperimmune serum, or{ii) con.;entrated culture
supernatanls or (Iii) affinlty-purified monO'ilonal anlibodles. The
developlng antibodles werl;t alkaline phosphatase~labetled antl~

mousa Immunoglobulins (Cappel Laboratorles). The enzymatlc
reaetlvity of nlkaline phosphatase was detected by addition of
substrates NBT and BCIP (BloRBd Laboratoriesl.
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PREFACE TO CHAPTER 3

As probes of the topological organization of Haemophilus

influenzae type b (Rib) porin, we previously generated

monoclonal antibodies (mAbs) against the isclated protein and

screened them for their reactivities with intact bacteria.

Surface-reactive mAbs bound to two regions of Rib porin: amino

acids 162 to 174, and amino acids 267 to 341. Another reglon

between amine acids 104 and 139 was strongly antigenic but not

surface-exposed. This chapter describes work on defining

precisely the amino acid sequences 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 Rib porin at the

bacterial cell surface •
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The mJÜor surface·located prottln in the outer membrane or Jlatmophilus influen:tJe type b (Hib) is porin,
moleeular m3511, 38 kDa, 341 amino adds. To define predsely the molecular retlC'tivities of Dine mouse
monoclonal antibodirs (MAhs) .gainst Hlb poria, overtapping hcxapcptides corrcsponding 10 Ihe enlire
.equence of porin were synlbesized. The epitopes recogDized by Ihe MAbs were mapped by enzyme-Unked
immunosorbenl assay lo slrelches of 610 11 amino aeids. Alltigenic sites hetween amino acids 112 and 126, 148
and 153, 162 and 172, and 31S and 32S w.... Id.nlified. Tb. anlig.nle sites b<lWeen amlno acids 162 and 172
and betwetD amino làds 318 and 325 wen delerminro by flow cyI(lmelry to be on Ihe baderia. «Il surface.
Four MAbs, POR..'!, POR.3, PORA, and POR.S, Ihal read wilh amioo .ciels 162 10 172 were able 10
discrimiaale amung porins l'rom the tbree mlÙor outer membrane protein subtypes of Hib, i.e., 1H, :1., and
6U. A mod.1 for th. lopolollial o'Xllnl..llon oF IIIb porln wos crealed by calculaling lb. bydropboblclty,
ampbipbilicity, and lum propenslly in its amino aeh! sequence. Delermlnation of thf molecular reactlvlties of
the loU·Hlb porln MAbs provlded substanlh't evldence for the orientation of selected regions of porin ln the
outer membrane of Hlb.

•

Porins of gram-ncgative bacteria form tronsmembrane
water-tilled chonnels that pcnnit diffusion of hydrophilic
solutes across Ihe outer membrane (2, 20). Dy acting as
moleeular sicvcs, Ihey display IJnique fcatures of scleelive
permeability such that the maximum size of a solule mole­
cule: that can pe:rmeate the: porcs defincs a value termed the
molcculur weight exclusion limil. Solutes lower in molecular
weight Ihan Ihis value diOilse readily lhrough porins,
whereas solutes whose molecular wt:Îghts exceed the value
of the exclusion limit arc impeded in their passage. The
variety of purins und their exclusion limits differ from one
bacterial genus 10 unothcr.

Most porins arc orgunized in the outer membrune DS

lrimers which arc unperturbed by üetergents such as sodium
dodecyl sulfate (SOS) (2, 22). Porins are also an unusual
clas." of membrane protcins becRuse the primary amino acid
sequences of Ibeir monomers contain a high density of
ehurged residu.s and Ihere arc no el.arly hydrophobie
slrelches which.would be predieted to span a membrane as
an alpha helix (13, 22). Il has therdore been pmpo,ed Ihal
the sccondcry structure of porin is orgunized as transmem·
hrane bela strnnds (2, 22), a proposai for whieh there Is now
expcrimental support (12, 30). 1nterest in Ihe structural
orgaoization uf porins has been heighlen.d by the identifi·
cation of sequence alignments. from which sorne predictions
cao he made us ta membranc-spanning strands. For exum­
pie, the ollgnmenl of eighl sequences from Ih••nterie porin
famUy gcnerated information aboul altemuting conserved
(beta strand) and variable (Ioop) regions (14). 8y eomparl·
son, the porins Crom neisscriae arc nol as strongly con­
scrved, but six scquence alignments still had fcw ambigu-

• Currcsponding aulhor.

ilies. Whe" these scquence similnrities were then considercd
along with plots of hydrophobicity and hydrophobie moment
and wilh tum prediclions, il was possible to propose trans­
membrane betn strands and loops as the hallmarks of porin
structure (14). Onr. of the requirements of sueh detailed
structural analysis is that several porin sequences from a
given baclerial genus are known. Amino acid sequence
information is availablc for three porin variants of HaemoplJ.
ilu.r illj/uetlZae type b (Hib) (18, 19). However, these dala are
insufficienl to construcl a Haemophilus porin family.

Tbe pore formed by Hib porin has a moleeular siz.
exclusion limit of 1,400 Da (26), eonsidernbly higher than the
vulu. of 600 Da for the porc Forrned by OmpF oF Escllerichia
coli. Jn addition, by liposome swclling assays, Hib porin
appcars la have a greater porc diamcter than that associated
wilh th. poriM of E. cali (25). Unlike most porins, trim.rs of
Hib porin arc quite unstable and werc visuatized by SDS­
polyaerylamide gel .Ieelrophoresls (PAGE) only when the
prolcins werc prcviously cross..linkcd (25). ReeenUy, how­
cver, by image reconstruction of lWo-dimensionaJ crystals
(4), the trimerie orsanization of Hib porin has b.en c1.arly
demonslraled. .

As probUl of thetopologieal organization of Hib porin, wc
prcviously generat.d monoclonal anlibodies (MAbs) against
the isolatcd prolcin and scrccned thcm for Iheir reactivities
wilh intact bacleria. Surfacc-reactive MAb~ bound ta IWo
regioM of Hib porin: amina aeid.162 to 174 and 267to 341.
Anolh.r r.gion, b.tween amino aeid. 104 and 139, was
slrungly antigenie but not surface exposcd (23). Wc have
ext.nded these studies on Hib porin by defining preeisely the
aminu ueid s.qu.nces that are recognized by eaeh of our
seveD MAbs. To expand our siudy, wc oblained from other
laboratori... two dilferent MAbs against Hib porin and
idc:nlific:d the amino acid.~ that lhey recognize. These data
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wcn: uscd in conjunction with predictions ur porin second·
ary structure 10 gcneratc 3 working model for the topological
organization of Hib porin al the hacterial ccII surface.

BactrrJal sirains and growth conditions. Threc Hib strains
wcrc uscd in Ihis study. and they diffcr by outer membrane
pratein (OMP) sublype: Hib ATcC 9795 is OMP subtypc IH
(23, 26); Hib MCH 5539, a clinicat isolate provided by K.
Knowlcs. Montreal Childrcn's Hospital, is OMP subtypc
2L; and Hib 1481 is OMP subtype 6U (27). Ali strains were
grown on chocolate: plates or in Iiquid medium consisling of
br.in heart inlusian plus hemin (1.0 ",g/ml) and NAD· (1.0
",g/ml) at 37'C.

Hexapepllde synthesis. OvcrJappin~ hcx3pcplidcs werc
synthesized on snlid·phase supports as described by Geysen
cl al. (6, 7);" by using il commcrcially available epitopc·
mapping kit (Cambridge Rcscarch Biochc:micals. Gadbrook
Park, Narthwieh, Cheshire, United Kingdam). Peplides
were synthesized on polyethylene pins whieh were prepared
by the supplier of the kit to conlain distaUy ftuorenylmethyl
axyearbonyl (Fmae)-Il-alanine eoupted ta Ihe polyethylene
matrix via hcxamcthylcne diamine and acrylic acid. Ali of
the Bmino aeids used wcre providcd by the manufacturer and
were in the form of Fmoe~protectedpcntanuorophenyl ae~

tive esters, except serine and Ihreoninc. which werc Fmoc­
·protected oxobcnzotriazine active esters. Ali amine acids
had thcir sidc chains protectcd with t-butyl derivativcs,
exccpt arginine, whieh had a melhaxy-trimethylphenylsullo­
nyl side-ehain-proteeting group. The catalyst lor Ihe cou­
pling reactian, hydroxybenzatriazale, was alsa provided by
lhe !upplier. Dimethyllarmamide (DMF; Aecusolv:
Anachemia) was the solvent used in the synthesis. and it was
Crced Crom contaminating amines by standing over type 4A
molecular sicvcs (Anachcmia) for 6 weeks in the dark tefoTe
commencement of synthesis. Amine levcls in this DMF werc
monitored by measuring the UV abso"bance of the sample
treated with I-fluara-2,4-dinitrobenzene (28). The final con­
centration of frec amines in the DMF used for the synthesis
was less than 2 ppm. Ail other solveDt'i werc of the highcst
purity level:; and werc used whhoUI any furthcr trcatment.
On the basis of the amine neid sequence of Rib porin, a
schedule Cor the synthcsis of ovcrlapping hexapcptides avcr
the cntire sequence oC this protcin was creatcd by using 'he
saltware provided.

The tirst Stcp in the sYlithesis involvcd rcmoval of the
protccting group from the Fmoc-~-alanine of cach pin ta
facilitatc subscquent amino acid coupling. This was achieved
by mild base trcatment of the pins with 20% pipcridine in
DMF. Following deprotection and washing9 the pins wcre
immerscd in 96-well polyethylene trays, caeh weil containing
100-1'1 aliquats oC solution. The solutiun consisted al the
appropriate Fmac amina aeid ester (30 mM) and hydraxy­
bcnzotriazolc dissolved in DMF. Amino Deid coupling was
carricd out ovcmight at room tempcrature. The dcprotcction
and coupling were repeated in this manner until a peptide of
the rcquired Icngth was gcncratcd on cach pin. The direction
oC synlhesis resulted in a peptide whose C terminus was
proximal to the commOR p~alanine and whose N tcrminus
was distal. The N terminus of each peptide was deprateeted
and immediatcly acctylated by reaetian with a mixture al
DMF-acetie anhydride-triethylamine (5:2:1, vol/val/val) to
remove the unnatural charge. Finally. the sidc chains of
amino Dcids in the peptide werc dcproteeted and neulralized
by rcaetion with triOuoroaeetie aeid~phenol-efhancdithiol
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(3~:1:1. V(lVVl,llvol). followcd hy wa:o:hir.g. in n ""th contain·
ing 5% di-isopropylethylaminc in dichlorllmcthanc. Aftcr the
dcrivntil.cd pins wcre washed in 0 mcth:ml,1 buth fm 18 h.
they werc dric:d in vacuo. This pnx:cdurc ullowcd fl'f :o.yn·
lhcsi:-l of Il Set of 336 consecutive !lnd ovcf1Bpping hcxupcp­
lidrs corrcspllnding 10 the completc sequcnce of .'41 nminn
acids of Hih porin. OMP subtypc IH.

Aiso s)l"hesiled in pBrand wcre twn conlml tClrUpcp'
tides, Pru Leu Ala Gin (PLAO) and G1y Leu Al. Gin
(GUQ). The SU'-'"Ccss of synthcsis was clI;llirmcd hy dem·
onstratÎon of the rca'-1ivily of a pfl.."Viuusl~/l.·hur,lIc:erilcJ test
antibody (Cambridge Rcsc:arch Biuchemiculs) tn the pusilivc
control. PLAO. and laek uf rcltctivity tn Ihe neglHive cun·
trol, GLAO.

lr:lrnUDOlo&lcal usays. The immunorenclivity of Ihe sni id­
phase peplides was I\ssnyed by cpzymc-IÎllketi imnmnosor­
bent ossay (ELISA) as recommcnded by the manufacturer.
Pins with the im.nobilizcd peprides werc plnced in micnlliter
platc:s (Maxisorp F96; Nunc) containing 200 p,1 of blocking
solution (2% bovine serum albumin. CI.l% Tween 20 in
phosphatc-bufJered saline. 0.05% sodium R7.ide) fm 1 h al
room temperalure. FoUowing blocking. the pins wen: incu­
baled overnight at 4°C with 150 .-,1 uf nntiporin MAbs
appropriately diluted in blocking solutioll. ACIer bcing
washed four times wilh 0.1)5% TweeD 2U in phosphate­
buffcrcd ~aHnc. the pins wcre ineublltcd with 150 ..,1 of u
sccondary antibody (rabbil unti·mousc immunoglobulin G
[heavy and iight chains) conjugated to horserndish rcroxi­
dasc; [CN) appropriately dilutcd in blocking solution (minus
sodium azidc) for l h at roum tempcrature. The washcs wcrc
repealed, Bnd the pins were ineubuted wilh O.S mg uf the
subslratc. 2,2' -azino-bis()·cthylhenzthiazolinc·6.su1funic
Dcid) (Sigma). per ml in dislldium hydrogen Prdcric "cid
buffer. pH 4.0, for 30 min in the dark. The miemtiler plates
werc rcad on a Mul~iscan MC (Titcrtck; Flow Lnboraluries)
ELISA plate reader at 405 nm. Aftcr immunoassny. the
immobilizcd pcptides were Creed from bound antibody hy
ultrasonieat.ion in hol SOS and ~-mercaploclhanol and fi­
DSUy washcd in methonol. The peptides wcrc then rcused for
subsequcnt immunoassays (7).

Rcaetivity of MAbs to isohlled purin on microtitcr pintes
wus assaycd by ELISA as c.Iescribed for immunorcactivily of
immobilizcd peptides, wâth the following modifications.
Blacking and incubation l'teps WCIC pcrfonncd in 0.5% milk.
the secandal)' anlibody was a MAb (the rat anti·mausc "
lighl chain cunjugated ta alkaline phosphata.,e), and the
substrate was 2 mg al p-nitraphenylphasphate (GIBCO,
BRL) per ml in diethanalamine buller, pH 9.5.

F10w cytomelry9 Detail!; of our conditions for Dow cytnm·
etl)' were published reeenlly (23). Baeterla Crom lresh over·
night cultures wcrc washcd in Tris·buffcrcd saline und
suspended in this bulrer ta la' cells per ml. An affinity·
purified MAb (concentration, 0.5 mg/ml) at a 11100 dilution
was mixed wilh 2 x ul" cclls and ineubalcd at 37"C lar 1 h.
Bacleria werc pelletcd in an Eppendorf microccntrifugc,
washcd, and ineubated with anti-mousc immunoglobulin
eonjugated to fluorescein. Analysis 01 labelled cclls used a
FACScan (Bectun Dickinson) wilh Consort 30 soltware. For
cach samplc, 2 x 10" ecUs werc analy.ted.

Modcllla& of Rib porla. Hydrophobieily and amphiphillc­
ity plots oC Hib parin were generaled by using a compuler
prngram called AMPHI (11). The hydraphnbicity .cale (h)
for cycry amino aeid u5ed in this program is the consensus
scale created and firsl reported by Kyle and Ooalillie (16).
H7(.) and Ha(i) values were caleulatcd by using the Collowing
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equalions: Il.,(i) - Ih(1 " 3) + h(i " 2) + h(i " 1) + h(i)j17
and 11.(1) - (h(i " 4) + hl; " 2) + h(iJY5.

Two types nf transmembrane bela strands with oiSlinet
values uf average hydrophohicity III,(i)) or average am·
phiphilicity IHJ'(i)J were antieipated for Uih porin: residues
whieh interaet with the hydrophobie memhrane hilayer on
cüher side of the heta strand lH,{i) ë.!': 1.6J; and residues
whieh interact wilh the hydrophobie bilayer on one side and
with the hydrophilic surface of the pore's interinr on the
olher side of the bela strand (1I"(i) ~ ].6 and IIp(i + 1) s
O.4J. ACter beta strands in lIih porin within such defincd
limits were identified, ather potential beta strands were
predictcd bc:cause they displayed relatively high values for
H,(i) and Hp(i). Once identificd, candidates for bela strands
and Joops wcrc evaluatcd by turn prediction.

Tums in Hib porin were identitied by using the method of
Paul and Rosenhusch. which was adapted for proltins dis­
playing beta structure (21), with a slight modification for the
minimum number of residues required to 5.aisfy the candi·
tions for tum prediction. Constituent amino acids wcre
divided into threc groups. Turn promOEers include Asn (N).
A.p (0), Glu (E), Gly (G), Pro (P), and Scr (5); tum blockecs
comprise Ala (A), Gin (0), Ile (1), Leu (L), Met (M), Phe (F).
Trp (W), Tyr (Y), and Val (V); lurn·indifferent residues are
Arg (R), Cys (C), His (H), Lys (K), and Thr (Tl. Segments of
four or morc rcsiducs in which at IC85t one was tum
promoting and none WOlS turo blocking wcre idcntificd as
turns.

RESULTS

[pllopo se••nlog of Rib porin, IH. Wc cleeted 10 syntbe.
size overlapping hcxapcplidcs for the cntire sequence of 341
amino aeids of Hib porin (9, 19) and to use these hexapop·
tides ta dcfine the molccular rcaclivilies of our scveR MAbs
(23). A primary requiremenl for sueh onalysis is lhal the
MAbs rcoct with linear cpitopes as opposcd ta confornla­
tional dcterminants. This criterion was satisticd by our SC:\leD

MAbs because Ihey reaetcd wilh SOS-denalured porin on
Western blotting (immonoblotting) and a subset of Ihe MAbs
reactcd with truncatcd porin protcins that wcrc cxprcs.'\cd in
Ihc baeulovirus expression veclor system (23). Ail of lhc
MAhs wcrc paritied on D monoclonal anli·mousc K light
chain immunoaffinity column (32), and sorne range finding
WBS then nccc:s.'iBry ta detenninc conditions for optimum
dilutions of the MAbs in thcir rcaclivities with the hexapcp­
tides. Insoffieient dilution of a MAb contribuled to high
background values of ELISA data; appropriate dilutions
showcd clcarly a single peak of rcactivity over a small
number of hcxapeptides (one to six) and a unirorm, low
baekground avcr ail other rcgions uf the sequence.

AIlinily·porified MAb POR.I (concentration, 0.5 mg/ml) ot
a dilution of 115,000 reaeled wilh six eontiguou.. hexapop·
tide. of the 336 hcxapeplides tested (Fig. 1). The reactivitics
oC MAb POR.I spanned the region Asp-1l6 to Asp-126 (Fig.
2). No olher hexopeptide bound MAb POR.I, and nonspe·
citie binding ta ail other regions oC the sequence was appro­
priately low. MAb POR.4 reeognized five hexapoptides,
lhose between Gly·162 and Ala·l7l (Fig. 2). The pattcm of
reoclivily of MAbs POR.2 and POR.3 to the hexapoptides
was identieo. to that of POR.4. Dy comparison wilh these
rcsults, a subtly diffcrent rcactivily was detennined for MAb
POR.5: it bound to three hexopoptides that ineluded the
amino aeid sequence fmm Lys·165 to Gly·l72 (Fig. 2). MAb
POR.6 w... taled and found to reae: wilh hexapeptides
belWccn Thr-318 and Val·325 (Fig. 2). MAb POR.7 showed
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FIG. 1. Epitupe scanning wilh hcxapcplides corresponding 10
Ihe sequence of Hib porin. OMP 5ubtype UI. The sequence or 341
amino aeids was ~ynthesized as 336 sequenlial overlapping hexapep.
lide.o; on solid·phase supports. Hexapo:plides werc incubated wilh
POR.I, washed free or unbound MAb. and rcacled wilh a secondary
anlibndy as dcscribed in Malerialo; and MClhods. ELISA values arc
expressed as A-4QS unils mcusured IIfler 30 min of incubalion.

a pattern ofreaClivily idcntieal to that ofPOR.fi. Ail of these
reactivitics arc therefarc consistent with our prcvious infor­
mation, which assigncd the sequenccs that were recognized
by the seven MAbs ta three distinct regions of Hib porin.

Also tested was mouse MAb Hb·2, a surfacc-reactivc
snti·porin MAb thot has been shown 10 react with 451 of 453
type b strains from a worldwide collection of H. influenzae
(8). MAb Hb·2 did not react wilh fast protein Iiquid chroma­
togrophy (FPLC)'purified porin on Western blotting nor did
it react with aoy of the hexapeptides. This rcsult is consis­
tent with the suggestion thal Hb-2 recognizes sorne confor­
mational delerrninant(s) of Hib porin.

To amplify the analysis of Hib porin by epitope ..onning,
wc tested mouse MAbs from different laboratories which
reaeled poshively with the porin of Hib ATCC 9795. Two
MAbs, 9F5 (10) and 23AAl2 (27), wcre previously eharae·
tcrized as rccognizing buried or otherwise inaccessible re­
gions oC Hib porin, the locations of which were unknown.
80th MAbs 9F5 and 23M12 were ficst tested for recognition
of full-Ienglh recombinant porin and four C·lerrninal dele·
tions of porin generatcd in the baculovirus expression vector
system. These deletion proleins were PORI39 (containing
amino acids 1 10 139 of Ihe matore Hib porin), POR174,
POR182, and POR264. Ail of th...e recombinant proteins
were prcviously uscd to designatc rcgions oC antibody rec·
ognition (23). MAb 9F5 reaelcd on Western blotting with
recombinant porin and ail four truncated porin proteins.
MAb 23M12 did not reoet with PORI39 but gave a positive
signal wilh PO!'.l74, PORI82, P0R264, and full·length
recombinant porin (dala not shown). Such data enabled
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FIG. 2. ELISA reactivilies or unti·llib porin MAbs. The entire set or he:<apt:pHdr:s WilS suhjeeted 10 cpitupe sCllllnin~ wilh six imli·llih
porin MAbs. Only the rcgion of posilive ELISA n:activity (A.lu.~) il' shown in cach pancl. The lItlmcrical value thal identilies cileh hCXllflel)tidc
scqucncc corresponds 10 lhe amino acid in the sequence or lIib purin (OMP suhtypc Uilat (he llmino cnll ur a givcn J"lCpthle.

•

prcliminary loca1i7.ation of epitopcs recognized by these
MAbs: 9F5 between Ala-I and Phe·139 and 2.1AA12 belween
Lys·140 and Val·174. Epitope scanning identilied the p'i.
Mary sequences ln which thcloie MAbs bound. MAb 9F5
rccognized Thr-1l2 10 Lys-Il?, and MAb 23AA12 rccog­
nized Gly·148 10 Leo-153 (Fig. 2).

Alte"td immunoreBctivities of MAbs against porins. Varia­
lions in the mobility patterns of OMP, on SDS-PAGE have
becn cmploycd as a means of classifying Hib isolntes (1).
This divcrsity uf patlcrns extends la the diD'ering mobilitics
of porin. and Ihese difTcrenccs on SDS-PAGE have now
bccn correlaled with amino acid sequence changes of porin
(18). Wc wished to delemline whelher any of lhe panel of
MAbs would discriminate bctween variants or porin. l'hrcc
baeteriol stroins WCn: uscd. They differ in porin protcin
amino acid sequence. Hih ATCC 9795 has 1H porin having
lhe prololype sequence (9, 19); Hib MCH 5539 has 2L porin,
a change of Arg-16610 Gin eompared with IH porin (18); Hib
1481 has 6U porin. a total of lU amine acid sequence changes
compared wilh IH porin: Phe·96 10 Leo, Gly.162 10 Mel,
Glu·163 ID Ala, Arg-166 10 Leu, Asp·169 10 Asn, Asp·193 10
Asn, Ser·210 10 Ala, Lys-214 10 Thr, lIe·249 10 Val, and
Glu·320 10 Gly (18). Our DNA sequence dala confirmed
thcse amino acid changes. Porin pretein was extracted (rom
cach of thesc three strains and purified by FPLC on a
MunoQ eolumn 10 apparenl homogeneilY (23). A single band
appeared on silvcr slaining of SOO ng of purificd prolein.
Each of thesc thrce purificd proteins was thcn used in a
soUd-phase ELISA ta assess the immunoreactivities of Ihe
MAbs againsi differcnt porins. The reciprocal thcrs dcter­
mined by ELISA provided comparisons of Ihc rcaclivities of
MAbs against the sequencc variants.

AlI of lhe MAbs from POR.I 10 POR.7 reacled wilh
FPLC·purified Hib porin IH (Table 1). Idemical reaclivity

pauerns wcre displayed hy MAbs POR.I, 1'01\5, POR.h.
and POR.7 ugainsi 11-1 porin ,lnd 2L purin. MAhs PUR.2.
POR.3. ill1d paRA showcd a nincfold decrensc in rCllctivity
to 2L porin comparcd wilh 111 porin. In lOilrked cunlnlsl tu
thcsc data, wc wcrc unahlc tn dclcet hy ELISA ,illY rc:activ­
ilY "f MAbs POR.2, l'OR.3, PORA, and POR.5 wilh hU
porin. The rcactivitics nf MAbs POR.l, paR.!), and POR.7
with isolatcd lB pnrin, 2L porin. and ()U porin wcre idcnti·
cal, as indicatcd by Ihe rcciprocnl titers of :tntihudy rCllcliv·
ilies on ELISA.

Recognition ofdilTerent IIlb porios on Inlact cell5. Whilc the
abave information on Ihe hinding of MAhs with isullllcd
porin idcntified mnrkcd diffcrcnccs in renclivity, il did nol

TABLE 1. Rellctivilics ur MAbs ugllin"l purin variant" nf Ilib

RcciprnclIllilcr ulanlibudy re"clivil)"

MAil wilh OMP !luhIYIK::

III 2L (,U

IIOR.1 H.loo H.IOCI H.1lM1
POR.2 H.IOCl '~lll <tun
pOR.l 8.IIHI 'IlKI or: IlXI
PORA 2.700 lOO -: HX)
POR.S 900 'IlKI <1011
POR.fJ 2.71lll 2,700 2,7{)n
POR.7 llKI llK) llKI

.. r:I'LC·purilicd porin 15 ~w'mll rmm the: Ihrec: dirfcrent !Iih 'trlinl ln
carbonate huffer Will' alirtClrbed to an EUS" plllt: O\Ic,ni",hl III fUnm lempc'.
IIlUfe. Thrccrold dilulionl' IMlining hum 11100) nf affinily·purillcd MAh\
(cuncenlllrliun, 0.5 mg/mil wcrc rc.clcd wilh .nligen, fCllluwcd hy a 'ct:und·
Iry anlibody conjug'lcd ln IIlk:dinc phtl\rh::llI'c. l'he reciprocltl liter i\
exprcsscd a!llhc dilution of Il MAb thatRllve an aMnrhal1ce 01111 Ica" Il.2 fwcr
Ihc background for Ihe colorimelrie at.:'ollY nI enzymlllic aalvlly.
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FIG. 3. Flow cytomclry of Hih wilh anliporin MAhs. Baclerie wcre prepârcd and staincd as dcscribed in Malcrials and Mcthods. llucc
sirains of Ilib werc analyzcd: ATCC9795 (OMP subtypc: UI) in panels A. D. G. and J; MCH 5539 (OMP 5ublyt'lc 2L) in panels B. E. H, IInd
K; Bnd 1481 (OMP !'iubtype 6U) in panels C. F. 1. and L. The MAbs Ic!ncd werc POR.I in panel~ A. B. and C; PORA in panels D. E. and
F; POR.S in panels G. H. and 1; and POR.6 in panel" J. K, and L.

•

provide information as to whcthcr the cognatc epitopcs wcre
cxposcd al the baclcrial ccII surface or wcrc buricd in the
outer membrane and Ihcrc:rorc inaccessible to antibodics. Ta
pmhc the topological orientation of the amino acid se­
quences thal werc recognized lJy our panel of MAbs. we
employed Dow cytometry of intact Hib. Aller reaClion of
freshly grown baClerial cells with a seleCled MAb, the celL.
wcre exhaustively wDshcd and rcactcd with a Ouorcscent
scr.ondary antibody. Fluorescence-activated ceU sorting
(FAeS) idenlified whether n populalion of ceiL. was labelled
or nol labelled by lhe primary MAb. Ali expcriments in·
c1uded IWo controls: Hib ATee 9795 reacted positively with
MAb HlJ.2; Hib DL42/2F4- is a porin L<lelion slrdin (3) and
was negative by Dow cytomelry for ail of lhe anli·porin
MAbs t...ted. Data from FAeS scans wilh four MAbs are
presented (Fig. J) because they represenl the clearcsl di.·
tinctions between MAb re3ctivitic.~ with sequence variants
of Hib porin. MAb POR.I was uniformly negative by FAeS
.nalysis of Hib which eonlains IH, 2L. or 6U porin (Fig. JA,
B, and C). Even though this MAb reaets strongly wilh Ihe
isolated porins, the epitopc to which MAb POR.I binds is
therefore nol surface exposed. MAb POR.4 reacted posi­
tively wilh cells with IH porin. 10 an intermediatc extcnl
with inlact Hib Ihat contains 2L porin. and negatively with
inlaet cells with 6U porin (Fig. JO. E, and F). Reaetivity of

MAbs POR.2 and POR.3 wilh intact bacleria was similar to
that of POR.4. MAb POR.5 was positive Wilh cells display·
ing either IH or 2L porin and negative with Hib displaying
6U porin (Fig. 3G, H, and 1). MAb POR.6 reacted posilively
by FACS analysis with alilbree Hib slrains (Fig. 3J, K, and
L), and so did MAb POR.?

Epltopc scannlng ofHlb porln 21.. The reactivities of MAbs
POR.2, POR.3, and POR.4 with FPLC-purified 2L porin on
ELISA (Table 1) and with inlaet Hib of OMP subtype 2L by
FACS analysis (Fig. 3) werc clearly lower than in parallel
experiments Ihal analyzed IH porin. To determine whether
lhis ditrcrential reactivilY was attribulable 10 a change in the
sccondary structure or ta a difference in direct recognition of
primary sequences. cpitopc scanning of the Hib 2L porin
WBS undcrtaken. Since the 2L porin differs by a single amino
acid change of Arg-I66 10 Gin (18), ail possible overlapping
hcxapeplides thal incorporated Gln-l66 were synthesized.
The six new hcxnpeplides for the sequence of Hib 2L porin
were those from Lys-I6l10 Gln-l66 and Gln·l6610 Ala-I7l.
Wc lhen asked whether MAbs POR.2, POR.3, POR.4, and
POR.5 would recognize the hexapeptides of the Hib 2L poria
sequence. Wher..s MAb POR.4 reaCled with the sequence
Gly-162 Glu Asn Lys Arg Pro Asn Asp-169 from Hib IH
porin (Fig. 2), it did not react al ail 10 lhe sequence in which
Arg-IM had been changed 10 GIn (Fig. 4). The identical
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window or scven IIci~thburs. lhe hydruphuhicity 11I,(i)l (A) ;lnll
arnphiphilicily (Hill;)) for helil strands (B) wcrc 1l1ullel1. 11cuk v;lhu:~

that predict hydrnphnbic l~) und amphiphille t+l helll stflllllll> arc
within thc siringcncy Iimits specilied hy Jiihnig (see ReMllts). Olltcr
hydrophnhic IV) IInd arnphiphilie (O) hctn !>tmnds IIrc IlTllptl!>ell
bceausa: the: rcgiuns display relalÎvcly high values lur 1I,(i) lllui
11111;). n:speelive:ly. TIlc potcl\lilll hctl! si rami." :ue Illlmherc111tu HI.

sequence as descrihcd by Jahnig (11). To prcdict hydrnphu.
bic stretchcs in l-lib purin. the average hydruphohicily ur
cileh neighhuring seven residues 11I7(i)l sliding nver the
enlire sequence was plotted (Fig. SA). A pn!'iÎlive vaIlle uf
f/7(i) for a given sequence denoles hydrophohicity, while Il

Itcgalive value denotes hydrophilicity. Six mcmhTllnc·span·
ning hydrophobie helll strands (Fig. SA, c1nscd triungles)
were prcdictcd ovcr reginns which displ"yed pe:lk vlllucs uf
H7{i) ~ 1.6. Amphiphilic regions in !-lib porin werc idenlificd
by plotting the average IImphiphilicity of c:ach of Ihe live
alternalc amino acids within ninc-residuc segments 11111(;)1
sliding ovcr Ihe enlire sequence (Fig. 5U). Ahernate lImiRu
acids in a sequence would he dis1ribuled 10 one side uf II
hypolhetical membranc-spanning hein strand. Fivc am­
phiphilic bela slrands (Fig. SB, closcd dinmnnds) wcrc
identificd over regions which displayed values nf 1I11(i) i2: 1.6
and H.(i + 1) s llA as .pecified by Jiihnig (11). TI.',"e limit.
for predicting hydrophobicity and amphiphilicily wcre b:.scd
on Ihe analyses of a large numhcr of membrane prolcins.
Such pattern searchcs within chcse dc:fincd limits wcrc uNeful
in predicting Il bela st rands. Sinet.: analyses of nlher porin~•

0.0 0.5 1.0
Absorbance

(405 nml
FIG. 4. Epilnpe mapping wilh hcxapeptidcs currcsponding tn Ihe:

scque:nce: ur Hib porin. OMP subtypc 2L. The :Istcrisk indicates the
unique change (Arg·11l6 tll GIn) in the primary ~eqcenceor 2L purin
comparc:d with the prim:lI)' sequence or III porin. The ELISA
values wcre dch:rrninetl Il.rtcr reactilln with anti·Hjh pmin MAhs
PDRA and PDR.S.

resull \Vas seen for MAbs POR.2 and POR.3. MAb POR.5
hound to the sequence Lys-165 Arg Pro Asn Asp Lys Ala
Gly-l72 from lIib IH porin (Fig. 2); lhe change of Arg·1(>61o
Gin had no effect un the abilhy of MAb paR.5 10 recognize
the hexapcptides which incorpurated this sequence change
(Fig. 4).

Madel for topological organizatlon of Hib porln. Baclerial
purins arc generatly considered tu be composed of beta
~'itTands that traverse the membrane and loops Ihat connect
the beln strands on either side of the membrane. Individual
betn strands can either he buried in Ihe hydrophobie milieu
of Ihc mcmbrane ur be arranged 5:uch that one side faces Ihe
Iipid membrane und the other side fnces the inlerior uf the
channel. In Ihe lauer case, the side eontacting Ihe membrane
mu!;1 he predominantly hydrophobie and Ihe other sidc must
be prcdominanlly hydropbilic so us ln provide a hydrnphilic
lining to Ihe pore. This oriental ion is refcrred 10 as am­
pbiphilie (11). Hydrogen bonding between neighboring
sirands then leads ta formation of a c10sed structure. a bcta
barrel, which can function as a porc across Ihe membrnne.
Laops connecting bela slrands, on the olher hand. arc
exposed la Ihe aqueous environment on cÎlher side of the
membrane and must thereCore be predominanlly hydro·
philic. Ta connect neighboring bela strands, the loops en­
counter turns along their sequence (21). Owing la this and
other conslrainls in secondary structure, the loops on any
onc side of the membrane arc expected ta prolrude la
various eXlents and thcrefore arc nol cqually accessiblc at
Ihe surface. The uhimate retinement for the slructure of
porins ha!; come from analysis of crystals of Rltodobacler
capsllia/lls porin (29, 30).

Wc predicted bem slrands for Hib porin of OMP subtypc
lH, Ihe protolype sequence used in our sludies, by identi- .
l"ying hydrophobie and umphiphilie stretchc5 in its primary
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nf gmm-ncgative bacteri:, revealcd greater than 11 betn
stmnds (14, 30), wc ntlempted to idcntify other potentin! beta
st rands in Hib porin in a manner analogous to that proposed
hy Jiihnig (11). 1'0 dn this, wc predicted four beta strands
which corresponded tu relatively hydrophobic (Fig. SA,
npon tri:lngles) :Indlnr rol:llivoly :Imphiphilie (Fig, SB. open
dhlmonds) regions, cven though the peak values of H,(i) and
1-I1\(i) in thesc rcgions wcre net wilhin the Iimits spceificd
abnvc. Fiftecn betu strands (Fig. SB, no. 1, 2, 3,4, S, 7. 8. 9,
Ill. Il. 12, 13. 14. 15. :Iod 16) were loe:lled by using Ibe plols
gcneruled by the progrum AMPHI. By inspecti"n of the
umino ncid sequence of Hib porin for umphiphilie stretches,
Ihe Illst uf the hetn strands (Fig. SB, no. 6) is proposed
heeause il was close to beta stmnd 7 and conformed 10 the
emcrging pattern (14) which found pairs of closely Iinked
ltnlipllrullcl hetn strunc.Js, euch pair bcing separated by long
stretchcs nf hyLlruphilic residues (sec Discussion). Bcta
strand 6 fur either OmpF.OmpC of E. coli or the porin of
Neisseria mClli,~iticli... wus also not readily predicted in the
stuc.ly of bucterial porins (14). The dctennination of the
thrce-dinlcnsional structure of OmpF will provide dctniled
c1urilicalion (:!2a). Thus, 16 hela strands of 9 to 14 amino
ncic.Js were predicted for Hib porin.

loops in Ihe Hih porin sequence arc proposed by loenting
stn:lehes of hydrophilic amino acids and by identifying .
rcsidues Ihat promutcd turns. Regions exhibiting hydrophilie
eh,,,aeler (Fig, SA) sorved 10 identily loops in the Hib porin
sequence. In addition, the degrec of umphiphilicity in these
regions (Fig. SB) WOlS significant1y lower. Finally. wc sub·
jected Ihe Hib porin scquence to tum predictions as de·
scribcd by Paul and Rosenbusch (21), by loeating stretches
of four or more amino acids in which at least one residue was
tum promoting 'lOd none was turn blocking. Stretches of

amino acids that arc predicled ta promote turns occurred
exdusively in regions that had previously becn assigned la
loops on the hasis of hydrophilicity. ln contrast, strctches of
amino acid sequences Ihat arc predicted to black turns
occurred primarily in stretehes that hall been previously
predicted to be beta strands.

On the bnsis of thcse considerations. a model for the
topologieal organization of Hib porin in the oUler membrane
was generated (Fig. 6). The model proposes 16 bola strands.
Fourteen of thesc strands arc sufficiently amphiphilic to
interact with the bilayer of the outer membrane on one side
and to face the interior of th~ hydrophilie channel on the
other. Two straods (Fig. 6. bet:l strands 7 aod 10) arc more
hydrophobie than amphiphilie and arc prodieted to span the
outer membrane without being directly exposed to the
interior of the porc. The model nlso shows cight large Joops
on one side of the prcdieted beta barrel and eight short loops
on the other side. These loaps conneet neighboring beta
strands and arc predominantly hydrophilic. Two of the large
loops arc !ocated at the outer leallet of the outer membrane
on the bnsis of our detennination of th;: reactivities of
anti-porin MAbs against intact cells of Hib..

DISCUSSION

Experiments reported herc wcre designcd ta extend our
observations on the mo1ecular reactivities of seven mouse
MAbs against Hib porin and to generate information on the
folding of the protcin in the outcr membrane. Initial charnc·
terization of our MAbs was based upon their recognition of
fragments of porin that were obtained by chemical and
cnzymntic digestions. In addition. omega mutagenesis of
porin gene ompP2 (23) created 3' dcletions and the truncated
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porin derivatives wcrc cxprcsscd in the baculovirus expres­
sion vcclor system. Our initial rcsolution of the anligcnic
dctcrminants which wcrc rccogni:.t.cd by the MAbs varied
considerably: 36 rcsiducs for Tcgioo i bctwccn amino acid"
104 and 139, 13 residucs for Tegion ii belwcen aminu acids
162 and 174. and 75 residucs Cor rcgion iii bctwccn amino
acids 267 and 341 (23). To rcfine this analysis, 336 ov.rlap­
ping synthctic hcxapeptides wcrc gcnerated for the cotire
Hib porin sequence and tcsted for recognition by Hib porin
MAbs. This stratcgy of cpitopc scanning gcncratcd data that
werc enlirely consistent with our prcvious as.o;ignmcnts.
MAb POR.l rcacted with six hcxapcptidcs. thcrcby narrow­
iug region i to the sequence bclwccn amino acids 116 and
126. MAbs POR.2, POR.3, POR.4, and POR.5 reaeled wilh
hexapc:ptides betwe:cn amino acid.'i 162 and 172 and was
Iherdore close 10 the carlier boun.:laries proposed for region
ii. MAbs POR.6 and PO".7 recognizcd hexapeptides which
ineluded Ihe eight amina acids belween 318 and 325 and
served ta define the limils af rcgian iii. Twa ather MAbs
werc analyzed by epilope scanning and found to reaet with
amino acids 112 to 117 (MAb 9F5) and l4S 10 153 (MAb
23AAI2). Ali of these assignments were possible because
linear cpitopcs and nol conformalional epilopes arc reeag­
nized by the nine MAbs. This conlra.'iL'i wilh Ihe laek of
reaclivity with hexapeptides shown by Hb·2, a MAb that
recognizc.'i conformational delerminanls.

Region ii is of panieular intcresi because of the amino 3cid
sequence variations it displays. If the porin or OMP subtypc
1H is laken as Ihe prototype ~quence. then the sequence of
Ihe porin of OMP suhtype 2L diffelS by a single amino acid
change. Arg-l66 10 Gin. This unique change can be distin·
guished by MAbs POR.2, POR.3, and PORA; lhere was a
ninefold decreasc in the rcaetivity of these MAbs with
FPLC-purified 2L porin in lhe solid-phase nssny (ELISA) by
comparison with IH porin. Such n deercase in rcactivity was
also reflccted in the rc.'iults from Dow cytometry. in whieh
MAbs POR.2, POR.3, and POR.4 showed diminished sur­
race binding to intact cells of llib MCH 5539 (2L) compared
with Hib ATCC 9795 (IH). By epitope seanning, these three
MAbs wcre unreaclivc with hexapeptidcs whcn they wcrc
changed in sequence to reRcet tl: Arg-l~to-Gln substitu­
tion. Different rcsults for W..Ab recognition therefore renect
diff'crcnt stringencics that are inherent ta the assays. Syn­
thctic hcxapeptides present a IimÎted number of amino aeids
for antibody recognition and provide a context of restrietcd
structural ftexibility (28). Isolated protein and protein in its
native conformation at the bacterial surface present the samc
amino acids but in diacrcnt contexts. Our data indicate thRt
the prim8ry sequence to which these three MAbs bind is
between Gly-162 and Ala-l71 in the lH porin sequence and
that th...e MAbs arc unable to bind to hrxapeptides in this
region containing the Arg-166-to-0In change. However.
when thcse 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 residues may
be able to compensate to a certain ment the Arg-I66.lo-Gln
substitution and thercby allow for sorne binding. These
additional residues may directly participate in the structure
of the epitope. or in their pre.-;ence. the cpitope may bcUer
assume a conformation required for antibody binding. Porin
of OMP subtype 6U has four changes in sequence within
region ii: Gly-162 to Met, Glu-163 10 Ala. Arg-l66 to Leu.
and Asp·169 10 Asn. These mulliple changes arc sufficient to
abolish the reaclivities of MAbs POR.2. POR.3, and POR.4
against the isolated Hib 6U porin and against intact Hib
1481, which displays Ihis prolein al Ihe ccII surface.
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MAb POR.S "Isu recognizc~ aminu .\cids within n:giuo ii
bUl has a !'pecificity diffcrent (rom Ih"t of Mt\h!' rOR.2.
POR.3. and PORA. Thc hcxapcptidc~with whil:h il rcnctc\t
(amino acids 165 10 172) wcre slighlly !'hirtcd fn1m lhu!'e
recognizcd by MAbs POR.:!. POR.3. and l'OKA ("mino
adds 162 to 171). MAb POR.S hinding to hcxapcptide~ WOlS

r((ractmy to thc Arg-166-to-Gln change, and by t10w l..')'t\lm·
e~ry MAb POR.S reaclcd positivc:ly with Hih ATCC Q7Q,
and MCH 5539. Ncvcrthclc!'s. POR.S did nol react wilh Hill
1481. which contains two ch"ngc~ in ils porin sequence
hetwecn aminoucids 165 and 172. Takclllogethcr, Ihese dal;l
indicate the utility of our anti·Hih porin MAhs thal .ne
dirccled againsl region ii of porin: they dilTerc1l1h\le minur
and specifie differences among strains of lhe major Ilih OMI)
subtypes lH, 2L, and 6U.

The porin n( R. cap.ru/aIlL", a:1OIIIl:r gnun·negulivc hllctc­
rium. has becn crystallizcd and the structure hus been
solved tu Il relmlulion or 1.8 X(30). The: monumer subunil of
this porin consists uf 16 beta straOlJs which fmm a cnm·
plctcly antiparallel beta harrel in which an strands .m:
conne:cted to their neighbors by loops. The L"tmnecting Ioops
arc gcnerally longer at the top (If the barrel. correspumling ln
the extracellular surrace, and ~hurtcr al Ihe hutlnnl. enrre·
sponding 10 the periplasmic surrnce (29). A reeenl report Ihal
analyzed the structure of a family nrhllcterial purins by using
sequence alïgnments and structure prediction alsn nrrived at
the samc consensus for the arrangement of bucterinl l'orins
(14). Those rcsearchcrs predicted 16 bel" strands which arc
arrangcd in pairs. with the largest connecting lunps un the
extraccllular side and very shorl tums un thl..~ pcriphlsmic
side.

Porin of H. influenzac was not includcd in the ahnve study
(14), since the IS% homology of Hib porin wilh OmpF or li.
coti was considered ta be at the lower timit of significance ror
meaningful eomparison. Could algorithms similar 10 Ihosc
used by Jeanteur cl al. (14) he applied tu predici Ihe
topological organization of Hib porin'! 5uch prcdictiuns
might then be: subsUlOtiated hy our mupping and localizulion
of W;Ah binding siles on Hib porin. To scarch ror amphiphilic
regions in porin of Hib. we u!ted n program (AMPHI)
dev<loped by Jiihnig (11), a program lhal is simil", 10 Ihllt
filSt describcd by Eisenberg cl al. (5) and was used to predicl
the structure of OmpF (15). Wc used lhe Jühnig melhod
because of its demonstrated validity for predicting second·
ary slructures of OMPs (11). Moreovcr, when we suhjccted
the amino aeid sequence of R. capsulatus porin (31) to
sccondary-structure prediction by using this progrom. the
highest values for hydrophobicity (H,(i)) and amphiphilirlty
(Hp(i)] corresponded to resion. of beta strands us deter·
mined by analysis of the Ctysld structure of this proleln.
Once wc had idenlified potential bela strand. for Hih p,uin
on Ihe basis of hydrophobicity and amphiphilieity dala (Fig.
SA, 8). wc constructed a model for the organization of Hib
penin in the ouler membrane (Fig. 6). Beta "'tr'!ond~of 9 to 14
amino acids wcre predictcd. From analyses of sccondory
structures of other porins (12. 30), Ihis range appcDrs to he B
consr.rvativc estimate for the length of b..\la "tronds that
traverse the membrane. Wc then subjected the model of Hlb
porin to verification by identifying turn~ by using Ihe melhod
of Paul and Ro...nbusch (21). The choicc of three amino
aeids as the minimum requiremenl for constituting JI, turn. Boit
proposed by Paul and Rosenbuseh (21), would t::..ly iden­
cify tums that may otherwisc be within bets strands. Re­
cause Gin i5 the only hydmphilic 8mino 8cid that Bcts as a
turn blocker in beta-pleated sheets. a sequence of threc
bydrophilic amino acids whieh ean be within a bela l'Irand
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wnuld he useful in evaluating our model of the topological
organization of Hib porin.

Even though the amine acid sequence of Hih porir. shows
!iule homalogy to any of the known porins from gram­
ncgative bacteria. our model of Hib porin is in agreement
with the emcrging consensus for the channel-farming motif
of porins. The predictive value of the several algorithms
used Îll this study is clearly substar:tiated by our MAb
mapping data. By reconstitution of Hib porin with dimyris­
toyl phosphatidyleholine, wc recently succeeded in obtain·
ing lWo·dimensional crystalline sheels. Our present crystals
are sufficiently weil ordered 10 allow reconstruclion of
images at a rcsolulion of about 30 A (4). Thesc comhined
approachcs will uhimately guide us towanls a high·rcsolu·
tian structure of Hib porin.
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(IWo of the amino acid side chains facing the interior of the
pore and the (lther facing the lipid membrane:, where it cou Id
contrihute: to hydrogen hunding) would most often he id::n­
tified as n turn. For example, a portion of the sequence of R.
capJ'ulatus porin, Val-227 A'ip Ilis Lys Al:! Tyr Gly Leu Ser
Val Asp Ser Thr Phe-240, has b("'~n shown tG he a bcta slrand
(31). This sequence contains Iwo strelches of amine acid:i.
A"p Hi~ Lys and Asp Ser Thr, bath of which would he
predi~ted 10 be turns according 10 the criterian proposcd by
Paul and Roscnbusch. Ta circumvcnt this bias, we uscd four
amino acids as the minimum number rcquired lu canstitute a
turo. When applied ta Hib porin, the choicc of Ihis criterian
resuhcd in identification of turns and turn c1usters exclu·
sively in regions thal had becn previously assigned to loops.
II is noteworlhy that ail but one (rcsidue position 193) of the
amino acid changes among porins of the three OMP sub~s
01 Hib (IH, 2L, aod 6U) lall withio surlaee·exposed loops
predicted for Hib porin. This finding is consistent with the
notion thal sequence variations occur primariiy in surface·
exposed loops (14).

Direct evidence for cxposure of Iwo of the largest laops ta
Ihe cxterior l"lemmed from the fact Ihat sorne of our anti·
porin MAbs which bound to amino acids 162 to 172 and 318
ta 325 atso reacted with intact cells of Hib. 5uch data
supported lhe proposed orientation of the side censisting of
Ihe large loups 10 the outsidc anfÎ the side corresponding to
the tight connections of bela slrands ta the pcriplasm. The
epilope reeogoized by MAb 23AA12 (amioo aeids 148to 153)
hus hecn located within a hydrophobie beta strand which
spaos Ihe membraoe (Fig. 6). The regioo 01 Hib porio
conesponding la amine acids 112 ta 126 wa.'i recognized by
two anti·porin MAbs and predicled to be part of an extemal
loop. However. this rcgian is not surface exposed, as
detcrmincd by the nonreactivity of these MAbs with porin in
intact cells. Nor did thesc MAbs rcact with outer membrane
vcsicles (data not shown), indicating that their cognate
epitopes arc not exposed on the side of the pcriplasm. The
rcgion encompas.'iing thesc sequences may he part of an
unusuaUy hydrophilic heta strnnd. AJternatively, this taon
could be folded iota the pore and therdore the sequences
would be unavuilable for antibody binding. A region de.'\ig·
nated c in PhoE of E. coli is thought la form a loop. Evidence
for this proposai WBS based on structure predictions and on
sequence variations when Ihis region was comparcd with the
corresponding regions in OmpF and OmpC. However, no
surlacc exposure could he deteeted lor this rcgioo (24). A
loop of 44 amino acids in a corresponding region in the porin
01 R. capsu/arr,-, was loealcd withio the porc (30). Wc
speculate that the loop b Hib porin encompassing amino
aeids 112 10 126 is located simiJarly.

Coinciding with our SUCCc.c;s in generating and characlcr­
iziog MAbs againsl Hib porio (23), Iherc appcarcd aoother
report of MAbs against this proteio (17). Allhough the
epitopcs or MAb recognition defined by those studics are
less weil rcfined than ours, there is sorne correspondence or
regions rC'cognized by the MAbs derived from balh studies.
01 partieular ioterest arc their group C MA~s whieh map to
a region bctwcen amine acids 148 to 174. Like sorne of our
MAbs (POR.2. POR.3. aod POR.4), group C MAbs were
able 10 discrimioate betweeo Hib straios of OMP sublypcs
1H aod 2L. They reacted wilh OMP sublype lH aod oot wilh
OMP subtypc 2L. Another of their MAbs, P2-l?, mappcd to
a rcgion betwccn amino acids 28 and 55, which is distinct
from any region of MAb recognition defined by our study.
Further fefinement of Ihe recognition sites for their MAbs
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PREFACE TO CRAPTER 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 aIso tested and compared to that of

native Hib porin.
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The major surfnce-Iocated, channcl.ronning pmleln ln the (lUler memhrane of lIa~ml)phil".\·infllltn:ar Iypt' h
(Hib) is porin (341 amino acids; M~ 37,782). In order 10 ~enerale llih porin Ihol is de,,'uld uf lipooli~osllcfhllridl'S

and capsulor polysaccharid~ Ihe nib porin ~ene ompl'2 wos suhcloned into Il plusnlid vl'clor nnd n'l'oll1hlmllll
IIIb porin was expressed in Boeil/ilS subtilis. Recombinunl porin Was producl.'<l in 1111"Rl' quunillies in H..\'Ublili.'i und
formed intracellular inclusion bodies. Recombinant porin wus exlntded froRt incluslun bodies und shnwn lu hl'
active in fonning porcs in synthetie black lipid membranes. However, Ihese pures demonslraled dlfferenl pOrt'
cburuderistics than wild.lype Hib porin. Mouse hyperimmune sera a~ainsl n'combinant porin W('rt' ~l'nl'ralrd

und subjecled to epitope s...-anning with olibrury of336 oVerll1ppin~!tynlheUc hexupcpUdes (hlll cOlT\!spnnded tu
the enlire sequence ofHib porin. The epilope specilicilies ur Ihe antl-recombinanl porin antihodles were shnllar
10 Ihose of anlibodles ucainst Hlb porin: seleeled feRions near Ihe omino lermlnus whlch Include a huried hM)P
ln Ihe native slruclure of IIIb porin were more Immunogenic than n~ions ul Ihe carboxy lenninus. Allhou~h

sorne mouse nRU-recomblnant porln antlbodies mediated complemenl.dependenl blndln~ 10 IUh hy pulymollJhu­
nuclear leucocytes ln opsonophlll:0cylusis IlSSIlY~ Ihe Ilntibudies wel'l' nul bllcll!ricidal, nur did Ihey IIhnlKllt~

bncteremia ln Ihe Infant rat model uf infectiun. It WIIS concluded Ihl1tth~ nillive slull! uf llib IMlrin is l'l'llulml for
the Generation of a prolective immune response ugainsl Ihe bacteriu",.

•

The outer membrane of gram-negativc bactcrhl. including
HaemophiltL.fi influellzae type b (Hib), conluins prOieinaceous
water~fil1cd porcs, tcnned porins, that allow the diffusion of
solutes up to a defined moleeular mass (17. 19). For the
wcll-characterized OmpF porin of Eschcrichia coli K~12, the
molecular mass exclusion Iimit is abC'ul 600 Da (lN). By
comparison, the value for the nanspecific porin of Hih is l,4lKl
Da (34), suggestive of sorne difference in the moleculllr
architecture and perhaps the lumen of the porc. The structural
features which conlribute la Ihis differcnce ure unknown.

By calcuJating Ihe hydrophobicity, .Imphiphillcity, llnd turo
propensity of lhe HiiJ porin sequence (8. 16), a model for the
tapolagical organization of Hib porin was proposcd (30). In
the absence of spectroscopie or X-ray crystallographic dlilii
=""r Hib porin, we adopted ather methods to provide direct
experimeutal evidencc for the topological organizulion of 1lib
porin. We generalcd monoclonal anlibodics (MAbs) against
Hib porin and characlcrized their ability la bind la whole cells
(29). Ta define lhe cpitopc speeifieities of lhe MAbs. overlap.
ping hexapcptides uf the cnlire Hib porin sequence were
synlhesized and subjected to cpitope scanning. The moh:cular
reactivities of binding of the MAbs provided supporl for the
orientation of sorne loops in Ihe structural model (30). Vl:ri­
fication of our structural model for Hib porin was recently
providcd by the molecular annlysis of porin sequences from
Ihree nontypcablc H. inJlllellzae slnlins (26).

The immunologieal responses clicited against surface mae·
romolecules of gram-negative bacleria constitule importanl
delenninanls of Ihe host's defenses (3). Because porins arc
major surface·locatcd protcins of gram-negative bacleria.
they are considered primary targets for immune recognition

, Cnrresponding author.
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(15). Anlihodics ~pccilic fm llUllcllpsular surfllce cmnpu·
nents nf llih appllrently CUnlrihute ln hUl11nml dcfcnse
mech;:misms. An often-citcd ohservlltinn (6) is IIHlt lmtihnd·
ies 'lg'linsl nonc:tpsul,lr .mtigens werc :lhle tu pmteclllRllinst
experimentlll infection. os llssessed hy the infanl rin mndcl ni
bacteremia. One nf these pmteclive nnncapsular lmligcns
WllS rcporlcd Ul he purin, 3R kDll.

Tn extcnd nur invesligatinns on the hnmunnlngicnl pml'­
crlies nf Hih porin, wc wishcd to IIddress Ihe fullnwing
lluestions. (i) Docs recomhinant I-lih purin c1icit lInlihudies
which show spccilicities Ihal ure similar nr idenlieul tn lhuse
of anlibodies llgainsl nutive Hih pmin'! (ii) An: unli-recnrn­
bin:mt llih purin lmtihndies hactericidlll llnd pmlcctivc
against bactcrcmi,,? The gfllm-positivc hllclcrilllU !ludUIl.\·
sublili.\' wns chosen to gt'nerale rccnmhinunI Hih purin (i11sn
called BllC porin). This urganism wns iHlractive fur the
expression of Ihe fJnlp/)2 (p(uin) gene for Ihe fullnwing
reasons. Recombinant porin was produced in an environ­
ment dcvoid of lipooligosal."Chilridcs (LOS). llnd thereCure
we were able to lIssess purin's function indcpcndent nI these
gram-negalive polymers. Recombinant purin waS cxprcsscd
in ail environment dcvoid of the capsula,r polysaccharide
polyrilmsyl rihitol phosplmle (PRP). Wc llssnycd the immune
respunse againsl recombinanll-lib porin and the immunulog­
ieal value or anli-rccombin;.tI11 purin (Olle purin) i1Rlibndies in
three tesls: upsol1nphagocytosis. cnmplcmcnt.mediiltcd Ilih
Iysls. and immunoprntectiun in the infant mt mndel uf
baclcremia.

MATERIALS AND METIIODS

Molecular dunlnK uf umpP2. The mnpP2 genc hum
pACaJ3. 5.523 hp (29). wa. used as lhe lempl.te for
polymerasc chain rcaction (peR) with the fullowing twu



lulose, blockcd ':.Vith 1% bovine serum albumin (Boehringer
Mannheim Canada) in Tris-buffered saline, and rcacted for 2
h at rDOm tcm~ eraturc with primary antibody. Arter the
nitrocellulose was washed free of primary antibody, the
secondary antibody uscd was a rat monoclonal anti-mouse K

light chain (36) coupled 10 alkaline phosphntase. The immu­
noreaclive conjugates hound to Hib porin wcre identificd
with Ihe enzyme substratcs S-bromo4chloro-3-indolylphos­
phate loluidinium and nitroblue tctrazolium (Bio-Rad Labo­
ratories).

BJopbyslcalassays. Planar bilaycr studios werc complcted
by a modification (33) oC th. technique oC Mueller et al. (14).
Two Teflon chambers wcre scparated by a Teflon foil having
a thickness of 100 p..m and a small circular apenure 600 p..m
in diameter. Lipid bilayers were formed across this apcrture
Wilh a solotion al 2.5% glyceryl monnoleate (Sigma) dis·
solved in n-decane. Formation of the bilayer was monitored
Ihrough a glass window on the end oC ooe oC Ih. compan·
menls with a lighl source and a microscope. Bilayer forma­
tion was indicatcd hy the membrane's luming optiC"..t.11y black
to incident light. The porin samplc was added to ~he aqucous
phase eithcr bcCore membrane formation or after the mem­
brane had turned oplically biack. Conductance acrass the
membrane was measured by a fixed transmcmbranc poten­
tial. A pair of Ag-AgCI cleelrodes werc il1serted ioto selu­
tians oC 1 M KCI on bolh sides of the membrane. An
operationlll amplifier (Analog Deviees, Norwood, Mass.;
type AD 40K) was uscd in a current amplifier configuration
sc that the flow of CI- ions could be recorded on a strip !,;hart
recorder.

Pnpanllon and analysls oranUbodl... Antibodies against
recombinant porin were raised in the NIH strain of mice
(males, 6 la 8 weeks old) oy immunization oC five groups oC
10 animais. Each animal rcceivcd a primary immunizatien
with 20 p..g of recombinant porin from inclusion bodies and
Ihen, 6 weeks later, a second immunization, aise with 20 jJ.g
of recombinant porin from inclusion bodies. The materials
administered to the fivc groups o[ animais difi'crcd according
ta whether or nol Freund's complete adjuvanl (FCA) wa.
used; Iipopolysaecharide (LPS) 0-6,7 Crom Salmonella en·
rerica, serovar typhimurium (21), or LOS Crom Hib was
included with sorne sBmples.

Ta produce antibodies against Hib porin, New ZCaland
White rabbits were immunized with protein (.00 ILg) thal was
purified by the method of Vachon ct al. (34). The primary
immunization was donc with FCA; sccond8l)' lmmunization
WBS donc with pratc:n but no adjuvant. The protocols for
raisiog antibodies wer. those oC Harlow and Lane (9) and
confonned to the guidclines of the Canadian Council on
Animal Carco

The reactivity of antibodies ta intad Hib or isolated porin
on a solid phase was assaycd by enzymc-linkcd immunosor..
bent assay (EUSA). Hlb cells or p.rified Hib porin wa.
adsorbed ta microliter plates (Maxisorp F96; Nunc) in
carbonate buffer (50 mM sodium bicarbonale, pH 9.6) over­
nighl at 37'C. Blacking or antibody incubation steps were
don. in S% milk and 0.5% milk, respeetively. The secoodary
antibody was an MAb (raI anli·moose lC Iight chain) conju.
galed to alkaline phosphAtase, and the sobstrate was 2 mg oC
p.nitrophenyl phosphate (G1BCO BRL) per ml in 10 mM
diethanolamine bulfer, pH 9.5.

The synthesis oC overlapping hoxapeptides (5) correspond·
ing la the entire sequence oC Hib porin (outer membrane
prolein (OMP] subtypc IH) on solid·phase suppons was
described prCYiously (30). The immunoreaetivity oC poly.
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synthclic 30-mer oligonuclcolidc primcrs: S'~AAG CJT
AAG CIT GCT GIT GTf TAT AAC AAC·3', correspond·
ing to two tandem Hindill sites plus codons fur the first six
amino acids of the scquence (8, 16) of the mature Corm of Hib
porin; and S'·AAG CIT AAG CIT TfA GAA GTA AAC
GCG TAA-3', corrcsponding to two tandem Hindlll sites,
the tcnninatinn codon, and the penultimate five amino aeids
of Hib penin. The oligonuclcotidcs wcrc synthcsizcd on an
Applied Biosystems (fosler City, Calif.) 392 DNA Synthe·
sizcr and gel purified to removc contaminating species. peR
was conducted with AmpliTaq DNA polymerase (1.25 U),
commercially prepared rcagcnts from Perk.in-Elmer Cctus,
1.0 ng of lemplate DNA, and primers at a final conccntration
oC l jJ.M. The PCR reaction mixture was subjected to 25
cyclcs of denaluration (95°C, 1 min), annealing (55°C. 2 min).
and e"tension (n'C, 3 min) wit~ a Techne PHC·2 thermo·
cycler (Techne Lld., Duxford, Cambridge, United King·
dom). 11te PCR.generaled fragmenl was trimmed wilh
HindllJ and thcn ligated at a threef01d mo1ar cxcess into the
e"pression vector pKTH2&8 (4.5 kbp) Ihat had also been
restrictcd with HilldIII and dcphosphorylatcd. Plasmid
pKTH288 was derived from pKTH39 (23) by insertion of •
Ilnker (S'.AAT TCG AAG CIT CG·3') at its EcoRI site.

The hast baclcna1 strain was B. s"bri/is IH6140 (23), a
prololrophic derivalive of B. sl/briiis Marborg strain IA298
Crom lhe Bacillos Genetic Siock Cenler, Depanment oC
Biochcmistry. Ohio State University, Columbus. Strain
IH6140 is sporulation deficienl and has reduced e"oprotease
uctivity. Baclcrial cells were made competent by the method
oC Gryczan Cl al. (7), transCormed with 700 og oC the
poslligalion sp.,cies, and sclected on plates oC Luria brolh
containing kanamycin (10 ",g/ml). The transCormation Cre·
queocy was 350 colonies per ",g oC DNA. Candidate recom·
binant colonies werc rcadily identified ancr visual inspection
uC the plates by their obviously dilferenl color and morphol.
ogy. Thcsc can:iidates wcrc transfcrrcd to plotes containing
a higher kanamycin concenltalion (30 ",g/ml) ta mainlaio the
plasmid and screened Cor the presence oC plasmids oC the
anticipaled size, 5.6 kbp. The methods used Cor manipulation
oC recombinant DNA were those described by Sambrnok cl
al. (25).

bol.llon of Inclusion bodl... The Collowing small·scale
protocol was deYised ta isolale inclosion bodies which
conlalned Bac porin. Recombinanl bacteria (1.5 ml) were
grown at 37'C and Wilh strong aeration la saloration (optical
density al 578 nm oC2.S) in 2x L broth containing kanamycin
(30 ",g/ml). Cells were harYested by centriCugalion, w..<hed
lWice with dislilled water, suspended in 0.2 volume oC 10 mM
Tris·HCI (pH 8.0), and cooyerted ta protoplasts by lysozyme
(0.5 mg/ml) digestion al 37'C Cor 30 mio. The addilion oC
DNase (10 ",g/ml) and RN.."" (10 ",g/ml) serYed la reduce Ihe
viscosity of the lysing protoplast suspension; phenylmethyl­
sulConyl ftuoride (10 ILM) was added ta minimize proleolysis
oC Bac porin. The material was centriCuged (13,000 X g) ta
rccovcr membranes plus inclusion bodies. To solubilize
membranes, Ihe pellet WBS cxtracted three dmes at ambient
temperalure for 30 min each with bu8'cr containlng a
nonionic detergent and high sali: 4(l ...M Tris·HO (pH 8.0),
1% Nonidet P-40, 1.0 M NaCl, and 5 mM EDTA.

ldenllllrallon of protolas. Proteins were quantitaled by the
bicinchoninie acid assay (28) and subjecled ta sodium dode·
cyl sulCale.polyacrylamide 8"1 eleclrophoresis (SDS·PAGE)
;n gels contaioing 12 or 15% acrylamide (12). Proleins on gels
were detected either with Coomassie brimant blue or by
si\Ycr slaining (13). A1tematively, proteias in the polyacryl•
amide gels were transCerr.d eleclrophoreticaUy la nilracel·
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RESULTS

Expn:sslo. of recomblna.t Rib pori.. The expression
veclor pKTIl288 of B. subtilis was selected ror the cloning or
the ompP2 gene undcr the control or lhe promoter for
a·amylase of Bacillus amyloliquefaciens (22). Dy PCR am·
plification of the ompP2 gene, the DNA sequence of the
mature fonn oC Hib porin was l:enerated as a Hindill
fragment. This fragment (1,032 bp) was ligated into
pKTII288 restrlcted with HindlII sc that the codons for the
first seven amino acids oC the signal sequence of a-amylase
plus four amino acids Crom d Unker wcre fused in·frame ta
codons for the 341 amino acids of Hib porin. B. subri/is
IH6140 was transformed with the Iigated plasmid specics•
selected on kanamycin-containing plates, and scrcencd ini-

clonai sera to the solid-phase peptides was assayed by
ELISA (30).

Blolo~ical nssl1Ys. Opsonophagocytosis \\las perfonncd
with Hib strain 3527. OMP subtypc 3L (35). Bacteria wcre
cultured ovemight on chocolate agar plates in a humid
atmospherc with 5% CO: at 37"C. The Hib strai;l WOlS
inoculatcd in hrain heart infusion broth and incubatcd for 2 h
at 37"C with vigorous shaking to obtain late-cxponential­
phase cultures. Bacteria were washed twice in 20 mM
HEPES (N.2-hydroxyethylpiperazine-N·-2·ethanesulfonic
acid, pH 7.4) containing 0.1% glucose (HEPES-glucose) and
incubl.tted with 0.015 mg of fluorescein isothiocyanalc per ml
for 15 min at 37°C. Bacteria were washed three times in
HEPES-glucose to remove unbound fluoresccin Î.'\othiocy­
anate. The concentration of bacteria was adjustcd to tOM
CFU/ml in opsonization buffer (20 mM HEPES huffcr [pH
7.41.5 mM CaCi,. 0.1% gelalin. 0.1% glucose. 0.1% human
serum albumin). Antiscra were added to the bacterial sus­
pension Olt a final concentration of 15% (vollvol). Serum from
an agammaglobulinemic patient al a concentration of 1%
(vollvol) was uscd as a source of complement. The bacterial
suspension (20 ,,1. 10' CFU/ml) was added to 100 "lof li

suspension of human palymorphanuclear leukacytes
(PMNs; 10'/ml) isolated as describcd by Kuijpers ct al. (11).
Bacteria which were nat opsonizcd were uscd as a conlrol.
The mixtures were incubated at 37"C and shaken gently.
Alter 30 min, samples (100 ,,1) wer. diluled in 400 "lof
ice'cold opsonization buffer containing 1% paraformalde­
hyde ta 'itop phagocytosis. The samplcs wcre analyzed with
a FACScan (Becton Dickinson. Heidelberg. Germany). Op­
sonophagocytosis was defined as the percentage of the
PMNs that becamc fluorescent aftcr association with nuo­
rcseein isothiocyanale-Iabeled bacteria.

The bactericidal aC1ivities of pooled mouse sera were
teSled as described by Kiiyhty et al. (10). Bacteria were
incubated for 60 min at 37"C in microwel1s with dilutions of
mouse sera plus 25% human serum as the complement
source. The complement alane did not kill the bacteria.
Following incubation, aliquats of bacterial suspensions werc
plated in triplicate on chocolate agar plati:s containing 15 U
oC bacitracin per ml and incubated ovemight at 37'C in a CO2
incubator. The higheSl dilution thal showed 50% killing was
the bactericidal antibody titcr.

Ta assess whether passively transferred polyc1onal anti·
bodies werc protective in vivo, the infant rat model of
bacteremia was used (27). The antisera were given intraperi­
toneally 2 h before the challenge dose of 4.000 CFU of Hib.
Bacteria were also administered intraperitoneally. Sactere­
mia was delected 24 h later by plating 20 "lof undiluted or
100 ,,1 or diluted (1:10 or 1:100) blood.

M123456
FIG. 1. Identification or rccomhin:tnl Bnc l'luin. Prulcin sumfllcs

wc:rc: loadc:d onlo SOS-IS'i"r PAGE gels und rc:vealell on tile gel by
silver staining. Lane M. sizc marker protcins (in kilndnltons); limes
1103. porin purified from the oUler membrune of nib (250. SOO, und
1.000 ng, respc:clivc:ly); l:tncs 4 tu 6. pruleins frum inclusion budies
from B•.SIIbliiis contnining the recombinanl f1lnsmhl thal cncodc~

Bac porin (SOO, 1.000. und 2.000 ng. respcclively).
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tially for colony vl1riunts thut differcd from Il bllckground or
.mtibiotic·resistunt transformants. Cnntlidllte colonies wcrc
shawn la harbar the desired recombinant gene in pKT~12KH

and in the corrccl orientation by their sile and by the pnltern
obtained arter double digestions with restriclion enzymes.

The protcin crenlcd by this fusion (352 amino acids) wus
predicted to have the following ~cquencc at the amino
terminus: Met·l Ile Gin Lys Arg Lys Arg Asn Ser Lys Leu
AI.·l2 Val·13 Val·14 Tyr·15 Asn·16 Asn·17; Ah,·12 10
Asn-17 concspond 10 the amino terminus of the mature form
or Hib porin. Bac porin wus expresscd la such high Icvcls
that it aggregatcd within the ccII and fonned inclusion bodies
(20, ~4). To idcntify Bac porin, the cclls werc first convcrted
la protoplasts; inclusion bodies were collectcd and wnshcd
with buffcr containing nonionic dctergent plus a high suit
concentration. As assesscd hy SDS·PAGE, this huffer solu·
bilized protcins rrom the hacterial cytoplasmic membranes.
Sceause inclusion bodies were refractary to this trcatment,
they were collectcd by centrifugation and suspcndcd in 10
mM Tris·HCI (pH 8.0)-1 mM EDTA to li protein concentra·
tion of about 1 mg/ml.

Identification by SDS·PAGE of thc protein. at each slep
of the above protocol shawcd that almost no Bac porin was
lost by dctergent extraction, whereas the inclusion bodies
were enriched ror Bac porin (Fig. 1. lanes 1 10 6). A
persistent, contaminating species of approximatcly 14 kDa
was always noted with Bac porin in inclusion bodies. Several
minor pratein spccics of both highcr and lower molccular
mass than Bac porin were also routinely observed in prepa­
rations of inclusion bodies. The identity of Bac porin as the
desircd recombinant protcin WBS confirmcd by Wc!Ucrn
immunoblolling onto nitrocellulose of an SDS·PAGE gel
that displayed the inclusion body proteins and by probing
with two primary antibodies: (i) mouse MAb POR.l, which
is speeific to Hib porin (29) and (ii) a rabbit polyclonal
antiserum which showed specifieity towards the first 11
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Channel Conductance (nS)
FIG. 2. Comparison of charmel conductances of Hib porin and Bac porin in planar bilayers. Conduclance stcps were recorded at Il

rmm,membranc l'olenlial of 10 mV in l MKCI. (A) FPLC,pl.lrified Wb porin ar 2 1J.g/1J.1 in 50 mM Tris·Hel (pH 8.0)-0.1 lib ZwiUergent Z-3.14
was diluled SOO·fald inlo 50 mM Tris·Hel (pH 8.0); 1 tu S pl of Ibis mUlcrial WDS Jhen ndIJcd 10 Ihe Teflon chamber. (B) HadJ/us inclusion
budies WCJe :;.u~pendcd al sn ng/p.1 in 50 rrM Tris;·HO (pH 8.0)-1% Zwinergenl Z·3~14 and Iben sonicaled. Insoluble mnleria) WBS peUcled
hy centrifugaliun. The supcmatunt. which conlained Bac potin at upproximalely 1 ngflJ.l. wa!!l diluled fiveCold into 50 mM Tris·HCI (pH 8.0);
510 Hl III ofthis material was o.ddcd 10 the Teflon chumbcr. (e) B3C porin eXlracted from inclusion bodies with 1% :wittcrgenl Z·3,14ilS Ilbove
nnd diluled fi'Yefuhl inlo 10 ~g nib LOS pet ~1-50 mM Tris·Hel (pH 8.0)~ 5 to 10 ..,1 of this malerillt Wll!i. o.dded 10 the Teflon chamber. (0)
FPLC·puritied Hib porin III 2 ~glp.1 W3S diluled 5OU·fold inlo 50 mM Tris·HCI (pH 8.0)-5% Zwittergenl Z·3,14; 1 to 5 ).1.1 of this malerio.l was
ud!Jed 10 the Tenon chllmbcr. The lotal number of conductance sleps analyzed was as follows: panel A. 178; po.net B. 219; panel C. 200; and
panel D, 214. Cnnducllmce sh:ps of Srenler Ihan 2.08 nS llccountcd for less than 5% of the total number of evenlS and were nol included in
Ihis annlysÎs.

•

umino uCÎûs thui ure chnrocleristic of recombinant proleins
genernled fmm pKTH288·relnled veetolS. The enlculated
moleculor moss of 39,183 Da for Bac porin. 352 amino acids.
nUllched Ihe estimulc of39 kDa dcrived by comparison with
Hib porin (37 kOn: Fig. l, lanes 1 to 3) and with standard
proteins on SOS-PAGE (Fig. l, lane M).

Cblnnd-formlng pro.,."I.. of Rib porln Ind Ble porin.
Fast protein liquid chrumatogrnphy (FPLC)·pnrified Hib
porin wns rcconstituted into black lipid membranes and
Msayed for ehannel-lonning activity. On SOS·PAGE gels
(Fig. l, I.nc~ 1103), FPLC-purified Hib porin appeared as a
single protein bond when silvcr stained. LOS migrated as a
low·molccular.weight, minor contaminant. Ta the 1 M KCt
solution bathing the p\anar bilayer was added Hib porin at Il
final concentmtlon of 1 to 5 ng/ml. Stepwise incrcascs in
membrane conductance of Cl- ions wcrc attributcd to the
spontaneous insertion of pm'in into the bilaycr. With the
tran.membrane potcntial held at 10 mV. Ihe changes in
membr:mc conùuctance were recorded unlil the conductivity
\Vas beyond the range of the apparalus. Hjs.logmms of the

amplitude of the conductance stcps Cor Hib porin arc shown
in Fig. ZA. Hib porin showed Ihe usunl wide distribution of
conductance stcps. 50 lhat for aoy interval of 0.2 nS. the
percentage of total conductance steps was less than 25%.

Ta 1("st whcthcr Bac porin obtaincd from inclusion bodies
could form channels, the total prolein fraction {rom inclusion
bodie. wa. extracled with n solulion of 50 mM Tris-HCI (pH
8.0) and 1% Zwiltergent Z·3,14. Whon Zwittergenl-solubi­
lized Bac porin was added 10 the Tefton chamber at a final
concentration of 0.5 nglm\ and analyzcd as abovc. stepwise
incrcases in membrane conductance were observed. Bac
porin showcd a surprisingly narrow distribution in channel
conductance, with 50% of the currcnt incremenl events
having n conductance of 1.4 10 1.6 nS (Fig. 2B). The same
nnrrow distribution was also secn arter extraction of inclu­
sion bodies with either 1% octyl-pentaoxyethylene or 1.6%
cetyltrimethyl ammonium bromide (CTB) (dnta nol shown).
Whcn Zwittcrgcnt"extractcd Bac porin was mixed with a
Solulion of Hib LOS (10 l'WI'I in 50 mM Tris-HCI (pH 8.0])
(34), a different distribution of conductance sleps was ob-
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TABLE 1. Antihodics againsi rc:cumhin:ml Hih purin
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Hexopeptide numbor
FIG. 3. Epitope scanning wilh 33() oycrlapplng hcxnpcplidcH

corrcsponding 10 the sequence of Hlb porin. OMP 5uhtypc UI. wllh
purificd anlibodics ralscd agltinsi J-lib porln ur Dac purin. (A)
Regions of the hcxapeptidcs rccognizcd by fnur dilfc;cnt group" uf
mousc anll·l-lib porin MAbs as dcscribcd prcvÎously (30). (B)
ELISA rcaclivilics 10 the hcxapcptidcs uf polyclonal antihudlcM
agains! l'lib porin ohlaincd fmm a rabhit. (C) RI.ISA,reaclivitie!l tn
the hexapcplides ur l'ouled mouse anlisera against One purin l'rein­
cubated with Salmonella 0·6,7 LPS. (0) ULISA reuctiviliell lu the
hexapeptidcs or poolcd mouse anlisera agaimil Bac porin preincu·
hated wilh Hih LOS. The hexllpcptides were incuhuted wilh the
nnti·llih porin anlibodie5 or Bnli·Bac J'IOrin nntihodle5, wallhed rree
or unbound untibodics. and reacted whh a 5Ccondary untibody.
ELISA values are cxprellsed as A4l'n units mea!lured AUer 30 min or
incubalion wilh ~ub!urate and after substraction or background
reaclÏvity. The value or the background wal an average of threc
rcuctivilics against pins not containing any peptides and lubjccled 10
scanning under the same conditiuns. Negative ub50rbance values fur
the hexupcptides werc considercd 10 be :Zero.
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.. Sera arc numbcred 10 com:5pond 10 the comhinalinn'\. of m:llcril.ls u-.cd
for immunization of groups of lU miel:, as dcscrilxd in Resu!t!>. The control
Wi1S complement lIlune, withoui 3nlibooy.

" The rcciprocal tilcr Versus inlllct Hib is lhe dilution of poolcd mousc
hypcrimmunc !ieep thal corresponds through cxtrapolalÎun 10 50"T of the
maximum ab,;orbnncc value: for the COI(lrimcnÎC a~'W.y of cnzymalic activity.
The rcapmeal liter versus FPLC.purilicd Hib porin (10 ~s'mll ~ cxprc~ed as
the dilution of affinity.purilicd anlibodies (;dready a sixfold dilution or pooled
mouse hyperimmune sera) lhal gave an nbsorbancc or III least 0.2 lwer
hackground.

served (Fig. 2C). This distribution matchcd the distribution
of conductance stcps seen for FPLC·purified Hih porin (Fig.
2A). Furthermore, when FPLC-purified Hih porin wa. di­
luted ioto 50 mM Tri.-HCI (pH 8.0)-5% Zwillergent Z-3,14,
the histogram (Fig. 2D) became similar ta that of Zwillcr­
gent·extractcd Bac porin (Fig. 2B).

Antibodies aRains. Bac porin. Polyclonal nntisera specifie
for Bac porin from inclusion bodies were rnised in mice. Ali
proteins from inclusion bodies were rendily solubilized in
100 mM Tris-HCI (pH 8)-2% cm and then diluted to reduce
the crB concentration ta less than 0.4%. For imrr.unization
of groups of 10 mice, proteins from inclusion bodies (200 J,Lg)
wcrc combined whh the following materials: (i) 50 ....g of
Salmonella 0-6,7 LPS (21): Iii) 50 l'g of LOS from Hih: (iii)
50 l'g of Salmonella LPS plus FCA: (iv) 50 l'g of Hib LOS
plus FCA; or (v) FCA alone. FCA was u.ed only in the
primary immunization, and no FCA was used in the second­
ary immunizations. The pooled hyperimmune sera were
numbcred i ta v to correspond ta the above combinations.
For the threc biological nssays. undiluted pooled sera or
dilutions of pooled sera were used as indicated in the
relevant sections. The poolcd sera wcre puritied by passage
over an anti·K light·chain immunoaOinity column, which also
diluted the antibodies in Ihe pooled sera by sixfold. These
purified rnouse sera were the source of the antibodics used
for epitope scanning. As evaluated by ELISA of pooled
mouse sera against intact Hib cells or ELISA 01 purified
mause sera against purified Hib porin, the highcst tHers of
antiporin antibodics were found in sera iii and iv (Table 1).

Epltope scannlng. We previously synthesized 336 sequen­
liai overlapping hexapeptides Ihat correspond lu the com­
plele 341-amino·acid sequence of Hib porin, OMP subtype
tH. These hcxapcptidcs were uscd to definc the molecular
renctivitics of nine mousc MAbs raiscd against Hib porin.
Scven MAbs reacted to the region beIWeen Thr-1l2 and
Gly-I72, and IWo MAbs recognized Ihe region beIWcen
Thr-318 and Val-325 (Fig. 3A) (30).

ln this sludy, we used the overlapping hexapeptides 10 test
the reactivities of polyclonal sera raiscd against Hib porin
from a rabbit. Two regions of positive reactivity were
identified: beIWeen lIe-128 and Asn-133 and beIWeen Gly­
141 and Leu-147 (Fig. 38). Thus, the immunological reactiv­
itics of antibodies against Hib porin that reacted to the
synthetic hexapeptides and thercfore recognized linenr•
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TABLE 2. Passive proleetion or infanl rais by anhbodies agains1
PRP, Bac porin, or nib porin

• Numbcr of ,ats showing viOlble CFU of Hib in blood samples al 18 h
postchalleagc; hl&h.level bacteremill is defined as sreater than 2.5 x 10"
CFUlml or blood.

1> Serum iii (Table Il wu the !\Ource of anli·Bll.c porià Anlibody.

No. of rlts/no. in group
(~)" wilb: Geometrie mean titer

Anaibody (to' CFU/ml of
Bacteremia Higb.level h1000)

bacteremÎlil

Saline Il/li (100) 11111 (100) 60.2
Anti·PRP 0111 (0) 0/11 (0) n.os
Anti·Bac porin" 919 (100) 719 (78) 14.6
Anli·Hib porin 919 (100) 719 (78) 4.1

oblain markedly higher amounts af LOS-free recombinant
Hib porin for immunological studies. the ompP2 genc was
expressed in B. subtUis.

Bac porin obtained by Zwinergent extraclion of inclusion
bodie.c:; was shawn to fonn pores in black lipid membranes,
demonstrating that this protcin is capable of folding iOlo a
functional fonn in the absence of LOS. However, thcse
pores di.plnyed electrical properlies that were diflerent from
lhose of the channels formed by Hib porin in pl.nar bilay.rs.
FPLC-purified Hib porin in planar bllayers showed a wide
distribution of conductance steps. B distribution that repro­
duced our previou. results (33) and Ihatis typical of porins
analyzed in black lipid membranes (1). The diflerences in
electrical properties of Bac porin from inclusion bodies were
a higher average single-channel conductance (1.4 versus 1.1
nS) as weil as a narTQwer distribution of single-channcl
conductan.. steps (Fig. 2B). This aUered biophysical behav­
ior was also seen with Bac porin obtained aftcr treaUDent of
inClUsion bodies with cithcr a nonionic delergent (octyl­
pentaoxyethylene) or 8 cationic detcrgent (crs), demon­
slrating thal the obscrved diffcrenccs in biophysical behavior
were not detergent dependenl. When FPLC-porified Hib
porin was subjected !o S% Zwittergent and tested in planar
bilayers, it shawed 8 narrow distribution of conductance
steps very siDÙlar to what was seen for Bac porin from
inclusion bodies. The lrealment with 5% Zwiltergent may
have caused sorne perturbation of the native confonnalion of
Hib porin. Bac porin isolated (rom inclusion bodies may be
in a similar partially denalured slate and able ta assume the
nalive conformation only by forming a complcx with LOS.
ln support of this idcs. Bac porin cxtractcd from inclusion
bodies was reconstitutcd with a solution of LOS; the Bac
porin-LOS complex showed a distn1lution 01 conduclance
steps (Fig. 2q thal matched the profile seon lor FPLC­
purified Hib porin.

Immunological rcactÎVÎlies wcrc comparcd for 8Dti-Hib
porin antibodic."i and snti-Bac potin antibodies apinst
hexapcptides corresponding to the complete sequen.. 01
Hib porin. In both instan..s. hexapcplides derlved lrom Ih.
umino-terminal porlion werc clearly more rcaetive, cspe·
ciaUy in Ihe region between Thr-IU and Gly-l72 (Fig. 3).
This effect may be due ta the enhanccd surface acccssibility
of this region under nonnative conditions.

Most bacterial porins are organizcd in their native confor­
mation as stable trimers that arc SOS rcsistant and dissociate
into monomers only upon bomns (IS). Whereas den'Iured
monomcrs cxist in a random coi) or a-hclical conformation,
native trimers are predominantly p-sheets (4, 31). The sec­
ondal)' t;tructure of a monomer may expose sequences that
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DISCUSSION

Our firsl report of Ihe expression of the ompP2 gene of Hib
in a non-gram-negative expression system described thc
production of recombinant Hib porln in S19 insect ..Us (29).
Recombinant baculoviruses were isolaled and shawn to
express the ompP2 gene. In spite of Ihe low levels of
expression, the recombinant Hib porin was shawn to he
functiollaUy aelive in hs ch.nnel·lorming behavior (2). To

epilopes were directed primarily ta a regian between Thr-112
and Gly-172 in the amino-terminal portion of the protein.

Wc alsa Ie."ited the reactivilies to the hexapeptides of pools
of mausc polyclonal antisera raiscd again~t Bac porin from
inclusion bodies. Affinity-purified antibodies from two
pocted sera Ihat pravided the highest lilers of anli·Hib porin
anlibodies were lested: that raised against Bac porin plus
Sa/mond/" 0·6,7 LPS plus FCA (immunogen combination
iii. above). and the other against Bac porin plu~ Hib LOS
plus fCA (immunogen combination iv, above). There werc
na significant difTerences in Ihe patterns of rcactivities to the
hexapeptides of antibodies raised against Bac porin in the
presence of S. enlerica 0-6.7 LPS (Fig. 3C) and antibodies
raised againsl Bac porin in the presence of Hib LOS (Fig.
3Dj. Morcaver, the overail specificily of antibodics again:'i.t
Bac porin (Fig. 3e and D) was similar ta the spccificity of
antibodics against Hib l'orin (Fig. 3A and B). becausc
sclected regions in the amino-tcnninal portion of the protcin
wcrc c1early more immunogcnic than regions in Ihe carboxy­
terminal purtion of the protein.

SloJoeIcal .cll,llle, of.nUbodles aRBln,1 Bac porln. Each of
the (Ne pools of antibodies against Bac porin from inclusion
bodies WBS Icsted in duplicate for opsonophagocytosis of
Hib strain RH3527. The resulls (Table 1) indic.ted that sera
ii, îii. iv. and v were opsonic for Hib. with the highcst value
shown by Serum iii.

Bactericidal assay."i provided an asscssment of the ability
of the anti-Bac porin antibodies to bind complement and to
direci complcment-mcdiatcd lysis. Hib strain RH3S27 was
rcsistanl ta 25% human complement. ln the absence of
complement. this test strain was not lyscd by any of the five
pooled hypcrimmunc sera (i. ii. iii. iv. or v) raised against
Bac porin. With 25% human complement plus .nli·B.c porin
anlibodies (Ihe s.me fi,e pooled sera), no bacleriolysis of
Hib str.in RH3527 Was observed, even atthe lowesl dilution
(1:4) of pooled sera in the standard assay. For conlrols, a
human pool of an'i·PRP antibodies up 10 a dilulion of 1:128
(32 ng of anti-PRP antibodies per ml) plus 25% hum.n
complemenl g.ve 50% killing of the input number 01 CFU
(data not shown).

FinaUy. Ihe inf.nt r.1 model 01 b.cteremia was used to
determine whether passive transler of anti-Bac porin anti­
bodies prlor 10 inlrapcriloneal chaUenge wilh live Hib mighl
be able ta abrogate bacteremi•• Four groups of infant Wistar
rais wcrc injccted with saline or anti-PRP antibadies (400 ng
per animal) or wlth I:IG-diluled pooled mouse sera, ellher
anti-Bac porin antibodics (serum iii) or anti-Hib porin anti­
bodies. Alter administration of a challenge dose of 4,000
cru of Hib strain RH3527 foUowed by .n interv.l of IS h,
Ihe geomelric mean liter 01 CFU pcr ml 01 blood lor the
control group indlcaled high-level b.cleremi•• No rats were
baeteremlc when .nli-PRP antibodies had beon passiv.ly
transferred bcforc challenge. The geomelric mean titers for
rats rccciving snli-Bac porin antibodies or anti-Hib porin
.nlibodies indicated thal nehher of Ihese pools Dl .ntisera
confcrred protection agninst bacteremia (Table 2).
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mighl be masked in lhe lrimer (4). A1though lhe nalive
conformation of Hib porin appears to be a trimer (32), the
trimers are unstable and rnigrate on SOS·PAGE as mono·
mers aCter incubation al room tempcrature in sample buffer
containing 2% SOS. This instability of Hib porin could
aCCouDt for the immunodominancc 3ssociated with the re·
gion from nu·lI2 la Gly-l72. The region belween Thr·lI2
and Asp-126 in Hib porin, which wc assigncd to hydrophilic
loop number 3, was not surface exposed, as shown by the
nonreaetivity of intact Hib with MAbs specifie to this rcgion
(30). Wc postulatcd that this loop, in ilS native conformation.
mighl be folded baek into the channel. forming the eyelot of
the porc. Under the conditions uscd for anligen preparation,
Hib porin May have undergonc denaluration. and this loop
May have become immunogenic.

The immunogcnicity of Bac porin isolatcd from inclusion
bodies was enhanced in Ihe presence of bolh FCA and LPS
(Table 1). Howcvcr, this induction of anti·Bac ponn aclivÎty
by LPS was lndependenl of Ihe source of LPS; Ihe use of
eilher Salmone//Q 0-6,7 LPS or Hib LOS resulled in anti·
Bac porin anlibodies al Ihe same lilers. LPS from bolh
sources was thcrcforc a generat adjuvant. Furthcnnorc. the
oycral1 patterns of rcactivity of soli-Bac porin antibodics
raised in Ihe presence ofSalnwneUa 0-6,7 LPS (serum iii) or
ln lhe presence of Hib LOS (serum iv) la lhe he""peptides
were similar (Fig. 3C and 0). Serum iii was better in bringing
aboul opsonophagocytosis of intael Hib Ihan serum iv (Table
1). Whelher Ihis dilference in opsonophagocytic responsc is
allnbulable la Ihe dilferences in specificities of the Iwo sera
is not knawn. Neverthel~evcn serum iii WBS not bacteri­
cidal for Hib.

ln the infant rat model of infection, whcn serum iii WBS

pa."Rively transferred ioto rats, il WBS able to rcduce the
bacterial Iilers in Ihe blood by fourfold compared wilh lhe
control without 8ntibody. Howcvcr. il WBS incDidcnt in
proteeting the rats (rom bactercmia. Poolcd antisera from 10
mice raiscd againsl FPLC-purifted Hib porin were able la
reduce Ihe baelerial Iilers in blood by lS·fold compared with
the control without antibody. However, il WBS also ineffi­
clent in abrogating bactcrcmia in infant rais. 5uch observa·
tions agrcc with our earlicr tests of the biologicalactivities of
a panel of MAbs agalnsl Hib porin; Ihey were neilher
bactericidal or prolective (29). Dy comparison. Ihe anti·Hib
capsular polysaccharide antibodics were very efficient in
proventing baoteremia (Table 2). These results arc in con·
lrasl with the recenUy published dala for Ihe immunological
activitics of the ctass 1 outer membrane protein oC NeisSt!ria
meningitidis produced in B. subtUis (BacPl). Anlibodies
raiscd againsl BacPl complcxed with Sa/monella 0·6.7 LPS
were baclericidal and proleclive againsl N. meningitidis
(20). The reason {or Ihe dilference in proleclive abililies
bctwecn the two outer membrane protcins will bcc:omc
c1earcr only through their further characlerization.

Anlibodies dirccled againsl Ihe native delerminanlS of a
surfacc-cxposcd protcin arc considercd critical for immuno­
prolection. The following observalions indicale Ihal Hib
poriD tends to lose its native structure whcn rcmovcd from
ils membrane environment. (i) When incubaled at roum
lempcralurc in sample bulfer containing 2% SOS. Ihe mono­
meric fonn of the prolein predominates on SOS·PAGE. (ii)
As seen wilh Bac porin. Ihe prolein dcvoid of LOS demon·
strales allered biophysical behavior. (iii) The anlibody re·
sponse produced againsl lhe prolein is dirccted prim.rily
againsl nonnalive epilopcs. We are nol able la Substanliale
earlier claims (6. 15) Ihal anli·Hib porin anlibodies arc
prolective. Wc concludelhal antibodies la our isolated fonn
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of Hib porin or against recombinant Bac porin provide tiule
or no protection agaima Hih discasc.
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PREFACE TO·CDAPTER 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. Thiu region was

predicted to be part of the third loop in our topological

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 Haemophl1us

influenzaa strain that was deleted for porin. The

sensitivities of these strains to various anti-microbial

agents were compared •
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1. SWDlllary

A protein called porin (341 amine 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 into the periplasmic space. In

order te 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 amine acid

deletions in loop 3 was expressed in a nontypeable Haemophl1us

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 amine acids showed more pronounced

phenotypes than deletion of 6 amine acids. Therefore

deletions in loop 3 caused alterations in pore properties. 8y

comparison, strains expressing mutant porins with 6 or 12

amine 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 C3 insertion in loop 3

was inaccessible at the surface. such mutagenesis experiments

provjded 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 bact&rial genus to another (Jeanteur et

aL, 1994).

Haemophilus influenzae type b (Hib) is an encapsulated

Gram-negative bacterium that until recently was the most

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 ~embrane of E.

coli contains at least three proteins (OmpF, OmpC, and PhoE)

that are general diffusion channels (Nikaido, 1992), onlyone

of the six major outer membrane proteins from Hib has been

shown to forro pores. The pore formed by Hib poZ'in 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 P strands that traverse the outer membrane forming a

P barrel and (ii) loops that connect the P strands on either

side of the membrane. The connecting loops 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 p strands that traverse the outer membrane and

(ii) eight long loops that connect the P strands on one side

of the membrane. A panel of seven mAbs against Hib porin

(Hansen et al., 1989b; Srikumar et al., 1992a; van 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 acid.s 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 bacteria1

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, 100p 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

pores 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 amine acids 112-126 in Hib porin and predicted to

be part of loop 3 was not surface-exposed (Srikumar et al.,

1992b). Our 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 correspondinq 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 *~re compared.

3. Materials and Metbods

Media, enzymes and reagents. Unless otherwise stated,

90

.1



•

•

•

Haemophilus strains were grown on chocolate agar plates {36 9

loI GC base (Difco), 10 9 1-1 haemoglobin, and 20 ml loI vitox

supplements (oxoid)} containing 150 p.g ml-lof bacitracin.

Liquid cultures of Haemophilus strains were grown in brain

heart infusion (BHI; oxoid) broth supplemented with haemin (la

p.g mlOI ) and NAD (la p.g m!"I); 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 p.g m!"· of kanamycin and la p.g m!"1 of tetracycline. The

concentration of ampicillin used for selection of plasmid­

encoded resistance in E. coli was 100 p.g m!"·.

Oligonucleotides were synthesized at the Sheldon Biotechnology

Centre, McGill University.

Baeterial strains and plasmids. The strains and plasmids

used in this study are listed in Table 1. Nontypeable

Haemophilus influenzae strain DBl17 is a recombination­

deficient derivative from parent KW20.

Koleeular biologieal techniques. Restriction

endonuclease digestiolls, ligations, and DNA manipulations were

performed as described in Sambrook et al., 1989. E. coli

strain DH5a or Hi strain DBl17 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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BtraiD, phags,
or pla_id

il. coll straIns
DH5a

CJ236
MV1190

Ba..ophilus .trains
ATCC9795
KW20

DB117
DL42
DL42/2F4"
R5FA21
R5FAb21
R501
R503 to R508

Phags
M13K07

Pla_ide
pBluescript 5K(-)
pUC-CI
pEJH39-1-35

pFFA02

pFFA03 to pFFA08

pRS02
pRS03 to pRS08
pRS21

aslevant
aharacteristics

supE44 ~aeU169 (~80 laeZAH15)
hsdR17 reeA1. endA1. gyrA96 thi-l relAl

dut! ungl thi-l relA1./pCJ105(eam' F')
A (lae-prOAB) thi supE A(srl-reeA)306: :TnlO(tet')

F [traD36 proAB laer' laeZAH15]

Wild-type Hib subtype 1H ompP2+
Wild-type Hi Rd ompP2+ rec-l+

KW20 rec-l
Wild-type Hib subtype 1H ompP2+ ree-l+
DL42 ompP2
KW20 AompP2 kan'
DL42 AompP2 kan'
R5FA21 containing pEJH39-1-35
R5FA21 containing pR503 to pR508

M13 carrying a mutation in gene II

Phagemid bla+
pACYC184 Il (EeoRI: : EcoRI pUC4K 1. 1 kb kan')
pGB103 O(PstI::EeoRI-PstI DL42 2.5 kb ompP2+)

ColE1 Hi Rep
pBluescript 5K(-) Il(PvuII::PvuII-SspI pEJH39-1-35

1 kb sequences coding for mature Hib porin)
pFFA02 carrying mutations in sequences coding for

mature Hib porin
pEJH39-1-35 O(PvuII-HluI::PvuII-SalI-HluI adaptor)
pEJH39-1-35 ompP2
pR502 O(SalI: :SalI pUC-CI 1.1 kb kan')

Source or
reference

Bethesda Research
Laboratories

Bio-Rad
Bio-Rad

Vachon et al., 1985
Alexander & Leidy,

1951
5etlow et al., 1972
Hansen et al., 1989a
Cope et al., 1990
This study
This study
This study
This study

Bio-Rad

5tratagene
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 influenzae

strain deleted for its porin gene. The entire Haemophilus

influenzae type b porin gene (ompP2) together with upstream

sequences (1.1 kb at the 5~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. la) as an EcoRI-PstI

fragment. This plasmid was linearised with PvuII and then

subjected to partial digestion with MluI. The digestion

products were electrophoresed on an agarose gel; the 11.6 kb

PvuII-MluI DNA fragment was isolated. A double-stranded DNA

adaptor with PvuII and MluI ends containing an internaI SalI

site was constructed by annealing two single-stranded

oligonucleotides: 5'-CTG GTC GAC A-3' and S'-CG CGT GTC GAC

CAG-3'. Ligation of the adaptor to the 11.6 kb DNA fragment

created a novel SalI site. The ligation mixture was used to

transform Hi strain DBl17; 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, but retained sequences

flanking the excised porin gene. In order to overcome SalI
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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. ColE! and Hi Rep are

sequences required for replication in E. coli and Haemophilus,

respectively. Th~ Ssp! restriction site identified in pEJH39­

1-35 is not unique 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, KanR) •
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site modification in Hi strain DB117, pRS02 was used to

transform E. coli strain DH5a and plasmid DNA was re-isolated.

E. coli-derived pRS02 was digested with SalI and ligated to a

1. 1 kb SaI l -restricted DNA fragment containing a kanamycin

resistance gene derived from transposon Tn903. The ligation

mixture was used to transform E. coli strain DH5a 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 omp~2 promoter was designated pRS21 (Fig. la).

Plasmid pRS21 was digested to completion with BamHI and

the digestion mixture was used to transform naturally­

competent Hi strain KW20; 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.

South.rn hybridization. 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 Oc and a final wash

with O.lX SSC containing 0.1 % SDE at 68 Oc for 15 min was

included to reduce the background. The concentration of the

probes during the hybridization steps was 25 ng ml,1 of

hybridization solution.

Hutagenesis of cloned Rib porin. Plasmid pEJH39-1-35 was

digested with PvuII and Ssp!. The 1.1 kb PvuII-SspI DNA

fragment was isolated (Fig. la); it contained only the coding

sequences for the mature form of Hib porin. This DNA fragment

was ligated to the 2.5 kb PvuII fragment from pBluescript

SK(-) and used to transform E. coli strain DH5a; selection was

for ampicillin resistance. A recombinant plasmid in which the

PvuII-SspI 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.

(i) Deletion mutagenesis. site-directed deletions in Rib

porin were constructed with the Muta-Gene Phagemid In Vitro

Mutagenesis kit, Version 2 (Bio-Rad), using single-stranded

mutagenic oligonucleotides. Two regions in Rib porin were

selected for mutagenesis (Fig. 2); they correspond to loop 3

and loop 4 in the proposed topological model for Rib 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-containinq

98
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Fig. 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 ~ strand 5 to ~ strand s.

A: Deletions in loop 3 and loop 4 of Hib porin. The eight

amine acids (---) and the fourteen amine 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 •

99



•

A B

A

®
Y

®~V C3
®

1

(; ®
E

1

@@
G

I©
V

Loop4

Loop3 @®®l'
@@ ® @

~ ® (; @
1211G @ ® 1711@

Y Y 1(11)" A
® 1 G (;

@ l' ®
1311®~®\

@r;pC3@.
®' \;:)C-

A ® ©
® A

0 1 (0 1.
V 1.

G@ G YiN'
A Y(0 A~
@ 1 F Ci

'K' @ LV
A

'<Y G
1 1.

@\Ci
G @

L

G
A

@
Y

•



•

•

•

single-stranded phagemid DNA was isolated and used for the

mutagenesis. Two mutagenic oligonucleotides created deletions

of 6 amino acids and 12 amino acids in loop 3: S'-ACA AGT GCA

GAA GJtT AAA GAG CTC GAC TAT ATT CCT ACT AGT-3' and S'-GAT GGC

ATA ACA AGT GCA GAG CTC CCT ACT AGT GGT AAT ACC-3',

respectively. Two mutagenic oligonucleotides created

deletions of 6 amino acids and 12 amine acids in loop 4: S~

AAG CGT GAG GGT GCA AAA GAG CTC AAG GCT GGT GAA GTA CGT-3' and

S'-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 MVl190. 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

(pFFAOS to pFFA08, Table 1) were digested to completion with

PvuII and Mlul and the 1. 0 kb PvuII-Mlul DNA fragments

containing the mutations were isolated. These fragments were

ligated to the 11.6 kb Pvull-Mlul DNA fragment from pEJH39-1­

3S and used to transform calcium chloride-competent Hi strain

deleted for porin (R5FA21, Table 1), with selection for

kanamycin and tetracycline resistance.

(ii) C3 insertion mutagenesis. Plasmid pFFA02 contains

unique sites for the restriction enzymes Spel and SnaBl within

the coding sequences for the mature form of Hib porin•
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Fig. 3. Sequences of mutant Hib porins. The regions of the

mutations in Hib porin are shown. A: Plasmids carrying

deletions in Rib porin; pRS05: 6 amino acid deletion in loop

3, pRS06: 12 amine acid deletion in loop 3, pRS07: 6 amine

acid deletion in loop 4, and pRS08: 12 amine acid deletion in

loop 4. B: Plasmids carrying C3 insertions in Rib porin;

pRS03: C3 epitope insertion in loop 3 and pRS04: C3 epitope

insertion in loop 4. The first nucleotide of the local

sequence is preceded by a numher indicating its position in

the published sequence of the Rib porin gene (Munson & Tolan,

1989); the position of the last nucleotide is also indicated.

The wild-type Rib porin nucleotide sequences are shown in

lower case letters; upper case letters correspond to the

additional sequences of the mutations. The corresponding

amine acid sequences are indicated above the nucleotide

sequence; the numhers above the amine acids denote their

position in mature Hib porin. The amine acid sequence of the

C3 epitope is italicised •
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A 116 117 126 127 113 114 129 130
asp 1ys GLU LEU asp tyr ..er ala GLU LEU pro thr

pRS05 639-gat aaa GAG CTC gac tat-674 pRS06 630-'lgt gca GAG CTC cct act-683
SacI SacI

160 161 170 171 :0.57 158 173 174
a1a 1ys GLU LEU 1ys a1a arg g1u GLU LEU glu val

pRS07 771-gca aaa GAG CTC aag gct-806 pRS08 762-cgt gag GAG CTC gaa gta-81S
SacI SacI

•

B

pRS03

pRS04

129 130 131 132
pro thr SER ASP ASN PRO ALA SER 7'HR 7'HR ASN LYS ASP LYS THR ser gly

678-cct aCT AGT GAT AAC CCG GCG TCG ACC ACT AAC AAG GAT AAG Act agt ggt-689
SaJ.I

173 114 175 176
glu val ARG ASP ASN PRO ALA SER 7'HR 7'HR ASN LYS ASP LYS arg ile

810-gaa gta cGT GAT AAC CCG GCG TCG ACC ACT AAC AAG GAT AAG Cgt ata-821
SaIl
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Restriction sites for SpaI and SnaBI are found within

sequences encoding amine acids of loop 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; Koeck et al., 1994) in Hib

porin. Plasmid pFFA02 was digested with either SpaI 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: S~CT AGT GAT AAC CCG GCG

TCG ACC ACT AAC AAG GAT AAG A-3' and S'-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:

S'-GT GAT AAC CCG GCG TCG ACC ACT AAC AAG GAT AAG C-3' and S'-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. coli strain DHSa with

selection for ampicillin resistance. Plasmids trom

transformants were isolated, mapped, and sequenced. Plasmids

(pFFA03 and pFFA04, Table 1) were digested to completion with

PvuII and HluI, ligated to the 11.6 kb PvuII-HluI DNA fragment

from pEJH39-1-3S and treated as described for deletion

mutagenesis.

DHA sequence 4eterJllinlltion. 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 S~T(S84) GAA GTA AAA CTT GGT CGT

(603)G-3' where the numbers are according to the published

sequence of the Hib purin gene (Munson & Tolan, 1989).

Preparation of outer lIembrane vesicles, SDS-PAGB, and

iDllllunoblottinq. outer membrane vesicles were obtained by

treatment of Haemophilus cells with Tris-lysozyme-EOTA

(Hantke, 1981). Samples of vesicles containing outer membrane

proteins were suspended in electrophoresis sample buffer (with

2 % SOS), heated for S min at 100 ·C, and run on 10 %

polyacrylamide gels. For immunoblotting, outer membrane

proteins were subjected to SOS-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 used for

immunoblotting were 1/2000.

Flow cytometry. Bacteria from mid-log phase cultures

were washed in PBS and suspended in PBS to 2 X 109 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

l 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 a~ti-microbial agents.

Bacteria were grown [or 6 h, 37 Oc in sBHI containing 10 mM

magnesium sulfate. For the selection of antibiotic resistance

markers, sBHI contained kanamycin (10 j.lg ml-I) and tetracycline

(5 j.lg ml-I). Bacteria were centrifuged, suspended in 50 mM

magnesium sulfate, and stored over-night on ice. Bacteria

(100 j.ll) were mixed with 3 ml molten sBHI top agar (0.7 t

bacto-agar) and spread over sBHI agar (1.5 t 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 j.ll) of anti-microbial

agents dissolved in distilled water were pipeted cnte the

dises. FOP'Jwing over-night incubation at 37 oC, the

diameters of the zones of growth inhibition were measured.

For strains RSFA2l 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 forro of Rib porin in
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pEJH39-1-35 with a kanamycin resistance cassette (Fig. la) •

The kanamycin resistance cassette in this construct was

flanked by sequp~ces upstream and downstream of the Hib ompP2

gene. A BarnHI 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.

lb).

Initial characterization of the Hi strains deleted for

porin was based on growth properties of recombinants in

comparison to strain OL42/2F4-. OL42/2F4- is a porin-minus Hib

strain previously constructed by linker mutagenesis (Cope et

al., 1990). On chocolate plates, OL42/2F4- grew poorly when

compared to wild-type strains OL42 and KW20. After

transformation of the naturally-competent Hi strain KW20, most

transformants (~ 98 t) were kanamycin-resistant and exhibited

retarded growth characteristics compared to the wild-type

strain. SOS-PAGE analysis and Western blotting of outer

membrane preparations from these transformants showed that

gain of kanamycin resistance coincided with loss of porin

expr':lssion (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 kana~ycin
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Fig. 4. outer membrane proteins of strains expressing mutant

Hib porins. Protein samples were resolved by SOS-PAGE (10 t

gel) and stained with Coomassie blue. Lane M: 7500 ng of

molecular weight markers; lane 1: 2500 ng of FPLC-purified Rib

porin (srikumar et al., 1992a); lanes 2 and 3: 7500 ng of

outer membrane proteins (OMPs) from strains OL42 and KW20,

respectivelYi lane 4: 3750 ng of OMPs from Hi porin deletion

(Hi ~ porin) strain RSFA21i lanes 5 to 11: 7500 ng of OMPs

from strains RS01, RS05, RS06, RS07, RSOS, RS03, and RS04,

respectively. captions on the top indicate sample

characteristics. For example, six amine acid deletion in loop

3 af Hib porin is referred to as Loop 3 ~6aa and the C3

epitope insertion in loop 3 of Hib porin is referred ta as

Loap 3 C3.
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pig. 5. Western blots of outer membrane proteins. Samples

that were twenty-fold less and in the same order as shown in

Fig. 4 were resolved by SOS-PAGE. The proteins were

transferred cnte nitrocellulose and probed with antibodies and

detected with secondary antibodies conjugated to alkaline

phosphatase. Anti-Hib porin mAbs POR.l, POR.4, and POR.6 were

used in panels a, b, and c, respectively. Anti-C3 polyclonal

antibodies were used in panel d. Epitope scanning performed

previously (Srikumar et al., 1992b) showed that POR.l, POR.4,

and POR.6 recognized Hib porin sequences between amino acids

ASP-116 and Asp-126 (Loop 3), Gly-162 and Ala-17l (LoOp 4),

and Thr-3l8 and Val-325 (Loop 8), respectively •
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Fig. 6. 50uthern blots of restriction en;;yme-'digested genomic

DNA. DNA samples were subjected to agaroae gel

electrophoresis using 0.7 % gels. Lane la: 3 ng of 1.0 kb

PvuII-MluI porin fragment from pEJH39-1-3Si Lane lb: 3 ng 1.1

kb SalI kanamycin resistance (KanR
) cassette from pUe-eli

Lanes 2 and 3: SOOO ng of PvulI-digested genomic DNA from KW20

and R5FA21, 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

phosphatase. Probes used were: 1.0 kb porin fragment (panel

a) or 1.1. kb KanR cassette (panel b).
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resistance cassette. The Hib ompP2 probe hybridized to a

chromosomal DNA fragment from wild-type Hi strain KW20 (Fig.

6a, lane 2) but not to any chromosomal DNA fragme~t 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

specifie amino acids deleted were those that corresponded to

epitopes recognized by the anti-Hib porin mAbs POR.l (loop 3)

and POR.4 (loop 4) (Srikumar et al., 1992b). Since aIl four

oligonucleotides used for construction of the deletions

contained an extra six nucleotides corresponding to a SacI

site, each deletion protein gained two additional amino acids

Glu and Leu. For example, in the loop 3, 6 amine 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 SpaI and SnaBI

restriction sites, respectively. Thus, in addition to the

eleven amine acids of the C3 epitope, two extra amine acids in.

the loop 3 C3 mutant protein and an extra amine acid in the
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loop 4 C3 mutant protein were introducedi hence there were net

insertions of 13 amine acids and 12 amine acids in the loop 3

C3 and loop 4 C3 mutant proteins, respectively.

Plasmids containing the cloned Rib porin gene (pEJH39-1­

35, Table 1) or containing deletions and insertions in Rib

ompP2 (pRS03 to pRSOS, Table 1) were used to transform the

porin deletion strain RSFA21. Proteins expressed in the

transformants (RS01 and RS03 to RSOS, Table 1) were detected

by SOS-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 RSOl (multiple copies of Rib ompP2i Fig.

4, lane 5) were two-fold greater compared to wild-type strains

OL42 and KW20 (single copy of ompP2i Fig. 4, lanes 2 and 3).

The levels of expression of mutant porins in strains RS05,

RS06, RS07, RSOS, RS03, and RS04 (Fig. 4, lanes 6 to 11) were

the same as porin expression in strain RS01.

By SOS-PAGE, porin from Hib strain OL42 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 Rib porin. Oeletions in loop 4 (Fig.

4, lanes Sand 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 •

Immunoblottinq of autant 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 (92S;

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. Sa, lane

3). In the porins from strains DL42 and KW20, the amino acid

sequences in the region correspondinq to the epitope (Srikumar

et al., 1992b) recognized by POR.1 ar~ conserved. HAb POR.1

did not react with mutant Hib porins from strains RS05 and

RS06 (Fig. Sa, lanes 6 and 7) and mAb POR.4 did not react with

mutant Hib porins from strains RS07 and RSOS (Fig. Sb, lanes

Sand 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, pRSOS, pRS03, and pRS04, mAb POR.6

reacted with all the mutant Hib porins (Fig. Sc, 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 cytollletric analyses. Anti-Hib porin mAb POR. 6,
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previously shown to bind to a surface-exposed epitope in Hib

porin (Srikumar et al., 1992a), was used to stain intact

bacterial cells of strains expressing the mutant porins. HAb

POR.6 recognized all the mutant strains (RS03 to RSOS) 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 ot strains expressinq mutant Hi~

porins. Haemophilus strains were grown on chocolate plates

for 16 h, 37 oC. Single colonies of strains DL42, KW20, RS01,

RS03, RS04, RS07, and RSOS grew well and to the same colony

sizes. Growth of strain RSOS 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 oc, 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 sBH! liquid

medium, strains DL42, KW20, RS01, RS03, RS04, RS07, and RSOS

exhibited similar growth characteristics; they all grew to

saturation (~ = 1) after 6 h at 37 oC. strain RSOS 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 RSOG grew more slowly and never reached the same level

of saturation as the other strains. The growth

characteristics of RSOG in sBHI liquid 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 G amino acids in loop 3 of Hib

porin caused only a slight change in the growth property of

strain RSOSi deletion of 12 amino acids in loop 3 of Hib porin

resulted in a drastic change in the growth phenotype of strain

RSOG. This defect in growth exhibited by strains RSFA21,

DL42/2F4", and RSOG 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 niffp.rent 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 KW20i

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. S.naitivities to anti-microbial agents

Diameter- of zone of grovth inhibi ticn (mm)

•

Strain Porin
cha:racteristic" C P N s

Anti-microbial

B E

agent·

R sos soc CTB

OL42 li' . t. Hib porin

KW20 W.t. Hi porin

RSFA21 Hi !:> porin

RS01 Clonecl Rib porin

RS05 Lo0p 3 !:>6aa

RS06 Loop 3 !:>12aa

RS07 Loop 4 !:>6aa

RS08 Loop 4 !:>12aa

RS03 Loop 3 C3

RS04 Loop .4 c3

10

11

11

11

11

13

11

11

11

10

13

13

11

12

13

15

12

12

12

12

10

10

10

9

10

11

9

9

9

9

11

10

11

10

12

1~

10

10

10

10

12

12

14

12

16

22

12

12

13

12

11

11

12

12

16

19

12

12

14

12

8

10

11

10

14

17

10

10

12

11

11

12

13

12

16

17

12

12

12

12

10

10

10

10

12

15

10

10

10

10

11

11

11

11

11

12

11

11

11

11

-Assay. vere performed as described in Materials and Methode. Each value for the diameter
of zone of growth inh1bition is an average of values from three separate experiments. The standard
deviaticn in these instances were bettfeen 0 and ±2.

tAs desoribecl in the legend for Fig. 4.
tThe anti-microbial agents, their molecular masses, and the amounts used par experiment are

the following: C: chloramphenicol (M, 323, 0.6 ~g); P: penicillin (M, 372, 0.2 ~g); N: neomycin
(M, 614, 10 ~g); S: streptomycin (M, 582, 2 ~g); B: bacitracin (M, 1411, 1500 ~g); E: erythromycin
(M, 734, 3 ~g); R: rifampicin (M, 1123, 1 ~g); SOS: sodium dodecy1sulfate (M, 288, 45 ~g); SOC:
sodium desoxycho1ate (M, 415, 750 ~g); and CTB: hexadecyl trimethyl ammoniumbromide (M, 365, 500
~g) •
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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 RS01

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 RSOS, to

the anti-microbial agents were similar to those of strains

DL42, KW20, and RS01. The sensitivities of strain RSOS to

several of the anti-microbial agents (bacitracin,

erythromycin, rifampicin, and SDS) were significantly greater

than the sensitivities of strains DL42, KW20, and RS01 to

these agents. The sensitivities of the strain RS06 to

bacitracin, erythromycin, rifampicin, SDS, and sodium

desoxycholate were even greater than the sensitivities of RSOS

to these agents. AIso, the sensitivities of RS06 to the other

anti-microbial agents were greater than the sensitivities of

strains DL42, KW"C, and RS01 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. Its chromosomal sequences coding for porin were

inactivated by insertion of an out-( ~-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 DL42/2F4" 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 chromosome 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~, 1989a; Munson & Tolan t 1989) •
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Approximately 75-85 % homology at the DNA l~vel 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 (Ouim et al., 1994; Sikkema & Murphy, 1992) and Hib

strains (Munson et al., 1989) showed that sequences coding for

the amine acids in loop 4 and loop 8 were among the most

variable. However, sequences coding for amine acids in loop

J 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 OL42 (data not shown). Such

a porin deletion strain in Hib was designated RSFAb21. The

strain RSFA21 was chosen over the strain RSFAb21 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 str.ains OL42/2F4"

and RSFAb21.

All the mutant proteins were localized to the outer

membrane. Deletions or CJ 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 amine 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 SOS-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 epitop~ 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 P 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. In both strains growth was pnhanced

by the addition of 10 mM magnesium sulfate. The integrity of

the outer membrane of RSFA21 may be compromised by the absence
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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 'c, it was

desirable to obtain even levels of confluence for all strains.

compared to the other strains, the use of four-fold ey.cess 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 Rib porins, loop 3,

6 amine 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 amine acids in loop 3 of

Rib porin showed more pronounced sensitivities than deletion
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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 amine acids. Alternatively, the more pronounced

phenotypes exhibited by RS06 ~ay 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 amine 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 levels 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 C3 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 hydrophobie

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 SOS 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

m~mbrane 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

hydrophobie 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. coli 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 POR RESEARCB

We proposed (Chapter 3) a model for the folding of

Haemoph.ilus influenzae type b (Hib) porin in the outer

membrane. Even though the amine 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 proviûed substantive data which confirmed the computer­

assisted predictions of Hib porin's secondary structure. Loop

4 and loop 8 in the Hib porin mod~l 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 severa1 porin

sequences (Chapter 1), was in agreement with our model for 15

of the 16 ~-strands. Only ~-strand 5 was not in concurrence

in both studies. In the original report of the modelling of

Hib porin (Chapter 3), ~-strand 5 was predicted with the least

confidence and its assignment was the most difficult. Perhaps

~-strand 5 is not properly located in our model and is more N­

terminal as is suggested by the sequence alignment 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 amine acid sequences more N-terminal than

the loop 3 deletions (Chapter 5) may aid in the proper

assignment of boundaries for tl-strand 5 and loop 3 in Hib

porin.

~ther studies on nontypeable Haemophi1us inf1uenzae (Hi)

porin, which shares approximately 80t 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 D1Abs, 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 amine acid­

hypervariability occurred primarily in the proposed loop l,

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 bacterium 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 specifie antibodies. Taken

together, these observations do not lend support for the

candidacy of Hib porin in vaccine development.

To ascertain if loop 3 in Hib por~~ 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'Rib porin is

involved in narrowing of the channel, analogous to other

bacterial porins. The anti-microbial sensitivities of the Rib

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

-::hese 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, liposome 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. Ou..' hypothesis regarding the

role of loop 3 in Hib porin predicts that deletions in loop 3

should not modify the p-barrel motif of these mutant porins.

spectroscopic studies (circ1l1ar 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 qrowth of Haemophilus

strains are drastically affected in the absence of their

characterized porins (Chapter 5), it would be interestinq to

identify other proteins that could restore the qrowth

phenotype of these strains. Candidates from the outer

membrane of ~he homologous orqanism as well as from the outer

membrane of heterologous organisms could be tested. These

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

Several questions with respect to the structure and

function of Rib porin remain unanswered. 'l'nese questions

relate to the differences of Rib porin when cQmpared with the

other well chara~terized porins. Why are the trimers of Rib

porin not as stable as E. coli OmpF or the Rhodobacter

capsulatus porin? Why is the exclusion limit and channel size

of Rib porin greater than that of OmpF and Rhodobacter

capsulatus porin? Is loop 3 shorter in Rib porin compared to

the others? Can the length of loop 3 alone determine the

channel size of Rib porin or a~e specifie amino acid

interactions important? As seen in the specifie channel LamB

of E. coli, ar" other loops involved in the formation of the

ayelet of Rib porin? Some of these questions can be resolved

by site-directed mutagenesis of Rib porin as described above,

but others have to await the structural determination to high

resolution of this protein.

The purification scheme described for Rib porin (Chapter

2) has been successfully amplified to generate large amounts

of purified protein. The availability of large quantities of

purified Rib porin has led naturally to our collaboration on

the structural biology of membrane proteins. One of our

objectives is the determination of the molecular architecture

of Rib porin using X-ray crystallography. In collaboration

with another research group, optimal conditions for crystal

growth of Hib porin were recently established. Ultimately,

139



•

•

•

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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