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Abstract

Colin Gerard D'Silva

Iron acquisition by Actinobacillus pleuropnelll1loniae

Microbiology

•

•

Four strains ofthe swine pathogenActinobaci/llis pleliropnelllIIoniae, namely, the

type strain (ATCC 270SS), the "reference" strain of biotype 2 (Bertschinger 2008176) and

two additional biotype 1 strains, strain BCISI, which is less virulent than the type strain,

and strain KI7 (reference strain of serotype SA), which was isolated from a lamb, were

investigated with respect to iron acquisition. Ali four strains produced iron-reprl'Ssible

outer membrane proteins. However, only strains ATCC 270SS and Bertschinger 200S176

could acquire iron from porcine transferrin. No organism could utilize human, bovine or

ovine transferrin, or ovine or porcine lactoferrin. Haemoglobin supported good growth

ofa11 strains except K]7 (which also failed to acquire iron from haemin). In ail cases, iron

acquisition from transferrin or haemoglobin required direct contact between the organisms

and the proteins. Total membranes derived trom iron-restricted organisms were subjected

to an affinity isolation technique based on biotinylated porcine transferrin and

streptavidin-agarose, and the fo11owing polypeptides were isolated: 99 kDa and 64 kDa

from strain ATCC 270SS; 93 kDa from strain Bertschinger 200S176; 95 kDa (trace

amounts) and 60 kDa from strain BCIS]; none from strain K17. These polypeptides

appear to be transferrin receptor components. The 99 kDa polypeptide (TBP]) from the

type strain was purified by SDS-PAGE and transferred electrophoretically onto

polyvinylidene difluoride membrane. The N-terminal amino acid sequence of the

polypeptide was determined commercially. A commercially-synthesized oligonucleotide

probe was used to clone the gene encoding the TBP 1 of the type strain in competent

Escherichia coli DH5lX cells.
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Résumé

Colin Gerard D'Silva Microbiologie
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Acquisition du fer pal" Actinobacillus p/europneumoniae

Quatre souches du pathogène du porc Aclillo!>nciillls p/ellropllellmolliae,

nommément la souche type (ATCC 27088), la souche de référence du biotype 2

(Bertschinger 2008176) et deux souches additionnelles du biotype l, la souche BC181, qui

est moins virulente que la souche type, et la souche KI7 (souche de référence de sérotype

5A), qui a été isolée d'un agneau, ont été examinées pour leur capacité à acquérir le fer.

Les quatre souches produisent des protéines de la membrane externe qui sont inhibées par

le fer. Cependant, seules les souches ATCC 27088 et Bertschinger 2008176 peuvent

acquérir le fer de la transferrine porcine. Aucun organisme n'a pu utiliser les transferrines

humaine, bovine ou ovine, ni les lactoferrines ovine et porcine. L'hémoglobine a supporté

une bonne croissance de toutes les souches sauf la souche KI7 (qui s'est également

révélée incapable d'acquérir le fer de l'hémine. Dans tous les cas, l'acquisition du fer de

la transferrine ou de l'hémoglobine a requis un contact direct entre les organismes et les

protéines. Les membranes totales extraites d'organismes privés de fer ont été soumises à

une t'~chnique d'isolement fondée sur l'affinité, reposant sur la transferrine porcine

biotinylée et sur la streptavidine-agarose. Les polypeptides suivants furent isolés: 99 kDa

et 64 kDa de la souche ATCC 27088; 93 kDa de la souche Bertschinger 2008176; 95 kDa

(traces) et 60 kDa de la souche BCI8l; aucun de la souche K17. Ces polypeptides sont

apparemment des composantes des récepteurs de la transferrine. Le polypeptide de 99

kDa (TBPI) de la souche type a été purifié par SDS-PAGE et transféré par électrophorèse

sur une membrane de polyvinylidene difluoride. Les acides aminés à l'extrémité N

terminale de la protéine ont été séquencés. De cette séquence un oligonucléotide fut

synthétisé et utilisé comme sonde pour cloner le gène codant pour le polypeptide TBPI

ii
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de la souche type, qui fut inséré dans des cellules compétentes d'Escherichia coli DHSll.

1II
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Contributions to knowledge

(1) A. p/eliropnelll1loniae strains Bertschinger 2008176, BCI81 and KI7 ,Jroduce

iron-repressible outer membrane proteins when grown under iron-restricted

conditions in vitro.

(II) A. p/eliropnelll1loniae strains cannot acquire iron from porcine lactoferrin.

(III) The "reference" strain ofA. p/eliropnelll1loniae biotype 2 can acquire iron from

porcine transferrin and haemoglobin.

(IV) A. p/eliropnellllloniae strain BCI81 can acquire iron from haemoglobin but not

from transferrin .

(V) A. p/eliropnellllloniae strain K17 can acquire iron from neither transferrin,

haemoglobin nor haemin.

(VI) Acquisition of iron from transferrin and haemoglobin by A. p/eliropnelll1loniae

requires direct contact between the organisms and the host proteins.

(VII) The abi!ity of A. p/eliropnelll1loniae to acquire iron from transferrin may be a

virulence determinant but is not essential for a strain to induce disease in swine.

(VIII) The ability ofA. p/eliropnelll1loniae to acquire iron from a specifie transferrin may

help to determine host specificity but it is not the only factor involved.

IV
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(IX) Transferrin-binding polypeptides of the following molecular masses can be

isolated from total membranes of organisms grown under iron-rcstricted

conditions: 93 kDa from strain Bertschinger 2008/76; 95kDa (trace amounts) and

60 kDa from strain BC 181; none from strain K17.

(X) Iron acquisition from porcine transferrin involves one or more polypeptides that

function as receptor components.

(XI) The inability ofa strain ofA. p/ellropnelll1loniae to use porcine transferrin and the

haemoglobins may reflect defects in the corresponding receptor components, or

alternativety, defects in, or the absence of, other components involved in the

overall iron-acquisition process.

(XII) The N-terminal amino acid sequence of the 99 kDa polypeptide (TBPl) from

the type strain (ATCC 27088) was determined commer<.-ially and shown to be

Glu-Gln-Ala-Val-Gln-Leu-Asn-Asp-Asp-Tyr-Gly-Thr-Thr-.

(XIII) A commercially-synthesized oligonucleotide (corresponding to the N-tenninus of

TBP!) probe was used to clone the gene encoding the TBP 1 of the type strain in

competent E. coli DH5o: cells.
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EDDA

IRMP

NAD

OMP

PVDF

TBP

TMP

List of Abbreviations

: Ethylenediamine di-Q-hydroxy,phenylacetic acid

: Iron-repressible outer membrane protein

: Nicotinamide adenine dinucleotide

: Outer membrane protein

: Polyvinylidene ditluoride

: Transferrin-binding protein

: Total membrane protein
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Chapter 1. Literature review

Introduction

Actinobacilllls p/eliropnell/lloniae is the causative agent of severe and often fatal

swine pleuropneumonia which is responsible for great economic losses to the swine

industry worldwide. Like other pathogens, A. p/eliropneli/lloniae has an essential

requirement for iron for growth and must be capable of obtaining iron from the host

despite the iron-restricted environment.

The purpose of the following section IS to provide a revlew of A.

p/ellropnell/lloniae, of both the organisl11 and its virulence làctors, as weil as the

importance of iron and the mechanisms of iron-acquisition by pathogenic bacteria. This

section also reviews the importance of transferrin receptors as vaccine components with

a view to the eradication of swine pleuropneumonia.
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1.1 Actinobacillus pleuropneumoniae

1.1.1 Introduction

Actinohacil/us pleuropneumoniae IS the causative agent of swme

pleuropneumonia. Organisms of the genus Actinohacil/us belong to the family

Pasteurellaceae which also includes the genera Haemophilus and Pasteurella

(Zinnemann, 1981). Organisms of the family Pasteurellaceae are Gram-negative,

facultatively anaerobic, non-spore-forming p1eomorphic rods and are obligate parasites

in their animal hosts (Shope, 1964). The family does not include any free-living species.

The organisms reside on the mucous membranes of the upper respiratory tract and lower

genital tract. There are over 40 named species in the family and of these species, A.

pleuropneumoniae is one of four that is capable of causing d::;ease upon mere

introduction, by a natural route (in reasonable numbers), into a normal host animal

(Hiberstein, 1990).

Organisms of the family Pasteurellaceae are spread by several means including

aerosols, sexual contact and animal bites. The mechanisms used by these organisms for

the colonization ofhost tissues are not completely understood. Sorne genera of the family

are piliated and piliation could aid in colonization (Tomcik et al., 1988).

ln members of the Pasteurel/aceae, severa! cytotoxic and leukotoxic proteins have

been identified which have been found to be responsible for the invasiveness ofthese

2
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organisms (Bendixen el al., 1981). In addition, iron-repressible outer membrane proteins

(IRMPs) are considered as possible virulence factors (Ikeda and Hirsh, 1988; Deneer and

Potter, 1989a,b). In ail members of the l'aslellrel!aceae, the lipopolysaccharide (LPS) and

lipooligosaccharide endotoxins have been found to be major factors invo\ved in

pathogenesis (Emau el al., 1986; 1987; Fenwick el al., 1986; Rose el al., 1988). Major

manifestations of infection by Haelllophillis. Aclinobacil!lIs and Paslellrella spccies such

as fever (Lin el al., 1982), lung damage (Snappel' el al., 1983), vascular derangements

(Emau el al., 1986; Fenwick el al., 1986) and meningitis (Syrogiannopoulos el al., 1988),

have been shown to be producible by endotoxins or their effector substances such as

prostaglandins. However, other faGtors also contribute to the pathogenesis of the

infections (Fenwick el al., 1986; Syrogiannopou\os el al., \988). Local tissue damage

caused during infection is due to lysosomal enzymes released l'rom leukocytes and hence

the leukotoxic properties of members of the l'aslellrel!aceae are directly and indirectly

responsible for the inf1ammatory lesions (Movat and Wasi, 1985; Slocombe el al., 1985;

Breider el al., 1988).

3
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1.1.2 Genus designation

Prior to 1983, the organism causing porcine pleuropneumonia was referred to as

Haemophillis plel/ropnel//Iloniae. However, as early as 1978, a Pastel/relia haemolytica

like organism causing porcine necrotizing pleuropneumonia had also been described

(Bertschinger and Seifert, 1978) (as cited by Pohl et al., 1983) and designated the BS

organism. This organism differed from H. plellropnell/lloniae in that it was V factor

independent. The disease caused by the BS organism could not be distinguished by either

c1inical or histological means from that caused by H. plel/ropnellmoniae and the BS strain

resembled H. plel/ropnell/lloniae in several biochemical properties. Both organisms were

not significant1y related to Hae/llophillis injll/enzae, the type species of the genus

Hae/llophillis. On the basis of conventional phenotypic characteristics, the BS organism

was placed close to Actinobacilllls lignieresii.

In a study by Pohl et al. (1983), H. plellropnel//Iloniae (Matthews and Pattison

1961) Shope 1964 (Kilian et al., 1978) and the BS organism were compared with A.

lignieresii and H. ii!flllenzae. On the basis ofphenotypic and DNA relatedness between

H. plellropnel/moniae and A. lignieresii, Pohl et al. (1983) proposed the transfer ofH.

plellropnellmoniae to the genusActinobaci/llis. The DNA of the BS organism and those

of H. plel/ropnellmoniae and A. /ignieresii were found to be very similar in size (based

on the fact that reassociation rates in reactions with homologous DNA were nearly

identical), and the guanine-plus-cytosine contents oftheir DNA were almost the same.
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However, the level of reassociation of the DNA of the type strain of H. inflllen=ae with

that of either the type strain ofH. plellropllell/lloniae. the type strain ofA. Iignieresii or

the BS organism, was extremely low. Moreover, the results of these and additional

heterologous reassociation studies indicated that H. plellropnell/lloniae and the BS

organism were very closely related to A. Iignieresii and hence, that H. plell/'opnellllloniae

and the BS organism belonged to the genus Aclillobaci/llls. Consequently, l'ohl el al.

(1983) proposed the transfer ofH. plellropllellllloniae and the BS organism to the genus

AClinobacilllls as Aclinobacilllls plellropllellllloniae (Matthews and Pattison) comb. nov.

1.1.3 Biotypes and serotypes

The family Paslellrellaceae includes V factor-dependent and V factor-independent

species. A. plellropnelllllolliae is somewhat unusual in that the species contains V factor

dependent and V factor-independent strains (Pohl el al., 1983). V factor-dependent strains

were designated biotype 1, while V factor-independent strains were designated biotype

2. It is possible that the two biotypes differ from each other only with respect to a single

enzyme (nicotinamide phosphoribosyltransferase) involved in pyridine nucleotide

metabolism (Niven and O'Reilly, 1990). On the basis of agglutination tests (Gunnarsson

el al., 1977; Greenway, 1981; Roscndal el al., 1981 b; Sebunya el al., 1982) and

coagglutination tests (Mittal el al., 1983), twelve serotypes ofA. plellropnell/llolliae have

been identified. Antisera prepared in rabbits against formalinized whole cell suspensions
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ofreference strains of serotypes 1 to 12 of biotype 1 have been employed for serotyping

(Mitlal el al., 1992). Serotype 1 is the most widespread in the world ranging from 55%

to 87% (depending on theyear) of al! serotypes isolated, while serotype 5 is second in

prevalence with an average incidence of 23%. Other serotypes account for a sma11

percentage of the serotypes isolated and serotypes 4, 9 and 11 have not been isolated

during the past 10 years (Mitlal el al., 1992). Serotype 2 is known to occur only in

Canada, the Far East and Europe (Nicol,~t, 1971) (cited by Sebunya and Saunders, 1983).

Studies of various serotypes of A. plellropnellflloniae have shown that the

serotypes vary in terms of their virulence in swine (Mittal el al., 1984; Rosendal el al.,

1985; Brandreth and Smith, 1987; Komal and Mitla!, 1990). In general, strains of

serotypes l, 5, 9, 10 and 11 were found to be highly virulent and those of serotypes 2, 3,

4,6,7,8 and 12 were found to be less virulent (Komal and Mitlal, 1990). However, sorne

strains of serotypes 3 and 7 were found to be highly virulent while a few strains of

serotype 5 caused low mortality in mice (Komal and Mitlal, 1990). Highly virulent strains

ofA. plellropnell/lloniae are very invasive and appear in the blood within 3 to 6 hours of

intranasal inoculation in mice. DNA-DNA hybridization and restriction endonuclea:::e

fingerprinting (REF) studies have revealed that representative strains of ail 12 serotypes

form a homogeneous group, sharing 74% to 90% homology with A. plellropnellmoniae

serotype 1 (Borr el al., 1991). Al! the serotypes tested showed a high degree of genetic

relatedness (66% to 79%) to the type strain of A. Iignieresii.

ln Quebec, over 2500 strains isolated from the lungs of pigs that died due to acute
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pleuropneumonia have been serotyped by Mittal and co-workers (Mittal el al. (1989»

(cited by Komal and Mittal, 1990). Approximately 70% of the strains belonged to serotype

1 and another 22% belonged to serotype 5 (Mittal el al. (1989» (cited by Komal and

Mitla!, 1990). Mittal el al. (1989) (cited by Komal and Mittal, 1990) suggest that strains

of serotypes 1 and 5 are more virulent than strains of other serotypes. Strong cross

reactions exist between serotypes (Nicolet el al., 1980). Several serotype-specific and

species-specific antigens have been detccted on the basis of agglutination,

immunodiffusion, adsorption or complement fixation tests (Gunnarsson el al., 1977;

Gunnarsson el al., 1978; Gunnarsson, 1979; Mittal el al., 1982).

A 1.5-kb DNA fragment from a genomic library ofA. plellropnellllloniae serotype

1 strain Shope 4074 (ATCC 27088) was found to hybridize to DNA from ail 12 serotypes

of the organism (Sirois el al., 1991). No cross-hybridization was observed with DNA

from other haemolytic organisms of the family Paslellrel/aceae. Based on the nucleotide

sequence of the putative genomic probe, three primers were synthesized for use in the

polymerase chain reaction (PCR). PCR amplification products were obtained using the

DNA from the 12 known serotypes, but the DNA from any other Gram-negative or Gram

positive organism studied (including those found in the normal flora of the swine

respiratory tract) was not amplified. The results of the work of Sirois el al. (1991) suggest

that amplification of specifie A. plellropnellllloniae sequences from tissue samples could

be used to identify asymptomatic carriers and hence, PCR could be used in efforts to

eradicate swine pleuropneumonia.
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1.1.4 Virulence of A. pleuropneumoniae

A. pleliropllelllllolliae is the causative agent of acute and often fatal, fibrinous and

necrotizing pleuropneumonia in swine in several countries around the world (Sebunya and

Saunders, 1983; Nicolet, 1986; Maclnnes and Rosendal, 1988). The disease, referred to

often as swine pleuropneumonia, has been a major disease of swine in European countries

since the late 1960s (Christensen, 1981) (cited by Sebunya and Saunders, 1983) and has

been recognized frequently in the United States (Pijoan, 1982) and Canada (Sanford and

Josephson, 1981) since the early 1980s. Acute pleuropneumonia is often characterised by

extensive haemorrhagic and necrotic lesions and fibrinous exudate in the lungs (Nicolet,

1986; Bertram, 1988). Chronic lesions involve fibrosis and purulent inflammation

(Rosendal el al., 1985). Asymptomatic infections involve fibrosis with pleural adhesions

(Inzana el al., 19930). Animais that become infected usually die if untreated, and death

can occur within 24 to 48 hours of the first signs of illness (although in sorne cases, death

can occur even if no signs of illness are observed) (Shope, 1964). Outbreaks of swine

pleuropneumonia caused by biotype 1 strains have resulted in a higher death rate and the

severity of clinical infections has been greater than in outbreaks caused by biotype 2

strains (Pohl el al., 1983). Great economic losses to the swine industry result l'rom the

inability to control disease spread in epizootics (Shope, 1964). Autogenous vaccines,

prepared l'rom locally important serotypes, are used for immunoprophylaxis in various

countries (Pijoan el al., 1975; Rosendal el al., 19810).
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Several components are believed to contribute to the virulence of A.

plellropnellllloniae. These include the capsular polysaccharide (Jensen and Bertram,

1986), the LPS (Fenwick el al., 1986; Udeze el al., 1987), as weB as haemolytic toxines)

(Nakai el al., 1984; Kume el al., 1986; Rosendal el al., 1988).

The first step in the colonization of host mucosal surfaces is bacterial adherence

which is achieved by the microorganism via adhesins (Beachey, 1981). Respiratory

mucosal surfaces are covered with a mucus layer and A. plelll'0plleulI/oniae has been

shown to have an affinity for the same (Belanger el al., 1992). Studies with isolated LPS

and crude porcine respiratcry tract mucus would indicate that LPS is a component

involved in the binding (Belanger el al., 1990). Two low molecular mass polypeptides of

10 and Il kilodaltons (kDa) have been identified in porcine respiratory tract secretions

and these polypeptides appear to be involved in the binding of the LPS of A.

plellropnellllloniae (Belanger el al., 1994). A protein, designated outer membrane

lipoprotein A (OmIA) with a calculated molecular mass of 40 kDa, has been identified as

an adhesin ofa serotype 1 strain ofA. pleul'opnellll/olliae. OmlA is encoded by the OIIlIA

gene, is lipid modified, and is present in the outer membrane and membrane blebs of the

organism (Gerlach el al., 1993). The DNA encoding OmlA detected hybridizing

sequences in the reference strains of aB serotypes ofA. plelll'opneulI/oniae, and a OmIA

specific serum detected a homologous protein in the reference strains of serotypes 2, 8,

9, Il and 12.

Several different haemolysins and cytotoxins have been described in the 12
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serotypes of A. plellropnellllloniae (Kilian, 1976b; Kume el al., 1986; Martin el al.,

1985b; Rosendal el al., 1988; Frey and Nicolet, 1988a,b; 1990; Devenish el al., 1989;

Frey el al., 1989; Karnp el al., 1989; Gygi el al., 1990). Like several other Gram-negative

bacteria, A. plellropnellllloniae secretes toxins of the RTX (repeat toxin) family (Welch,

J991). Three antigenically distinct RTX toxins have been shown to be present, either

singly or in combination, in ditTerent isolates ofA. plellropnellllloniae (Kamp el al., 1991;

Frey el al., 1993a).

Recently, Frey el al. (1993b) introduced a unitYing system of nomenclature for the

pleurotoxin, haemolysins, and cytolysins (and their genes) produced by A.

plellropllell/l/oniae. The RTX toxin produced by the reference strains ofserotypes 1, 5,

9, 10 and Il and referred to previously as haemolysin 1 (HlyI) or cytolysin 1 (ClyI) was

designated Apxl with apxl being the structural gene encoding this toxin. The RTX toxin

produced by the reference strain of each serotype (except serotype 10) and previously

narned HlyII, App, Cyt or ClyII is now called ApxII; apxll is the structural gene encoding

this toxin. The structural gene encoding the ApxIII toxin, the 120 kDa toxin produced by,

the reference strains of serotypes 2, 3, 4, 6 and 8, is apxll/; ApxIII is the toxin known

previously as CylIII, pleurotoxin or macrophage toxin (Mat). ApxI is the strongest

haemolysin and cytotoxin of the three. ApxII exists in two forms, a toxin which remains

intracellular and has both haemolytic and cytotoxic activities, and a secreted toxin which

is cytotoxic, but essentially non-haemolytic. ApxIII is cytotoxic but not haemolytic and

would appear to belong to the leukotoxin class of the RTX family (Chang el al., 1993;
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Jansen el al., 1993). The genes encoding these toxins (apxl. apxll and apxlll) have been

cloned and sequenced (Chang el al., 1989; Frey el al., 1991h;Chang el al.,1993).

Production of ApxI by serotypes 1 through 12 ofA. pleliropl1elllllolliae has been

studied (Frey and Nicolet, 1990). Strains ofserotypes 1,5,9,10 and Il exhibit strong

haemolytic activity (haemolysin production is induced by calcium) whereas strains of

serotypes 2, 3, 4, 6, 7, 8 and 12 exhibit only weak haemolytic activity (haemolysin

production is not induced by calcium). These same sets of strains were found to be highly

virulent and weakly virulent, respectively, when inoculated intranasal1y/intraperitoneally

in mice suggesting that the relative virulence of the different serotypes may be related to

their haemolytic activity (Komal and Mittal, 1990). The Apxl toxin from serotype 1 strains

is a 105 kDa protein; it has been purified and has haemolytic as weil as cytotoxic

properties (Frey and Nicolet, 1988a,h; Rosendal el al., 1988; Chang el al., 1989;

Devenish and Rosendal, 1989; Devenish el al., 1989). The structural gene encoding the

ApxI of the serotype 1 strain ATCC 27088 has also been isolated, and the nucleotide

sequence of the gene has been determined (Frey el al., 1991 h). A recombinant plasmid,

A44, constructed using DNA from a serotype 1 strain (CM5), conferred haemolytic

activity on Escherichia coli (Maclnnes el al., 1990). The nucleotide sequence of the

region of the plasmid that conferred haemolytic activity revealed the presence of a gene

(hlyX) very similar tofhl', the gene that encodes the regulatory protein FNR of E. coli

(Shaw and Guest, 1982). The HlyX protein has been purified and has been found to have

a molecular mass of 29 kDa (Green el al., 1992). Gene fusion studies (fhr:hlyX) have
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shown that like FNR, HlyX can function as an activator or repressor of genes responsible

for anaerobic respiratory activities. It has been shown that the ability of sorne pathogens,

such as Salmonella Iyphimlirilllll, to enter mammalian cells is regulated by the

concentration of oxygen in the growth medium such that high oxygen represses and low

oxygen induces invasiveness (Jones and Falkow, 1994). This tends to suggest that HlyX

might play a role in the regulation ofgenes encoding virulence factors which in turn, may

have roles to play in the persistence of A. pleliropnellilloniae in chronic or acute

infections.

ApxII is produced by ail serotypes ofA. plellropnellmoniae except serotype 10

(Frey el al., 1992) and is antigenically distinct from ApxI as confirmed from Western blot

experiments. Apxll, a polypeptide with a molecular mass of 103 kDa, was identified in

culture supernatants and was found to be responsible for the cytotoxic properties of the

organism. The haemolysin (Apxll) from the reference strain of serotype 2 of A.

pleliropnellilloniae was isolated and characterized (Frey el al., 199Ia). Unlike serotype

l, serotype 2 strains produce only one haemolysin. ApxII from serotype 2, like ApxI of

serotype 1, has a molecular mass of 105 kDa, and these two toxins are immunologically

cross-reactive. However, DNA-DNA hybridization experiments have shown that the

structural genes for these two haemolysins are different and show only 70% homology,

thus confirming that the two proteins are distinct. Both ApxI and ApxII toxins lyse

erythrocytes and kilt porcine lung macrophages (Kamp el al., 1991).

ApxllI is the least well-characterized cytolysin of A. plellropnellmoniae and is
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secreted by serotypes 2, 3, 4, 6 and 8 (Kamp el a/., 1991). Apxlll diftèrs from Apxl and

ApxII in several aspects (Jansen el a/., 1993). Immunologically, Apxlll seems to be

unrelated to ApxI and ApxlI. Monoclonal antibodies raised against Apxlll do not cross

react with ApxI or ApxII, and monoclonal antibodies raised against ApxI or ApxIl do not

cross-react with ApxIII (Kamp el a/., 1991). ApxIII kills porcine lung macrophages but

does not lyse porcine erythrocytes (Van Leengoed el al., 1992). The gene encoding ApxIlI

in a serotype 8 strain has been cloned and characterized (Jansen el a/., 1993).

The endotoxin ofA. p/europnell/lloniae has been implicated as a virulence factor

(Udeze el a/., 1987). However, the acute stages of the disease are only partially

reproduced using endotoxin alone (Liggett el a/., 1986). This suggests that the

development of pulmonary lesions during the acute phase of porcine pleuropneumonia

may be due to a synergistic action of endotoxin and haemolysin (Udeze el a/., 1987).

1.1.5 Control of swine pleuropneumonia

Swine infected with A. p/ellropnell/lloniae may be asymptomatic or may suffer

from chronic to acute disease. Introduction of asymptomatic carriers into a nonimmune

herd is an important cause ofpleuropneumonia outbreaks (Sebunya and Saunders, 1983).

Pleuropneumonia is costly to the swine industry. Great losses result from decreased

productivity due to high mortality (acute disease in a nonimmune herd), reduced rates of

gain resulting in variable growth rate and increased marketings of undersized or cull pigs
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(chronic disease) (Leman et al., 1982).

Several steps have been taken to prevent the oc·currence and spread of

pleuropneumonia in pigs. Antibiotic therapy has been useful in treatment of chronic

infections. However, plasmids conferring resistance to several antibiotics including

streptomycin, tetracycline, ampicillin, chloramphenicol, kanamycin and sulfonamide have

now been demonstrated in strains of A. pleliropneli/lloniae (Ishii et al., 1991, 1993).

Dihydrofolate reductase inhibitors have been tested in vilro against strains of serotypes

2 and 9 (Mengelers el al., 1990). Aditoprim, trimethoprim, sulfadimethoxine and

sulfamethoxazole, and combinations of these drugs, have been found to be effective

against A. plell/'opneli/lloniae. Doxycycline hydrochloride and thiamphenicol at doses of

100 to 200 ppm were found to have a therapeutic effect on coughing and rhinorrhea in

infected pigs (Sakai el al., 1992); weight gain and food consumption were also improved

and no pulmonary lesions were observed at necropsy on day 17 of drug administration.

The administration to piglets of dihydroheptraprenol in combination with a heat

inactivated A. pleliropnelllIIoniae preparation, resulted in enhanced resistance to infection

(as opposed to a heat-inactivated vaccine preparation alone) following intraperitoneal

injection with a hOl11ologous strain (Kimura el al., 1993) .

Prevention of pleuropneumonia through vaccination is problematic. Optimal

protection of pigs against homologous and heterologous serotypes seems to occur

following natural infection with A. plellropnellmoniae (Nielsen, 1979) (cited by Sebunya

and Saunders, 1983). Current killed A. pleliropneli/lloniae vaccines are known to be
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inadequate, particularly in the prevention of the development of lesions and chronic

infections (Higgins el al., 1985; 1nzana, 1991). Factors responsible for the virulence of

A. plellropnellllloniae include the LPS or endotoxin, capsular polysaccharide, and the

haemolytic and cytotoxic RTX (Apx) toxins (Inzana, 1991). Passive immunization of

swine using antibodies to the LPS or capsule has been found to be inadequate, although

the capsule is an important virulence factor and prevents opsonization and clcarance of

bacteria from the lung (Inzana el al., 1988). Heat-Iabile Apx toxins are responsible for the

development of severe lesions and for the development ofprolective immunity in animais.

Nonhaemolytic mutants are avirulent and cannot induce protective immunity (Inzana el

al., 1991). Commercial vaccines consisting ofkilled bacteria that lack the Apx toxins do

not provide adequate protection (Nielsen, 1976; Nielsen, 1984 (cited by Sebunya and

Saunders, 1983); Higgins el al., 1985). In brief, a truly efficacious vaccine is nol available

and the search for such a vaccine continues. For example, Gerlach el al. (1993) have

shown that pigs immunized with a recombinant preparation of the outer membrane

lipoprotein A (OmIA) were protected from death in an aerosol challenge with an A.

plellropnellllloniae serotype 1 isolate. Subcutaneous immunization using eilher washed,

formalinized whole cells, capsular polysaccharide, LPS or purified haemolysin 1(105 kDa

protein; ApxI), partially prolecled pigs against intranasal challenge with a lethal dose of

A. plellropnellllloniae cells of differenl serotypes. Full protection was obtained if the

formalinized whole cells were supplemented with purified haemolysin (Bhatia el al.,

1991). A conjugate vaccine was prepared by coupling the capsular polysaccharide ofA.
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pleuropneumoniae serotype 1 ATCC 27088 to the haemolysin, and the LPS to the

haemolysin (Byrd and Kadis, 1992). Recipient pigs exhibited a significant increase in IgG

antibodies to the capsular polysaccharide, LPS and haemolysin, following a booster

vaccination. Such an antibody response to each component of the conjugate could be

instrumental in protecting swine against pleuropneumonia. Two antigens of A.

pleuropneullloniae, in the form of a fusion protein containing the C-terminal 70% of the

105 kDa cytolysin (Apx1) and a full length 60 kDa protein that binds transferrin, were

tested for their protective efficacy in an experimental pig mode! (Rossi-Campos et al.,

1992). Pigs developed a very strong humoral response and when challenged with a

serotype 7 strain, were less affected by the disease and showed significantly lower

mortality rates than unimmunized pigs. An outer membrane preparation (degraded with

proteinase K) from an A. pleuropneumoniae serotype 5 strain has been found to be more

efficacious than untreated outer membranes (Chiang et al., 1991). After vaccination with

the treated outer membrane preparations, only a few pigs developed lung lesions upon

intranasal challenge with a homologous strain. The lesions were also much less severe

than those produced in pigs that were vaccinated with untreated outer membranes.

Noncapsulated mutants ofA. pleuropneulI/oniae serotypes 1 and 5 which were identical

to the parent strain in tenns of their LPS, protein composition and haemolytic activity

have been tested as live vaccines (Inzan~ et al., 1993a). Pigs vaccinated subcutaneously

showed a strong immune response to whole cells as weil as to Apx toxins 1 and II.

Immunization of pigs with one or both of the mutant serotypes protected them against
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clinical disease following intratracheal challenge with the virulent homologous or

heterologous serotype. Nonimmunized pigs or those immunized with a commercial

bacterin preparation died within 24 h of challenge (1nzana el al., 1993a) indicating that

live noncapsulated mutants ofA. plelll'opllellmolliae may provide a safe and inexpensive

method ofprotection against swine pleuropneumonia. Temperature-sensitive mutants may

also be valid candidates for live pleuropneumonia vaccines. Two temperature-sensitive

mutants ofA. plell/'opnelll/loniae serotype 5 have been shown to be avirulent for swine

following intratracheal challenge at doses greater than ten times the LOlO of the parent

(Inzana el al., 1993b). While the results ofthese most reccnt studies are truly encouraging,

the search for a safe and efficacious vaccine against swine pleuropneumonia remains

ongomg.

1.2 Iron and infection

1.2.1 The importance of iron

Several complex interactions occur between a host and a pathogen during an

infection. Ofthese, one of the most important is the ability of the invading microorganism

to multiply within the host tissues and thus, succeed in establishing the infection. There

are several essentialnutrients which the pathogen must acquire in order to successfully

establish itself within the host. Iron is such a nutrient and is essential for the growth of

17



•

•

•

most bacteria (Bullen el al., 1978; Gadd, 1992); it is required in a number of enzymatic

reactions, either as a cofactor or as a prosthetic group (Martinez el al., 1990). Iron is

present in several bacterial proteins and enzymes including catalases, cytochromes,

dehydrogenases, oxidases, and reductases. Iron can exist in two valence states in the cell,

with each valence state having two arrangements of d-shell electrons. Hence, a weak and

a strong ligand field state exist for both the ferrous (+2) and ferric (+3) oxidation states.

Therefore, iron can form a variety of complexes with both organic molecules and

inorganic ions and thus, will have a redox potential that is largely dependent on both its

oxidation state and molecular environment (Neilands, 1972, 1974). As a result, iron is

capable of forming a wide variety of complexes with redox potentials ranging from -500

mY in some iron-sulfur proteins to +350 mY in cytochrome oxidase (a aJ)' The

availability of iron can influence gene expression and the production of several bacterial

proteins such as toxins (Belley el al., 1986), haemolysins (Cavalieri el al., 1984) and

colicin Y (Chehade and Braun, 1988).

A certain degree ofiron deprivation is bacteriostatic, and extreme iron deficiency

over an extended period is often lethal for bacteria (Bullen el al., 1978; Weinberg, 1984).

In fact, il is believed that except for a few species of lactobacilli, ail living cells have an

absolute requirement for iron for growth (Neilands, 1972). Experimental infections have

shown that when iron is injected with a bacterial inoculum, the test organisms exhibit

enhanced virulence. This has been shown to be the case with organisms from several

genera including Lisleria, Pas/el/relia, Yersillia, ""scherichia, Klebsiella. Neisseria,
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Shigella and Salmonella (Bany and Reeve, 1977; Kochan el al., 1978; Miles el al., 1979;

Bullen, 1981). Therapeutic administration of iron can contribute to an increased

susceptibility to infection (Bullen, 1981). For example, people treated with iron are more

susceptible to malaria (Murray el al., 1980) and children receiving iron-dextran injections

to prevent iron deficiency have an increased susceptibility to E. coli bacteremia and

meningitis (Barry and Reeve, 1977; Weinberg, 1984). Liberation of haem compounds

from damaged cells can enhance infections. A combination of E. coli and lysed

erythrocytes, when introduced into the mouse peritoneal cavity, produces a lethal effect

(Bomside el al., 1968) and the virulence of Yersinia peslis is enhanced by the absorption

ofhaemin by the pathogen (Jackson and Burrows, 1956; Perry and Brubaker, 1979).

1.2.2 Sources of iron in the animal host

1.2.2.11nlroduclion

There is an abundance of iron present in extracellular and intracellular "pools" in

the mammalian host. How.~ver, none of this iron is freely available since at neutral pH,

iron forms extremely insoluble Fe(OH)3 with a very low solubility product of 4 x 10-36

(Bullen el al., 1978). As a result, the amount of free ionic iron is of the order of only 10- IM

M (Williams and Griffiths, 1992). This level ofiron is too low to support the growth of

most microorganisms (Weinbe.-g, 1978, 1984; Bullen, 1981; Griffiths, 1987a, 1991;
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Williams, 1988).

The extracellular tissue fluids of man and animaIs contain iron-binding proteins

(Morgan, 1974; Critchton and Charloteaux-Wauters, 1987) such as transferrin in the

blood and Iymph, and lactoferrin in extemal secretions such as milk and bronchial mucus

(Aisen and Leibman, 1972). These iron-binding proteins have very high association

constants for Fe" (Chaberek el al., 1959) and function as soluble iron-protein complexes

(Bullen el al., 1978).

The intracellular "pool" of iron consists of iron sequestered in proteins such as

haemoglobin, myoglobin, ferritin, and homosiderin (Bell el al., 1953). Since haemoglobin

is located within erythrocytes, iron bound to haemoglobin is accessible to microorganisms

only if the haemoglobin is released from the cell (Martinez el al., 1990). However, free

haemoglobin is bound by haptoglobin, and since sorne organisms cannot obtain iron from

haemoglobin-haptoglobin complexes (Pidcock el al., 1988), haptoglobin can act as a

bacteriostatic agent (Eaton el al., 1982).

1.2.2.2 rra/1.ljèrrin

The discovery of transferrin stemmed from the observation that the inhibition of

bacterial growth by raw egg white could be reversed following the addition of iron

(Schade and Caroline, 1944). The active ingredient was later discovere:l to be conalbumin

(Alderton et al., 1946). A protein which also inhibited bacterial growth in an iron-
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reversible manner was subsequently isolated from fraetionated human plasma (Schade and

Caroline, 1944). This protein was further eharaeterized in 1947 by Laurell and Ingelman

who named it transferrin and sinee then, transferrins have been found in several of the

biologieal fluids ofvertebrates incln;;ng bile, blood, amniotic fluid, cerebrospina! fluid,

Iymph, colostrum and milk (Aisen and Listowsky, 1980).

Transferrins are glyeoproteins and are made up of a single polypeptide chain and

two N-linked complex-type glyean ehains (MaeGillivray el al., 1983). They range in

moleeular mass from 76 kDa to 81 kDa. Eaeh moleeule eonsists of two similar

(homologous) domains, the N-terminal and C-tenninal domains, eaeh containing a single

iron-binding site (Williams and Griffiths, 1992). The two iron-binding sites are not

identica1 (Harris and Aisen, 1989). They differ in their affinity for iron and their aeid

lability. The C-terrninal site is more aeid stable and releases its iron only at around pH 5.0,

whereas iron is released from the N-terminal site at a pH of 6.0 (Princiotto and Zapolski,

1975; Lestas, 1976; Bali and Aisen, 1992). The two sites are functionally equivalent

despite any physical or chemical differenees (Bezkorovainy, 1987; Harris and Aisen,

1989). Ail transferrins sequester and solubilize iron, th us exerting their bacteriostatie

effeet by eontrolling the amount of available iron. Serum transferrin is the main iron

transporting protein of vertebrates. The protein is involved in the transport of iron from

the sites of absorption and haem degradation to those of iron storage and utilization

(Bailey et al., 1988). Once transferrin binds to specifie cell receptors, the receptor

transferrin complexes are concentrated in clathrin-coated pits on the plasma membrane.
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The pits are endocytosed to form vesicles within the cytoplasm. Loss of the clathrin coat

results in the formation of endosomes and the acidification of the endosome contents

causes the release of the iron from the transferrin. The vescicle-bound apotransferrin

receptor complex is then retumed to the ccII surface and fuses with the plasma membrane.

At the extracellular pH of 7.4, the apotransferrin dissociates from the receptor and is

recycled to the blood stream (Williams and Griffiths, 1992).

Each molecule oftransferrin binds 2 ions of Fe+3 and 2 ions ofHCO; (since iron

binding requires the presence of an anion) and the resulting transferrin-iron complex

possesses a stability constant of approximately 1029 (Bezkorovainy and Zschocke, 1974;

Bates and Schlabach, 1975). lron-Ioaded transferrin has a characteristic salmon-pink

colour with an absorption maximum at 465 nm (Williams and Griffiths, 1992). On

binding iron, a signiticant conformational change occurs in the transferrin molecule

resulting in a more compact protein with a higher isoelectric point and being more

resistant to proteolytic degradation (Bezkorovainy, 1987). Urea polyacrylamide gel

electrophoresis has revealed that transferrin can exist in four different forms (Evans and

Williams, 1980). These include, apotransferrin, diferric transferrin and monoferric

transferrin in which the iron is bound to either the N- or the C-domain binding site. The

liver parenchyma is the site of synthesis of transferrin. Normal serum contains about 2.5

mg inl'I oftranstèrrin with an iron-binding capacity of3 Ilg Fe+3 ml'I; transferrin is usually

approximately 35% saturated with iron (Wintrobe, 1974). As a result ofthis large iron

binding capacity, transferrin can scavenge serum for extracellular iron keeping free iron
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concentrations in serum at <10-15 M, a level far too low to support bacterial growth

(Bullen el al., 1978; Weinberg, 1978).

Transferrins from different animal sources differ in the number, nature and

positions of their N-linked oligosaccharide substituents (which are specifie for each

transferrin type) (Spik el al., 1985; Legrand el al., 1988; De Jong and Van Eijk, 1989).

Enzymatic deglycosylation of transferrins does not affect the iron-binding properties of

the proteins and the physiological significance of these glycan c1Jains has yet to be

established (De Jong and Van Eijk, 1989; Harris and Aisen, 1989). The complete amino

acid sequence of several transferrins is known (Bezkorovainy, 1987; Harris and Aisen,

1989). Human transferrin (molecular mass=80 kDa) consists of a single polypeptide chain

of 678 amino acids with the N-terminal domain comprising residues 1-336 and the C

terminal domain comprising residues 337-678. Approximately 42% of the amino acid

sequences of the N-terminal and C-terminal domains are identical (MacGillivrayel al.,

1983).

1.2.2.3 Lacloferrin

Lactoferrin, like transferrin, is an iron-binding glycoprotein (Graves, 1960;

Montreuil el al., 1960; Aisen and Listowsky, 1980; Brock, 1985). Lactoferrin is present

in milk and in mucous secretions (Masson el al., 1966) as well as in the secondary

granules of neutrophilic leukocytes (Masson el al., 1969; Baggiolini el al., 1970).
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Lactoferrin, by binding iron, prevents growth of iron-requiring bacteria in milk and could

account for the bacteriostatic properties of milk. Lactoferrin also binds iron in the intestine

(Baker and Rumball, 1977). Il may also protect cells from free radical damage by binding

potentially-catalytic iron (Baldwin el al., 1984).

The molecular masses of the lactoferrins from different animais range from

7S kDa to as high as 8S kDa (Oram and Reiter, 1968). Lactoferrin is a single-chain

glycoprotein, and has two iron-binding sites, each binding one atom of ferric iron

(Johansson, 1969; Querinjean el al., 1971; Baker and RumbaIl, 1977; Bezkorovainy,

1977). The nature of the iron-binding sites are of special interest in that, while lactoferrin

binds cupric and other metal ions, its afiinity for iron is notably high (the binding constant

of lactoferrin for iron is about 102°) (Baker and RumbaIl, 1977; Cox el al., 1979).

Spectroscopic analysis of the unfolding of transition metal-ion complexes of human

lactoferrin and transferrin have revealed that the incorporation of Fe3
+ into the specific

metal binding sites offers the greatest resistance to thermal unfolding when compared to

other transition metal ions studied such as Cu2
+, Mn3

+ and C03
+ (Harrington, 1992). One

ion of bicarbonate is incorporated for each Fe3
+ taken up (Masson and Heremans, 1968)

(cited by Querinjean el al., 1971) and three protons are released (Masson, 1970) (cited by

Querinjean el al., 1971). lron-Ioaded lactoferrin has a characteristic red colour.

Electron paramagnetic resonance spectra as weIl as optical spectra of lactoferrin

and transferrin are almost identical (Windle el al., 1963). The lactoferrin-iron complex

is more stable than the transferrin-iron complex at low pH (Groves, 1960; Montreuil el
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al., 1960). Lactoferrin differs from transferrin in carbohydrate and amino acid

composition (Blanc el al., 1963; Montreuil el al., 1965) and antigenic properties

(Johansson, 1960) (cited by Querinjean el al., 1971). Data concerning lactoferrin are less

abundant and less accurate than for transferrin.

1.2.2.4 Haem-containing/binding pl'oleins

Haem is the prosthetic group ofhaemoproteins such as haemoglobins, myoglobins,

catalases, some peroxidases and cytochromes b. 1t is responsible for the colour furnishing

portion of haemoglobin (Merck Index).

Haemoglobin is the major component of red blood cells. 1t is involved in the

transport of oxygen from the lungs to the body tissues and in the transport of carbon

dioxide from the tissues to the lungs. Mammalian haemoglobins have molecular masses

of about 64.5 kDa. They are composed of four peptide chains referred to as globins; each

globin binds a haem prosthetic group. Iron is coordinated to four pyrrole nitrogens of

haem, and to an imidazole nitrogen of a histidine residue.

In extracellular tissue fluids, free haem, like iron, is not readily available to an

invading pathogen. Tetrameric haemoglobin, liberated by haemolysis or tissue damage,

dissociates into dimers in plasma, and is then bound by haptoglobin, a plasma protein. The

haemoglobin-haptoglobin complexes are then carried to the liver and the haemoglobin

and haptoglobin are catabolized (Kino el al., 1980). Haptoglobin depletion in the plasma
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can result in the presence of haemoglobin in the circulation; this haemoglobin quickly

becomes oxidised to methaemoglobin, from which the haem dissociates. Free haem gets

bound by albumin and haemopexin, the major haem-binding proteins in plasma (Smith,

1990). Haemopexin binds haem more strongly than albumin, with a Kd of <1 pM, and at

physiological ratios of albumin to haemopexin, haem becomes bound preferentially to

haemopexin (Smith, 1990).

1.3 Iron acquisition by bacterial pathogens

Ali pathogens must be capable ofobtaining iron from their respective hosts despite

the iron-restricted environment. This can be accomplished by means of siderophore

dependent or siderophore-independent processes.

1.3.1 Siderophore-dependent iron acquisition processes

Siderophores (Greek, iron carriers) are low-molecular weight, ferric-specific iron

binding compounds excreted under conditions of low iron stress by aerobic and

facultative anaerobic bacteria, for the purpose of obtaining iron from the environment

(Neilands, 1989). Microorganisms which secrete siderophores produce IRMPs which

serve as receptors for the siderophore-iron complexes; both components are produced

during growth in vivo (e.g. Brown and Williams, 1985; Griffiths, 1987b). Several

26



•

•

•

organisms have been shown to efficiently use the ferrated form of the siderophore they

produce. These include E. coli, S. typhill/uriulI/ and AgrobacteriulI/ tUlI/efaeiens, as wel1

as species of Pseudomonas, Arthrobacter, Mycobacteria, Azotobacter, and Vibrio

(Neilands, 1989). Siderophores can acquire iron from host proteins such as transferrin and

lactoferrin.

Sorne of the earliest known siderophores were ferrichrome and coprogen which

were discovered in the fungi Ustilago sphaerogena and Pilobolus spp., respectively

(Neilands, 1952; Hesseltine el al., 1953). Both ofthese siderophores were shown to be

cyclic trimers of the hydroxylamine derivative, hydroxamic acid. Siderophores which are

derivatives of 2,3-dihydroxybenzoate (DHB) have been identified in various species of

Baeil/us, EllIerobacter, l:-Scherichia, Saill/onel/a, Azotobacter, Alcaligenes, Klebsiel/a,

Micrococcus, Cotynebacterium, Nocardia, Slreptosp0rCIngiulI/, and 1'lzermoactinomyces

(Lankford, 1973).

The two main classes of siderophores are the phenolates and the hydroxamates.

Enterobactin (=enterochelin) is a phenolate-type siderophore and is synthesized by various

members of the Enterobacteriaceae (including the genera Hscllerichia, Salmonel/a, and

Klebsiel/a) in response to iron starvation (Rogers et al., 1977; Perry and San Clemente,

1979; Payne, 1988). Enterobactin is a cyclic trimer of 2,3-dihydroxy-N-benzoyl-L-serine

and can remove iron from transferrin (Rosenberg and Young, 1974). A synthetic iron

chelator, ethylenedianline di-Q-hydroxyphenylacetic acid (EDDA), as wel1 as transferrin,

have been shown to stimulate the production of enterobactin by E. coli (Rogers, 1973).
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Enterobactin production may contribute to bacterial virulence (Yancey el al., 1979;

Griffiths and Humphreys, 1980) and the production ofthis siderophore has been shown

to occur in vivo during fatal infections with E. coli (Griffiths and Humphreys, 1980).

Enterobactin-deficient mutants of E. coli are aviru!ent and similar mutants derived from

Salmonella spp. have been used as live vaccines in mice (Hoiseith and Stocker, 1981) and

calves (Robertsson el al., 1983). ln experimental infections, injection of enterobactin

enhances bacterial virulence by about 600-fold (Kochan el al., 1978). Siderophore

production has been implicated in the virulence of organisms such as Vibrio angllil/anlm

(Crosa, 1979; Crosa, 1980; Actis el al., 1985), Y. peslis (Heeseman, 1987) and Eminia

c1l1ysanlhemi (Expert and Toussaint, 1985). Recently, i>iderophore production and the

expression of iron-repressible cell-wall-associated proteins have been reported for

pathogenic SlaphylococclIs altrellS (Lindsay and Riley, 1994). Aeromonas sal/llonicida

produces a 2,3-diphenol-catechol siderophore (Hirst el al., 1991). In addition, many other

Aeromonas spp. produce amonabactin, a phenolate siderophore containing DHB. An

amonabactin biosynthetic gene (amoA) has been cloned in Aero/llonas hydrophila

(Barghouthi el al., 1991). Phenolate siderophores have been shown to be produced by

Vibrio cllOlerae (vibriobactin) (Payne and Finkelstein, 1978), Mycobaclerill/ll spp.

(mycobactin) (Kochan el al., 1971; Hall el al., 1987) and Pselldomonas aemginosa

(pseudobactin) (Cox and Graham, 1979). Recently, two polyamine-containing phenolate

siderophores (tluvibactins), were identified in Vibriojlllvialis (Yamamoto el al., 1993).

The freshwater cyanobacterium Anabaena sp. 7120 (Hutchins el al., 1991), a cowpea
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Rhizobium sp. (Jadhav el al., 1992), and AzospirillulII lipofen/III M (Shah el al., 1992),

have been shown to produce phenolate siderophores. Mucoid strains of l'. aeruginosa

isolated from cystic fibrosis patients have been found to synthesize the siderophores

known as pyochelin and pyoverdine (Haas el al., 1991).

Aerobacler aerogenes (as weil as E. coli) produces aerobactin, a hydroxamate

type siderophore (Gibson and Magrath, 1969), the synthesis of which is encoded by ColV

plasmids (Williams, 1979; Stuart el al., 1980; Braun, 1981). Aerobactin has been shown

to enhance experimental infections with E. coli (Williams, 1979; Williams and Warner,

1980), Shigella jlexneri (Griffiths el al., 1985) and Klebsiella pneullloniae (Nassif and

Sansonetti,1986). Neisseria meningilidis (Yancey and Finkelstein, 1981; West and

Sparling, 1987), E. coli strains (Valvano el al., 1986) and S. lyphÎllluriulI/ strains (Luckey

el al., 1972) which cannot produce the siderophore aerobactin can however, grow using

the siderophore as a sole source of iron. RhizobiulII legulllinosarulll has been shown to

produce a hydroxamate siderophore (Carson el al., 1992).

Siderophores are colourless when de-ferrated but become deeply coloured on

binding ferric iron with absorption maxima in the range of 400-500 nm (Lankford, 1973).

Siderophores may be assayed by colorimetrie means due to the presence of their

hydroxamic acid or catechol functional groups (Arnow, 1937; Csaky, 1948), or by

performing bioassays on culture extracts (Burnham and Neilands, 1961; Peters and

Warren, 1968; Luckey el al., 1972).

The iron bound to the siderophore must be transported into the bacterial cell.
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Amino acids, monosaccharides, and other small molecules are transported across the outer

membrane of most Gram-negative bacteria via water-filled pores lined with proteins

known as porins. However, these pores are too "small" to accomodate the siderophores

which have molecular masses ranging from approximately 500 to 1000 Da. This problem

is overcome by the synthesis of specifie 1RMPs which first recognize the Fe(III) form of

the siderophore molecule and then, with the help of other transport components, guide the

coordinated iron to the cytoplasmic membrane or to the cytoplasm.

ln the case of microorganisms that produce siderophores, expressIon of

siderophore production is regulated by the product ofthefilr (ferric uptake regulation)

gene (Hantke, 1984). The Fur protein has a molecular mass of 17 kDa and is unusually

rich in histidine (Wee el al., 1988). Fur functions as an iron-binding repressor, inhibiting

siderophore synthesis at high intracellular iron concentrations. Ferrisiderophores are

recognized by specifie outer membrane receptors (eg. ferrichrome is recognized by FhuA)

(Bagg and Neilands, 1987). Once the ferrisiderophore is bound to the receptor, iron

uptake may occur by one of three different mechanisms (Critchton and Charloteaux

Wauters, 1987). ln the first, the iron is removed from the membrane-bound siderophore

and taken into the cell, while the siderophore remains outside. In the second, the

ferrisiderophore is taken up by the cell and the chelate is hydrolysed. In the third, the

ferrisiderophore is transported into the cell, the iron is released in a reduction step, and

the siderophore is secreted again (Critchton and Charloteaux-Wauters, 1987). Two sets

of proteins are involved in the translocation of a siderophore that is internalised. The first
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set of proteins (FhuC, Band D) is responsib1e for siderophore secretion and the second

(FepB, C, D and G) is responsible for ferric-siderophore uptake (Briat, 1992).

1.3.2 Siderophore-independent iron acquisition processes

Severa1 pathogens do not produce siderophores. Despite this, many of these

organisms have been shown to acquire iron from transferrin and/or lacloferrin, and where

investigated, these organisms have also been shown to produce IRMPs (OllO el al., 1991;

Keumhwa el al., 1991). Such organisms include N. lIleningilidis (Archibald and DeVoe,

1980), Neisseria gonorrhoeae (Norrod and Williams, 1978; West and Sparling, 1985),

H. injll/enzae (Pidcock el al., 1988; Williams el al., 1990; Lee, 1992a), Hael1lophilus

parainjll/enzae and Haemophilus paraphrophill/s (Williams el al., 1990), Hael1lophill/s

dl/creyi (Lee, 1991), Haemophill/s somnl/S (Ogunnariwo el al., 1990), Hael1lophill/s

parasl/is (Charland el al., 1995), A. plel/ropnel/moniae (Deneer and Poiler, 1989b;

Morton and Williams, 1989; Niven el al., 1989; Morton and Williams, 1990; Schryvers

and Gonzalez, 1990; Gonzalez el al., 1990; D'Silva el al., 1995), Paslel/rella mullocida

(Ogunnariwo el al., 1991), Haemophilus paragal/inarulll (Ogunnariwo and Schryvers,

1992), and most recently, Helicobacler pylori (Husson el al., 1993), and Moraxella

calarrhalis (Campagnari el al., 1994).

Notably, these organisms exhibit specificilies for particular animal (or avian)

transferrins (Archibald and DeVoe, 1979; Mickelsen and Sparling, 1981; Herrington and
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Sparling, 1985; Redhead el al., 1987; Niven et al., 1989; Schryvers and Gonza1ez, 1990;

Morton and Williams, 1990; Williams el al., 1990; Ogunnariwo et al., 1991; Ogunnariwo

and Schryvers, 1992; Yu el al., 1992; Campagnari el al., 1994; Charland et al., 1995),

or particular lactoferrins (Mickelsen el al., 1982; Schryvers, 1988; Husson et al., 1993;

Campagnari et al., 1994). This would suggest that the lRMPs may be able to serve as

receptors for transferrin and lactoferrin.

Sorne of these pathogens that do not produce siderophores can also acquire iron

from haemoglobin (Mickelsen and Sparling, 1981; Pidcock et al., 1988; Williams et al.,

1990) and/or other iron-containing compounds such as haemin (Williams et al., 1990;

Lee, 1992a,b), haem-haemopexin complexes (Wong el al., 1994) and haemoglobin

haptoglobin complexes (Dyer et al., 1987; Pidcock el al., 1988; Williams et al., 1990)

suggesting, again, that 1RMPs may function as receptors in these organisms. In aIl of the

above cases, siderophore synthesis was not evident suggesting that a mechanism

involving a direct interaction between the organism and the host protein was essential for

the acquisition of iron by the bacterial cel!.
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1.3.3 Receptor-mediated acquisition of iron from transferrin and lactoferrin

In addition to acquisition via siderophores, three other mechanisms have been

proposed for the acquisition of transferrin-bound iron by bacteria (Griffiths, 1987b).

These include: (i) proteolytic cleavage of the transferrin resulting in the breakdown of the

iron-binding sites; (ii) reduction ofbound Fe+3 to Fe'2 followed by the subsequent release

of Fe+2 and (iii) a direct surface interaction between the transferrin and a microbial

transferrin receptor. Evidence for (iii) was obtained some lime ago and il would appear

that once bound to the bacterial receptor, the transferrin is not internalised (Archibald and

DeVoe, 1979; Archibald and DeVoe, 1980; Simonsen el al., 1982; McKenna el al.,

1988). However, the mechanism(s) for the release of iron from the bacterial receptor

bound transferrin is not known.

Acquisition of iron from transferrin and/or lacloferrin by direcl contact involves

IRMPs which function as receptors. These receptors exhibit specific recognition

properties (Lee and Schryvers, 1988; Schryvers, 1988; Schryvers and Morris, 1988a; Tsai

el al., 1988; Blanton el al., 1990; Morton and Williams, 1990; Ogunnariwo and

Schryvers, 1990). The specificities of the receptors for tran.ferrin or lactoferrin from

particular animal species may explain the host specificities of the organisms and the

capacities of human transferrin and lactoferrin to enhance meningococcal infections in

mice (Schryvers and Gonzalez, 1989).

Specific polypeptides of some pathogens have been identified as components of
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transferrin or lactoferrin receptors and several ofthese polypeptides have been affinity

isolated specifically with host transferrin or lactoferrin (Schryvers anù Morris, I988a,b;

Lee and Bryan, 1989; Schryvers, 1989; Schryvers and Lee, 1989; Ogunnariwo and

Schryvers, 1990). Organisms producing such receptors include A. pleliropnellllloniae

(Gonzalez el al., 1990; Ricard el al., 1991), H. parasliis (Charland el al., 1995), H.

SOIllIllIS (Ogunnariwo el al., 1990), N. meningilidis (Schryvers and Morris, I988a,b;

Schryvers and Lee, 1989, Ala'Aldeen el al., 1990; Griffiths el al., 1990), N. gonorrhoeae

(Lee and Bryan, 1989; Scluyvers and Lee, 1989), H. injluenzae (Schryvers, 1989; Morton

and Williams, 1990; Holland el al., 1992) and P. haelllolylica (Ogunnariwo and

Schryvers, 1990). The polypeptides isolated with transferrin have included one of high

molecular mass (94-106 kDa) and one or more oflower molecular mass (58-86 kDa) and

it has been suggested that these polypeptides exist ill silll in the form of iron acquisition

complexes (Lee and Bryan, 1989; Schryvers, 1989; Schryvers and Lee, 1989; Ogunnariwo

and Schryvers, 1990). These proteins have been designated transferrin-binding proteins

1 (TBPI) and 2 (TBP2), respectively. TBP2 does not bind transferrin as strongly as TBPI

(Schryvers, 1989). It is still not known whether TBPI and TBP2 form part of the same

receptor.

Porcine TBPs of molecular masses 105 kDa and 56 kDa have been isolated from

serotypes 1,2 and 7 ofA. pleliropnellllloniae (ail biotype 1 strains) and both ofthese

polypeptides have been shown to bind transferrin (Gonzalez el al., 1990). TBPs with

molecular masses of 99 kDa and 64 kDa have also been affinity-isolated from the type
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strain (ATCC 27088; serotype 1) ofA. plellropllellmoniae (Ricard el al., 1991). It has

been shown that the two TBPs ofA. pleliropllelllllolliae can bind transferrin independently

(Gonza1ez et al., 1990; Ricard etai., 1991). An E. coli transformant (prepared with DNA

from a serotype 7 strain of A. pleliropllellllloniae) expressing a 60 kDa protein

indistinguishable by SDS-PAGE from an IRMP ofA. plellropllellllloniae serotype 7, has

also been identified (Gerlach et al., 1992a,b). This protein was shown to bind the amino

terminal half of the porcine transferrin 1110lecule, to have a higher aflinity for iron

saturated porcine ferritransferrin than for porcine apo-transferrin, to be unable to bind

transferrins from other animais, and to bind haem (Gerlach et al., 1992a). Since haem

could block the transferrin-binding ability of the polypeptide, it was suggested that A.

pleliropnellllloniae may possess a cornmon mechanism for the acquisition of iron from

both of these sources (since the organism can use either transferrin or haem as a sole

source of iron) (Gerlach et al., 1992a). The gene encoding the 60 kDa polypeptide (TBP2)

from serotype 7 has been designated tfbA and molecular studies have shown that a highly

homologous gene and gene product are present in serotypes 2, 3, 4, 8, 9, 10 and Il

(Gerlach et al., 1992b). The gene encoding the A. plellropnellllloniae serotype 1 TBP2

(tjbA) has been cloned (Gerlach et al., 1992a). The tjbA genes of serotypes SA and SB

were recognized, under medium stringency conditions of hybridization, by the serotypc

I-derived tfbA probe. Serotypes 1,6 and 12 possess a gene with only 65% identity to that

of serotype 7 and an immunologically distinct gene product with a molecular mass of

approximately 65 kDa rather than 60 kDa (Gerlach et al., 1992a). The first 100 base pairs
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of the two genes are identical and the first 19 ammo acids encode a sequence

characteristic of a lipoprotein signal peptide (Gerlach el al., 1992a); it wouId appear,

therefore, that ljbA encodes an outer membrane lipc!lrotein. The N-terminus of this

protein has a high degree of homology with the TBP2 of N. meningilidis and common

antigenic domains have been identified in the TBPs2 ofH. injlllenzae, N. meningilidis and

N. gonorrfloeae (Stevenson el al., 1992). The cloned 60 kDa TBP2-like protein of

A. plellropnellllloniae is capable of binding transferrin without the co-operation of the lOS

kDa TBPI protein (Gerlach el al., 1992a).

TBP 1 and TBP2 have been identified in N. gonorrfloeae (Comelissen el al., 1992).

The gene encoding gonococcal TBPI (lbpA) predicts a protein sequence that is

homologous to the TonB-dependent outer membrane receptors of E. coli and P. plilida.

Hence, the predicted protein sequence and the function of the TBP 1 are consistent with

this protein being involved in iron acquisition. The gonococcal TBPI was cloned in E.

coli giving rise to an organism that could bind human transferrin (Cornelissen el al.,

1993). Lack of TBPI in N. gonorrfloeae resulted in partial reduction of transferrin

binding by whole cells (Cornelissen el al., 1992). While this result indicates that the

significant binding was probably due to TBP2, it does not agree with the findings ofTsai

el al. (1988). AIso, in another study involving the TBPI and TBP2 of N. gonorrfloeae,

it was shown that both TBP 1 and TBP2 were involved in the binding of transferrin

(Anderson el al., 1994). However, TBP2 was not essential for the acquisition of

transferrin-bound iron since mutants lacking TBP2 showed normal growth on transferrin-
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containing medium (Anderson et al., 1994).

The transferrin receptor ofH. illjll/ellzae appears to consist oftwo IRMPs, TBPI

ofapproximately 100 kDa, and TBP2 which ranges from 58 to 90 kDa (Schryvers, 1989;

Holland et al., 1992; Stevenson et al., 1992). In N. mellillgitidis, TBP 1 has a molecular

mass of around 98 kDa while TBP2 is between 78 and 85 kDa, although a few strains

have a 68 kDa or a 65 kDa TBP2 (Schryvers and Lee, 1989; Ala'Aldeen et al., 1990;

Griffiths et al., 1990; Ferreiros et al., 1991). Pintor et al. (1993) have indicated that N.

mellillgitidis has 700 to 4700 transferrin receptors per cell with affinity constants for

transferrin ranging from 0.7xI0·7 to 4x10·7 1mol· l
.

Bordetella pertl/ssis does not require direct contact for iron acquisition from

human transferrin. However, the acquisition of iron is more efficient when direct contact

and siderophore production are both employed by the organism (Gorringe et al., 1990;

Redhead and Hill, 1991; Agiato and Dyer, 1992). Affinity chromatography with iron

saturated human transferrin allowed the isolation ofan IRMP of27 kDa from B. pertl/ssis

(Menozzi et al., 1991).

Pastel/relia haemolytica can use ovine, caprine or bovine transferrin as a sole

source of iron and IRMPs of 71, 77 and 100 kDa have been implicated as possible

components of the transferrin receptor of the organism (Ogunnariwo and Schryvers,

1990). Using affinity methods, iron-bind;ng proteins of 94 kDa (TBP 1) and 53 kDa

(TBP2) were isolated from H. paragal/illanllll specifically with chicken or turkey

transferrin (Ogunnariwo and Schryvers, 1991). Biotinylated bovine transferrin allowed
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the affinity isolation of an 82 kDa protein from the outer membrane of Pastel/rella

ml/ltocida grown under iron-restricted conditions (Ogunnariwo et al., 1991). IRMPs with

molecular masses of 105 kDa, 85 kDa and, depending on the strain of the organism, 73

kDa have been isolated from H. somnus using bovine transferrin as the binding ligand

(Ogunnariwo et al., 1990) and Moraxella (Branhamella) catarrhalis has been shown to

bind human transferrin (Schryvers and Lee, 1989). The diagrammatic representation of

a hypothetical Gram-negative bacterial transferrin receptor and other membrane

components that may be involved in the transport ofiron from transferrin into the bacterial

cell are shown in Figure 1.1.

Unlike Gram-negative organisms, iron acquisition by Gram-positive organisms has

received little attention. Staphylococcl/s epidermidis expresses an iron-regulated, human

transferrin-binding protein of45 kDa (Modun and Williams, 1992) (cited by Williams and

Griffiths, 1992). S. aureus expresses a specifie receptor for human transferrin. A 42 kDa

cell wall transferrin-binding protein has been identified in the organism (Modun et al.,

1994). Listeria monocytogenes can utilize ferritransferrin from a range of animal species

as a sole source of iron for growth; SDS-PAGE and Western blotting have revealed the

presence of a 126 kDa transferrin-binding protein (Hartford et al., 1993).

Little is known about the molecular biology of the TBPs. The genes tbpl and tbp2,

coding for TBP 1 and TBP2, respectively, have been isolated from N. meningitidis

(Legrain et al., 1993). The tbp2 and tbpl open reading frames are tandemly arranged in

the genome with an 87-bp intergenic region. Nucleotide sequence analysis suggests the
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FIG. 1.1. Diagrammatic representation of a hypothetical Gram-negative

bacterial transferrin receptor.
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existence of a TBP1 precursor carrying an N-terminal signal peptide with a peptidase 1

cleavage site, and a TBP2 precursor with N-terminal homology to lipoproteins and a

peptidase II cleavage site. Organisms with mutations in the Ibpi and Ibp2 genes, and

hence deficient in TBP] and TBP2 respectively, were constructed from N. meningitidis

strain B16B6 (Irwin el al., 1993). Mutants deficient in either TBP1 or TBP2 showed

reduccd transferrin binding activity, and neither mutant was capable of using transferrin

for growth. While TBP 1 could be affinity-isolatcd from the mutant lacking TBP2,

exogenous TBP1 was required for the isolation ofTBP2 from the mutant lacking TBP1.

The complete gene encoding the TBP1 from N. meningilidis has been generated using the

polymerase chain reaction, the product has been cloned, and the protein expressed in E.

coli (Wilton el al., 1993). The protein was surface expressed by E. coli, reacted with

antiserum to an N-terminal peptide ofTBPl, and bound human transferrin. A mutant of

N. meningilidis, which produced only low amounts of a 65 kDa protein, exhibited normal

transferrin binding activity (Tsai el al., 1988). However, both TBP 1 and TBP2 are needed

for iron acquisition from transferrin in N. meningilidis (Irwin el al., 1993). This is in

contrast to the findings of Anderson el al. (1994), whose experiments demonstrated that

TBP2 was not essential in N. gonorrhoeae for the acquisition of transferrin-bound iron.

The mechanism by which iron levels control the expression of bacterial genes

encoding transferrin-binding proteins, has not been elucidated. In the promoter region of

theN. gonorrhoeae ferric-binding protein (jbp) gene (Morse el al., 1991), a Fur-binding

site similar to that in E. coli (Griffiths, 1991) has been identified. No such sequence was
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observed in the promoter region of the Ibpi gene of the gonococcus (Cornelissen el al.,

1992). It has been suggested that these iron-transport genes may be arranged in tandem

as one transcriptional unit and can be coordinately regulated by iron from a single Fur site

in the promoter of the first gene. The Ibpi gene may be in tandem with thejbp gene, or

perhaps the Ibp2 gene, and may be control!ed from a common regulatory element as is the

case in E. coli.

There is some evidence that the transferrin receptors of pathogenic bacteria are

expressed III the host. For example, antibodies to the IRMPs of A. pleu/'opneul/loniae,

including the TBPI and TBP2, have been identified in convalescent sera of pigs infected

with the pathogen (Niven el al., 1989; Gerlach el al., 1992a).

Proteins of71 kDa and 100 kDa have been isolated from the cel! envelope of

P. hael1lolylica. The organisms were recovered from the pleural cavity of an infected lamb

(Donachie and Gilmour, 1988) and from chambers implanted within the peritoneal

cavities of sheep (Sutherland el al., 1990). These two proteins are presumably the same

as those that were affinity-isolated from iron-restricted outer membranes of P.

hael1lolylica by Ogunnariwo and Schryvers (1990) using bovine transferrin. Convalescent

sera from P. hael1lolylica-infected calves contain antibodies to the 71 kDa, 77 kDa and

100 kDa proteins (Deneer and Potter, 1989a) that can be affinity-isolated using bovine

transferrin.

Convalescent sera from infected rats and patients recovering from H. injluenzae

type b meningitis, showed the presence of antibodies that recognized the affinity-purified
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TBPI (76 kDa) and TBP2 (90 kDa) of strain Eagan (Holland et al., 1992). Outer

membranes prepared from H. injlllenzae type b recovered from the peritoneal cavities of

infected rats contained TBPI (76 kDa) and TBP2 (90 kDa) (Holland et al., 1992).

Convalescent sera from 75% of patients recovering from H. injlllenzae type b meningitis

were shown to contain antibodies to the 90 kDa and 100 kDa transferrin-binding-proteins

of the corresponding infecting strain (Holland et al., 1992). In addition, fresh clinical

isolates of H. injlllenzae type b recovered from blood and cerebrospinal fluid, showed

constitutive expression ofl'BPs, which became iron-repressible only after prolonged in

vitro subculture on iron-sufficient medium. In contras!, in the laboratory-adapted strain

Eagan, the TBPs remained iron-repressible even after animal passage. Antibodies to the

l'BPs2 ofboth N. meningitidis and H. injlllenzae have been identified in convalescent sera

from humans recovering from meningococcal meningitis (Griffiths et al. 1992a) (cited

by Williams and Gritllths, 1992). l'wo IRMPs (80 kDa and 81-82 kDa) ofM catarrhalis

have been shown to be expressed in vivo (Helminen et al., 1993a; Helminen et al., 1993b;

Sethi et al. 1994) (cited by Campagnari et al., 1994).

lron-saturated transferrin or lactoferrin of human origin, when injected into mice,

enhance N. lIleningitidis infection, confirming that these proteins are effective in

supplying iron to the pathogen in vivo and thus providing circumstantial evidence that the

organism uses the receptor-mediated mechanism of iron transport (Holbein, 1981;

Schryvers and Gonzalez, 1989).

Sorne organisms can utilize lactoferrin as a sole source of iron. Of an Neisseria
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strains examined, 100% of N. lIleningilidis strains, 53% of N. gunurrllOeae strains and

around 24% of commensal neisseriae (Mickelsen el al., 1982) can use human lactoferrin

as a sole source of iron (Lee and Bryan, 1989; Schryvers and Lee, 1989). In the case of

lactoferrin and Neisseria species, affinity procedures have allowed the isolation of one

(Schryvers and Morris, 1988b; Schryvers and Lee, 1989; Lee and Bryan, 1989), or two

polypeptides (Schryvers, 1989; Schryvers and Lee, 1989) ofhigh molccular mass (101

106 kDa). Human-Iactoferrin-binding proteins with molecular masses of 60 kDa, 40 kDa

and 30 kDa have been identified in cell envelope preparations ofAerulllonas hydrophila

(Kishore et al., 1991), and those of 39 kDa, 22 kDa and 16 kDa have been identified in

Shigel/ajlexneri (Tigyi el al., 1992). IRMPs of 27 kDa and 32 kDa have been affinity

isolated from B. perlussis and B. brunchiseplica using human lactoferrin (Menozzi el al.,

1991). Treponellla pallidulll (Alderete el al., 1988) and MycuplaslIla pneulIloniae (Tyron

and Baseman, 1987) have been shown to bind human lactoferrin. M. calarrhlliis

(Schryvers and Lee, 1988a) has been shown to bind human lactoferrin.

Little is known about iron acquisition l'rom lactoferrin by Gram-positive bacteria.

Although S. aureus is known to secrete siderophores, human-Iactoferrin-binding proteins

of 62 kDa and 67 kDa have been isolated from the organism (Naidu el a/., 1992). In

addition, bovine-Iactoferrin-binding proteins of 92 kDa and 67 kDa have been isolated

from strains of S. aureus causing bovine mastitis (Naidu el al., 1991). Iron acquisition

may possibly involve both mechanisms (i.e. siderophore production and direct contact).
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1.3.4 Receptor-mediated acquisition of iron from other proteins

Several pathogens are capable of utilizing free haem, haemoglobin, haemin,

haemoglobin-haptoglobin or haem-haemopexin as a sole source of iron for growth

("section 1.3.2").

Lee and Hill (1992b) have reported the presence ofa haemoglobin-binding protein

in the outer membrane of N. //leningilidis grown under iron-restricted conditions. Two

haemin-binding proteins (HmBPs) ofmolecular masses 97 kDa (HmBP1) and 50 kDa

(HmBP2) have recently been isolated fromN. //leningilidis and characterized (Lee, 1994)

(cited by Martel and Lee, 1994). Il has been proposed that the initial step in the uptake of

iron from haem/haemoglobin by the meningococcus involves a specifie interaction

between haem and/or haemoglobin and the HmBPs. Although the HmBPI and the TBPI

from N. //leningilidis are similar in size, the two proteins have been shown to be

functionally heterologous (Martel and Lee, 1994). Haemin-binding proteins of97 kDa

and 44 kDa, both of which bound haemin specifically, were affinity-isolated from iron

restricted total membranes of four strains of N. gonorrhoeae suggesting interstrain

structural and functional homogeneity amongst these polypeptides (Lee, 1992b). Mutants

of N. gonorr/lOeae that are defective in the uptake of iron from haemoglobin (or

transferrin) are avirulent in mouse subcutaneous chambers (Genco el al" 1991).

H. injluenzae is unique among facultatively anaerobic bacteria in that it has an

absolute requirement for haem for aerobic growth. Several cell envelope components
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appcar to be involved in the acquisition ofhaem by this organism and a 39.5 kDa haemin

binding protein has been isolated from H. injlllenzae type b grown under iron

restricted conditions (Lee, 1992a). The haemin-protein interaction was found to be

specifie and the polypeptide appeared to be structurally and functionally conserved among

strains of H. injlllenzae. A 51 kDa periplasmic haem-binding protein (Hanson and

Hansen, 1991; Hanson el al., 1992b) and a surfàce-exposed 100 kDa protein required for

the acquisition ofhaem from haem-haemopexin have also been identified (Hanson el al.,

1992a). These two proteins were shown to be immunologically distinct. Aftinity-methods

using haem-haemopexin Sepharose 4B followed by SDS-PAGE and Western blotting,

have allowed the isolation and identification of 57 kDa and 29 kDa polypeptides from

detergent-solubilised cell envelopes ofH. injillenzae (Wong el al., 1994). The ICIIIB gene

of H. injlllenzae, which codes for a 28 kDa protein, has been found to be essential for

haem utilization by the pathogen in vi/ro, as weil as for the virulence of the organism in

an animal model (Jarosik el al., 1994).

Mutants of Call1pylobaclerjejllni, lacking a 71 kDa IRMP, cannot use haemin,

haemoglobin, haem-haemopexin, or haemoglobin-haptoglobin, as iron sources for growth

in contrast to the wild type which possesses the 1RMP (Pickett el al., 1992). A 26 kDa

haemin-repressible outer membrane protein has been identified in l'orphyrolllonas

gingivalis (Bramanti and Holt, 1992a). This protein binds haemin and may be involved

in haemin transport. The haemin receptor (HemR) of Yersinia enlerocolilica is a 78 kDa

IRMP (Stojiljkovic and Hantke, 1992).
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1.3.5 Receptors as vaccine components

One of the problems encountered with the development of an efficacious vaccine

stems from the fact that most investigations of bacterial pathogens, including

A. plellropnell/lloniae, are carried out with organisms grown under in vilro conditions that

do not necessarily ref1ect those in vivo. The low availability of iron in mammalian tissue

f1uids requires the pathogen to express IRMPs which are involved in the assimilation of

protein-bound iron (Griffiths, 1987a,b). Bacterial IRMPs (TBP 1 and TBP2) associated

with the acquisition of transferrin-bound iron have been found to be antigenic and to be

expressed in vivo by several pathogens including A. plellropnell/lloniae (Donachie and

Gilmour, 1988; Deneer and Potter, 1989b; Niven el al., 1989; Ogunnariwo and Schryvers,

1990; Sutherland el al., 1990; Stevenson el al., 1992; Holland el al., 1992; Gerlach et al.,

19920). These transferrin-binding-proteins may be important virulence determinants and

hence are potential targets for immunoprophylaxis (Bhanerjee-Bhatnagar and Frasch,

1990; Griffiths el al., 1990; Stevenson el al., 1992; Ala'Aldeen el al., 1994). The prospect

of using TBPs as vaccine components has received considerable attention in recent years.

It has been shown that intraperitoneal injection ofmice with the TBPI·TBP2 complex of

N. //leningilidis elicits a broadly cross-reactÎve antibody response to TBPI and a less

cross-reactive antibody response to TBP2 (Ala'Aldeen el al., 1994).

Research has revealed that the deduced N-terminal amino acid sequence ofTBPI

of N. gonorrfloeae is identical to those of the TBPsI of two strains of N. meningitidis
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(Griffiths el al. 1992b) (cited by Williams and Griftiths, 1992). Antibodies raised against

a synthetic peptide based on the first 21 amino acids of the meningococcal TBPI reacted

with aIl strains of N. meningilidis tested, as weIl as with those of N. gonorrhoeae

(Griffiths el al. 1992b) (cited by Williams and Griffiths, 1992). ln another study, a

comparison of the first 13 amino acids at the N-tenninus of meningococcal TBP2

(Griffiths el al. 1992b) (cited by Williams and Griffiths, 1992) with an analogous TBP of

A. pleuropnelll11oniae (Gerlach el al., 1992a) revealed strong sequence similarity. These

studies are of special interest in that the use of TBPs as vaccine components could

conceivably resu1t in protection against more than one infection. However, detailed

knowledge of the antigenic structures of the TBP molecules is still required.
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1.4 Summary and aims of the present research project

A. plellropnellmoniae is an important respiratory tract pathogen of swine (Sebunya

and Saunders, 1983). Two biotype exist, and in general, biotype 1 strains are more

virulent than biotype 2 (Pohl el al., 1983). Like other pathogens, A. plellropnellmoniae,

growing extracellularly in vivo, must be capable of obtaining iron from the host. Several

biotype 1 strains ofA. plellropnelll11oniae are known to acquire iron from, specifically,

porcine transferrin (Morton and Williams, 1989; Niven el al., 1989; Morton and

Williams, 1990; Schryvers and Gonzalez, 1990; Gonzalez el al., 1990). This specificity

reflects the host specificity of the organism but to what extent transferrin specificity

accounts for host specificity remains unknown. None of these organisms produces a

conventional siderophore, and where investigated (Gonzalez el al., 1990; Ricard el al.,

1991), it would appear that iron acquisition involves two IRMPs, one of high molecular

mass (99-105 kDa) and one oflower molecular mass (56-64 kDa), referred to as TBPI

(transferrin binding protein 1) and TBP2, respectively (Williams and Griffiths, 1992).

There is evidence for in vivo expression of TBPs suggesting that they could be used as

vaccines or vaccine components (Niven el al., 1989; Ogunnariwo and Schryvers, 1990).

While there is a limited amount of information on the acquisition of transferrin

bound iron by a few biotype 1 strains ofA. plellropnellmoniae. transferrin is presumably

not the only iron source that can be used for growth. For example, it would appear that

biotype 1 strains can also obtain iron trom haem compounds, including haemoglobin
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(Deneer and Potter, 1989b; Niven el al., 1989). Nothing, however, is known regarding

iron acquisition from porcine lactoferrin, and nothing is known about iron acquisition in

general, by biotype 2. Despite this, and despite the use of haem compounds as iron

sources, it is still tempting to speculate that the specificity of A. plellropnellllloniae for

porcine transferrin (and, perhaps, lactoferrin) might account, at least in part, for the host

specificity of the organism and moreover, that the ability ofA. plellropnellllloniae to use

porcine transferrin (and, perhaps, lactoferrin) as an iron source could be an important

virulence determinant.

With these points in mind, the objectives of my research project were:

1. To examine iron acquisition, l'rom various transtèrrins, lactoferrins and haemoglobins,

by strains of A. plellropnellllloniae that differ in virulence and/or animal source. The

strains selected were the type strain (biotype 1; ATCC 27088), the "reference" strain of

biotype 2 (strain Bertschinger 2008176; Pohl el al., 1983), and two additional biotype 1

strains, strain Bel81 and strain K17. Strain BCI81 was selected because it is known to

be associated with chronic disease and to be less virulent than the type strain (Rosendal

el al., 1985) and we wanted to determine if these two organisms were equal1y capable of

obtaining)ron from host proteins. Strain K 17 was original1y isolated l'rom a case of

arthritis in a lamb (Biberstein el al., 1977) and we anticipated that this strain would al10w

us to probe the relationship between transferrin (and, perhaps, lactoferrin) specificity and

host range.

2. To investigate the production of transferrin and/or lactoferrin receptors by these
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organlsms.

3. To isolate and identifY the TBPs (and/or the ;Jorcine lactoferrin-binding proteins)

produced by these organisms.

4. To obtain pure receptors (or receptor components) for N-terminal sequence analyses,

and subsequently, the construction of gene probes, and 10 initiale molecular biological

studies pertaining to the c10ning and sequencing of receptor gl:mes.
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Chapter 2. Production of iron-repressible oute." membrane

proteins by biotype 1 and biotype 2 strllins of

Actillobacilllls plellropllellmolliae

Rationale

Iron is essential for the growth ofA. p/ellropllelllllolliae. The purpose of this study

was to compare the reference strain of biotype 2, the type strain (biotype 1) and two

additional biotype 1 strains, strains Bel81 and K17, ofA. p/ellropllelllllolliae with respect

to the production ofIRMPs when grown ill vilro under iron-restricted conditions.

A prerequisite for this study was to confinn the specificity of ethylenediamine di-Q

hydroxyphenylacetic acid (EDDA) as an iron chelating agent and to determine if the

nature of the chelating agent (EDDA versus a,a'-dipyridyl) could also influence the OMP

profile.

These latter experiments were performed by A. Aurora under my supervision. 1

extend my sincere thanks to Alex for his contributions.
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2.1 Summary

Three biotype 1 strains of Actinobacilllls plellropnellmoniae, namely, the type

strain (ATCC 27088; serotype 1), strain BCI81 (serotype 3) and strain KI7 (reference

strain ofserotype SA) and one biotype 2 strain (Bertschinger 2008176, reference strain of

biotype 2), were shown to produce iron-repressible outer membrane proteins (IRMPs)

when grown in vitro under iron- restricted conditions. Iron restriction, using

ethylenediamine di-Q-hydroxyphenylacetic acid (EDDA) as the chelating agent caused

these organisms to produce IRMPs ofthe f01l0wing molecular sizes: 101 kDa and 99 kDa

by strain ATCC 27088; 98 kDa and 93 kDa by strain Bertschinger 2008176; 98 kDa and

95 kDa by strain BC 181; 96 kDa and 92 wa by strain K17. In a1l four strains, there were

apparent increases in the amounts of polypeptides of 76 kDa and 67 kDa, in response to

iron restriction, and except for strain K17, decreases in the amounts of polypeptides of 43

kDa, 38 kDa and 23 kDa. The outer membrane protein (DMP) profiles of A.

plellropnellll1oniae ATCC 27088 grown in the presence of EDDA or ct,ct'-dipyridyl were

found to be essentia1ly identical.
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2.2 Introduction

Several biotype 1 strains ofA. plellropnellllloniae have been shown to increase the

production of specific OMPs in response to growth in the presence of an iron chelating

agent (Deneer and Potter, 1989b; Morton and Williams, 1989; Niven el al., 1989; Morton

and Williams, 1990; Schryvers and Gonzalez, 1990; Gonzalez el al., 1990). There has

been sorne question regarding the designation of these OMPs as IRMPs sin"e it is

possible that these OMPs may be repressible by sorne metal other than iron, including, for

example, manganese, copper or magnesium. Although EDDA is reported to be very

specific for ferric iron (Miles and Khimji, 1975), the aims of this study were to determine

ifother metal ions could reverse the effects of EDDA and, provided this was not the case,

to investigate the production of IRMPs by two biotype 1 strains and one biotype 2 strain

ofA. pleliropnellllloniae. and to compare these IRMPs with those produced by the type

strain, strain ATCC 27088.

Besides investigating the speciticity of EDDA as a chelator of iron, an additional

alm of this study was to compare the effects of EDDA and a,a'-dipyridyl on the

production of OMPs by the type strain in order to determine whether the OMP profiles

oforganisms grown under iron-restricted conditions in vi/ro can also be influenced by the

iron chelating agent used.
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2.3 Materials and Methods

2.3.1 Bacterial strains

A. pleliropnelll1loniae strains ATCC 27088, BC181, K17 and Bertschinger

2008/76, were stored, and used to prepare frozen inocula, as described by D'Reilly et al.,

1984.

For long-tenn storage, organisms were grown either in liquid (to late logarithmic

phase), or on solid (24-36 h) growth medium (tryptone-yeast extract; TYE) containing 2%

(w/v) tryptone, 0.5% (w/v) yeast extract, 100 mM NaCI, 10 mM KCl, 10 mM Na2HPD4,

10 mM glucose and KDH to pH 7.4. NAD was filter-sterilized and added to a final

concentration of5 IlM. The harvested organisms were suspended in 12% (,!,/v) skim milk

powder, 0.5% (w/v) sucrose and freeze-dried.

For the preparation of inocula from freeze-dried cultures, these cultures were

reconstituted with 0.5 ml H20; 50-Ill aliquots were transferred to solid TYE, incubated for

24-36 h and colonies were transferred to sterile saline. The saline suspensions were used

to inoculate liquid TYE; liquid cultures were grown to late logarithmic phase. 50 ml of

75% (w/v) glycerol was added to each 200-ml culture. The resulting inocula were

dispensed into glass vials as volumes of 1-2 ml and then frozen at -80·C.

For experimental cultures, frozen inocula were thawed rapidly at room temperature

and an inoculum of 1% (v/v) was used to inoculate liquid media.
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2.3.2 Chemicals

Tryptone, yeast extract and agar were from Difco. FeCI3 (in dilute HCI; atomic

absorption standard) was from Fisher Scientific Co. NAD (grade II), HEPES and bovine

serum albumin (fraction V powder) were from Boehringer-Mannheim. lX,lX'-dipyridyl,

sodium N-Iauroyl sarcosine (sarkosyl) and EDDA were from Sigma. EDDA was further

purified by the method ofRogers (1973). Tris was from ICN and ail other chemicals and

stains for SDS-PAGE were from Bio-Rad. Low molecular weight protein standards

(Electrophoresis Calibration Kit) were purchased from Pharmacia. G1ass-distilled water

was used throughout.

2.3.3 Growth conditions and preparation of membrane fractions

The procedures were essentially as described by Niven el al. (1989). To provide

iron-replete growth conditions for A. pleuropnellllloniae, the growth medium was

HEPES-buffered tryptone-yeast extract (TYE-H) which is similar to TYE except that the

concentration ofNaCl is only 63 mM, the medium contains 50 mM HEPES, and NaOH

is added to bring the pH to 7.8. For growth under iron-restricted conditions, TYE-H was

supplemented with 50-70 !-lM ,-.:ferrated EDDA (depending on the iron content of the

medium) and for EDDA control cultures, TYE-H was supplemented with EDDA and an

equimolar amount of F~CI3' These media (200-ml volumes) were contained in 1-1, acid-
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washed DeLong flasks fitted with Morton closures (Bellco Glass, Inc., Vineland, NJ).

Filter-sterilized NAD and NaHC03 were added to the media at final concentrations of 5

JlM and 10 mM, respectively. Media were inoculated with thawed inoculum and cultures

were incubated at 37'C, with agitation on a gyratory shaker (200 rpm), in an atmosphere

not enriched with CO2. Growth was monitored turbidimetrically at 660 nm (model 240

spectrophotometer, Gilford Instrument Laboratories, Inc., Oberlin, OH) and parallel

cultures were harvested one hour after stationary phase was reached. The organisms l'rom

each 200-ml (iron-replete or EDDA control culture) or 400-ml (iron-restricted culture)

volume ofculture were pelleted by centrifugation (20,000 x g, 20 min, 4°C), washed with

culture volumes of 145 mM NaCI (centrifugation as above) and resuspended with 10 ml

of 10 mM HEPES, pH 7.4 with KOH.

Each suspension (10 ml) was placed in an ice bath and the bacterial cells disrupted

by sonication (20 x lOs bursts of80 W, separated by 50s cooling periods, using a Sonifier

Cell Disruptor, model W185D; Heat-Systems-Ultrasonics Inc., Plainview, NY).

Unbroken cells and large debris were removed by centrifugation (16,000 x g, 10 min,

4°C). The top 90% of the supernatant fraction was carefully recovered and subjected to

high-speed centrifugation (180,000 x g, 1 h, 4°C). The pellet obtained was resuspended

with 10 ml of JO mM HEPES, pH 7.4, in a glass homogenizer, to give the total membrane

fraction.

To prepare outer membranes, total membranes (10 ml) were mixed with 10 ml of

2% (w/v) sarkosyl in 10 mM HEPES, pH 7.4, and incubated at room temperature for 30
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min. After centrifugation CI 80,000 x g, 1 h, 4'C), the sarkosyl-insoluble material (pellet;

outer membrane-enriched fraction) was washed by resuspension in 10 ml Hp, followed

by centrifugation CI 80,000 x g, 1 h, 4'C). The resulting outer membranes were

resuspended with a small volume of Hp (-0.25-0.5 ml), dispensed as 25-fll aliquots in

Eppendorf tubes and frozen (-20°C). Protein was estimated by the method of Peterson

(1977) using bovine serum albumin as a standard.

For experiments pertaining to the specificity of EDDA as an iron chelator, TYE-H

was supplemented with EDDA and equimolar amounts of either FeCI3, CaCI2, CUC\2'

MnC\:o MgCl:o NiCI2or ZnS04' To compare the effects of EDDA and o:,o:'-dipyridyl on

the production of OMPs, TYE-H was supplemented with EDDA or filter-sterilised 0:,0:'_

dipyridyl (in 95% ethanol) to final concentrations of 50-70 flM or 40-60 flM, respectively

(depending on the iron content of the medium); control cultures also received FeCI3, to

50-70 flM or 40-60 flM, respectively. Ali other procedures were as described above.

2.3.4 SDS-PAGE

SDS-PAGE was performed as described by Nive,' el al. (1989). Briefly, samples

to be analyzed were diluted in water to a protein concentration of 4 flg fll,l and mixed

with an equal volume of sample buffer containing 10% (w/v) SDS (5 ml), 0.5 M Tris

HCl, pH 6.8 (2.5 ml), H20 (5 ml), glycerol (2.5 ml), 2-mercaptoethanol (0.25 ml) and 5%

(w/v) bromophenol blue (0.2 ml). Samples were immersed in boil ing water for 5 min and
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were loaded (40 ~g protein per lane) on gels (1.5 mm thick) that were prepared essentially

as described by Lugtenberg el al. (1975) with 5.2% stacking gels (4 cm long) overlaying

12% separating gels (16 cm long). A Protean 11 electrophoresis unit (Bio-Rad) was used

and the electrode buffer was 25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS. Gels were

run at a constant current of 15 mA per gel until the tracking dye just eluted from the gel

(-14-17 h). Separated polypeptides were visualized by staining with Coomassie Brilliant

Blue R250 and their molecular masses were calculated by comparing their relative

electrophoretic mobilities with those of protein standards of known molecular mass.

2.4 Rcsults and Discussion

EDDA, reportedly, has a high specificity for iron; the association constant of

EDDA for ferric iron is 1033
.
9 and the association constant for the next most avidly held

trace metal, copper, is 1023
.
9 (Miles and Khimji, 1975).

Figure 2.1 shows the OM? profiles of A. plellropneulIloniae ATCC 27088 grown

in an EDDA-containing medium and supplemented with either Fe, Mg, Mn, Cu, Ca, Zn

or Ni (some of the important metal ions required by most bacteria). Except for Fe, none

of the metals chosen for this study could reverse, even to a small extent, the effect of

EDDA and the OM? profiles (lanes D·1) are very similar to those obtained with outer

membranes from organisms grown in TYE-H plus EDDA alone (tane B). Except when

Fe was the metal ion supplement, the growth yield was significantly lower for each of
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FIG. 2.1. SDS-PAGs of OMPs derived from A. p/elll"opnellllloniae ATCC 27088 grown

under iron-replete (lane A; TYE-H alone) and iron-restricted (lane B; TYE-H plus

EDDA) conditions and in TYE-H plus EDDA and either FeCl3 (Iane C), MnCl2 (lane D),

MgCl2 (lane E), CaC12 (lane F), CuCl2 (lane G), NiCl2 (Iane H) or ZnS04 (lane li. The

proteins were stained with Coomassie Blue. The numbers refer to the relative molecular

masses (kDa) of some of the separated polypeptides.
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the test cultures (TYE-H supplemented with EDDA and either Fe, Mg, Mn, Cu, Ca, Zn

or Ni) as compared to the growth yield under iron-replete conditions. When iron was the

added metal ion, the growth yield was essentially the same as when the culture was grown

in TYE-H aJone. These results indicate that EDDA is specific for iron.

EDDA and œ,œ'-dipyridyl are used commonly as iron chelators. To compare the

effects of EDDA and œ,œ'-dipyridyl on the production of OMPs by A. plelll'opnellll/olliae,

the type strain (ATCC 27088) was grown under iron-replete and iron-restricted conditions

(using either EDDA or œ,œ '-dipyridyl) and outer membranes were then isolatea and

analyzed by SDS-PAGE. Fig. 2.2 shows that these chelators have the same or very similar

effects on the production of OMPs by the organisms. Except for minor differences in the

molecular sizes of the polypeptides, both chelating agents caused the appearance of new

polypeptides with molecular masses of 101 kDa and 99 kDa, as weil as increascd

synthesis of the 76 kDa, 67 kDa and 52 kDa polypeptides and decreased synthesis of the

43 kDa, 38 kDa and 23 kDa polypeptides. Hence, EDDA or œ,œ '-dipyridyl can be uscd

as iron chelators to study the effects of iron-restriction on the OMP profile of A.

p/elll'opnelill/oniae.

Using EDDA as an iron chelator, strains ATCC 27088, Bertschinger 2008/76,

BCl8l and Kl7 ofA. p/ellropnelill/oniae were grown under iron-rcstricted conditions.

For these experiments, EDDA concentrations were chosen so as to obtain a growth yield

of 60%-80% of iron-replete growth. EDDA affected neither the growth rate nor the final

yield ofany ofthe four organisms grown under iron-replete conditions (EDDA controls)
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FIG. 2.2. OMP profiles ofA. pfellropnellllloniae ATCC 27088 grown under iron-replete

conditions in the absence (Ianes A and D) and presence (Janes C and F) of either EDDA

plus FeC'!J (Iane C) or lX,lX'-dipyridyl plus FeCl, (Jane F), and under iron-restricted

conditions using either EDDA (lane B) or lX,lX'-dipyridyl (Jane E). The numbers refer to

the relative molecular masses (kDa) ofsome of the separated polypeptides.

61



• ABCDEF

43
38

• ~~O~
76
67

52

;; ZilIt: .......1-

,
,!,:~::.,

___

.

.... ,·c.·.· .. " ..~.~

. '~ ....
"., , ..... '.,. .;

i&ll~' '- ' "IÙ~,:

• ... 23

•



•

•

•

(Figs. 2.3,2.4,2.5 and 2.6).

Figures 2.7, 2.8, 2.9 and 2.10 demonstrate that with respect to TYE-H plus EDDA

(Ianes B and E) there is no change in the total membrane protein (TMP) or OMP profiles

ofany of the organisms when grown in TYE-H plus EDDA and FeCI3 (EDDA control;

lanes C and F). Figures 2.7, 2.8, 2.9 and 2.10 demonstrate that ail four strains of A.

lJ/ell/"ojJnellllloniae under study alter their TMP (lanes A-C) and OMP (lanes D-F; Fig

2.11) compositions in response to iron restriction. The TMP profiles (lanes A-C) of ail

four strains grown under iron-restricted conditions show increases in the amounts of the

high molecular mass polypeptides in the 92-101 kDa range, as weil as in the amounts of

the 76 kDa and 67 kDa polypeptides. No other obvious changes in the profiles could be

detected in response to iron-restriction. When the OMP profiles of the organism grown

under iron-replete and iron-restricted conditions are compared (Ianes D-F), it becomes

obvious that the changes in the TMP profiles are due to changes in the outer membrane.

Growth in TYE-H plus EDDA and FeCI3 had no effect on the OMP profile of any

of the four strains, as compared to the OMP profiles of the organisms grown in iron

replete medium (TYE-H alone) (Figures 2.7, 2.8, 2.9 and 2.10; lanes D and F). In

contrast, growth ofail four strains under iron-restricted conditions resulted in changes in

the OMP profiles (lanes D and E). The profiie~ obtained with strain ATCC 27088

revealed noticeable increases in the amounts of the polypeptides of 101 kDa and 99 kDa,

as weil as those of76 kDa, 67 kDa and 52 kDa, and decreases in the amounts of others

(43 kDa, 38 kDa and 23 kDa) (Fig. 2.7, Janes D and E). Iron restriction was
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FIG. 2.3. Growth of A. plellropnelll1loniae ATCC 27088 in TYE-H plus NAD and

NaHC03 (e), in TYE-H plus NAD and NaHC03 supplemented with 55 IlM EDDA (_),

and in TYE-H plus NAD and NaHC03 supplemented with 55 IlM EDDA and 55 IlM

FeCl3 (.). Culture turbidity values are the means of triplicates. The standard error bars

were plotted for ail data points and may be encompassed by the symbols.
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FIG. 2.4. Growth ofA. p/ellropllelllllolliae Bertschinger 2008176 in TYE-H plus NAD

and NaHC03 (e), in TYE-H plus NAD and NaHC03 supp\emented with 60 llM EDDA

(_), and in TYE-H plus NAD and NaHC03 supplemented with 60 llM EDDA and 60

llM FeC\3 (.). Culture turbidity values are the means oftriplicates. The standard error bars

were plotted for ail data points and may be encompassed by the symbols.
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FIG. 2.5. Growth ofA. p/ellropnellllloniae BCl8l in TYE-H plus NAD and NaHCO, (e),

in TYE-H plus NAD and NaHC03 supplemented with 60 !lM EDDA (_), and in TYE-H

plus NAD and NaHC03 supplemented with 60 !lM EDDA and 60 !lM FeCl, (.). Culture

turbidity values are the means oftriplicates. The standard error bars were plotted for ail

data points and may be encompassed by the symbols.
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FIG. 2.6. Growth ofA. plelll'opnellllloniae KI7 in TYE-H plus NAD and NaHCO) (e),

in TYE-H plus NAD and NaHCO)supplemented with 60 IlM EDDA (_), and in TYE-H

plus NAD and NaHCO)supplemented with 60 IlM EnnA and 60 IlM FeCl) (.). Culture

turbidity values are the means oftriplicates. The standard error bars were plotted for ail

data points and may be ellcompassed by the symbols.

66



•

9876543
0.0 L-_--====IC-_...L-_-l.__l-_-L_--I

2

1.5

2.0

Ê
c:
o
CO
CO
Cl
Q.
~ 1.0
"C

:e
.3
~
.3
'S
ü

0.5

Incubation time (h)



•

•

•

FIG. 2.7. Protein profiles of total membrane (lanes A-C) and outer membrane (Ianes D-F)

fractions from A. p/ellropnelllllunÎae ATCC 27088 grown under iron-replete conditions

in the absence (lanes A and D) and presence (lanes C and F) of EDDA plus FeCI3, and

under iron-restricted conditions using EDDA (lanes Band E). The proteins were

separated by SDS-PAGE and stained with Coomassie Blue. The numbers refer to the

relative molecular masses (kDa) of some of the separated polypeptides.
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FIG. 2.8. Protein profiles of total membrane (lanes A-C) and outer membrane (lanes D-F)

fractions from A. p/elll'opneli/llonÎae Bertschinger 2008176 grown under iron-replete

conditions in the absence (lanes A and D) and presence (lanes C and F) of EDDA plus

FeCl}, and under iron-restricted conditions using EDDA (lanes Band E). The proteins

were separated by SDS-PAGE and stained with Coomassie Blue. The numbers refer to

the relative molecular masses (kDa) of sorne of the separated polypeptides.
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FIG. 2.9. Protein profiles of total membrane (lanes A-C) and outer membrane (Ianes D-F)

fractions from A. p/eliropnellllloniae BCI 81 grown under iron-replete conditions in the

absence (lanes A and D) and presence (lanes C and F) of EDDA plus FeCI3, and under

iron-restricted conditions using EDDA (lanes Band E). The proteins were separated by

SDS-PAGE and stained with Coomassie Blue. The numbers refer to the relative

molecular masses (kDa) of sorne of the separated polypeptides.
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FIG. 2.1 O.Protein profiles of total membrane (lanes A-C) and outer membrane (Ianes D

F) fractions from A. pfell/'opnellllloniae K17 grown under iron-replete conditions in the

absence (lanes A and D) and presence (lanes C and F) of EDDA plus FeCI3, and under

iron-restricted conditions using EDDA (lanes Band E). The proteins were separated by

SDS-PAGE and stained with Coomassie Blue. The numbers refer to the relative

molecular masses (kDa) of some of the separated polypeptides.
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FIG. 2.11. A comparison of the OMP profiles of A. plellrOpnell1110nÎae strains ATCC

27088 (lanes A and B), Bertschinger 2008176 (lanes C and D), BC 181 (lanes E and F)

and K 17 (lanes Gand H) grown under iron-replete (Ianes A, C, E and G) and iron

restricted (lanes B, D, F and H) conditions using EDDA. The numbers refer to the relative

molecular masses (kDa) of sorne of the separated polypeptides.
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associated with the production of a novel polypeptide of 98 kDa in strain

Bertschinger2008176, as weil as increases in the amounts of the 93 kDa, 76 kDa and 67

kDa polypeptides, and decreases in the amounts of the 38 kDa and 23 kDa polypeptides

(Fig. 2.8, lanes D and E). A novel polypeptide of98 kDa was also synthesized by strain

Bel8l in response to iron restriction (Fig. 2.9, lanes D and E). Furthermore, there were

increases in the amounts of the 95 kDa, 76 kDa and 67 kDa polypeptides and decreases

in the amounts of the 43 kDa and 38 kDa polypeptides. Iron restr:ction was associated

with the production oftwo novel polypeptides of96 kDa and 92 kDa in strain KI7 (Fig.

2.10, lanes D and E). There were increased amounts of polypeptides of 76 kDa and 67

kDa and a decreased amount"of the 38 kDa polypeptide.

The changes observed in the OMP profiles in the present study are very similar to

those observed with other strains ofA. pleuropnellllloniae (Deneer and Potter, 1989b)

although there are smail differences in the relative molecular masses of the separated

polypeptides. Iron restriction, however, may not be responsible for ail ofthese changes

since similar changes in the levels ofsome ofthese polypeptides (67 kDa, 43 kDa, 38 kDa

and 23 kDa) have also been observed to occur in response to a reduction in the glucose

or pyridine nucleotide supply to the organisms (O'Reilly el al., 1991). Il is possible that

several such changes may be related, somehow, to the levels of biomass, rather than the

supply of a particular nutrient (O'Reilly el al., 1991). While changes in the levels of

polypeptides of67 kDa, 43 kDa, 38 kDa and 23 kDa may not necessarily be due to iron

restriction, in the case of the strains under investigation, polypeptides in the 92-101 kDa
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range and the ï6 kDa polypeptide, appear to be true IRMPs. Previous studies with the

type strain ofA. pleuropnewlloniae (ATCC 27088) have suggested that these IRMPs are

synthesized in vivo (Niven el al., 1989).
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Chapter 3. Acquisition of iron from host iron-binding proteins

by four strains of Actinobacillus pleuropneumoniae

Rationale

in the previous section, A. p/eliropllelllllolli:/e strain~ ATCC 27088, Bertschinger

2008176, BCI8l and KI7 wt:re shown to produce IRMPs. The aim ofthis study was to

determine if like the type stmin (ATCC 27088), the other three strains could obtain iron

from porcille transferrin, and if 50, whether the acquisition of iron from transferrin was

siderophore-dependent or siderophore-independent, involving specifie IRMPs. Other aims

were to determine the transferrin specificities of these strains and to examine iron

acquisition from haemoglobin and lactoferrin.

This chapter is a component of the research publication:

D'Silvll, C.G., Archibald, F.S., and Nivcn, D.F. (I995). Comparative study of iron

acquisition by biotype 1 and biotype 2 strains ofAClillobacilllIs p/eliroplleulIlolliae. Vet.

Microbiol. In press.
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3.1 Summary

Four strains of the swine pathogen, AClil1oÎJacil/lIs plelll'Ofil1elllJ/oliiae, namely, the

type strain (ATCC 27088), the reference strain of biotype 2 (Bertschinger 2008176) and

Iwo additional biotype 1strains, strain BC 181, which is less virulent than the type strain,

and strain KI7 (reference strain of serotype SA), which was isolated From a lamb, were

investigated with respect to iron acquisition From host iron-binding proteins. Gnly sirains

ATCC 27088 and Bertschinger 2008176 could acquire iron From porci:l(.' transferrin. No

organism could utilize IlUman, bovine or ovine transferrin, or 0vine or porcine lactoferrin.

Haemoglobin supported good growth of ail strains except K17, which also failed to

acquire iron From haemin. In ail cases, iron acquisition l'rom transferrin or haemoglobin

required direct contact between the organisl11s and the proteins.
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3.2 Introduction

A. pleuropneulIloniae is the causative agent of swine pleuropneumonia (Sebunya

and Saunders, 1983). In general, biotype 1 strains are more virulent than biotype 2 (Pohl

el al., 1983). A. pleuropneulIloniae, growing extracellularly in vivo, must be capable of

obtaining iron from the host. Note that several biotype 1 strains are known to acquire iron

from, specifically, porcine transferrin (Morton and Williams, 1989; Niven el al., 1989;

Morton and Williams, 1990; Schryvers and Gonzalez, 1990; Gonzalez el al., 1990). This

specificity for porcine transferrin indicates that none of these organisms produces a

conventional siderophore suggesting that 1RlvlPs are invo! ved in the acquisition of iron

from transferrin (Morton and Williams, 1989; Niven el al., 1989; Morton and Williams,

1990; Schryvers and Gonzalez, 1990). These organisms are not unique since a variety of

other host-specifie pathogens, including, most recently, MOI'axella calarrl1alis

(Campagnari el al.. 1994-), have been shown to acquire iron from specifie transferrins

and/or lactoferrins by siderophore-independent mechanisms that involve IRMPs as

receptors (section 1.3.2; Williams and Griffiths, 1992).

While studies have centered on porcine transferrin as an iron source, it would

appear that biotype 1 strains ofA. pleuropneullloniae can also obtain iron from haem

compounds, including haemoglobin (Deneer and Potter, 1989b; Niven el al., 1989).

However, nothing is known regarding iron acquisition from porcine lactoferrin, and

nothing is known about iron acquisition in general, by biotype 2. Based on this
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information, and despite the use ofhaem compounds as Iron sources, it is still tempting

to speculate that the ability of A. p/eliropneli/lloniae to use porcine transferrin (and

perhaps, lactoferrin) as an Iron source might account, at least in part, for the host

specificity of the organism, and moreover, that a strain lacking the ability to acquire Iron

from porcine transferrin (and/or lactoferrin) might be less virulent than a strain possessing

such ability. In this respect, it is notable that unlike the parent, a mutant of N.

gonorr/lOeae, defective in the uptake of iron from human transferrin and haemoglobin,

is avirulent in mouse subcutaneous chambers (Genco el a/., 1991).

With these points in mind, the purpose of the present study was to examine Iron

acquisition, l'rom various transferrins, lactoferrins and haemoglobins, by a few selected

strains ofA. p/eliropneli/lloniae that differ with respect to virulence and/or animal source.

These strains included the type strain (ATCC 27088; biotype 1), the "reference" strain of

biotype 2 (strain Bertschinger 2008176; Pohl el a/., 1983), and two additional biotype 1

strains, strain BCI81 and strain K17. Strain BCI81 was chosen because it is known to be

associated with chronic disease and to be less virulent than the type strain (Rosendal el

al., 1985), and we wished to determine if these two organisms were equally capable of

obtaining iron from host proteins. Strain K17 was isolated originally l'rom a case of

arthritis in a lamb (Biberstein el al., 1977) and we anticipated that this strain would allow

us to probe the rdationship between transferrin (and, perhaps, lactoferrin) specificity and

host range.

77



•

•

•

3.3 Matcrials and Mcthods

3.3.1 Organisms

A. pleliropnelll11oniae strains ATCC 27088 (biotype l, type strain), BCI81

(biotype 1), K 17 (biotype 1) and Bertschinger 2008/76 (biotype 2, reference strain), and

also E. coli K12, were stored, and used to prepare frozen inocula, as described previously

(section 2.3.1).

3.3.2 Chemicals

8-hydroxyquinoline, haemin (bovine) and bovine, human and porcme

haemoglobins were purchased from Sigma. Porcine serum was from Gibco BRL. The

sources of other chemicals were as described previously (section 2.3.2).

3.3.3 Isolation and purification of porcine and ovine transferrins

The purification of porcine transferrin was essentially as described by Niven et al.

(1989). Briefly, porcine serum (200 ml) was mixed with an equal volume of saturated

ammonium sulphate, pH 7.0, stirred slowly for 30 min, and allowed to stand at room

temperature for 2 h. The mixture was subjected to centrifugation (20,000 x g, 10 min,
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SOC) and the supematant fraction was filtered through Whatman No. 4 filter paper. The

filtrate was dialysed for 2 h against Hp (4 l, with two changes; 4"C) and then overnight

against 10 mM NaCI, 10 mM Tris-HCI, pH 8.0 (41; 4°C). A column of DEAE-Sepharose

CL-6B (Pharmacia; 2.4 cm x 30 cm; 4°C) was pre-equilibrated with 10 mM NaCI, 10 mM

Tris-HCI, pH 8.0, and the dialysate was applied to il. The non-adsorbed rnaterial was

collected and concentrated by ultrafiltration (Diaflo Ultrafiltration Membrane, PM 30,43

mm diameter; Amicon Corp., Danvers, MA). The concentrate was then dialysed for 2 h

against 10 mM sodium citrate, pH 5.2 with HCl (4 1, with one change; 4"C) and then

ovemight under the same conditions. A column ofCM-Sepharose CL-6B (Pharmacia; 2.4

cm x 30 cm; 4°C) was pre-equilibrated with 10 mM sodium citrate, pH 5.2, and the

dialysate was applied to il. Transferrin was eluted by a gradient obtained by mixing 500

ml each of 10 mM and 75 mM sodium citrate, pH 5.2 with HCI; elution was monitored

by recording the absorbance of the eluate at 280 nm. Fractions containing transferrin were

pooled, dialysed overnight against Hp (41, with one change; 4°C), and lyophilised.

Ovine transferrin was obtained similarly except that the non-adsorbed material

from the DEAE-Sepharose column was discarded, and the material to be concentrated and

dialysed for chromatography using CM-Sepharose was eluted from the DEAE-Sepharose

column using a gradient obtained by mixing 500 ml each of 20 mM and 200 mM NaCI,

each in 10 mM Tris-HCI, pH 8.0.

The addition of 9 Ilg Fe3
' as FeCI3 to a 3-rnl solution of porcine or ovine

transferrin (3 mg of transferrin in 3 ml of 20 mM NaHC03, 200 mM Tris, pH 7.4;
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adjusted to pH 8.0) resulted in an increase in the absorbance of the transferrin solution at

465 nm confirming that the transferrin had conserved ils activity. The purity of the

transferrins was confirrned by SDS-PAGE using the method of Lutgenberg et al. (1975).

3.3.4 Isolation and purification of porcine and ovine lactoferrins

The methods used were based on those described by Roberts and BoursneIl

(1975). Porcine or ovine milk, as appropriate (250 ml), was filterec\ through cheesecloth

to remove extraneous particulate matter. The milk was defatted by centrifugation (10,000

x g, 20 min, 4°C) foIlowed by filtration through cheesecloth. The filtrate (whey) was

adjusted to pH 7.0 with 400 mM Na2HP04 and then diluted with an equal volume of 150

mM NaCl, 20 mM Na2HP04-HCI, pH 7.0. The dilüted whey was added to CM-Sepharose

CL-6B (sufficient to fill a 2.4 cm x 30 cm column) which had been pre-washed, on

Whatman No. 1 filter paper, with water (three washes of 50 ml each) followed by 150

mM NaCl, 20 mM Na2HP04-HCl, pH 7.0 (50 ml), and the mixture was stirred gently at

room temperature for 4 h. The CM-Sepharose was then collected on Whatman No. 1 filter

paper and following !wO washes with ISO mM NaCl, 20 mM Na2HP04-HCI, pH 7.0 (50

ml; 4°C), used to forrn a column (2.4 cm x 30 cm; 4°C). The column was washed with 150

mM NaCl, 20 mM Na2HP04-HCl, pH 7.0 until protein was no longer detected in the

eluate, and then with 500 mM NaCI, 20 mM N~HP04-HCl, pH 7.0 (500 ml); elution was

monitored by recording the absorbance of the eluate at 280 nm. Protein-containing
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fractions resulting from the latter wash were pooled and the proteins were concentrated

by ultrafiltration (Diaflo Ultrafiltration Membrane, PM 10, 43 mm diameter; Amicon

Corp., Danvers, MA). The concentrate was dialysed overnight against 150 mM NaCl, 20

mM Na2HP04-HC1, pH 7.0 (4 1; 4°C) and the dialysate was then applied to another

column ofCM-Sepharose CL-6B (2.4 cm x 30 cm; 4°C) pre-equilibrated with 150 mM

NaCl, 20 mM Na2HP04-HCl, pH 7.0. The column was washed with equilibration buffer

(250 ml) and the lactoferrin was then eluted from the column using a gradient obtained

by mixing 500 ml each of 150 mM and 750 mM NaCI, each in 20 mM Na2HP04-HC1, pH

7.0. Fractions containing lactoferrin were pooled, dialysed overnight against H20 (4 l,

with one change; 4°C), and lyophilised.

Conservation of lactoferrin iron-binding ability and the purity of the lactotèrrins

were confirmed as for transferrin (section 3.3.3).

3.3.5 Preparation of iron sources

The transferrins (bovine, human, ovine and porcine) were loaded (to the required

saturation levels) with Fe3
- using FeCl/sodium citrate in 2 mM NaHC03, 40 mM Tris

HC1, pH 7.4 (Caldwell and Archibald, 1987). The iron-Ioaded transferrins were stirred

at room temperature for 20 minutes and then allowed to stand at room temperature for 20

minutes. The transferrins were dialysed as described by Caldwell and Archibald (1987)

using dialysis bags (Spectrum Medical Industries, Inc., Houston, TX) with a molecular
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mass cut-off of approximately 12 to 14 kDa. The lactoferrins (porcine and ovine) and

haemoglobins (bovine, human and porcine) were dialysed similarly. Following dialysis,

ail preparations were filter-sterilised (0.2 !lm pore size) and the protein concentrations

and, where appropriate, iron-saturation levels, were then verified using the methods of

Peterson (1977) and Mazurier and Spik (1980), respectively. Haemin stock solution (8.2

mg ml'\ in 20 mM NaOH, 50 % ethanol) was prepared as described by Lascelles (1979)

and then filter-sterilised (0.2 !lm pore size).

3.3.6 Growth conditions and preparation of membrane fractions

For the growth of A. pleliropnelllIIoniae. the basic medium was the HEPES

buffered tryptone/yeast extract medium (TYE-H) described earlier (section 2.3.3); aIl

media were supplemented with NAD (5 !lM) and NaHC03 (10 mM), and the inoculum

was 1% (v/v). Incubation was at 37'C, with agitation on a gyratory shaker (200 rpm), in

an atmosphere not enriched with CO2• Growth was monitored turbidimetrically at 660 nm

(model 240 spectrophotometer, Gilford Instrument Laboratories, Inc., Oberlin, OH) using

diluted samples as appropriate.

The procedures used to investigate the caparities of the A. plellropnellmoniae

strains to obtain iron from the various iron-containing proteins were based on those

described by Morton and Williams (1990). For control cultures, TYE-H plus NAD and

NaHC03 (20-ml volumes) was contained in acid-washed 125-ml screw-capped flasks
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(Nalgene); all experiments were performed in triplicate. For test cultures, the medium also

contained deferrated EDDA (100 flM) (to inhibit growth completely) or EDDA plus 5 mg

(transferrins and haemoglobins) or 2-5 mg (lactoferrins) of the protein to be tested as an

ircn source; in sorne experiments, the protein was contained in a dialysis bag (Spectrum

Medical Industries, Inc., Houston, TX; molecular mass cut-off of approximately 12 to 14

kDa) and was released 9-12 h post-inoculation by piercing the bag \Vith u sterile needle.

The results given for the dialysis bag experiments are the means of duplicates. The reason

for this is that it was only very seldom that no problem was encountered with at least one

of the triplicates. The dialysis bags had to be autoclaved and then lilled, tied and rinsed

under aseptic conditions, and they were then subject to vigorous shaking (200 l'pm) for

the duration of the experiment. Problems that were encountcred runged l'rom suspectcd

leakage/ineffective rinsing of the bags, to obvious contamination, most usually after the

bags were pierced. For EDDA control cultures, TYE-H plus NAD, NaHC03 and EDDA

was supplemented with FeCl3 (100 flM). When positive results (good growth) were

obtained using a particular protein, outer membranes were prepured l'rom the organisms

as described previously (section 2.3.4). For control purposes only, A. plellropnell/l/olliae

strains were grown under both iron-replete and iron-restricted conditions and outer

membranes were prepared from these organisms, as described previously by Niven el al.

(1989) (section 2.3.3).

To confirm that the iron contained in the bovine, human and ovine transferrins,

and ovine and porcine lactoferrins, was available for microbial growth, H. coli K 12 and
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deferrated minimal salts medium (M-9) containing glucose (50 mM) and MgC1z(98 l!M)

(Braun el al., 1976) were used as a test system. The deferrated medium was either used

per se or supplemented with either MgClz (98 l!M), FeCl, (100 l!M) or the protein under

investigation (2-5 mg); inoculation and other conditions were as described above.

The ability ofA. plellropnell/lloniae strain KI7 to use haemin as an iron source

was investigated using the methods described above except that the EDDA concentration

was 300 l!M; media were supplemented, as appropriate, with 0.82 mg haemin.

Protein concentrations were estimated using the method of Peterson (1977) and

bovine serum albumin as a standard.

3.3.7 SOS-PAGE

Proteins were separated by SOS-PAGE as described in section 2.3.4. The silver

staining method of Harlow and Lane (1988) was used to visualize the separated

polypeptides.
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3.4 Results

Ofthe four A. plelllvpnellllloniae strains investigated, only the type strain (ATCC

27088) and the reference strain of biotype 2 (Bertschinger 2008176) were able to use

porcine transferrin as an iron source for growth (Figs. 3.1 A, 3.2A, 3JA and 3.4A); with

strains BC 181 and K17, the OD66O values remained unchanged even after 24 h incubation.

No growth was observed if the transferrin was contained in a dialysis bag (Figs. 3.5 and

3.6). Il should be noted that strains ATCC 27088 and Bertschinger 2008176 were both

capable ofgrowth if the dialysis bags were pierced at 9-12 h post-inoculation (Figs. 3.5

and 3.6). In keeping with previous studies (Niven el al., 1989; Gonzalez el al., 1990),

none of the strains could use human or bovine transferrin (-50% iron-saturated) as an iron

source (Figs. 3.IA, 3.2A, 3.3A and 3.4A) and, in addition, none could use ovine

transferrin (-50% iron-saturated) or ovine or porcine lactoferrin (>50% iron-saturated)

(Figs. 3.1 B, 3.2B, 3.3B and 3.4B); in each of these experiments the OD"60 values

remained constant during 24 h incubation.

To confirm that the latter results accurately retlected the capabilities of the

organisms rather than sorne problem with the transferrin and lactoferrin preparations, E.

coli KI2 was used as a positive control. In ail cases, the growth of E. coli KI2 in a

deferrated minimal salts medium (see Methods) was enhanced when the organisms were
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FIG. 3.1. Growth ofA. plelll'opnelll11oniae ATCC 27088 in (A), TYE-H plus NAD and

NaHC03 (e), or TYE-H plus NAD and Nal-IC03 supplemented with 100 fiM EDDA (.),

100 fiM EDDA and 100 fiM FeCI3 (.), 100 fiM EDDA and 250 fig ml-' porcine

transferrin (50% iron-saturated) ('),100 fiM EDDA and 250 fig ml- I bovine transferrin

(50% iron-saturated) (+), or 100 fiM EDDA and 250 fig ml- I human transferrin (50%

iron-saturated) (_), and (8), TYE-H plus NAD and NaHC03 supplemented with 100 /lM

EDDA and 250 fig ml-I ovine transferrin (50% iron-saturated) (0), 100 fiM EDDA and

250 fig ml- I porcine lactoferrin (>50% iron-saturated) (0), or lOO fiM EDDA and 250 fig

ml-' ovine lactoferrin (>50% iron-saturated) ("). Culture turbidity values are the means of

triplicates. Standard error bars were plotted for ail data points and may be hidden within

the symbols.
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FIG. 3.2. Growth of A. p/eliropnelllIIoniae Bertschinger 2008/76 in (A), TYE-H plus

NAD and NaHC03 (e), or TYE-H plus NAD and NaHC03 supplemented with 100 llM

EDDA (.), 100 llM EDDA and 100 llM FeCl3 (.), 100 llM EDDA and 250 llg ml-!

porcine transferrin (50% iron-saturated) (T), 100 llM EDDA and 250 llg ml-! bovine

transferrin (50% iron-saturated) (.), or 100 llM EDDA and 250 llg ml-! human transferrin

(50% iron-saturated) ~), and (B), TYE-H plus NAD and NaHC03 supplemented with 100

llM EDDA and 250 llg ml-' ovine transferrin (50% iron-saturated) (0), 100 llM EDDA

and 250 llg ml-' porcine lactoferrin (>50% iron-saturated) (0), or 100 llM EDDA and 250

llg ml-! ovine lactoferrin (>50% iron-saturated) (l». Culture turbidity values are the means

of triplicates. Standard error bars were plotted for ail data points and may be hidden

within the symbols.
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FIG. 3.3. Growth ofA. pfellropllell/llolliae BCI81 in (A), TYE-H plus NAD and NaHC03

(e), or TYE-H plus NAD and NaHC03 supplemented with 100 /lM EDDA (-),100 /lM

EDDA and 100 /lM FeCI3 (-),100 /lM EDDA and 250 /lg ml-' porcine transferrin (50%

iron-saturated) (.), 100 /lM EDDA and 250 /lg ml- I bovine transferrin (50% iron

saturated) (.), or 100 /lM EDDA and 250 /lg ml-' human transferrin (50% iron-saturated)

(_), and (B), TYE-H plus NAD and NaHC03 supplemented with 100 /lM EDDA and 250

/lg ml-' ovine transferrin (50% iron-saturated) (0), 100 /lM EDDA and 250 /lg ml-l

porcine lactoferrin (>50% iron-saturated) (0), or 100 /lM EDDA and 250 /lg ml- l ovine

lactoferrin (>50% iron-saturated) (t». Culture turbidity values are the means of triplicates.

Standard error bars were plotted for ail data points and may be hidden wlthin the symbols.
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FIG. 3.4. Growth ofA. p/elll'opnelll11olliae KI7 in (A), TYE-H plus NAD and NaHC03

(e), or TYE-H plus NAD and NaHC03 supplemented with 100 JlM EDDA (-),100 JlM

EDDA and 100 JlM FeCl3 ('), 100 JlM EDDA and 250 Jlg ml"1 porcine transferrin (50%

iron-saturated) (.), 100 JlM EDDA and 250 Jlg ml"1 bovine transferrin (50% iron

saturated) (.), or 100 JlM EDDA and 250 Jlg ml"1 human transferrin (50% iron-saturated)

(-), and (8), TYE-H plus NAD and NaHC03 supplemented with 100 IlM EDDA and 250

Jlg mI"l ovine transferrin (50% iron-saturated) (0), 100 JlM EDDA and 250 Jlg ml-I

porcine lactoferrin (>50% iron-saturated) (0), or 100 JlM EDDA and 250 Jlg m1"1 ovine

lactoferrin (>50% iron-saturated) (l». Culture turbidity values are the means of triplicates.

Standard error bars were plotted for ail data points and may be hidden within the symbols.
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FIG. 3.5. Growth of A. p/ellropnellllloniae ATCC 27088 in TYE-H plus NAD and

NaHC03 (e), or TYE-H plus NAD and NaHC03 supplemented with 100 IlM EDDA (-),

100 IlM EDDA and 100 IlM FeCl3 (.), 100 IlM EDDA and a dialysis bag containing 5

mg porcine transferrin (50% iron-saturated) (.), 100 IlM EDDA and a dialysis bag

containing 5 mg porcine haemoglobin (.), 100 IlM EDDA and a dialysis bag containing

5 mg bovine haemoglobin (e), or 100 IlM EDDA and a dialysis bag containing 5 mg

human haemoglobin (0). The dialysis bags were pierced 9 h post-inoculation. Culture

turbidity values at 2-9 h are the means oftriplicates and those at 24-30 h are the means of

duplicates (see text). Standard error bars were plotted for ail data points and may be

hldden within th(, symbols.
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FIG. 3.6. Growth ofA. p/ellropllelllllolliae Bertschinger 2008176 in TYE-H plus NAD

and NaHC03 (e), or TYE-H plus NAD and NaHC03 supplemented with 100 l!M EDDA

(1.1), 100 l!M EDDA and 100 l!M FeCI3 ('), 100 l!M EDDA and a dialysis bag containing

5 mg porcine transferrin (50% iron-saturated) (.), 100 l!M EDDA and a dialysis bag

containing 5 mg porcine haemoglobin (.), 100 l!M EDDA and a dialysis bag containing

5 mg bovine haemoglobin ~), or 100 l!M EDDA and a dialysis bag containing 5 mg

human haemoglobin (0). The dialysis bags were pierced la h post-inoculation. Culture

turbidity values at 2-10 h are the means oftriplicates and those at 24-28 h are the means

of duplicates (see tex!). Standard error bars were plotted for ail data points and may be

hidden within the symbols.
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provided with the protein in question (Fig. 3.7).

A. plellropnelll1loniae strains ATCC 27088, Bertschinger 2008176, and BCI81

could also use porcine haemoglobin as an iron source (Figs. 3.8, 3.9 and 3.10). Strain

KI7, however, could use porcine haemoglobin to only a very limited extent, if at ail (Fig.

3.11); the 00G60 values remained constant from hour 5 to 24 h incubation. Similar results

were obtained with human and bovine haemoglobins (Figs. 3.8, 3.9, 3.10 and 3.11) and

no growth was observed when porcine, bovine or human haemoglobin was contained in

a dialysis bag (Figs. 3.5, 3.6 and 3.12). Strain KI7 could acquire iron from neither ovine

transferrin norovine lactoferrin (Fig. 3.4B) and failed to use haemin (Fig. 3.13); the 00660

values did not increase even after 24 h incubation.

Outer membranes prepared from the strains ofA. plellropnelll1loniae that exhibited

growth under iron-restricted conditions in the presence of iron-containing proteins were

anaJyzed by SOS-PAGE (Figs. 3.14, 3.15 and 3.16). For comparison purposes only, ou~er

membranes prepared from organisms grown under iron-replete and iron-restricted

conditions were also analyzed (Figs. 3.14, 3.15 and 3.16). As with the results reported in

Chapter 2, growth under iron-restricted conditions resulted in comparable changes in the

outer membrane protein (OMP) profiles of each of the organisms and severa!

polypeptides could be identified as lRMPs (Figs. 3.14, 3.15 and 3.16). For exarnple, iron

restriction enhanced the production of the 101 and 99 kOa polypeptides, and hence,

IRMPs, ofstrain ATCC 27088 (Fig. 3.14, Janes A and B), the 98 and 93 kOa polypeptides

of strain Bertschinger 2008176 (Fig. 3.15, Janes A and
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FIG. 3.7. Growth ofE. coli Kl2 in deferrated M-9 minimal medium (e), or deferrated M

9 minimal medium supplemented with 98 !lM MgClz (.), \00 !lM Fe as FeC\3 (-), 98

!lM MgClzand 2 mg porcine lactoferrin (100% iron-saturated) (.), 98 !lM MgClz and 2

mg ovine transferrin (50% iron-saturated) (.), or 98 !lM MgClz and 2 mg ovine

lactoferrin (100% iron-saturated) f!I). Culture turbidity values are the means oftriplicates.

Standard error bars were plolled for ail data points and may be hidden within the symbols.
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FIG. 3.8. Growth of A. p/ellropnellllloniae ATCC 27088 in TYE-H plus NAD and

NaHC03 (e), or TYE-H plus NAD and NaHCO, supplemented with 100 flM EDDA (-),

100 flM EDDA and 100 flM FeCI, (-), \00 flM EDDA and 250 fig ml-\ porcine

haemoglobin ('), \ 00 flM EDDA and 250 fig ml'\ bovine haemoglobin (.), or 100 flM

EDDA and 250 fig m!'\ human haemoglobin <-). Culture turbidity values are the means

of triplicates. Standard error bars were plotted for ail data points and l11ay be hidden

within the symbols.
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FIG. 3.9. Growth ofA. p/elll'opnell/lloniae Bertschinger 2008176 in TYE-H plus NAD

and NaHCO, (e), or TYE-H plus NAD and NaHCO, supplel1lented with 100 ~M EDDA

(-), 100 ~M EDDA and 100 ~M FeCl, (.), 100 ~M EDDA and 250 fIg ml- I porcine

haemoglobin (.), 100 ~M EDDA and 250 ~g ml-' bovine haemoglobin (+), or 100 ~M

EDDA and 250 ~g ml-1 human haemoglobin ~). Culture turbidity values are the means

of triplicates. Standard errer bars were plotted for ail data points and may be hiddcn

within the symbols.
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FIG. 3. ID. Growth ofA. p/ellropnellllloniae BCl81 in TYE-H plus NAD and NaHCO,

(e), or TYE-H plus NAD and NaHCO, supplemented with 100 ).lM EDDA (-), \00 ).lM

EDDA and \OO).lM FeCl, ('),100).lM EDDA and 250 fig ml- I porcine haemoglobin ('),

\00 ).lM EDDA and 250 ).lg mlo

) bovine haemoglobin (.), or 100 ).lM EDDA and 250 ).lg

mlol human haemoglobin (e). Culture turbidity values are the means of triplicates.

Standard error bars were plotted for ail data points and may be hidden within the symbols.

96



•

876345

Incubation time (h)

2
0.0 '----

o 1

2.5

2.0

.-...
E
c:
0
co
co 1.5Cl
0........
~
"0
:ci...
::1 1.0-l!!
::1-'3
()

0.5

"



•

•

•

FIG. 3.11. Growth ofA. p/elll'opnelllllolliae KI7 in TYE-H plus NAD and NaHCO) (e),

or TYE-H plus NAD and NaHCO) supplemented with 100 /lM EDDA (-), 100 /lM

EDDA and 100 /lM FeCI) (.),100 /lM EDDA and 250 /lg ml') porcine haemoglobin ('),

100 /lM EDDA and 250 /lg ml- I bovine haemoglobin (.), or 100 ~IM EDDA and 250 /lg

m1'1 human haemoglobin (e). Culture turbidity values are the means of triplicates.

Standard error bars were plotted for ail data points and may be hidden within the symbols.
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FIG. 3.12. Growth ofA. plelll'opnellmonÎae BCI81 in TYE-H plus NAD and NaHCO)

(e), or TYE-H plus NAD and NaHCO) supplemented with 100 !lM EDDA (-), 100 !lM

EDDA and 100 !lM FeCl) (.), 100 !lM EDDA and a dialysis bag containing 5 mg porcine

haemoglobin (.), 100 !lM EDDA and a dialysis bag containing 5 mg bovine haemoglobin

(.), or 100 !lM EDDA and a dialysis bag containing 5 mg human haemoglobin (4t). The

dialysis bags were pierced 9 h post-inoculation. Culture turbidity values at 1-8 h are the

means oftriplicates and those at 24-28 h are the means of duplicates (see text). Standard

error bars were plotted for ail data points and m~y be hidden within the symbols.
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FIG. 3.13. Growth ofA. plellropl7ellll7ol7iae K 17 in TYE-H plus NAD and NaHCO, (e),

or TYE-H plus NAD and NaHCO, supplemented with 300 /lM EDDA (-), 300 /lM

EDDA and 300 /lM FeCl, H, or 300 /lM EDDA and 0.82 mg haemin ('). Culture

turbidity values are the means oftriplicates. Standard error bars were ploued for ail data

points and may be hidden within the symbols.
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FIG. 3.14. Protein profiles of outer membrane preparations derived l'rom A.

p/eliropnelll1loniae strain ATCC 27088 grown under iron-replete and iron-restrictcd

conditions. Outer membrane proteins were separated by SDS-PAGE and visualized by

silver staining. The outer membrane preparations were l'rom organisms grown in TYE-H

(iron-replete; lane A), TYE-H plus 50-GO !lM EDDA (iron-restricted; lane B), TYE-H

plus 100 !lM EDDA and 250 !lg ml" porcine transferrin (50% iron-saluraled) (Iane C),

TYE-H plus 100 !lM EDDA and 250 !lg 011-' porcine haemoglobin (lane D), TYE-H plus

100 !lM EDDA and 250 !lg 011-' IlUman haemoglobin (Iane E), TYE-I-I plus 100 !lM

EDDA and 250 !lg 011-' bovine haemoglobin (lane F). The numbers refer to the relative

molecular masses (kDa) of the indicated polypeptides.
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FIG. 3.1 S. Protein profiles of outer membrane preparations derived l'rom A.

pleliropnelil/loniae strain Bertschinger 2008176 grown under iron-replete and lron

restricted conditions. Outer membrane proteins were separated by SDS-PAGE and

visualized by silver staining. The outer membrane preparations were l'rom organisms

grown in TYE-H (iron-replete; lane A), TYE-H plus 50-60 IlM EDDA (iron-restricted;

lane B), TYE-H plus 100 !lM EDDA and 250 Ilg ml" porcine transferrin (50% iron

saturated) (lane Cl, TYE-H plus 100 !lM EDDA and 250 !lg ml" porcine haemoglobin

(Jane D), TYE-H plus 100 !lM EDDA and 250 !lg ml'l human haemoglobin (lane E),

TYE-H plus 100 !lM EDDA and 250 !lg ml" bovine haemoglobin (lane F). The numbers

refer to the relative molecular masses (kDa) of the indicated polypeptides.
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FIG. 3.1G. Protein profiles of outer membrane preparations derived from A.

pleliropnellll1onÎae "tc.in BC181 grown under iron-replete and iron-restricted conditions.

Outer membrane proteins were separated by SDS-PAGE and visualized by silver staining.

The outer membrane preparations were from organisms grown in TYE-H (iron-replete;

lane A), TYE-H plus 50-GO !lM EDDA (iron-restricted; lane B), TYE-H plus 100 !lM

EDDA and 250 !lg ml'l porcine haemoglobin (Iane Cl, TYE-H plus 100 !lM EDDA and

250 !lg ml'l human haemoglobin (Iane D), TYE-H plus 100 !lM EDDA and 250 !lg ml- I

bovine haemoglobin (lane E). The numbers refer to the relative Illolecular masses (kDa)

of the indicated polypeptides.
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B), and the 98 and, barely detectable, 95 kDa polypeptides ofstrain BC181 (Fig. 3.16,

1anes A and B).

Although differences, where apparent, between the resulting profiles (Fig. 3.14,

lanes C-F; Fig. 3.15, lanes C-F; Fig. 3.16, lanes C-E) and the contrais (Figs. 3.14, 3.15

and 3.16, lanes B), are for the most part, difficult to rationalize, it is notable that the 99

kDa polypeptide ofstrain ATCC 27088 was identified in the OMP profile when porcine

transferrin was the iron source (Fig. 3.14, Jane C) but was barely detectable when the iron

source was a haemoglobin (Fig. 3.14, lanes D-F). Similarly, the 93 kDa polypeptide of

strain Bertschinger 2008176 was present when the organisms were grown with porcine

transferrin (Fig. 3.15, lane C) but was barely detectable at least when the iron source was

porcine haemoglobin (Fig. 3.15, lanes D-F).
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3.5 Discussion

ln the present experiments, interest was centered on the acquisition of iron, from

various transferrins, lactcferrins and haemoglobins, by four strains of A.

plell/'opnellllloniae that differ with respect to virulence and/or animal source. Initially, the

transferrin specificities of the organisms were investigated; the results of these

experiments showed that like the type strain (ATCC 27088) (Niven el al., 1989; this

study), and ail other biotype 1 strains examined to date (Gonzalez el al., 1990; Morton and

Williams, 1990), the reference strain of biotype 2 (Bertschinger 2008176) could acquire

iron only from porcine transferrin (Fig. 3.2A). In contrast, strain BCI81 (biotype 1),

which is less virulent than the type strain (Rosendal el al., 1985), and strain KI 7 (biotype

1), which was isolated from a lamb (Biberstein el al., 1977), failed to use porcine

transferrin as an iron source for growth (Figs. 3.3A and 3.4A). None of the strains under

study could use ovine, bovine or human transferrin, or porcine or ovine lactoferrin (Figs.

3.1,3.2, 3.3 and 3.4; A and B). Since siderophores are non-specific with respect to iron

acquisition from transferrin and lactoferrin (see e.g., Griffiths, 1987b), these results

indicate that none of these strains produces a conventional siderophore. When grown

under iron-restricted conditions in vi/ra, several patl)ogens do not produce siderophores

but can still acquire iron from host iron-binding/containing proteins (section 1.3.2). A.

plelll'opnellllloniae ATCC 27088 produces neither hydroxamate nor phenolate

siderophores (Niven el al., 1989). Moreover, strains ATCC 27088 and Bertschinger
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2008176 could not acquire iron from porcine transferrin when the transferrin was

contained in a dialysis bag (Figs. 3.5 and 3.6). These results also indicate that iron

acquisition from porcine transferrin requires direct contact between the organisms and the

protein, and this, in tum, suggests the existence of specific receptors. It would appear that

similar receptors may also be involved in iron acquisition from haemoglobin since none

of the organisms could use the haemoglobin if it was contained in a dialysis bag (Figs.

3.5,3.6 and 3.12). However, the haemoglobin receptors appear to be less specific than the

transferrin receptors since good growth of the organisms was observed with porcine,

bovine or human haemoglobin.

While strains ATCC 27088 and Bertschinger 2008176 appear to possess a similar

complement of iron acquisition mechanisms, strain BC 181 and K 17, both of which can

seemingly cause disease in pigs (Biberstein el al., 1977; Rosendal el al., 1985), are clearly

less capable of obtaining iron from host proteins. To what extent this might account for

the lower virulence of strain BC 181, with respect to the type strain (Rosendal el al.,

1985), is difficult to evaluate, however, since virulence is typically multifactorial in nature.

On the other hand, these results do suggest that the ability to use porcine transferrin (or

lactoferrin) as an iron source may not be essential for a strain of A. plellropl1ellll/olliae to

induce disease in swine.

Several biotype 1 strains ofA. plellropl1elllllolliae are known to produce IRMPS

in response to growth under iron-restricted conditions (Oeneer and Potter, 1989b, Niven

el al., 1989; Gonzalez el al., 1990) and some of these IRMPs have been identified as
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porcine transferrin-binding polypeptides (Gonzalez el al., 1990; Ricard el al., 1991). To

determine if the ability ofA. plellropnell/lloniae to obtain iran from porcine transferrin and

the haemoglobins reflected the ability to praduce particular IRMPs, outer membranes

from organisms grown under iron-restricted conditions in the presence of iron-containing

proteins (Figs. 3.14, 3.15 and 3.16) were analyzed by means of SOS-PAGE. Note that

strains ATCC 27088 and Bertschinger 2008/76 could utilize porcine transferrin and

haemoglobin while strain BCI81 could use haemoglobin but not transferrin and strain

K17 could use neither transferrin nor haemoglobinnor haemin. Oespite these differences,

ail four strains produced IRMPs that couId, potentially, serve as receptor components

(Figs. 3.14,3.15,3.16 and 2.10). In particular, strain ATCC 27088 produced a 99 kOa

IRMP; this polypeptide is known to represent the transferrin-binding protein 1 (TBPI) of

this organism (Ricard el al., 1991) and by analogy, it would appear that the 93, 95 (Figs.

3.15 and 3.16) and 92 kOa (Fig. 2.10) IRMPs produced by strains Bertschinger 2008/76,

BC 181 and K17, respectively, may also represent TBPsl. Note that the existence of the

95 and 92 kOa polypeptides and the lack of transferrin utilization are not mutually

exclusive since the acquisition and subsequent utilization of transferrin-bound iron

presumably involves several surface-Iocated proteins (Williams and Griffiths, 1992); in

effect, the inability of a strain to use porcine transferrin as an iron source could reflect the

lack of, or a defect in, any component of the uptake system and not just a deficiency in a

receptor componen!.

The 101 kOa (strain ATCC 27088), 98 kOa (Bertschinger 2008/76 and BC181)
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and 96 kDa (strain K17) IRMPs (Figs. 3.14, 3.15, 3.16 and 2.10) are also intriguing,

especially in light of recent studies on the existence of haemin- and/or haemoglobin

binding proteins in the pathogenic neisseriae and H. illj/llellzae (Lee, 1992 a,b; Lee and

Hill, 1992; Martel and Lee, 1994); these proteins appear to be IRMPs that recognize the

haemmoiety, and affinity procedures have allowed the isolation of a 39.5 kDa polypeptidc

from H. iliflllenzae (Lee 1992b), 97 kDa and 44 kDa polypeptides l'rom N. go//orrllOeae

(Lee 1992a) and 97 kDa and 50 kDa polypeptides l'rom N. /IIellillg/lh/is (Lee, 1994) (citcd

by Martel and Lee, 1994). It is tempting to speculate, therefore, that the JO 1 kDa, 98 kDa

and 96 kDa polypeptides of the A. plellropnell/llolliae strains may also represent haemin

and/or haemoglobin receptor components, again, functional or otherwise, since strain K 17

essentially failed to use haemoglobin, or even haemin, as an iron source.
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Chapter 4. Isolation and identification of porcine transferrin

binding polypeptides from A. pleuropneumoniae

Rationale

ln chapter 2, strains ATCC 27088, Bertschinger 2008176, BCI81 and KI7 ofA.

p/ellropnell/lloniae were shown to produce IRMPs. In chapter 3, iron acquisition from

iron-binding/containing proteins by the four strains was investigated and it was observed

that only strains ATCC 27088 and Bertschinger 2008176 could use porcine transferrin.

These results would suggest that the 95 kDa and 92 kDa IRMPs produced by strains

BC J81 and K 17 are not involved in the uptake of iron from porcine transferrin. On the

other hand, it is possible thatthese IRMPs in strains BC 181 and K 17 represent defective

transferrin receptors or altematively, it is possible that some other components of the iron

uptake systems ofthese organisms are defective or absent. With these points in mind, the

purpose ofthis study was to altemptthe isolation oftransferrin-binding polypeptides from

ail four strains ofA. p/ellropllell/llOniae.

Currently, there is no effective vaccine against swine pleuropneumonia and the

prospect of using TBPs as vaccine components shows promise. Hence, an additional

purpose ofthis study was to determine the N-terminal amino acid sequence ofTBP! of

strain ATCC 27088 with a view to the commercial synthesis ofan oligonucleotide probe
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to be used in subsequent c10ning and characterization of receptor gelles.

This chapter is a compollellt of the research publication:

D'Silva c.G., Al'chibald, F.S., and Niven, D.F. (1995). Comparative study of iron

acquisition by biotype 1 and biotype 2 strains ofAclino/Jacilllls plellropne/ll//{J/liae. Vet.

Microbiol. In press.
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4.1 Summary

Total membranes derived from strains ATCC 27088, Bertschinger 2008176,

BC 181 and KI7 ofAclinobacilllls plellrojJllelllllolliae grown under iron-replete and iron

restricted conditions were subjected to an affinity isolation technique based on

biotinylated porcine transferrin plus streptavidin-agarose. The following polypeptides

were isolated: 99 kOa and 64 kOa from sU'ain ATCC 27088; 93 kDa from strain

Bertschinger 2008176; 95 kDa (trace amoullts) and 60 kOa from strain BC 181; none from

strain K 17. From these results it can be concluded that these polypeptides represent

porcine transferrin-binding polypeptides (TBPs). The 99 kOa polypeptide from the type

strain was purified by SOS-PAGE, transferred to polyvinylidene difluoride (PVDF)

membrane, and subjected to N-terminal amino acid sequence analysis. The N-terminal

amino acid sequence was idelltified as Glu-GlIl-Ala-Val-Gln-Leu-Asn-Asp-Asp-Tyr-Gly

Thr-Thr-.
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4.2 Introduction

A variety of host-specifie pathogens (see e.g., Williams and Griffiths, 1992),

including, most recently, Moraxella calarr1lalis (Campagnari et al., 1994), have been

shown to acquire iron from specifie transferrins and/or lactoferrins by mechanisms

independent of siderophore production, and with many of these organisms, affinity

methods have allowed the isolation of IRMPs that appear to function as specifie receptor

coml-0nents (Ogunnariwo and Schryvers, 1992; Williams and Griffiths, (992).

Several biotype 1 strains of A. plelll'opnellllluniae can acquire iron from,

specifically, porcine transferrin (Morton and Williams, 1989; Niven el al., 1989; Morton

and Williams, 1990; Schryvers and Gonzalez, 1990; Gonzalez el al., 1990). Iron

acquisition has been shown to involve two lRMPs, one of high molecular mass (99-) 05

kDa) and one of lower molecular mass (56-64 kDa), referred to often as TBP 1 (porcine

transferrin-binding protein 1) and TBP2, respectively.

Like A. pleuropnell/lloniae strain ATCC 27088, strains Beltschinger 2008176,

BC181 and KI7 have been shown to produce IRMPs that have the potential to serve as

transferrin receptors (Chapter 2). However, of the four strains studied (Chapter 3), only

strains ATCC 27088 and Bertschinger 2008176 could use porcine transferrin as an iron

source and strain BC181 could utilize it to only a very limited extent if at ail. The purpose

of the present study was to attempt the isolation and identification ofTBPs from ail four

strains and to determine whether the IRMPs (Chapter 2) were involved in the acquisition
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of transferrin-bound iron.

The TBPI of strain ATCC 27088 (Ricard el al., 1991; this study) has been isolated

using affinity chromatography and is the 99 kDa polypeptide. This polypeptide is of

interest because of its potential as a vaccine component. With this in mind, an additional

purpose ofthis study was to determine the N-terminal amino acid sequence of the TBPI

of strain ATCC 27088 followed by synthesis of an oligonucleotide probe, in order to

initiate molecular biological studies pertaining to the cloning and sequencing of receptor

genes.
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4.3 Mate:-ials and Methods

4.3.1 Organisms

A. pleliropnelllIIoniae strains ATCC 27088, Bertschinger 2008176, BC 181 and

K17, were stored, and used to prepare frozen inocula, as described previously (section

2.3.1).

4.3.2 Chemicals

Porcine serum albumin (fraction V powder) was l'rom Sigma. Biotinyi-E

aminocaproic acid N-hydroxysuccinimide ester (biotin-X-NHS) and N-tetmJecyl-N,N

dimethyl-3-ammonio-l-propanesulphonate (Zwittergent 3-14) were purchased l'rom

Calbiochem. Streptavidin-agarose was l'rom BRL. CNBr-activated Sepharose 4B was

from Phannacia. The sources of ail other chemicals were as described previously (sections

2.3.2 and 3.3.2).

4.3.3 Growth conditions and preparation of mem brane fractions

The growth of A. ple/lropnelllIIoniae under iron-replete and iron-restricted

conditions and the preparation of outer membrane and total membrane fractions were as
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described previously (section 2.3.3).

4.3.4 Isolation and purification of porcine transferrin

Porcine transferrin was isolated and purified from porcine serum according to the

method ofNiven el al. (1989), as described in section 3.3.3.

4.3.5 Preparation of iron-binding proteins

Porcine and human transferrins were saturated with iron and then dialysed

according to the method of Caldwell and Archibald (1987), as described in section 3.3.5.

4.3.6 Preparation of biotinylated proteins

Porcine transferrin, human transferrin and porcine albumin were biotinylated

according to the method described for lactoferrin by Schryvers and Morris (1988b) and

modified by Ricard el al. (1991). lron-saturated transferrins (5 mg protein ml-1
) and

porcine albumin (5 mg ml- I in 50 mM Tris-Hel, pH 7.5) were dialysed against 50 mM

Tris-HCI, pH 7.5 (21; 4°C; ovemight). 160 III ofbiotin-X-NHS solution (7.2 mg dissolved

in 500 III dimethylformamide) [16 III (mg protein)"l] was added to each dialysate. The

resulting mixtures were incubated for 2 h at 4°C (with gentle agitation). Reactions were
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tp,rminated by the addition of 1 ml glycine (10 mg ml' l ) to each mixture, and incubation

was continued for a further 2 h. The biotinylated proteins were then dialysed overnight

against 10 mM NaCI, 50 mM Tris-HCI, pH 7.5 (1 1, with three changes; 4°C) and stored

as necessary, at -20°C.

4.3.7 Isolation oftransferrin-binding polypeptides using biotinylated transferrin

Transferrin-binding polypeptides were isolated using the batch affinity procedure

and wash system 3 developed by Schryvers and Morris (1988b), as modified by Ricard

el al. (1991). Briefly, total membranes (750 ~g protein) From A. plellrOpllelllllonÎae grown

under iron-replete or iron-restricted conditions and 200 ~g ofbiotinylatcd protcin (porcine

or human transferrin, or porcine albumin) were mixed and the final volume brought to 1

ml with 100 mM NaCI, 50 mM Tris-HCI, pH 8.0; no biotinylated proteins were added to

the control samples. Samples were incubated (1 h; 37 oC; gentle agitation) and then

centrifuged (16,000 x g, 10 min; Eppendorfmicrocentrifuge). The supernatant fractions

were discarded and each pellet was resuspended in 1 ml 0.75% (w/v) Sarkosyl in 100 mM

Nael, 10 mM EDTA, 50 mM Tris-HCI, pH 8.0. 100 ~I ofstrcptavidin-agarose (diluted

2-fold with distilled water) was added to each tube and the samples were mixed well and

incubated (1 h, 20 oC). The samples were then centrifuged (750 x g, 3 min, 20 oC) and the

supernatant fractions were carefully removed. Affinity resin pellets were washed (by

successive cycles of resuspension in buffer, incubation for 10 min at 20 oC, and
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centrifugation) using the wash system of Schryvers and Morris (1988b) and consisting of

three washes in 0.5% Sarkosyl, 1 M NaCI, la mM EOTA, 250 mM guanidine-HCI, 50

mM Tris-HCl, pH 8.0, followed by one wash in 1 M NaCI, 250 mM guanidine-HCl, 50

mM Tris-HCI, pH 80 and a final wash in 100 mM NaCl, 50 mM Tris-HCl, pH 8.0.

To identifY the affinity-isolated polypeptides, the washed affinity resin pellets were

resuspended in 200 l.tI of a sample buffer containing 2% (w/v) SOS, 30% (v/v) glycerol

and 0.1% (w/v) bromophenol blue in 200 mM Tris-HCI, pH 6.8. The sampies were boiled

for 5 min, cooled on ice, and centrifuged (750 x g, 3 min). The supernatant fractions were

recovered and transferred to clean tubes. The supernatant was mixed with 2

mercaptoethanol (to 1.4 M), and following incubation (15 min, 20 'c), the sampies were

mixed weil and 50-Ill aliquots were subjected to SOS-PAGE (as previously; section

2.3.4). The separated polypeptides were visualised by silver staining according to the

method of Harlow and Lane (1988). In ail other cases, SOS-PAGE was performed as

described earlier (section 2.3.4) except that protein loading was compatible with silver

staining and separated polypeptides were visualised accordingly (Harlow and Lane, 1988).

4.3.8 Preparation of Sepharose-coupled porcine transferrin

Sepharose-couplèd porcine transferrin \Vas prepared according to the instructions

supplied with the CN8r-activated Sepharose 48. 8riefly, CNBr-activated Sepharose 48

(3.2 g) was rehydrated and washed of additives in a sintered glass funnel using 1 mM HCI
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(800 ml). The rehydrated gel was rinsed with 60 ml of 500 mM NaCI, 100 mM NaHC03,

pH 8.3 with NaOH (coupling buffer) and transferred quickly to a 50-ml flask containing

95 mg of iron-saturated porcine transferrin in 24 ml coupling buffer. This resulting

mixture was incubated for 2 h at 20·C, with gentle agitation on a gyratory shaker, and

unbound ligand was removed by rinsing the Sepharose-coupled porcine transferrin with

60 ml of coupling buffer. The Sepharose-coupled porcine transferrin was transferred to

24 ml of blocking buffer (500 mM NaCI, 200 mM glycine, pH 8.0 with NaOH), and

incubated for a further 2 h. The slurry was used to pack a smail column (1 x 10 cm) and

excess unbound ligand was removed by three cycles of washing, each consisting of 30 ml

of500 mM NaCI, 100 mM sodium acetate, pH 4.0 with HCl, fo!lowed by 30 ml of 500

mM NaCl, 100 mM Tris-HCI, pH 8.0. Three bed vols ofa solution ofFeCI3 (5 ~g Fe mlOI
)

in 200 mM Tris, 20 mM NaHC03, pH 7.4 was passed through the column to resaturate

the porcine transferrin with iron.

4.3.9 Isolation of transferrin-binding polypeptides using S'~pharose-coupled

porcine transferrin

The procedure was essentially as described by Ricard et al. (\ 991) with sorne

modifications. Total membranes (60 mg protein in 2 ml of 10 mM HEPES, pH 7.4) from

organisms grown under iron-replete or iron-restricted conditions were mixed with 41 ml

of 100 mM NaCI, 50 mM Tris-HCl, pH 8.0, containing 1.8 g (wet weight) ofSepharose-
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coupled porcine transferrin, and the mixture was incubated for 1 h at 37°C, with gent1e

agitation. Zwittergent (3-14) and EDTA (final ~oncentrations of2% (w/v) and 10 mM

respectively) were added to the mixture and incubation was continued for 1 h at 20°C. The

beads were collected in a Poly-Prep chromatography column (10 ml; Bio-Rad) and rinsed

with 3 bed vols of 100 mM NaCI, 10 mM EDTA, 50 mM Tris-HCI, pH 8.0, containing

0.5% (w/v) Zwittergent (IOO mM NaCI-rinse bul'fer). Bound proteins were eluted with

6 bed volumes 01'3 M NaCI-rinse buftèr. Fractions (1 ml) were collected and elution was

monitored by ,'ecording the absorbance of each fraction at 280 nm; protein-colltaining

fractions were pooled and dialysed overnight against 50 mM Tris-HCI, pH 6.8, containing

0.05% (w/v) Zwittergent (21; 4°C). The beads ofSepharose-coupled porcine transferrin

(l'rom which proteins had been eluted using 3 M NaCI-rinse buffer) were transferred to

Eppendorftubes and washed 3-4 times using distilled water (to remove NaCI) followed

by centrifugation (6,000 x g, 3 min, 4"C).

To identify the isolated polypeptides, the above fractions (pooled/dialysed samples)

were mixed with sample buftèr (section 2.3.4) and appropriate volumes subjected to SDS

PAGE (as previously; section 2.3.4); when the Sepharose preparation was the sample to

be analyzed, sampie butTe:' was added to the beads and the resulting suspension was then

boiled for 5 min and centrifuged (6,000 x g, 3 min, 4°C). The supernatant was analyzed

by SDS-PAGE (as above). The separated polypeptides were visualized by means of silver

staining according to the method of Harlow and Lane (1988).

Pooled/dialysed fractions that contained the desired polypeptides were
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concentrated by lyophilisation (48 h) and then resuspended in a small volume (100 !lI) of

0.001% SOS; this material and the material recovered from the washed and boiled

Sepharose beads were subjected to SOS-PAG E (-60 h; 12%, w/v, acrylamide separating

gels), essentially as described earlier (section 2.3.4). The separatecl polypeptides were

transferred electrophoretically cnte PVOF membrane as described below.

4.3.10 Electroblotting

The procedure followed was that described by Niven el al. (1989). Following

electrophoretic separation, polypeptides were transferred electrophoretically to PVDF

membrane (0.2 !lm pore size, Bio-Rad Labs, Richmond, CA) which was pre-soaked for

15 min in transfer buffer (4°C) containing 25 mM Tris, 192 mM glycine and 20% (v/v)

methanol. Gels were also pre-soaked in the transfer buffer (4"C) for 15 min and transfer

was accomplished using a Transblot cell (Bio-Rad; 75 V for 2 h and then 50 V for 18 h)

packed on ice.

Following electroblotting, the PVDF membrane was washed twice with transfer

buffer (4°C), and stained for 2 min with 0.1 % Coomassie Brilliant Blue R250 in 50%

methanol. The membrane was de-stained with 50% methanol, 10% acetic acid, followed

by 2-3 washes with distilled water (4"C). The membrane was stored in distilled water

(overnight, 4°C), and submitted for commercial N-terminal amino acid sequence analysis.

The analysis was conducted by the Sheldon Biotechnology Centre, McGill University.
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4.4 Results and Discussion

4.4.1 Isolation and identification of porcine transferrin-binding

polypeptides

Strains ATCC 27088, Bertschinger 2008176, BCI81 and K17 of A.

plelll'opnellliloniae produce IRMPs (Chapter 2). The 99 kDa polypeptide of strain 27088

is known tu represent the TBPI of this organism, and by analogy, it wouId seem

reasonable to conclude that the 93, 95 and 92 kDa polypeptides of strains Bertschinger

2008176, BCI 81 and K 17, respectively, may also represent TBPs!. These polypeptides

couId, potentially, serve as transferrin receptor components (Figs. 4.1,4.2,4.3, and 4.4;

lanes A and B), despite the ditTerences in the abilities of the four strains to obtain iron

from porcine transferrin (Chapter 3).

Total membranes from the four strains ofA. plelll'opnelll1loniae were subjected to

an affinity isolation procedure based on biotinylated porcine transferrin plus streptavidin

agarose (Ricard el al., 1991). In keeping with the results of Ricard el al. (1991), two

putative TBPs (99 kDa and 64 kDa) were isolated from total membrane" of strain ATCC

27088 grown under iron-restricted conditions (Fig. 4.1, lane C). Neither ofthese Iwo

polypeptides was isolated in the absence of biotinylated porcine transferrin (Fig. 4.1, Jane

F) nor were they when the biotinylated porcine transferrin
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FIG. 4.1. Identification oftransferrin-binding polypeptides isolated from total membranes

ofA. pleurojJneulIloniae ATCC 27088. Outer membran~ proteins, prepared from either

iron-replete cells (Iane A) or iron-restricted cells (lane B), and affinity-isolated

polypeptides (lanes C-G) were separated by SOS-PAGE and visualised by silver staining.

The latter polypeptides were affinity-isolated from total membranes prepared from iron

restricted cells (Ianes C-F) or iron-replete cells (Iane G) using either biotinylated porcine

transferrin (lanes C and G), biotinylated porcine albumin (lane 0), biotinylated humun

transferrin (Iane E) or no biotinylated protein (Iane F). The numbers refer to the relative

moleeular masses (kOa) of the indicated polypeptides.
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FIG. 4.2. Identification oftransferrin-binding polypeptides isolated from total membranes

ofA. p/ellropnellmoniae Bertschinger 2008/76. Outer membrane proteins, prepared from

either iron-replete cells (Iane B) or iron-restricted cells (Jane A), and aftinity-isolated

polypeptides (Ianes C-G) were separated by SOS-PAGE and visualised by sii'ter staining.

The latter polypeptides were affinity-isolated from total membranes prepared l'rom iron

restricted cells (Ianes C-F) or iron-replete cells (lane G) using either biotinylated porcine

transferrin (Ianes C and G), biotinylated porcine albumin (J8!lfl 0), biotinylated human

transferrin (lane E) or no biotinylated protein (Iane F). The number refers to the relative

molecular mass (kOa) of the indicated polypeptide.
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FIG. 4.3. Identification oftransferrin-binding polypeptides isolated From total membranes

of A. p/ellropnellmoniae BCI8!. Outer membrane proteins, prepared From either iron

replete cells (lane A) or iron-restricted cells (tane B), and affinity-isolated polypeptides

(Ianes C-G) were separated by SDS-PAGE and visualised by silver staining. The latter

polypeptides were affinity-isolated From total membranes prepared From iron-restricted

cells (lanes C-F) or iron-replete cells (lane G) using either biotinylated porcine transferrin

(Ianes C and G), biotinylated porcine albumin (tane D), biotinylated human transferrin

(lane E) or no biotinylated protein (lane F). The numbers refer to the relative molecular

masses (kDa) of the indicated ;Jolypeptides.
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FIG. 4.4. Identification oftransferrin-binding polypeptides isolated from total membranes

ofA. p/ellropnelll11oniae K17. Outer membrane proteins, prepared from either iron-replete

cells (lane A) or iron-restricted cens (lane B), and affinity-isolated polypeptides (lanes C

G) were separated by SDS-PAGE and visualised by silver staining. The latter polypeptides

were affinity-isolated from total membranes prepared from iron-restricted cens (lanes C

F) or iron-replete cens (lane G) using either biotinylated porcine transferrin (Ianes C and

G), biotinylated porcine albumin (lane D), biotinylated IlUman transferrin (Iane E) or no

biotinylated protein (lane F). The numbers refer to the relative molecular masses (kDa)

of the indicated polypeptides.
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was replaced with biotinylated human transferrin (Fig. 4.1, lane E). Although trace

amounts of the 99 kDa polypeptide were affinity-isolated using biotinylated porcine

albumin (Fig. 4.1, lane D), this result may be attributable to the porcine albumin

preparations being contaminated with trace amounts of porcine transferrin (Ricard el al.,

1991). The 99 kDa polypeptide was not isolated from total membranes of organisms

grown under iron-replete conditions (Fig. 4.1, lane G). These results illdicate that the 99

kDa polypeptide is iron-repressible and appears to be a compollellt of the transfen in

receptor in strain ATCC 27088. The 99 kDa polypeptide is clearly alllRMP (Fig. 4.1,

lanes A-C; Ricard el al., 1991). Although the 64 kDa polypeptide would appear to be

iron-repressible in that it was not isolated from total membranes from iron-replete

organisms (Fig. 4.1, lane G; Ricard el al., 1991), it was absent l'rom Sarkosyl-extracted

outer membranes of the organisms (Fig. 4.1, lane B). While the in silll location of the 64

kDa polypeptide is therefore uncertain, the comparable polypeptides l'rom three other

biotype 1 strains ofA. plellropnell/lloniae are known to be IRMPs (Gonzalez el al., 1990).

It would appear that these polypeptides are also easily solubilized during the Sarkosyl

extraction procedure (Gonzalez el al., 1990), and hence, by analogy, it would seem

reasonable to conclude, as previously (Ricard el al., 1991), that the 64 kDa polypeptide

ofstrain ATCC 27088 is associated, somehow, with the outer membrane of the organism.

Gerlach el al. (1992b) have demonstrated that the TBPs2 (TtbA proteins) and encoding

genes (tjbA genes) of strain ATCC 27088 and another serotype 1 strain of A.

plellropnellllloniae (strain AP37), are highly homologous, and notably, that the nucleotide
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sequence of the IjbA gene of strain AP37 specifies a TBP2 with a predicted molecular

mass of 65 kOa.

The application of the affinity isolation procedure, using biotinylated porcine

transferrin as the binding ligand, to iron-restricted total membranes from the three other

strains, allowed the isolation of putative TBPs of 93 kOa from strain Bertschinger

2008176 (Fig. 4.2, lane C), 95 kOa (trace amounts) and 60 kOa from strain BCI81 (Fig.

4.3, lane C), but none from strain KI 7 (Fig. 4.4, lane C). As in the case of strain ATCC

27088, the TBPs of strains Bertschinger 2008176 and BC 181 were not isolated when

biotinylated porcine transferrin was omitted (Figs. 4.2 and 4.3, lanes F), nor were they

isolated when biotinylated porcine transferrin was replaced with biotinylated human

transferrin (Figs. 4.2 and 4.3, lanes E) or biotinylated porcine albumin (Figs. 4.2 and 4.3,

lanes 0). Although the 93 kOa polypeptide of strain Bertschinger 2008176 was isolated

from iron-replete totalll1embranes by ll1eans of biotinylated porcine transferrin (Fig. 4.2,

lane G), it is clearly an IRMP (Fig. 4.2, lanes A-C). The affinity isolation experiment

provides strong evidence to the effect that the 93 kOa polypeptide of strain Bertschinger

2008176, does, as suspected (above), represent the TBP 1 of this organism. No TBP2 was

isolated from strain Bertschinger 2008176. This result, however, does not preclude the

existence ofTBP2 inthis strain. A similar problem, related, apparently, to the stringency

of the washing procedures, has been encountered with the TBP2 of Pastel/relia

hae/llo/ylica (Ogunnariwo and Schryvers, 1990).

The 95 kOa and 60 kDa polypeptides of strain BCI 81 (Fig. 4.3, lane G) were not
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isolated from iron-replete total membranes of the organism, indicating that both ofthese

polypeptides are iron-repressible. Like the 64 kDa polypeptide of strain ATCC 27088, the

60 kDa ofstrain BC181, while lacking an outer-membrane counterpart (Fig. 4.3, lane B),

is almost certainly outer-membrane-associated. The TBPs2 and IjbA genes of several A.

plellropnellmoniae serotypes, including the reference strain of serotype 3 (strain ATCC

27090), were shown to have a high degree of h0ll1010gy to those of a serotype 7 strain

(strain AP205) which produces a TBP2 with a predicted 1l101ecular mass of 60 kDa

(Gerlach el al., 1992b). Sinee strain BC 181 is a serotype 3 slI'ain (Rosendal el al., 1985),

it would seem reasonable to conclude that the 95 kDa and 60 kDa polypeptides of strain

BCI81 representTBPI and TBP2, respectively. Regarding the inability ofstrain BCI8l

to utilize porcine transferrin, it may be thatthe low levels ofTBP 1are incompatible with

effective iron acquisition; alternatively, the organism may lack, or possess a defect in,

sorne other component involved in the overall iron-acquisition process, but note that such

a deficien'~y, if it exists, does not compromise the acquisition of iron l'rom the

haemoglobins.

Strain KI7 could use neither porcine transferrin, any of the haemoglobins tested,

nor even haemin as an iron source for growth. Neither the putative TBP 1

(92 kDa) nor any other polypeptide was affinity-isolated l'rom iron-restricted total

membranes l'rom this strain. This suggests that the 92 kDa IRMP does not bind transferrin

or is a component of the transferrin receptor that may be defective. It is possible that strain

KI7 possesses a defective receptor/receptor complex which is common for transferrin and
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haemoglobin. Further information pertaining to the nature of the haemoglobin and/or

haemin receptors ofA. plellropnelll11oniae is needed before conclusions can be advanced

regarding the presence or absence ofTBPI (and, perhaps, TBP2) in strain K17.

Il was suggested in Chapter 3 that IRMPs of 101 kDa (strain ATCC 27088) (Fig.

3.14, lane B), 98 kDa (strains Bertschinger 2008176 and BC 181) (Figs. 3.15 and 3.16,

lanes B) and 96 kDa (strain K17) (Fig. 2.10, lane E) may represent haemin and/or

haemoglobin receptor components, functional or otherwise since strain KI7 could use

neither haemogiobillllor haemill as an iron source. Aftlllity procedures, utilizing haemin

agarose, have allowed the isolation of 97 kDa and 44 kDa polypeptides from N.

gonorr/lOeae (Lee, 1992a), and 97 kDa and 50 kDa polypeptides from N. meningitidis

(Let", 1994) (cited by Martel and Lee, 1994). Il has been suggested that A.

plellrojJnellllloniae possesses a common mechanism for the acquisition of iron from

transferrin and haemin (Gerlach el al., 1992a) since it appears that the 60 kDa TBP2 of

strain AP205 can billd both porcine transferrin and haemin. On the other hand, the

haemin- and/or haemoglobin-binding proteins of H. injlllenzae and the pathogenic

neisseriae do not appear to billd transferrill (Lee, 1992a,b; Lee and Hill, 1992). Moreover,

each of the haemin-bindillg polypeptides that has been affinity-isolated from H. injlllenzae

and N. gonorrllOeae is distinct from that aftillity-isolated with human transferrin (Lee,

1992a,b).

The existence of specifically host transferrin (and lactoferrin)-binding polypeptides

has important implications for explanations of host specificity as weil as interstrain
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differences in virulence. For example, transferrin and lactoferrin of human, but not

bovine, origin can enhance meningococcal infections in mice (SC!uyvers and Gonzalez,

1989) suggesting that an otherwise identical strain that lacks, or possesses a defect in, an

appropriate receptor, may exhibit reduced virulence. ln this respect, it is notable that

unlike the parent, a mutant ofN. gOllorrhoeae, defective in the uptake of iron from human

transferrin and haemoglobin, is avirulent inmouse subcutaneous chambers (Genco el al.,

1991). Similarly, in the case of the strains under investigation, the fact that only trace

amounts of TBP 1 were affinity·isolated from total membranes of strain BC 181 could

explain its involvement only in chronic infections and its lower virulence compared to the

type strain.

ln summary, the experiments eonducted in this study have allowed the isolation

and/or identification of putative porcine transferrin·binding polypeptides from strains of

A. p/europllellllloiliae that both can, and can not, use porcine transferrin (and various

haemog10bins; Chapter 3) as an iron source for growth. While the inability of particular

strain(s) to use porcine transferrin, and/or the haemoglobins, may reflect defects in the

corresponding receptor components, it is also possible that other components involved in

the overall iron·acquisition process may be detèctive or absent.

129



•

•

•

4.4.2 N-terminal amino acid sequence analysis

The TBP 1 of strain ATCC 27088 was isolated using Sepharose-coupled porcine

transferrin, and identified by SDS-PAGE (Fig. 4.5). While several attempts were made

to isolate the TBPI free of any contaminating polypeptides, 3 M NaCl rinse-buffer

appeared to allow the isolation of the protein only in the presence of other,

smaller molecular mass polypeptides. Consequently, prior to submission for N-terminal

amino acid analysis, the smaller molecular mass polypeptides were weil separated from

the TBP 1 by electrophoresing the TBP l-containing samples for extended periods of time

(-60 h). Subsequent electroblotting of the polypeptides onto PVDF membrane followed

by commercial sequence analysis allowed the N-terminal amino acid sequence to be

identified as Glu-Gln-Ala-Val-Gln-Leu-Asn-Asp-Asp-Tyr-Gly-Thr-Thr-. No homology

was noted to any known TBP when the amino acid sequence data were computer

analyzed using Swissprot.sequence data base. Little is known about codon usage in A.

plellropnell/llolliae. Based on the N-terminal amino acid sequence and the codon usage

in the !llyX gene of A. plellropnell/lloniae strain CM5 (biotype l, serotype 1; Maclnnes

el al., 1990), an oligonucleotide probe (to be used in molecular biological studies) was

synthesized commercially.
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FIG. 4.5. Identification oftransferrin-binding polypeptides isolated from total membranes

ofA. p/ellropllelllllolliae ATCC 27088 by means ofSepharose-coupled porcine transferrin

and Zwittergent. The bound proteins were eluted from the aftlnity resin using 3 M NaCI

rinse buffer (lanes A and B). Elution was monitored by recording the absorbance of each

fraction at 280 nm. Lane A represents lyophilised protein sample, while lane B represents

lyophilised sample prepared from pooled fractions that were collected subsequent to the

fractions represented in lane A. Lane C represents proteins released l'rom Sepharose beads

that had been washed with 6 bed volumes of 3 M NaCI rinse-buffer and then subjected

to boiling. The number refers to the relative molecular mass (kDa) of the indicated

polypeptide.
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Chapter 5. Cloning of the gene encoding the porcine transferrin

binding protein 1 of the type strain of

Actinobacilllls plellropnellmoniae.

Rationale

Porcine transferrin-binding polypeptides of99 kDa and 64 kDa have been isolated

from total membranes of the type strain ofA. plellropnellllluniae (Chapter 4). Il appears

that the 99 kDa polypeptide is the TBP 1 of the organism.

Since the TBPs1 and TBPs2 ofA. plelll'opnell11l0/liae may prove to be useful as

components of subunit vaccines, the aims of this study were to construct an

oligonucleotide probe corresponding to the N-terminus ofTBP 1 from the type strain and

to initiate studies pertaining to the c10ning and seCjuencing of the gene encoding TBP 1.
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5.1 Summary

The genomic DNA of A. p/ellropnellllloniae ATCC 27088 was completely

digested with HindIll and analyzed on an agarose gel. A Southern blot of the digested

DNA revealed strong hybridization (under conditions oflow stringency) to three DNA

fragments of approximately 3.1 kb, 5.6 kb and 19 kb in size, when probed with the

commercially-synthesized oligonucleotide corresponding to the amino terminus of the 99

kDa polypeptide (TBP 1) of the organism. Fragments of ca. 5.6 kb were isolated and

ligated to pUC9 plasmid DNA that was digested with HindlII. The ligation mix was used

to transform competent E coli DH5a cells. Transformants were isolated on LB-Amp-X

gal agar plates (white colonies) and plasmid DNA was isolated from them by the a1kaline

Iysis method. Digestion of the plasmid DNA with HindlII allowed the identification of

the 5.6 kb DNA insert on agarose gels. Subsequent Southern blolting and probing of the

nylon filter with the oligonucleotide corresponding to the TBP 1 revealed the presence of

only two clones containing insert DNA that hybridized to the probe under conditions of

low stringency. Attempts were made to sub-c1one the insert DNA from these Iwo clones

for eventual nucleotide 3cquencing.
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5.2 Introduction

Specifie polypeptides of several pathogens including H. SOll/llIlS (Ogunnariwo el

al., 1990), N. lI/eningilidis (Schryvers and Morris, 1988a,b; Schryvers and Lee, 1989;

Ala'Aldeen el al., 1990; Griffiths el al., 1990), N. gono/'rllOeae (Lee and Bryan, 1989;

Schryvers and Lee, 1989), H. injlllenzae (Schryvers, 1989; Morton and Williams, 1990;

Holland el al., 1992; Stevenson el al., 1992) and /'. lIae/ilOlylica (Ogunnariwo and

Schryvers, 1990) have been identified as components oftranstèrrin or lactoferrin receptors

and many of these polypeptides have been affinity-isolated specifically with host

transferrin or lactoferrin (Schryvers and Morris, 1988a,b; Lee and Bryan, 1989; Schryvers,

1989; Schryvers and Lee, 1989; Ogunnariwo and Schryvers, 1990). The polypeptides

isolated with transferrin have included one of high molecular mass (94-106 kDa) and one

oflow molecular mass (58-86 kDa) and it has been suggested that these polypeptides exist

in Sitll in the forrn of iron acquisition complexes (Lee and Bryan, 1989; Schryvers, 1989;

Schryvers and Lee, 1989; Ogunnariwo and Schryvers, 1990). These polypeptides have

been designated transtèrrin-binding proteins 1 (TBPI) and 2 (TBP2), respectively. lt is

still not known whether TBP 1 and TBP2 constitute a single receptor.

Porcine TBPs with molecular sizes of 105 kDa and 56 kDa have been isolated

from serotypes 1, 2 and 7 ofA. plell/'opnellmoniae (ail biotype l strains) and both of these

polypeptides have been shown to bind transferrin (Gonzalez el al., 1990). TBPs with

molecular sizes of99 kDa and 64 kDa have also been affinity-isolated from the type strain
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(ATCC 27088; serotype 1) of A. p/ellropnellmoniae (Ricard el a/., 1991). While no

infonnation is available regarding the gene encoding TBPI ofA. p/ellropnellmoniae, the

gene (designated tfbA) encoding TBP2 (60 kDa) of a serotype 7 strain has been isolated

and Southern blotting and immunobJot analysis have shown that a highly homo10gous

gene and gene product are present in serotypes 2, 3, 4, 8, 9, 10 and 1; (Gerlach et a/.,

1992h). The N-terminlls ofthis 60 kDa protein has a high degree ofhomology to the

TBP2 of N. //leningilidis and common antigenic domains have been identified in the

TBPs2 of fi. inj/llenzae, N. meningilidis and N. gonorrllOeae (Stevenson el a/., 1992).

The thpi or IbpA and Ibp2 or tbpB genes, coding for the TBPI and TBP2,

respectively, of N. lIIeningitidis have been isolated (Legrain et a/., 1993). Isogenic Ibpi

and Ihp2 mutants, defkient in TBP 1 and TBP2 respectively, were constructed from N.

lIIeningitidis strain B 16B6 (Irwin el al., 1993). Mutants deficient in either TBPI or TBP2

showed reduced transferrin binding activity, and neither mutant was capable of using

transferrin for growth. These results suggest that both TBP 1 and TBP2 are needed for iron

acquisition from transferrin.

The thpA and IbpB genes have been identitied in N. gonorr/1oeae (Cornelissen el

a/., 1992). The gene encoding gonoccoccal TBP 1 (tbpA) predicts a protein sequence that

is homologous to the TonB-dependent outer membrane receptors of E. coli and

l'. plllida. The gene encoding TBP2 (lbpB) has been cloned and sequenced (Anderson el

a/., 1994). IbpA is located immediately downstream from tbpB. Transferrin has been

shown to bind to both TBP 1 and TBP2 of N. gonorr/lOeae. However, it appears that
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although TBP2 facilitates binding to transferrin, it is not essential for the acquisition of

transferrin-bound iron since mutants lacking TBP2 showed normal growth on transt'errin

containing medium (Anderson el al., 1994).

The mechanism by which iron levels control the expression of the Ibpl and Ibp2

gene~ in bacteria has not been elucidated.

5.3 Materials and Methods

5.3.1 Organisms

A. p/ellropnellllloniae ATCC 270R3 was stored and used to prepare t'rozen inocula

as described earlier (section 2.3.1).

5.3.2 Chemicals

DNA t'rom A. p/ell/'opnellllloniae strains Bertschinger 2008176 and CM5 (biotype

1, serotype 1) were a generous gift l'rom 1. Maclnnes, University ot'Ouelph. Proteinase

Kwas l'rom Sigma. Agarose (high melting, electrophoretic grade) was l'rom Fisher

Scientific. Restriction enzymes, DNA ligase, Salmon testes DNA, T7 QuickPrime kit and

Sephadex 0-50 Nick columns (DNA grade) were l'rom Pharmacia. Alkaline phosphatase

was l'rom Promega. [ct-)2PjdCTP (3000 Ci/mmol) was purchased t'rom ICN. Standard
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Lambda HindI Il markers and positively charged nylon membrane were from Boehringer

Mannheim. The Geneclean kit was purchased from Bio/Can Scientific. Purified pUC9

plasmid DNA and E coli DH5a competent cells were a generous gift from T.C. Charles,

McO:II University, Macdonald Campus.

5.3.3 Isolation of genomic DNA

DNA was isolated based on the method of Marmur as described by Smart (1987)

(cited by Smart el al., 1988). Briefly, cells from a 24-h plate culture of A.

plelll'opnellll1olliae ATCC 27088 were washed with normal saline (NS; 0.15 M). A bent

pasteur pipette was used to detach cells from the plate. Cells were transferred to

Eppendorftubes and harvested by c~ntrifugation (12,000 x g, 2 min). The cells were then

washed in 1 ml NS, centrifuged and resuspended thoroughly in 1 ml NS, and disrupted

by the addition of 50 /-lI of 10 mg ml-! proteinase K and 200 /-lI of 10% (w/v) SDS. The

cell suspension was incubated for 3 h at 37°C.

The contents of the Eppendorf tubes were pooled in a centrifuge tube. An equal

volume (25 ml) of chlorofonn solution (24 ml chlorofonn + 1 ml an1yl alcohol) was added

to the disrupted cell supension and the mixture was agitated for 2-3 min. The contents of

the tube were centrifùged at 16,000 x g for 5 min. The viscous supernatant was carefully

removed with a pipette. The supernatant was treated with the chloroform solution, as

above (untilno white precipitate was visible at the interface; 10-12 times), to get rid of
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any protein present.

The DNA present in the lysate was precipitated by the addition ofNaCI (to 0.3 M)

and 2 vols of95% ethanol. The precipitated DNA was recovered from the solution using

a bent pasteur pipette and transferred to an Eppendorftube containing 70% ethanol (1 ml).

The DNA was removed from the ethanol with a bent pasteur pipette, allowed to air dry

for 10 min at 37°C and then dissolved in 1ml TE buffer (10 mM Tris-HCI, pH 7.4; 1 mM

EDTA).

The A26o/A28o ratio was used to determine the purity of the DNA preparation. The

ratio was found to be -1.8 indicating that the DNA preparation was free of protein

contamination (Salllbrook el al., 1989).

5.3.4 Preparation and electrophoresis of restriction digests

sO-llg aliquots of genomic DNA from A. pleuropnellll1oniae ATCC 27088 were

digested wiü, 100 units of the restriction enzymes, EcoRI, HindIll, l'sil and PVlIII,

according to the instructions provided by the enzyme suppliers. Genolllic DNA (50 Ilg)

from A. plellropnell/lloniae strains Bertschinger 2008176 and CMs were each digested

with 100 units ofHinclIII. Ali genomic DNA sampies were incubated for 16 h at 37°C (to

ensure that digestion was complete). The digested DNA samples were analyzed by

agarose gel electrophoresis. The gel was run at a constant current of 55 mA for -9 h. The

gel was stained with ethidium bromide (5 mg ml- I
) to observe the pattern of DNA
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digestion (Fig. 5.1).

5.3.5 Southern blotting

Each gel was rinsed with distilled water and incubated in a solution containing 1.5

M NaCI, 0.5 N NaOH (45 min, rOOI11 temperature, gentle agitation). The gel was rinsed

with distilled water and further incubated in bufrèr contallling 1.5 M N'ICI, 1 M Tris-HCI,

pH 7.4 (30 min, room temperature, gentle agitation, with one change). The DNA

fragments wer~ transferred from the gel to nylon membrane by Southern blotting (-20 h,

room temperature) using 10X SSC (A 1 1solution of 20X SSC contains 175.3g NaCI,

88.2g Na-citrate, pH 7.0) as transfer buflèr, according to thp. procedure of Sambrook el

al. (1989).

5.3.6 Pre-hybridization of nylon membranes

On completion ofSouthern blotting, the DNA on the nylon membrane was cross

linked using an automated UV Stratalinker (Stratagene). Following cross-linking, the

nylon membrane was pre-hybridized for 24 h at 50uC in buffer (25 ml) containing 20X

SSC (6.25 ml), 10% (w/v) SDS (0.5 ml), IOOX Denhardt's medium (Sambrook el al.,

1989) (0.25 ml), distilled water (17.5 ml) and 0.5 ml of salmon testes DNA (10 mg in 1ml

TE, pH 8.0 which was boiled for 5 min and cooled rapidly on ice, before addition to the
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pre-hybridization buffer) .

5.3.7 1a-"PldCTP labclling of the oligonucleotidc probe

The oligonucleotide (corresponding to the 99 kOa polypeptide (TBPI)) probe was

synthesizr;d commercially and then labelled with [ct_32p]dCTP according to the

instructions provided with the 'I7QuickPrime kit. This procedure uses (ct-32p]dCTP (3000

Ci/mmol) to label between 25 and 50 ng DNA to a specific activity of 1-2 x 109 dpm Jlg"l.

Briefly, 50 ng DNA (oligonucleotide; 34 Ill) was mixed with 10 III of reagent mix

containing a buffered aqueous solution of dATP, dOTP, dTTP, and random

oligodeoxyribonucleotides, primarily 9-mers. 5 III of[ctYp]dCTP (3000 Ci/mmol) (50

IlCi) was added to the mixture followed by -4-8 units of T7 DNA polymerase. The

mixture was gently agitated and incubated for 2 h at 37"C. The labelled oligonucleotidc

was purified using Nick columns (Sephadex 0-50, DNA grade, Pharmacia) and 200 mM

NaCI, 1 mM EDTA, la mM Tris-HCl, pH 7.5 as elution buffer according to the

instructions provided with the columns. The labelled and puritled oligonucleotide probe

was boiled for 5 min and cooled rapidly on ice before being used for hybridization to the

DNA on the nylon membrane.
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5.3.8 Hybridization of DNA on the nylon membranes

For hybridization of DNA on the nylon membrane, the buftèr (25 ml) was the

same as that used for pre-hybridization except that the salmon testes DNA was omittcd.

Labelled and puritied oligonucleotide probe (400 fll) was added to the hybridization

buffer and the nylon tilter was hybridized for 24 h at Soue.

5.3.9 Post-hybridization washing

The nylon tilter was rinsed with two changes of 5X SSC (100 ml), at room

temperature. The filter was washed with 5X SSC, 0.1 % (w/v) SDS (250 ml) for 15 min

at room temperature, with one change. The washed tilter was exposed to X-ray film

(Kodak) (-800 e, 48 h; Fig. 5.2).

5.3.10 Isolation of specitic-size DNA fragments

The 3.1 kb, 5.6 kb and 19 kb genomlc DNA fragments (to which the

oligonucleotide probe hybridized in the previous gel) were cut l'rom an agarose gel (on

which Hind1I1-digested genomic DNA ofA. pleliropnellll1oniae ATeC 27088 had been

electrophoresed). The fragl'''ents were isolated using the GClleclean kit according to the

instructions provided with the kit. The purity of the isolated DNA fragments was
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detcrmined by analyzing the fragments on a 0.7% agarose gel (Fig 5.3).

5.3.11 Ligation ofvector and fragment DNA

The procedure used was adapted from Ausubel el al. (1991).20 flg pUC9 p1asmid

DNA in an Eppendorf tube was digested with 100 units HindJJJ for 2 h at 37°C. The

digested plasmid DNA sample was heated for 5 min at 65°C. Alkaline phosphatase (1

unit) was added to the digestcd DNA and the mixture was incubated for 30 min at 37°C.

The dephosphorylated plasmid DNA mixture was heated for 15 min at 85°C. The p1asmid

DNA preparation was diluted 1:4 with distilled water. 1 fll of this diluted DNA was

mixed with 6.5 fll insert DNA (5.6 kb fragment isoiated with the Geneclean kit) and the

sampies were heated for 5 min at 65°C. Ligation was accomplished by the addition of 1

fll ATP (10 mM) and 0.5 fll (0.5 units) ofT4 DNA ligase. The samples were incubated

for 16 h at 15°C.

5.3.12 Transformation

The protocol followed was essentially as described by Ausubel el al. (1991).

Briefly, E. coli DH5œ competent cells (100 fll) were thawed on ice. 5 flliigation mixture

was mixed with 50 fll of ice-cold 100 mM CaCl2 and the competent cells. The sample was

mixed carefully with a pipette tip and kept on ice for 30 min. The mixture was transferred
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to a water bath (37°C) for 2 min (heat shock) and immediately thereafter, to ice for 2 min.

LB broth (0.5 ml) was added to the mixture which was then incubated for 30 min at 3TC.

Competent cells were recovered by centrifugation (12,000 x g, 1 min) and the pellet was

resuspended with 120 JlI LB broth. 100-, 10- and I-JlI aliquots were plated on LB

Arnpicillin-X-gal agar plates. The plates were incubated for -16 h at 37°C. Transformants

(white colonies) were transferred individually to 5 ml LB broth containing 500 Jlg

ampicillin. The tubes were incubated at 37°C for 16 h.

5.3.13 Plasmid minipreps: Alkaline !ysis method

The procedure was as described by Birnboim (1983). Transformants (1.5 ml)

grown in LB broth containing ampicillin were sedimented by centrifugation (12,000 x g,

1 min). The pellet was suspended in 100 j.d TEG (20 mM EDTA, 1% glucose, 50 mM

Tris-HCl, pH 8.0). The suspended cells were mixed with 200 JlI alkaline Iysis solution

(ALS; 0.2 M NaOH, 1% SDS) followed by ISO III 3 M sodium acetate (pH 4.8). The

mixture was cooled on ice (2 min) and then centrifuged (12,000 x g; 5 min). The

supernatant fraction was transferred to a clean tube and 1 ml 01'70% elhanol was added.

The mixture was mixed weil followed by centrifugation (12,000 x g; 1 min). The

supernatant fraction was discarded and the pellet was then suspended in distilled water

(50 Jll) and incubated for 15 min at 65°C. The suspended plasmid DNA was stored at 4"C.
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5.3.14 Confirmation of positive clones

To confirm the presence of the 5.6 kb insert DNA fragment in the plasmid DNA

which was extracted from the positive clones, restriction digests were prepared as

described earlier (5.3.4) except that for each DNA sample to be analyzed, 20 ~I of

solution of plasmid DNA was digested with 20 units Hindll!. The DNA sampies from

positive clones (showing the presence of the 5.6 kb insert DNA fragment) were

transferred to nylon membrane and hybridized with the oligonucleotide probe

corresponding to TBPI, as described earlier (sections 5.3.5-5.3.8).

5.4 Results and Discussion

Oligonucleotide probes have been used extensively over the past 10 years in the

identification and isolation of genes that were previously inaccessible (Sambrook et al.,

1989). The oligonucleotide probe used in the DNA hybridization experiments in this study

was synthesized CDmmercially based on the N-terminus of the 99 kDa polypeptide (TBPI)

using the codon usage of the h1yX gene ofA. pleuropneul/lollla'.' CM5. Although in A.

pleu/'ojJneul/loniae, the hlyX gene is not highly eXfressed, the codon usage for this gene

in strain CM5 was chosen, since at the time this study was initiated, the information on

gene sequences and codon usage in A. jJleu/'ojJnelllnoniae was very limited. The sequence

of the 25-mer oligonucleotide was 5'0 A 1CAIO CIO TIC A 1CfT T 1A A TIC 0
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A TIC G3'. Inosine was chosen as the base at positions 3, 6, 9, 12, 15 and 18 since there

was a choice oft\Vo or more bases atthese positions. Inosine forms stable base pairs with

ail four conventiona1 bases, and the strength of pairing is approximate1y equal in each case

(Martin el al., 1985a; Ohtsuka el al., 1985; Takallashi el al., 1985). Consequently, Martin

el al. (1985a) suggestthat it is better to use inosine rather than a conventional base at

positions of three- or four-fold ambiguity.

"Oligolabelling" was deve10ped as a method for labelling DNA fragments to high

specifie activity for use as hybridization probes (Feinberg and Vogelstein, 1983; Feinberg

and Vogelstein, 1984). The 17QuickPrime kit was chosen for labelling the oligonucleotide

since previous attempts at end-labelling using [y _J2p]ATP (Sambrook el al., 1989), or by

using a non-radioactive method (Digoxigenin), gave unsatisfactory results. The DNA to

be 1abelled using the T7QuickPrime kit is mixed with oligonucleotides of random

sequence. These "random oligomers" annealto random sites on the DNA and then serve

as primers for DNA synthesis by T7 DNA polymerase. Since labelled nucleotide is

present during this synthesis, highly labelled DNA is generated. This method is of great

advantage in that it can be used to label very small quantities of DNA and permits probes

ofvery high specifie activity to be produced.

The experiments conducted in this study involved the cloning of the gene encoding

the TBP 1 ofA. plelll'opnell/lloniae ATCC 27088. The oligonucleotide probe hybridized

to 5.6 kb insert DNA fragments l'rom two positive clones (white colonies). In order to

identify the presence of TBP1 in the positive clones, cells of E. coli DH5lX (positive
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clones) were fixed onto nitrocellulose membrane which was then treated with biotinylated

porcine transferrin. The fil ter was then probed with Streptavidin-horse radish peroxidase

and finally developed using 4-chloro-l-naphthol reagent. Neither of the two clones gave

a positive reaction. This tends to suggest that the whole gene may not have been cloned

in E coli or that the functional domain or domains may not have been cloned or that the

gene may not be expressed in E. coli. On the other hand, the positive control (iron

restricted cells of A. plellropnellllloniae ATee 27088) did not gi ve a positive reaction

either. These results indicate a technical problem with the experiment (only a single

attempt was made). Hence, the protocol needs to be investigated before any conclusions

can be made. More work is required before the gene encoding TBP 1 can be sequenced

and the amino acid sequence deduced. Subsequently, it would be possible to compare the

deduced amino acid sequence of the receptor gene(s) from A. plellroj!nellllloniae ATee

27088 with those from other pathogens and to deterrnine the degree of homology between

the TBP genes from A. plellropnellllloniae and other organisms (the N-terminus ofTBP2

ofA. plellropnellllloniae has a high degree of homology to TBP2 ofN. lIIeningiiidis and

common antigenic domains have been identified in the TBPs2 of H. ilifillenzae, N.

lIIeningilidil' and N. gonorrllOeae (Stevenson el al., 1992».

The prospect of using TBPs as vaccines has received considerable attention in

l'ecent years. TBP 1 and TBP2 have been found to be immunogenic and to be expressed

in vivo by several pathogens (Donachie and Gilmour, 1988; Deneer and Potter, 1989b;

Sutherland cl al., 1990; Holland el al., 1992; Gerlach el al., 1992a) including A.
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plellropllelll1lolliae (Niven el al., 1989; Ogunnariwo and Schryvers. 1990). TBPs Illay bc

important virulence determinants and hence are potential targets for imlllunoprophylaxis

(Bhanerjee-Bhatnagar and Frasch, 1990; Griffiths el al., 1990; Stcvcnson el al., 1992;

Ala'Aldeen el al., 1994). Intraperitoneal injection of the Illeningococcal TBPI-TBP2

complex in mice results in a broadly cross-reactive antibody response to TBPI and a Icss

cross-reactive antibody response to TBP2 (Ala'Aldeen el al., 1994).

Detailed knowledge of the antigenic structures as weil as detailcu information

about TBP molecules is still required before a safe and efficacious vaccine against swinc

pleuropneumonia can be developed.
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FIG. 5.1. Analysis of restriction digests ofgenomic DNA ofA. p/ellropnell/lloniae strains

Bertschinger 2008176 (lane A), CM5 (lane B) and ATCC 27088 (Ianes C-F) on a 0.7%

agarose gel in 0.5 X TBE. The DNA was digested with HindIIl (lanes A, B and E), Pvl/II

(lane C), l'sIl (lane D) and EcoRI (tane F). Lane G represents standard

À. HliulIII markers. The numbers refer to the relative molecular sizes (kb) ofsome of the

separated DNA fragments.
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FIG. 5.2. Autoradiogram ofrestriction digests of genomic DNA ofA. p/eliropnellllloniae

strains Bertschinger 2008176 (lane A), CM5 (lane B) and ATCC 27088 (lanes C-F). The

DNA was digt:sted with HindIII (lanes A, Band E), l'I'lIII (Iane C), l'sIl (lane D) and

EcoRI (lane F). Lane G represents standard À HindIII markers. The restriction digests

were analyzed on an agarose gel and transferred to positively charged nylon membrane

(by Southern blotting). The nylon membrane was hybridized with [a)2P]dCTP-Iabel\ed

oligonucleotide probe to the N-terminus of TBP 1 and exposed to an X-ray film. The

numbers refer to the relative molecular sizes (kb) of sorne of the separated DNA

fragm'lnts .
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FIG. 5.3. Agarose gel electrophoresis of DNA fragments. In lanes A-C, the DNA

fragments were isolated from HindIlI-digested genomic DNA ofA. p/eliropnellllloniae

ATCC 27088 using the Geneclean kit. Lanes 0 and E representHindIII-digested genomic

DNA from A. p/eliropnelllIIoniae ATCC 27088. Lane F represents standard

À HindIII markers. The numbers refer to the relative molecular sizes (kb) of sorne of the

separated DNA fragments .
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Chapter 6. Conclusions and general discussion

EDDA is reported to have a high specificity for iron (Miles and Khimji, 1975).

Except when Fe was the metal ion supplement, the growth yields obtained with the type

strain of A. pleuropneulIloniae were significantly lower for the test cultures (TYE-H

supplemented with EDDA and either Fe, Mg, Mn, Cu, Ca, Zn or Ni) than they were

when the organisms were grown under iron-replete conditions. When iron was the added

metal ion, the growth yield was essentially the same as when the culture was grown in

TYE-H alone. The OMP profiles of the type strain grown in an iron-restricted medium

supplemented with either Fe, Mg, Mn, Cu, Ca, Zn or Ni (sorne of the important metal

ions required by most bacteria) demonstrated that except for Fe, none of the metals could

reverse, even to a small extent, the effect of EDDA, and the OMP profiles were very

similar to those obtained with outer membranes from organisms grown under iron

restricted conditions (TYE-H plus EDDA). These results indicate that the effect of EDDA

on the OMP protlle of A. pleuropnellllloniae is due specifically to its iron-chelating

capacity.

EDDA and a,a'-dipyridyl are used commonly as iron chelators. On comparing

the OMP profiles ofA. plellropnellllloniae ATCC 27088 grown under iron-replete and

iron-restricted conditions (using either EDDA or a,a'-dipyridyl), it was observed that

these chelators have the same or very similar effects on the production of OMPs by the

orgal1lsms. Both chelating agents caused the appearance of new polypeptides with
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molecular masses of lOI kDa and 99 kDa, as weil as increased synthesis of the 76 kDa,

67 kDa and 52 kDa polypeptides and decreased synthesis of the 43 kDa, 38 kDa and 23

kDa polypeptides. Hence, either EDDA or a,a'-dipyridyl can be used a$ iron chelators

to study the effects of iron restriction on the OMP profile ofA. plelll'opnellll/oniae ATCC

27088.

The TMP profiles demonstrated that ail four strains of A. plelll'opnellll/cJ/liae

produced increased amounts of high molecular mass polypeptides in the 92-101 kDa

range, as weil as the 76 kDa and 67 kDa polypeptides in response to iron-restriction.

The OMP profile of strain ATCC 27088 exhibited noticeable increases in the

amounts ofIRMPs of 101 kDa and 99 kDa, as weil as those of76 kDa, 67 kDa and

52 kDa in response to iron restriction. Strain Bertschinger 2008176 produced a novel

IRMP of98 kDa in response to iron restriction. The OMP profile also showed inc.reases

in the amounts of the 93 kDa, 76 kDa and 67 kDa polypeptides. Strain BC 181 synthesized

a novel IRMP of98 kDa in response to iron restriction. Furthennore, there were increases

in the amounts of the 95 kDa, 76 kDa and 67 kDa polypeptides. Two novellRMPs 01'96

kDa and 92 kDa were produced by strain K17. In addition, there were increased amounts

of polypeptides of76 kDa and 67 kDa.

The four strains ofA. plelll'opnellllloniae, ditTering with respect to virulence and/or

animal source, were investigated with respect to iron acquisition l'rom various transferrins,

lactoferrins and haemoglobins. The results of these experiments demonstrated that like

the type strain (ATCC 27088) (Niven el al., 1989; this study), the reference strain of
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biotype 2 (Bertschinger 2008176) could acquire iron from porcine transferrin. In contrast,

strain BC 181 (biotype 1), which is less virulent than the type strain (Rosendal et al.,

1985), and strain K17 (biotype 1), which was isolated from a lamb (Biberstein et al.,

1977), were unable to use porcine transferrin as an iron source for growth. None of the

four strains could acquire iron from ovine, bovine or human transferrin, or porcine or

ovine lactoferrin. Siderophores are known to be non-specific with respect to iron

acquisition from transferrin and lactoferrin (see e.g., Griffiths, 1987b). Hence, these

results indicate that none of these strains produces a conventional siderophore. Strains

ATCC 27088 and Bertschinger 2008176 could not use porcine transferrin when the

transferrin was contained in a dialysis bag indicating that iron acquisition required direct

contact between the organisms and the protein. This, in turn, suggested the existence of

sP'rcific receptors. Strains ATCC 27088, Bertschinger 2008176 and BCI81 could acquire

iron from haemoglobin but not if it was contained in a dialysis bag. It IS possible therefore

that receptors may also be involved in iron acquisition from haerr.oglobin. Considering

the tàct that good growth of the organisms was observed with porcine, bovine or human

haemoglobin, the putative haemoglobin receptors would appear to be less specific than

the transt\min receptors.

Strains ATCC 27088 and Bertschinger 2008176 possess a similar complement of

iron acquisition systems. On the other hand, strains BCI8l and K17, both ofwhich can

cause disease in swine (Biberstein et al., 1977; Rosendal et al., 1985), are c1early less

capable of obtaining iron from host proteins. To what extent this might account for the
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lower virulence of strain BC 181, with respect to the type strain (Rosendal el al., 1985),

is difficult to evaluate, however, since virulence is typically multifactorial in nature. Only

strains ATCC 27088 and Bertschinger 2008176 could acquire iron from, specifically,

porcine transferrin. While this specificity for transferrin reflects the host specificity of the

organisms, the fact that strains BCI8l and KI7 did not use porcine or ovine transferrin

indicate that transferrin specificity is not the only factor involved in determining host

specificity and moreover, that the ability of a strain ofA. plell/'opllell/l/olliae to use porcine

transferrin (or lactoferrin) as an iron source is not essential for the strain to induce disease

mswme.

Sorne of the IRMPs produced by sorne biotype 1 strains ofA. plellropllell/l/olliae

in response to growth under iron-restricted conditions have been identified as TBPs

(Gonzalez el al., 1990; Ricard el al., 1991). Ali four strains ofA. plell/'ojJllell/l/olliae used

in the present study produced IRMPs that couId, potentially, serve as reccptor

components. Two putative TBPs (99 kDa and 64 kDa) were isolated from total

membranes of strain ATCC 27088 grown under iron-restricted conditions (in keeping

with the results of Ricard el al. (1991 )). The 99 kDa IRMP is known to represent the

TBPI of the type strain and by analogy, it was reasoned that the 93 kDa, 95 kDa and 92

kDa polypeptides of strains Bertschinger 2008176, BC 181 and K 17 may also represent

TBPs1. In this respect, a putative TBP of 93 kDa was affinity-isolated from strain

Bertschinger 2008176 and it was reasoned that this polypeptide represents TBP 1; although

no TBP2 was isolated, this does not preclude its existence. Despite the inability of strain
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BC 181 to use porcine transferrin, IRMPs of 95 kDa and 60 kDa, which may represent

TBP 1 and TBP2, respectively, could be affinity-isolated from iron-restricted total

membranes ofthis organism. However, with strain K17, which, like strain BC181, cannot

acquire iron from transferrin, neither the putative TBPI (92 kDa) nor any other

polypeptide could be affinity-isolated from iron-restricted total membranes of this

orgamsm.

lt would appear that haemin- and/or haemoglobin-binding proteins of H.

iliflllenzae and the pathogenic neisseriae do not bind transferrin (Lee, 1992a, b; Lee and

Hill, 1992). Moreover, each of the haemin-binding polypeptides that has been affinity

isolated from H. iliflllenzae and N. gOllol'l'hoeae is distinct from those that can be affinity

isolated with human transferrin (Lee, 1992a, b; Martel and Lee, 1994). On the other hand,

Gerlach el al. (1 992a) suggest a common mechanism for the acquisition of iron from

transferrin and haemin by A. plellropnell/lloniae since it appears that the 60 kDa TBP2 of

strain AP205 can bind both porcine transferrin and haemin. The fact that these two sets

of results are contradictory makes it (that much more) difficult to interpret the results

obtained in the present study. However, to attempt an explanation, three different models

were drawn up (based on the results of Lee, 1992a, b, Lee and Hill, 1992 and Gerlach el

a/., 1992a) to accomodate the possible mechanisms inyolved in the acquisition of iron

from host iron-bindinglcontaining proteins by A. plelll'opnellllloniae (Fig. 6.1). The results

of the experiments relating to iron acquisition from transferrin and haemoglobin by strains

ATCC 27088 and Bertschinger 2008176 can be explained by ail
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FIG. 6.1. Putative mechanisms for the acquisition of transferrin- and haemoglobin-bound

iron by A. pfellropnellllloniae. Model 1: The transferrin receptor (comprising TBPI and

TBP2) is distinct from the haemoglobin receptor (HbBP) and a common system exists for

the transfer of the iron to the cytoplasm. Model 2: The transferrin and haemoglobin

receptors are distinct from each other and each receptor has a distinct iron transport

system associated with il. Model 3: Transferrin and haemoglobin bind to a cOl11mon

receptorlreceptor complex and a common system is responsible for the transfer of the iron

to the cytoplasm.
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three models. However, with strain BC 181, the results can be best explained on the basis

ofmodels 1 and 2. According to model 1, low levels ofTBPI (only trace anlounts of the

95 kDa IRMP were affinity-isolated from iron-restricted total membranes) may

compromise iron acquisition from transferrin and, in addition, TBPI may have an

unusually low affinity for transferrin. Moreover, the existence of distinct receptors for

transferrin and haemoglobin would explain the ability of strain BC 181 to usc

haemoglobin despite its inability to use transferrin. Based on model 2, low levels of

TBPI, and perhaps, the low affinity ofTBPI for transferrin, would explain the inability

of strain BCI81 to use porcine transferrin. In addition, it is possible that sorne other

component involved in iron transport l'rom transferrin to the cytoplasm may be defective

or absent. Although it is "difficult" to explain the results obtained with strain BC 181

based on model 3, it is possible that the transferrin-binding site of the receptor is defective

while the haemoglobin-binding site is l'ully functional. With strain K 17, the results can

be explained by all three models. According to model l, a defect in, or absence of, TBP 1

and/or TBP2 and one or more haemoglobin-binding polypeptides (HbBPs) could account

for the inability of strain K 17 to use transferrin and haemoglobin. On the other hand, a

defect in, or absence of, one or more of the other components involved in iron acquisition

(TBPI and perhaps, TBP2 may also be defective or absent) couId also account for the

results. Based on model2, at least four explanations can be advanced to explain the ability

of strain KI7 to utilize neither transferrin nor haemoglobin. In the first, TBP 1 and/or

TBP2 and one or more HbBPs may be defective or absent. In the second, there may be
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defects in one or more components (or they may be absent) of the iron transport system

associated with the transferrin receptor and the HbBP(s) may be defective or absent. The

third would represent the reverse scenario, with one or more components of the iron

transport system associated with the haemoglobin receptor being defect:ve or absent and

TBPI and/or TBP2 may be defective or absent. In the fourth, the transport components

associated with both the transferrin and haemoglobin receptors may be defective or

2.bsent. According to model 3, the results obtained with strain K17 can be explained

relatively easily. The ability to isolate neither TBP 1 nor TBP2 from strain KI7 suggests

that either one or both of these polypeptides is defective or absent in this strain and this

could account for the inability of strain K17 to use porcine transferrin. Alternatively, or

in addition, it may be that the other components involved in iron transport, from

trans!èrrin or haemoglobin, to the cytoplasm are defective or absent. While model 3 best

explains the results obtained with strain K17, the results obtained with strain BC 181 can

be best explained by models 1 and 2. 1t would appear, therefore, that more information

is needed regarding the nature of the haemoglobin recepLors and also on the existence of

a common system for the acquisition of transferrin- and haemoglobin-bound iron before

conclusions of any kind can be made about the mechanism(s) of iron acquisition by

A. p/ellropnell/lloniae.

Interestingly, preliminary experiments with the type strain have shown that the lOI

kDa IRMP can be affinity-isolated with Sepharose-coupled haemoglobin (M. Esteyand

D.F. Niven, unpublished data) indicating that the transferrin and haemoglobin receptors
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are, in fact, distinct. It would appear, therefore, that model 3 at 1east, is not appropr;ate to

describe the receptor-mediated uptake of transferrin- and haemoglobin-bound iron.

Commercial sequence ana1ysis allowed the N-terrninal amino acid sequence of the

TBPI ofstrain ATCC 27088 to be identified as Glu-Gln-A1a-Val-Oln-Leu-Asn-Asp-Asp

Tyr-Gly-Thr-Thr-. No homology was noted to any known TBP when the amino acid

sequence data were computer-analyzed using Swissprot.sequence data base. An

oligonucleotide probe (to be used in molecular biological studies) was synthesized

commercially based on the N-terminal amino acid sequence ofTBPI of the type strain

and, since little was known about codon usage in A. plellropnellllluniae. the codon usage

for the hlyX gene of strain CM5 was employed (biotype 1, serotype 1; Maclnnes el al.,

1990). The codon usage for the IjbA gene (encoding TBP2) ofA. plellrojinellll/oniae is

now known and a comparison of the hlyX gene and the IjbA gene revealed that the codon

usage for both genes is essentially the same.

The sequence of the 25-mer oligonucleotide synthesized was 5'0 A 1CAIO C

1G TIC AI crr TI A A TIC 0 A TIC 03'. Inosine was chosen as the base at positions

3,6,9,12,15 and 18 since there was a choice oftwo or more bases at these positions and

studies pertaining to production of oligonucleotide probes indicate that it is better to use

inosine rather than a conventional base at positions of three- or four-fold ambiguity

(Martin el al., 1985a).

The experiments conducted in this study involved the cloning of the gene encoding

the TBPI of A. plellropnellmoniae ATCC 27088. In an atlempt to demonstrate
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transferrin-binding by positive clones anô thereby confirm that the gel1c encoding TSPI

had been doned and expressed in E. coli DH5o:, cells of positive c1une:; -,;;e, 1;: iixed to

nitrocellulose membrane. Biotinylated transferrin and streptavidin-horseradish peroxidase

were then used to investigate transferrin binding; unfortunately, however, no reaction was

observed with any of the samples. While these results, obtained in a single trial, would

suggest that the gene encoding TBP] is not expressed in E. coli DH5o: cells and/or that

the whole gene may not have been successfully c10ned in E. coli, it should be noted that

even the positive control (iron-restricted cells ofA. plellropnellllloniae ATCC 27088)

failed to give any reaction. This tends to suggest a technical problem with the experiment

and hence, the protocol needs to be thoroughly investigated before any conclusion can be

made regarding the success of the c10ning experiment. In eftèct, more work is required

before the gene encoding TBP 1can be sequenced.

TBP 1 and TBP2 have been found to be antigenic and to be expressed in vivo by

severa! pathogens including A. plellropnellllloniae (Niven el al., 1989; Ogunnariwo and

Schryvers, 1990) and hence the prospect of incorporating TSP 1 and TBP2 into vaccines

is of special interest at the present time. Results of recent experiments have demonstrated

that intraperitoneal injection of the meningococcal TBPI-TBP2 comp1ex in mice results

in a broadly cross-reactive antibody response to TBPI and a less cross-reactive antibody

response to TBP2 (Ala'Aldeen el al., 1994). While TBPI and TBP2 appear to be potential

targets for immunoprophylaxis, a detailed understanding of the antigenic structures as

well as more information in general about the TBP molecules is still required before an
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effective and safe vaccine against swine pleuropneull1onia can be developed.

161



•

•

•

Bibliography

Actis, L.A, Potter, S.A, and Crosa, J.H. 1985. lron-regulated outer membrane protein
OM2 of Vibrio allgllillarum is encoded by virulence plasmid pJMI. l Bacteriol.
161: 736-742.

Agiato, L.A, and Dyer, D.W. 1992. Siderophore production and membrane alterations
by Bordetella pertllssis in response to iron starvation. Infect. Immun. 60: 117-123.

Aisen, P. 1989. Physical biochemistry of the transferrins: Update, 1984-1988. /n Iron
carriers and proteins. Physical Bioorganic Chemistry Series, vol 5. Edited by T.M.
Loehr. VCH Publishers, New York. pp. 353-371.

Aisen, R., and Leibman, A 1972. Lactoferrin and transferrin, a comparative study.
Biochim. Biophys. Acta 257: 314-323.

Aisen, P., and Listowsky, 1. 1980. Iron transport and storage proteins. Annu. Rev.
Biochem. 49: 357-393.

Ala'Aldeen, DAA., Davies, HA, Wall, RA, and Borriello, S.P. 1990. The 70
kilodalton iron regulated protein of Neisseria menillgitidis is not the human
transferrin receptor. FEMS Microbiol. Lett. 69: 37-42.

Ala'Aldeen, D.AA, Stevenson, P., Griffiths, E., Gorringe, AR., Irons, L.I., Robinson,
A, Hyde, S., and Borriello, S.P. 1994. Immune responses in humans and animais
to meningococcai transferrin-binding proteins: Implications for vaccine design.
Infect. Immun. 62: 2984-2990.

Alderete, lF., Peterson, K.M., and Baseman, lB. 1988. Affinities of Trepollema
pallidum for human lactoferrin and transferrin. Genitourin. Med. 64: 359-363.

Alderton, G., Ward, W.H., and Fevold, H.L. 1946. Identification of the bacteria
inhibiting iron-binding protein of egg white as conalbumin. Arch. Biochem.
Biophys. 11: 9-13.

Anderson, J.E., Sparling, P.F., and Cornelissen, C.N. 1994. Gonococcai transferrin
binding protein 2 facilitates but is not essentia1 for transferrin utilization. J.
Bacteriol. 176: 3162-3170.

162



•

•

•

Archibald, F.S., and DeVoe, LW. 1979. Removal of iron from human transferrin by
Neisseria lIleningilidis. FEMS Microbiol. Lelt. 6: 159-162.

Archibald, F.S., and DeVoe, l.W. 1980. Iron acquisition by Neisseria lIlenillgilil/is in
vitro. Infect. Immun. 27: 322-334.

Arioso, P., Cairo, G., and Levi, S. 1989. The molecular biology of iron-binding proteins.
In Iron in immunity, cancer and inflammation. n(Jiled by M. DeSousa, and J.H.
Brock. John Wiley & Sons, C~ichester. pp. 55-79.

Arnow, L.E. 1937. Colorimetric determination of the components of 3,~ ·dihydroxy
phenyl-alanine-tyrosine mixtures. J. Biol. Chem. 118: 531-537.

Ausubel, F.M., Brent, R., Kingston, R.E., Moore, 0.0., Seidman, J.G., Smith, J.A., and
Struhl, K. (eds). 1991. In Current protocols in molecular biology. John Wiley &
Sons, New York.

Bagg, A., and Neilands, J .B. 1987. Molecular mechanism of regulation of siderophore
mediated iron assimilation. Microbiol. Rev. 51: 509-518.

Baggio1ini, M., de Ouve, C., Masson, P.L., and Heremans, J.F. 1970. Association of
lactoferrin with specifie granules in rabbit heterophil leukocytes. J. Exp. Med.
131: 559-570.

Bailey, S., Evans, R.W., Garralt, R.C., Gorinsky, B., Hasnain, S., Horsburgh, C., Jhoti,
H., Lindley, P.F., Mydin, A., Sarra, R., and Watson, J.L. 1988. Molecular
structure of serum transferrin at 3.3-Â resolUlion. Biochem. 27: 5804-5812.

Baker, E.N., and Rumball, S.V. 1977. Crystallographic data for human lactoferrin. J.
Mol. Biol. 111: 207-210.

Baldwin, D.A., Jenny, E.R., and Aisen, P. 1984. The effect of human serum transferrin
and milk lactoferrin on hydroxyl radical formation from superoxide and hydrogen
peroxide. J. Biol. Chem. 259: 13391-13394.

Bali, P.K., and Aisen, P. 1992. Receptor-induced switch in site-site cooperativity during
iron release by transferrin. Biochem. 31: 3963-3967.

Barghouthi, S., Payne, S.M., Arceneaux, J.E.L., and Byers, B. 1991. Cloning,
mutagenesis, and nucleotide sequence of a siderophore biosynthetic gene (amoA)
from Aerolllonas hydrophila. J. Bacteriol. 173: 5121-5128.

163



•

•

•

Barry, D.M.J., and Reeve, A.W. 1977. Increased incidence ofgram-negative neonata1
sepsis with intramuscu1ar iron administration. Pediatries 60: 17-28.

Bates, G.W., and Schlabach, M.R. 1975. The nonspecifie binding ofFe+3 to transferrin
in the absence of synergistic ions. J. Biol. Chem. 250: 2177-2181.

Beachey, E.H. 1981. Bacterial adherence: adhesin-receptor interactions mediating the
attachment ofbacteria to mucosal surfaces. J. Infect. Dis. 143: 325-345.

Belanger, M., Dubreuil, D., Harel, J., Girard, C., and Jacques, M. 1990. Role of
lipopolysaccharides in adherence ofAClinobacilllls p/eliropnellllloniae to porcine
tracheal rings. Infect. Immun. 58: 3523··3530.

Belanger, M., Dubreuil, D., and Jacques, M. 1994. Proteins found within porcine
respiratory tract secretions bind lipopolysaccharides of AClinobacilllIs
p/eliropnellllloniae. Infect. Immun. 62: 868-873.

Belanger, M., Rioux, S., Foiry, B., and Jacques, M. 1992. Affinity for porcine respiratory
tract mucus is found in sorne isolates ofAClinobacil/lis p/eliropnellllloniae. FEMS
Microbiol. Lett. 97: 119-126.

Bell, G.H., Davidson, J.N., and Scarborough, H. 1953. Textbook of physiology and
biochemistry. Livingstone, London. pp. 72.

Bendixen, P.H., Shewen, P.E., Rosendal, S., and Wilkie, B.N. 1981. Toxicity of
Haell1ophi/lisp/ellropnellll1oniae for porcine lung macrophages, peripheral blood
monocytes, and testicular cells. Infect. Immun. 33: 673-676.

Bertram, T.A. 1988. Pathobiology of acute pulmonary lesions in swine infected with
Haell1ophi/lis (Aclinobacil/lIs) p/ellropnellll1oniae. Cano Vet. J. 29: 574-577.

Belley, M.J., Miller, V.L., and Mekalanos, J.J. 1986. Genetics of bacterial enterotoxins.
Annu. Rev. Microbiol. 40: 577-605.

Bezkorovainy, A. 1977. Human milk and colostrum proteins: a review. J. Dairy Sei. 60:
1023-1037.

Bezkorovainy, A. 1987. Iron proteins./n Iron and infection: molecular, physiological and
clinicat aspects. Ediled by J.J. Bullen, and E. Griffiths. John Wiley & Sons,
Chichester. pp. 27-67.

164



•

•

Bezkorovainy, A., and Zschocke, R.H. 1974. Structure and function of transferrins. 1.
Physica1, chemical and iron-binding properties. Arzneim. Forsch. 24: 476-485.

Bhanerjee-Bhatnagar, N., and Frasch, C.E. 1990. E)(pression ofNeisseria meningitidis
iron-regu1ated outer membrane proteins, inc1uding a 70-ki10dalton transferrin
receptor, and their potentia1 for use as vaccines. Infect. Immun. 58: 2875-2881.

Bhatia, B., Mitta1, KR., and Frey, J. 1991. Factors involved in immunity against
Aclinobacillus plellropnellmoniae in mice. Vet. Microbio!. 29: 147-158.

Biberstein, E.L. 1990. Our understanding of the Pastellrellaceae. Cano J. Vet. Res. 54:
S78-S82.

Biberstein, EL., Gunnarsson, A., and Hurvell, B. 1977. Cultural and biochemical criteria
for the identification of Haemophillls spp from swine. Am. J. Vet. Res. 38: 7-11,

Birnboim, Re. 1983. A rapid alkaline extraction method for the isolation of plasmid
DNA. Methods Enzymo!. 100: 243-255.

Birnboim, RC., and Doly, J. 1979. A rapid alkaline extraction procedure for screening
recombinant plasmid DNA. Nuc1eic Acids Res. 7: 1513-1523.

Black, J.R., Dyer, D.W., Thompson, M.K., and Sparling, P.F. 1986. Human immune
response to iron-repressible outer membrane proteins of Neisseria meningilidis.
Infect. Immun. 54: 710-713.

Blanc, B., Bujard, E., and Mauron, J. 1963. The amino acid compositions ofhuman and
bovine lactotransferrins. Experientia 1: 299-301.

Blanton, KJ., Biswas, G.O., Tsai, J., Adams, J., Dyer, OW., Davis, S.M., Koch, G.G.,
Sen, P.K, and Sparling, P.F. 1990. Genetic evidence that Neisseria gonorr/lOeae
produces specifie receptors for transferrin and lactoferrin. J. Bacterio!. 172: 5225
5235.

Bornside, G.H., Bouis, P.J., and Cohn Jr., 1. 1968. Hemoglobin and Escherichia coli, a
lethal intraperitoneal combination. J. Bacterio!. 95: 1567-1571.

Borr, J.D., Ryan, DAJ., and MacInnes, J.1. 1991. Analysis of Actinobacillus
pleuropneumoniae and related organisms by DNA-DNA hybridization and
restriction endonuclease fingerprinting. Int. J. Syst. Bacterio!. 41: 121-129.

• i65



•

•

•

Bramanti, T.E., and Holt, S.C. 1992a. Effect of porphyrins and host iron transport
proteins on outer membrane protein expression in Porphyromonas gingiva/is
(equals Bacteroides gingivalis): identification ofa novel 26 kDa hemin-repressible
surface protein. Microb. Pathog. 13: 61-73.

Bramanti, T.E., and Ho1t, S.C. 1992b. Localization of a Porphyromonas gingivalis 26
kilodalton heat-modifiable, hemin-regulated surface protein which translocates
across the outer membrane. J. Bacteriol. 174: 5827-5839.

Brandreth, SR, and Smith, LM. 1987. Comparative virulence ofsome English strains of
Haemophilus p/europneullloniae serotypes 2 and 3 in the pig. Res. Vet. Sei. 42:
187-193.

Braun, V. 1981. Escherichia coli cells containing the plasmid ColY produce the iron
siderophore aerobactin. FEMS Microbiol. Lett. 11: 225-228.

Braun, V., Hancock, R.E.W., Hantke, K., and Hartmann, N. 1976. Functional
organization of the outer membrane of Escherichia coli: phage and colicin
receptors as components ofiron uptake systems. J. Supramol. Struct. 5: 37-58.

Breider, MA, Walker, R.D., Hopkins, F.M., Schultz, T.W., Bowersock, T.L. 1988.
Pulmonary lesions induced by Pasteurella haelllo/ytica in neutrophil sufficient and
neutrophil deficient calves. Cano J. Vet. Res. 52: 205-209.

Briat, Jean-Francois. 1992. Iron assimilation and storage in prokaryotes. J. Gen.
Microbiol. 138: 2475-2483.

Brock, J.H. 1985. Effect ofiron deficiency on the response ofmouse lymphocytes to
concanavalin A: The importance oftransferrin bound iron. Top. Mol. Struct. Biol.
7: 183-262.

Brown, M.R.W., and Williams, P. 1985. The influence of environment on envelope
properties aftècting survival of bacteria in infections. Annu. Rev. Microbiol. 39:
527-556.

Bullen, J.1. 1981. The significance ofiron in infection. Rev. Infect. Dis. 3: 1127-1137.

Bullen, J.J., Rogers, H.J., and Griffiths, E. 1978. Role of iron in bacterial infection. Curr.
Top. Microbiol. Immunol. 80: 1-35.

166



•

•

•

Burnham, B.F., and Neilands, J.B. 1961. Studies on the metabolic function of the
ferrichrome comoounds. J. Biol. Chem. 236: 554-559.

Byrd, W., and Kadis, S. 1992. Preparation, characterization, and immunogenicity of
conjugate vaccines directed against Actinobacilllls p/ell/'opnellllloniae virulence
determinants. Infect. Immun. 60: 3042-3051.

Caldwell, M., and Archibald, F. 1987. The effect of the hyperferrimic response on iron
acquisition by and growth of murine lymphoma cells. Biochem. Cell Biol. 65:
651-657.

Campagnari, AA, Shanks, KL., and Dyer, D.W. 1994. Growth ofMOI'axe//a catarrha/is
with human transferrin and lactoferrin: Expression of iron-repressible proteins
without siderophore production. Infect. Immun. 62: 4909-4914.

Carson, KC., Holliday, S., Glenn, AR., and Dilworth, MJ. 1992. Siderophore and
organic acid production in root nodule bacteria. Arch. Microbiol. 157: 264-271.

Cavalieri, SJ., Bohach, GA, Snyder, GA, and Snyder, \.S. 1984. Esche/'ichia co/i
hemolysin: Characteristics and probable role in pathogenicity. Microbiol. Rev. 48:
326-343.

Chabarek, S., and Martell, AE. 1959. /n Organic sequestering agents. John Wiley and
Sons, New York. pp. 446.

Chang, Y.F., Shi, J., Ma, D.P., Shin, S.J., and Lein, D.H. 1993. Molecular analysis of the
Actinobaci//lls p/ell/'opnellmoniae RTX toxin-III gene cluster. DNA Cell Biol. 12:
351-362.

Chang, Y.F., Young, R., and Struck, D.K 1989. Cloning and characterization of a
hemolysin gene from Actinobacil/lls (Haelllophi/II.\) plell/'opneullloniae. DNA Cell
Biol. 8: 635-647.

Chiang, Y.W., Young, T.F., Rapp-Gabrielson, VJ., and Ross, R.F. 1991. Improved
protection of swine from pleuropneumonia by vaccination with proteinase K
treated outer membrane ofActinobacillus p/europnellmoniae. Vet. Microbiol. 27:
49-62.

CharIand, N., D'Silva, C.G., Dumont, R., and Niven, D.F. 1995. Contact-dependent
acquisition oftransferrin-bound iron by two strains ofHaemophi/us parasllis. Cano
J. Microbiol. 41: 70-74.

167



•

•

•

Chart, H, and Rowe, B. 1993. Iron restriction a'ld the growth ofSalmonella ell/eridilis.
Epidemio!. Infect. 110: 41-47.

Chehade, H., and Braun, V. 1988. Iron-regulated synthesis and uptake of colicin V.
FEMS Microbio!. Lett. 52: 177-182.

Cornelissen, C.N., Biswas, G.D., and Sparling, P. F. 1993. Expression of gonococcal
transferrin binding protein 1 causes Escherichia coli to bind human transferrin. J.
Bacterio!. 175: 2448-2450.

Cornelissen, C.N., Biswas, G.D., Tsai, J., Paruchuri, D.K., Thompson, S.A., and
Sparling, P.F. 1992. Gonococcal transferrin-binding protein 1 is required for
transferrin utilization and is homologous to TonB-dependent outer membrane
receptors. J. Bacterio!. 174: 5788-5797.

Cowart, R.E., and Foster, B.G. 1985. Differentiai effects of iron on the growth of L
monocylogenes: minimum requirements and mechanism of acquisition. J. Infect.
Dis. 151: 721-730.

Cox, C.D., and Graham, R. 1979. Isolation of an iron-binding compound from
Pselldomonas aemginosa. J. Bacterio!. 137: 357-364.

Cox, T.M., Mazurier, J., Spik, G., Montreuil, J., and Peters, T.J. 1979. Iron binding
proteins and influx of iron across the duodenal brush border. Evidence of specific
lactoferrin receptors in the human intestine. Biochim. Biophys. Acta 588: 120-128.

Critchton, R., and Charloteaux-Wauters, M. 1987. Iron transport and storage. Eur. J.
Biochem. 164: 485-506.

Crosa, J.H. 1979. Vibrio angllillarllm: an iron uptake mechanism as a factor of virulence.
Fish Health News 8: 7-9.

Crosa, J.H 1980. A plasmid associated with virulence in the marine fish pathogen Vibrio
angllillarllm specifies an iron-sequestering system. Nature 284: 566-568.

Csaky, T.Z. 1948. On the estimation of bound hydroxylamine in biological materials.
Acta Chem. Scand. 2: 450-454.

De Jong, G., and Van Ejik, HG. 1989. Functional properties of the carbohydrate moiety
ofhuman transferrin. Int. J. Biochem. 21: 253-263 .

168



•

•

•

Deneer, H.G., and Potter, A.A. 1989a. Iron-repressible outer membrane proteins of
Pastel/relia haemo/ytica. J. Gen. Microbiol. 135: 435-443.

Deneer, H.G., and Potter, A.A. 1989b. Effect of iron restriction on the outer membrane
proteins ofActinobacilll/s (Haelllophill/s) p/el/ropnel/lIloniae. Infect. Immun. 57:
798-804.

Devenish, J., and Rosendal, S. 1989. Identification of the heat-Iabile hemolysin of
Actinobacilll/s p/el/ropnelllnoniae serotype 1. Cano J. Vet. Res. 53: 251-254.

Devenish, J., Rosendal, S., Johnson, R., and Hubler, S. 1989. Immunoserological
comparison of the 104-kilodalton proteins associated with hemolysis and cytolysis
in Actinobacilll/s p/el/ropnel/lIloniae. Actinobacilll/s sl/is, Pastel/relia haemo/ytica.
and Escherichia coli. Infect. Immun. 57: 3210-3213.

Do, S-I., Enns, C., and Cummings, R.D. 1990. Human transferrin receptor contains 0
linked oligosaccharides. J. Biol. Chem. 265: 114-125.

Dom, P., and Haesebrouck, F. 1992. Comparative virulence of NAD-dependent and
NAD-independentActinobacilll/s p/el/ropnel/lIloniae strains. J. Vet. Med. Ser. B
39: 303-306.

Donachie, W., and Gilmour, N.J.L. 1988. Sheep antibody response to cell wall antigens
expressed in vivo by Pastel/relia haelllolytica serotype A2. FEMS Microbiol. Lett.
56: 271-276.

D'Silva, C.G., Archibald, F.S., and Niven, D.F. 1995. Comparative study of iron
acquisition by biotype 1 and biotype 2 strains ofActinobacilll/s plel/ropnel//I1oniae.
Vet. Microbiol. In press.

Dyer, D.W., West, E.P., McKenna, W., Thompson, S.A., and Sparling, P.F. 1988. A
pleiotropic iron-uptake mutant of Neisseria meningitidis lacks a 70-kilodalton
iron-regulated protein. Infect. Immun. 37: 259-261.

Dyer, D.W., West, E.P., and Sparling, P.F. 1987. Effects of serum carrier proteins on the
growth ofpathogenic neisseriae with heme-bound iron. Infect. Immun. 55: 2171
2175.

Eaton, J.W., Brandt, P., Mahoney, J.R., and Lee, T.J. 1982. Haptoglobin: a natural
bacteriostat. Science 215: 691-693.

169



•

•

•

Emau, P., Giri, S.N., and Bruss, M.L. 1986. Comparative effects ofsmooth and rough
Pastel/relia haemo/ytica polysaccharides on arachidonic acid, eicosanoids,
serotonin and histamine in calves. Circ. Shock 20: 239-253.

Emau, P., Giri, S.N., and Bruss, M.L. 1987. Effect of smooth and rough Pastel/relia
haemo/ytica lipopolysaccharides on plasma cyclic nucleotides and free fatty acids
in calves. Vet. Microbiol. 15: 279-292.

Enns, C.A., and Sussman, H.H. 1981. Physical characterisation of the transferrin receptor
in human placentae. J. Biol. Chem. 256: 9820-9823.

Expert, D., and Toussaint, A 1985. Bacteriocin-resistant mutants of Enl'inia
chlJ1santhellli: possible involvement of iron acquisition in phytopathogenicity. J.
Bacteriol. 163: 221-227.

Evans, R.W., and Williams, J. 1980. The electrophoresis of transferrins ln

urea/polyacrylamide gels. Biochem. J. 189: 541-546.

Feinberg, AP., and Vogelstein, B. 1983. A technique for radiolabeling DNA restriction
endonuclease fragments to high specific activity. Anal. Biocr."lm. 132: 6-13.

Feinberg, AP., and Vogelstein, B. 1984. Addendum. liA technique for radiolabeling
DNA restriction endonuclease fragments to high specifie activity". Anal. Biochem.
137: 266-267.

Fenwick, B.W., Osbllrn, B.I., and Olander, H.J. 1986. Isolation and biological
characterization oftwo lipopolysaccharides and capsular-enriched polysaccharide
preparations from Haelllophi/lls p/ellropnellllloniae. Am. J. Vet. Res. 47: 1433
1441.

Ferreiros, C.M., Criado, M.T., Del Rio, M.C., and Pintor, M. 1991. Analysis of the
moleclilar mass heterogeneity of the transferrin receptor ofNeisseria meningitidis
and commensal Neisseria. FEMS Microbiol. Lett. 83: 247-254.

Frey, J., and Nicolet, J. 1988a. Purification and partial characterization of a hemolysin
produced by Actinobacilllls piell/'lljJne1l1l1oniae type strain 4074. FEMS Microbiol.
Let!. 55: 41-46.

Frey, J., and Nicolet, J. 1988b. Regulation of hemolysin expression in Aclinobaci//I/s
p/el/ropnellllloniae serotype 1 by Ca2

+. Infect. Immun. 56: 2570-2575.

170



•

•

•

Frey, J., and Nicolet, J. 1990. Hemolysin patterns ofActinobaci/llls plellropnewl/(lIIiae.
J. Clin. Microbioi. 28: 232-236.

Frey, J., Beck, M., Stucki, U., and Nicolet, J. 1993a. Analysis ofhemolysin operons in
Actinobacilllls plell/'opnelllnoniae. Gene 123: 51-58.

Frey, J., Bosse, J.T., Chang, Y.-F., Cullen, J.M., Fenwick, B., Gerlach, G.F., Gygi, D.,
Haesebrouck, F., Inzana, T.J., Jansen, R., Kamp, E.M., Macdonald, J., Mac1nnes,
J.l., Mitlal, K.R., Nicolet, J., Rycroft, AN., Segers, R.PAM., Smits, MA,
Stenbaek, E., Struck, D.K., van den Bosch, J.F., Willson, P.J., and Young, R.
1993b. Actinobaci/llls plell/'opnellflloniae RTX-toxins: Uniform designation of
hemolysins, cytolysins, pleurotoxin and their genes. J. Gen. Microbiol. 139: 1723
1728.

Frey, J., Deillon, lB., Gygi, D., and Nicolet, J. 1991a. Identification and partial
characterizalion of the hemolysin (Hlyll) of Actinobaci/llls plell/'opnellllllJ/liae
serotype 2. Vet. Microbiol. 28: 303-312.

Frey, J., Meier, R., Gygi, D., and Nicolet, l 1991b. Nucleotide sequence of the hemolysin
1gene from Actinobacilllls plell/'opnellflloniae. Infect. Immun. 59: 3026-3032.

Frey, J., Perrin, J., and Nicolet, J. 1989. Cloning and expression ofa cohemolysin, the
CAMP factor ofActinobaci/llls plellropnellflloniae. Infect. Immun. 57: 2050-2056.

Frey, J., van den Bosch, H., Segers, R., and Nicolet, J. 1992. Identification of a second
hemolysin (HlyII) in Actinobacilllls plellropnellflloniae serotype 1 and expression
of the gene in Escherichia coli. Infect. Immun. 60: 1671-1676.

Frost, G.E., and Rosenberg, H. 1973. The inducible citrate-dependent iron transport
system in Escherichia coli K-12. Biochim. Biophys. Acta 330: 90-\ 0 1.

Gadd, G.M. 1992. Metals and microorganisms: A problem of definition. FEMS
Microbiol. Lett. 100: 197-204.

Genco, C.A., Chen, c.Y., Arko, RJ., Kapczynski, D.R., and Morse, S.A. 1991. Isolation
and characterization ofa mutant of Neisseria gonorrhoeae that is defective in the
uptake of iron from transferrin and hemoglobin and is avirulent in mouse
subcutaneous chambers. J. Gen. Microbiol. 137: 1313-1322.

171



•

•

•

Gerlach, G.F., Anderson, C., Klashinsky, S., Rossi-Campos, A, Potter, AA, and Wilson,
P.J. 1993. Molecular characterization of a protective outer membrane lipoprotein
(Oml A) from Ac/inobacilllls p/ellropnellllloniae serotype 1. Infect. Immun. 61:
565-572.

Gerlach, G.F., Anderson, C., Potter, AA, Klashinsky, S., and Wilson, P.J. 1992a.
Cloning and expression of a transferrin-binding protein from Ac/inobacilllls
p/eliropnellllloniae. Infect. Immun. 60: 892-898.

Gerlach, G.F., Klashinsky, S., Anderson, C., Potter, A.A., and Wilson, P.J. 1992b.
Characterisation of two genes encoding distinct transferrin-binding proteins in
different Ac/inobacilllls p/eliropnellllloniae isolates. Infect. Immun. 60: 3253
3261.

Gibson, F., and Magrath, D.J. 1969. The isolation and characterization ofa hydroxamic
acid (aerobactin) from Aerobacfer aerogenes 62-1. Biochim. Biophys. Acta 192:
175-187.

Gonzalez., G.C., Caamano, D.L., and Schryvers, AB. 1990. Identification and
characterization of a porcine-specific transferrin receptor in Acfinobacilllls
p/eliropnelll1loniae. Mol. Microbiol. 4: 1173-1179.

Gorringe, A.R., Woods, G., and Robinson, A 1990. Growth and siderophore production
by Borde/el/a per/lissis under iron-restricted conditions. FEMS Microbiol. Lett.
66: 101-106.

Green, J., Sharrocks, A.D., MacInnes, J.I., and Guest, J.R. 1992. Purification ofHlyX,
a potential regulator ofhemolysin synthesis, and properties ofHlyX:FNR hybrids.
Proc. R. Soc. Lond. Ser. B Biol. Sci. 248: 79-84.

Greenway, J.A 1981. Haell1ophi/lls pneumonia in B.C. swine. Cano Vet. J. 22: 20-21.

Griffiths, E. 1987a. Iron in biological systems. ln Iron and infection: molecular,
physiological and c1inical aspects. Edifed by J.J. Bullen, and E. Griffiths. John
Wiley & Sons, Chichester. pp. 1-26.

Griffiths, E. 1987b. The iron-uptake systems ofpathogenic bacteria.In Iron and infection:
molecular, physiological and c1inical aspects. Edi/ed by J.J. Bullen, and E.
Griffiths. John Wiley & Sons, Chichester. pp. 69-137.

Griffiths, E. 1991. Iron and bacterial virulence - a briefoverview. Biol. Metals 4: 7-13.

172



•

•

•

Griffiths, E., and Humphreys, J. 1980. Isolation of enterochelin from the peritoneal
washings ofguinea pigs lethally infected with Escherichia coli. Infect. Immun. 28:
286-289.

Griffiths, E., Stevenson, P., Hale, T.L., and FormaI, S.B. 1985. Synthesis of aerobactin
and a 76,000-Dalton iron regulated outer membrane protein by }.'scherichia coli
K-12-Shigellajlexneri hybrids and by enteroinvasive strains of Escherichia coli.
Infect. Immun. 49: 67-71.

Griffiths, E., Stevenson, P., and Ray, A. 1990. Antigenic and molecular heterogeneity of
the transferrin-binding protein ofNeisseria lIleningiiidis. FEMS Microbiol. Lett.
69: 31-36.

Groves, M.L. 1960. The isolation of red protein from milk. J. Amer. Chem. Soc. 82:
3345.

Gunnarsson, A. 1979. Serologie studies on porcine strains of Haelllophilll.l'
parahaelllo/yliclIs (p/ellropnellllloniae): Extraction of type specifie antigens. Am.
J. Vet. Res. 40: 469-472.

Gunnarsson, A., Biberstein, E.L., and Hurvell, B. 1977. Serologie studies on porcine
strains of Haelllophi/lls parahaelllo/yliclls (p/ellropnelllnoniae): agglutination
reactions. Am. J. Vet. Res. 38: 1111-1114.

Gunnarsson, A., Hurvell, B., and Biberstein, E.L. 1978. Serologie studies of porcine
strains of HaelllopfJi/lIs parahael11o/yliclls (p/ellropnellllloniae): Antigenic
specificity and relationship between serotypes. Am. J. Vet. Res. 39: 1286-1292.

Gygi, D., Nicolet, J., Frey, J., Cross, M., Koronakis, V., and Hughes, C. 1990. Isolation
of the AclinoiJacilllls p/ellropnelll11oniae haemolysin gene and the activation and
secretion of the prohaemolysin by HlyC, HlyB and ]-I1yD proteins of
AClinoiJacilllls p/ellropnellllloniae. Mol. Microbiol. 4: 123-128.

Haas, B., Murphy, E., and Castignetti, D. 1991. Siderophore synthesis by mucoid
Pselldol11onas aerllgino.l'a strains isolated from cystic fibrosis patients. Cano J.
Microbiol. 37: 654-657.

Hall, R.M., Sritharan, M., Messenger, AJ.M., and Ratledge, C. 1987. Iron transport in
Mycobaclerillm smegmalis: occurrence of iron-regulated envelope proteins as
potential receptors for iron uptake. J. Gen. Microbiol. 133: 2107-2114.

173



•

•

•

Hanson, M.S., and Hansen, EJ. 1991. Molecular c1oning, partial purification, and
characterization of a haemin-binding lipoprotein from Haemophillis infillenzae
type b. Mol. Microbiol. 5: 267-278.

Hanson, M.S., Pe1zel, S.E., Latimer, J.L., Muller-Eberhard, U., and Hansen, E.J. 1992a.
Identification of a genetic locus ofHaemophillis infillenzae type b necessary for
the binding and utilization ofheme bound to human hemopexin. Proc. Nat. Acad.
Sci. USA 89: 1973-1977.

Hanson, M.S., Slaughter, C., and Hansen, EJ. 1992b. The hbpA gene of Haemophillis
inj/lienzae type b encodes a heme-binding lipoprotein conserved among heme
dependent Hae/llophillis species. Infect. Immun. 60: 2257-2266.

Hantke, K. 1984. Cloning of the repressor protein gene of iron regulated system in E. coli
K-12. Mol. Gen. Genet. 197: 337-341.

Harlow, E., and Lane, D. 1988. Silver staining of gels - ammoniacal si (ver staining.ln
Antibodies: a Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring
Harbor. N.Y. pp. 651-652.

Harrington, J.P. 1992. Specific analysis of the unfolding of the transition metal-ion
complexes of human lactoferrin and transferrin. Int. J. Biochem. 24: 275-280.

Harris, D.C., and Aisen, P. 1989. Physical biochemistry of the transferrins. In Iron
carriers and proteins. Physical Bioinorganic Chemistry Series, vol 5. Ediled by
T.M. Loehr. VCH Publishers, New York. pp. 239-351.

Hartford, T., O'Brien, S., Andrew, p,w., Jones, D., and Roberts, I.S. 1993. Utilization of
transferrin bound iron by Lisleria monocylogenes. FEMS Microbiol. Lett. 108:
311-318.

Heeseman, J. 1987. Chromosomal-encoded siderophores are required for mouse
virulence of enteropathogenic Yersinia species. FEMS Microbiol. LeU. 48: 229
233.

Heinrichs, D.E., Young, 1., and Poole, K. 1991. Pyochelin-mediated iron transport in
Pselldo/llonas aerugil7osa: lnvolvement ofa high molecular mass outer membrane
protein. Infect. Immun. 59: 3680-3684.

174



•

•

•

Helminen, M.E., Maciver, 1., Latimer, J.L., Cope, L.D., McCracken, Jr.,G.H., and
Hansen, E.J. 1993a. A major outer membrane protein ofMoraxella catarrlzalis is
a target for antibodies Ihat enhance pulmonaty clearance of the pathogen in an
animal model.lnfect. Immun. 61: 2003-2010.

Helminen, M.E., Maciver, 1., Paris, M., Latimer, 1.L., Lumbley, S.L., Cope, L.D.,
McCracken, Jr., G.H., and Hansen, E.J. 1993b. A mutation affecting expression
of a major outer membrane protein of Moraxella ca/arr/wlis allers serum
resistance and survival in vivo. J. Infect. Dis. 168: 1194-1201.

Herrington, O.A, and Sparling, P.F. 1985. Hael1loplzi/us Î/!/luenzae can use human
transferrin as a sole source for required iron. Infect. Immun. 48: 248-251.

Hesseltine, C.W., Whitehill, AR., Piddacks, C., Ten Hagen, M., Bohonos, N., Hutchings,
B.L., and Williams, 1.L. 1953. Coprogen, a new growth factor present in dung,
required by Pi/obo/us species. Mycologia 45: 7-16.

Higgins, R., Lariviere, 5., Mitlal, K.R., Martineau, G.P., Rousseau, P., and Cameron, J.
1985. Evaluation of a killed vaccine against porcine pleuropneumonia due to
Haemophilus p/ellropnellmol1iae. Cano Vet. 1. 26: 86-89.

Hirst, 1.0., Hastings, T.S., and Ellis, A.E. 1991. Siderophore production by Aerol1lonas
sall11onicida.1. Gen. Microbiol. 137: 1185-1192.

Holbein, B.E. 1981. Enhancement of Neisseria l11eningi/idis infection in mice by the
addition of iron bound to transferrin. Infect. Immun. 34: 120-125.

Holland, 1., Langford, P., Towner, K.J., and Wil!iams, P. 1992. Evidence for in vivo
expression of transferrin-binding proteins in Hael1lophilus ii1}/llemae type b.
Infect. Immun. 60: 2986-2991.

Hoiseith, S.K., and Stocker, B.AO. 1981. Aromatic-dependent Salmonella typlzil1lllriul11
are non-virulent and effective as live vaccines. Nature 291: 238-239.

Huebers, H.A, and Finch, C.A. 1987. The physiology of transferrin and transferrin
receptors. Physiol. Rev. 67: 520-582.

Hunt, R.C., Riegler, R., and Davis, AA. 1989. Changes in glycosylation alter the affinity
of the human transferrin receptor for its ligand. J. Biol. Chem. 264: 9643-9648.

175



•

•

•

Husson, M.-O., Legrand, D., Spik, G., and Leclerc, H. 1993. Iron acquisition by
Helicobac/er pylori: importance ofhuman lactoferrin. Infect. Immun. 61: 2694
2697.

Hutchins, D.A., Rueter, J.G., and Fish, W. 1991. Siderophore production and nitrogen
fixation are mutually exclusive-strategies in Anabaena 7120. Limnol. Oceanogr.
36: 1-12.

Ikeda, J.S., and Hirsh, D.C. 1988. Antigenically related iron-regulated outer membrane
proteins produced by different somatic serotypes of Pas/eurella mul/ocida. Infect.
Immun. 56: 2499-2502.

Inzana, T.J. 1991. Virulence properties of Ac/inobacillus pleuropneumoniae. Microb.
Pathog. 11: 305-316.

Inzana, T.J., Ma, 1., Workman, T., Gogolewski, R.P., and Anderson, P. 1988. Virulence
properties and protective efficacy of the capsular polymer of Haemophilus
(Ac/inobacillus) pleuropneullloniae serotype 5. Infect. Immun. 56: 1880-1889.

Inzana, T.J., Todd, J., and Veit, H. 1991. Characterization ofa non-hemolytic mutant of
Ac/inobacillus pleuropneullloniae serotype 5: role of the 110 kilodalton hemolysin
in virulence and immunoprotection. Microb. Pathog. 10: 281-296.

Inzana, T.J., Todd, J., and Veit, H. 1993a. Safety, stability, and efficacy of
nonencapsulated mutants of AClinobacillus pleuropneu1l1oniae for use in live
vaccines. Infect. Immun. 61: 1682-1686.

Inzana, T.J., Todd, J., and Veit, H. 1993b. Isolation, characterization, and evaluation of
vi rlilence and immunoprotective properties of temperature-sensitive mutants of
Ac/illo/Jacil/Ils plellropneu1l1oniae. Immunol. Infect. Dis. (Oxford) 3: 17-22.

Irwin, S.W., Averil, N., Cheng, C.Y., and Schryvers, A.B. 1993. Preparation and analysis
of isogenic mutants in the transferrin receptor protein genes, /bpA and /bpB, from
Neisseria 1I1eningi/idis. Mol. Microbiol. 8: 1125-1133.

Ishii, H., Flikuyasll, T., Iyobe, S., and Hashimoto, H. 1993. Characterization of newly
isolated plasmids from Ac/ino/Jacillus pleuropneu1l1oniae. Am. J. Vet. Res. 54:
701-708.

176



•

•

•

Ishii, H., Hayashi, F., Iyobe, S., and Hashimoto, H. 1991. Characterization and
classification ofActillobacilllls plellropllelllllolliae plasmids. Am. J. Vet. Res. 52:
1816-1820.

Jackson, S., and Burrows, T.W. 1956. The virulence-enhancing effect of iron in non
pigmented mutants ofviru!ent strains of l'astellrella pestis. Br. J. Exp. Pathol. 37:
577-583.

Jadhav, R.S., and Desai, A.J. 1992. Isolation and characterization ofsiderophore from
cowpea Rhizobillill (peanut isolate). Curr. Microbiol. 24: 137-141.

Jansen, R., Briaire, J., Kamp, E.M., Gielkens, AL.J., and Smits, M.A. 1993. Cloning and
characterization of the Actillobacilllls plellropllellilloniae RTX toxin III (Apxlll)
gene. Infect. Immun. 61: 947-954.

Jarosik, G.P., Sanders, J.D., Cope, L.D., Muller-Eberhard, U., and Hansen, E.J. 1994. A
functional tonB gene is required for both utilization of heme and virulence
expression by Haelllophillls illjlllellzae type b. Infect. Immun. 62: 2470-2477.

Jensen, AE., and Bertram, T.A 1986. Morphological and biochemical comparison of
virulent and avirulent isolates of Haelllophillls plellropnellilloniae serotype 5.
Infect. Immun. 51: 419-424.

Johnson, J.L. 1981. Genetic characterization. In Manual of Methods for General
Microbiology. Edited by P. Gerhardt, R.G.E. Murray, R.N. Costilow, E.W. Nester,
WA Wood, N.R. Krieg, and G.B. Phillips. American Society for Microbiology,
Washington, D.C. pp. 452-456.

Jones, B.D., and Falkow, S. 1994. Identification and characterization of a Salillonella
Iyphilllllrillill oxygen-regulated gene required for bacterial internalization. Infect.
Immun. 62: 3745-3752.

Kamp, E.M., and van Leengoed L.AM.G. 1989. Serotype-related differences in
production and type of heat-Iabile hemolysin and heat-Iabile cytotoxin of
Actinobacilllls (Haelllophillls) plellrupnellilluniae. J. Clin. Microbiol. 27: 1187
1191.

Kamp, E.M., Popma, J.K., Anakolta, J., and Smits, MA 1991. Identification of
hemolytic and cytotoxic proteins ofActinobacilllls plelll'Opnellllloniae by use of
monoclonal antibodies. Infect. Immun. 59: 3079-3085.

177



•

•

•

Keumhwa, C.K., Maheswaran, S.K., Felice, L.1., and Molitor, T.W. 1991. Relationship
between the iron-regulated outer membrane proteins and the outer membrane
proteins of in vivo grown Pas/ellrella IIlli//ocida. Vet. Microbiol. 28: 75-92.

Kilian, M. 1976a. A taxonomic study of the genJs Haemophi/lIs, with the proposai ofa
new species. J. Gen. Microbiol. 93: 9-62.

Kilian, M. 1976b. The hemolytic activity of Haemophi/lis speCles. Acta Pathol.
Microbiol. Scand. Sect. B MicroblOl. 84: 339-341.

Kilian, M., Nicolet, 1., and Biberstein, E.L. 1978. Biochemical and serological
characterization ofHaelllophi/Ils p/eliropnellllloniae (Mathews and Pattison, 1961)
Shope 1964 and proposai ofa neotype strain.lnt. J. Syst. Bacteriol. 28: 20-26.

Kimura, M., Araki, S., Nakai, T., and Kume, K. 1993. Protective effèct of
dihydroheptaprenol in combination with vaccine to experimental Ac/inobacilllls
p/eliropnellllloniae infection in guinea pigs. J. Vet. Med. Sci. 55: 627-630.

Kino, K., Tsunoo, H., Higa, Y., Takami, M., Hamagl~chi, H., and Nakagima, H. 1980.
Hemoglobin-haptoglobin receptor in rat liver plasma membrane. 1. Biol. Chem.
255: 9616-9620.

Kishore, A.R., Erdei, J., Naidu, S.S., Falsen, E., Forsgen, A., and Naidu, A.S. 1991.
Specific binding oflactoferrin to Aerolllonas hydrophila. FEMS Microbiol. Lett.
83: 115-119.

Kochan 1., Cahall, D.L., and Golden, CA 1971. Employment of tuberculostasis in
serum-agar medium for the study of production and activity of mycobactin. Infect.
Immun. 4: 130-137.

Kochan, 1., Wasynezak, J., and McCabe, MA 1978. Effect of injected iron and
siderophores in normal and immune mice. Infect. Immun. 22: 560-567.

Kojima, N., and Bates, G. 1979. The reduction and release of iron l'rom Fe3+-transferrin
C02.).1. Biol. Chem. 254: 8847-8854.

Komal, J.P.S., and Mitlal, K.R. 1990. Grouping of Aclinobacilllls p/eliropnellllloniae
strains of serotypes 1 through J2 on the basis of their virulence in mice. Vet.
Microbiol. 25: 229-240.

178



•

•

•

Kume, K., Nakai, T., and Sawata, A 1986. Interaction between heat-stable hemolytic
substance l'rom Haelllophi/us p/europneulllcilliae and porcine pulmonary
macrophages in vitro. Infect. Immun. 51: 563-570.

Lankford, C.E. 1973. Bacterial assimilation ofiron. CRC Crit. Rev. Microbiol. pp. 273
331.

Lascelles,1. 1979. Heme-deficient mutants ofSlaphy/ococcus aureus. Methods Enzymol.
56: 172-178.

Laurell, C., and Ingelman, B. 1947. The iron-binding protein of swine serum. Acta Chem.
Scand. 1: 770-776.

Lee, RC. 1991. Iron sources for Haellloplli/us ducreyi. 1. Med. Microbiol. 34: 317-322.

Lee, B.C. 1992a. Isolation of an outer membrane hemin-binding l'rotein ofHaellloplli/us
injluenzae type b. Infect. Immun. 60: 810-816.

Lee, Re. 1992b. Isolation ofheme-binding proteins of Neisseria gonorrllOeae. J. Med.
Microbiol. 36: 121-127.

Lee, B.C., and Bryan, L.E. 1989. Identification and comparative analysis of the lactoferrin
and transferrin receptors among clinical isolates of gonococci. J. Med. Microbiol.
28: 199-204.

Lee, B.e., and Hill, P. 1992. Identification of an outer-membrane haemoglobin-binding
protein in Neisseria lIIeningilidis. J. Gen. Microbiol. 138: 2467-2656.

Lee, B.C., and Schryvers, AB. 1988. Specificity of the lactoferrin and transferrin
receptors in Neisseria gonorrhoeae. Mol. Microbiol. 2: 827-829.

Legrain, M., Mazarin, V., Irwin, S.W., Bouchon, B., Quentin-Millet, M., Jacobs, E., and
Schryvers, AB. 1993. Cloning and characterization of Neisseria lIIeningilidis
genes encoding the transferrin-binding proteins Tbp 1 and Tbp2. Gene 130: 73-80.

Legrand, D., Mazurier, J., Montreuil, J., and Spik, G. 1988. Structure and conformation
of the iron-binding sites of transferrins. Biochimie 70: 1185-1195.

Leman, A.D., Stein, T., Straw, B., and Hilley, H.D. 1982. Pneumonia of swine. /n
Modern Veterinary Practice (March). pp. 195-198.

179



•

•

•

Lestas, AN. 1976. The effect ofpH on human transferrin: selective labelling of the two
iron-binding sites. Br. J. Haematol. 32: 341-350.

Liggelt, AD., Harrison, L. R., and Farrell, R.L. 1986. Acute inflammatory effects of
intratracheally instilled Haemopflillis pleliropnelll1loniae endotoxin and sonicated
suspension of Haemopflillis pleliropnelllnoniae in swine. Cano J. Vet. Res. 50:
526-531.

Lin, M.T., Wu, J.J., Chandra, A, Tsay, B.L. 1982. A norepinephrine cyclic AMP link in
the hypothalamic pathways which mediate fever induced by endotoxin and the
prostaglandin ~ in the rat. J. Exp. Pharm. Ther. 222: 251-257.

Lindsay, J.A, and Riley, T.V. 1994. Staphylococcal iron requirements, siderophore
production, and iron-regulated protein expression. Infect. Immun. 62: 2309-2314.

Luckey, M., Pollack, J.R., Wayne, R., Ames, B.N., and Neilands, J.B. 1972. Iron uptake
in Salmonella Iypflimllrillm: utilization of exogenous siderochromes as iron
carriers. J. Bacteriol. 111: 731-738.

Lutgenberg, B., Meijers, J., Peters, R., van der Hoek, P., and van Alphen, L. 1975.
Electrophoretic resolution of the major 'outer membrane protein' ofEscherichia
coli K12 into four bands. FEBS Lett. 58: 254-258.

MacGillivray, R.TA, Mendez, A., Sinha, S.K., Sulton, M.R., Lineback-Zins, J., and
Brew, K. 1983. The primary structure ofhuman serum transferrin. J. Biol. Chem.
258: 3543-3553.

Maclnnes, lI., and Rosendal, S. 1988. Prevention and control of AClinobacilllls
(Haemopfli/lI.\ï pleliropnelll71oniae infection in swine: a review. Cano Vet. J. 29:
572-574.

Maclnnes, J.1., Kim, lE., Lian, C., and Solles, G.A 1990. Aclinobacillus
plellropnell/lloniae hlyX gene homology with thejhr gene of Escherichia coli. J.
Bacteriol. 172: 4587-4592.

Martel, N., and Lee, B.C. 1994. Acquisition ofheme iron by Neisseria meningilidis does
not involve meningococcal transferrin-binding proteins. Infect. Immun. 62: 700
703.

Martin, F.H., Castro, M.M., Abdoul-ela, F., and Tinoco, 1. 1985a. Base pairing involving
deoxyinosine: Implications for probe design. Nuc1eic Acids Res. 13: 8927.

180



•

•

•

Martin, P.G., LaChance, P., and Niven, D.F. 1985b. Production of RNA-dependent
haemolysin by Hael/lophi/us p/europneul/loniae. Cano J. Microbiol. 31: 456-462.

Martinez, J.L., Delgado-Iribarren, A, and Baquero, F. 1990. Mechanisms of iron
acquisition and bacterial virulence. FEMS Microbiol. Rev. 75: 45-56.

Masson, P.L., Heremans, J.F., and Dive, C. 1966. An iron-binding protein common to
many secretions. Clin. Chim. Acta 14: 735-739.

Masson, PL., Hercmans, J.F., and Schonne, E. 1969. Lactoferrin, an iron-binding protein
in neutrophilic leukocytes. J. Exp. Med. 130: 643-659.

Mazurier, J., and Spik, G. 1980. Comparative study of the iron-binding properties of
human transferrins. 1. Complete and sequential iron-saturation and desaturation
of the lactotransferrin. Biochim. Biophys. Acta 629: 399-408.

McKenna, W.R., Mickelsen, PA, Sparling, P.F., and Dyer, D.W. 1988. Iron uptake from
lactoferrin and transferrin by Neisseria gannar/weae. Infect. Immun. 56: 785-791.

Mengelers, MJ.B., Van Klinger~n, B., and Van Miert, ASJ.P.A.M. 1990. In vitro
susceptibility of some porcine respiratory tract pathogens to aditoprim,
trimethoprim, sulfadimethoxine, sulfamethoxazole, and combinations of these
agents. Am. J. Vet. Res. 51: 1860-1864.

Menozzi, F.D., Gantiez, C., and Locht, C. 1991. Identification and purification of
transferrin- and lactoferrin-binding protcins of Barde/el/a per/ussis and Borde/el/a
brancllisep/ica. Infect. Immun. 59: 3982-3988.

Merck Index, The. 1983. An encyclopedia of chemicals, drugs and biologicals, Tenth
edition. Merck & Co. Inc., NJ, USA pp. 670-672.

Messenger, AJ.M., Hall, R.M., and Ratledge, C. 1986. Iron uptake processes in
Mycabac/eriul/I vaccae R877R, a mycobacterium lacking mycobactin. 1. Gen.
Microbiol. 132: 845-852.

Mickelsen, P.A, and Sparling, P.F. 1981. Ability of Neisseria gonorr/lUeae, Neisseria
I/Ieningi/idis, and commensal Ne/:\:I'eria spccies to obtain iron from transferrin and
iron compounds. Infect. Immun. 33: 555-564.

181



•

•

•

Mickelsen, PA, Blackman, E., and Sparling, P.F. 1982. Ability of Neisseria
gonorrhoeae, Neisseria meningilidis, and commensal Neisseria species to obtain
iron from lactoferrin. Infect. Immun. 35: 915-920.

Miles, A., and Khimji, P.L. 1975. Enterobacterial chelators of iron: Their occurrence,
detection, and relation to pathogenicity. 1. Med. Microbiol. 8: 477-490.

Miles, A., Khimji, P., and Maskell, J. 1979. The variable response ofbacteria to excess
ferric iron in host tissues. J. Med. Microbiol. 12: 17-28.

Mitlal, K.R., Higgins, R., and Lariviere, S. 1982. Evaluation of slide agglutination and
ring precipitation tests for capsular serotyping ofHaelllophilus p/europneumoniae.
J. Clin. Microbiol. 15: 1019-1023.

Mitlal, K.R., Higgins, R., and Lariviere, S. 1983. Identification and serotyping of
Haemophilus p/eu/'opneullloniae by coagglutination test. 1. Clin. Microbiol. 18:
1351-1354.

Mitlal, K.R., Higgins, R., Lariviere, S., and Leblanc, D. 1984. A 2-mercaptoethanol tube
agglutination test for diagnosis of Haelllophillis p/europnellllloniae infection in
pigs. Am. 1. Vet. Res. 45: 715-719.

Mitlal, K.R., Higgins, R., Lariviere, S., and Nadeau, M. 1992. Serological
characterization ofAclinobacilllls p/ell/'opnellllloniae strains isolated from pigs in
Quebec. Vet. Microbiol. 32: 135-148.

Modun, B., Kendall, D., and Williams, P. 1994. Staphylococci express a receptor for
human transferrin: Identitication of a 42 kilodalton cell wall transferrin-binding
protein. Idect. Immun. 62: 3850-3858.

Montreuil, J., Spik, G., Monsigny, M., Descamps, J., Biserte, G., and Dautrevaux, M.
1965. A comparative study of the composition of sugars and amino acids of
human transferrin and lactotransferrin. Experientia 21: 254-256.

Montreuil, J., Tonnelat, 1., and Mullet, S. 1960. Preparation et proprietes de la
lactosiderophilinc (lactotransferrine) du lait de femme. Acta. Chem. Scand. 45:
413-421.

Morgan, E.H. 1974. Transferrin and transferrin iron. /n Iron in biochemistry and
medicine. Ediled by A. Jacobs, and M. Worwood. Academic Press, New York.
pp. 29-71.

182



1

Morse, S.A, Berish, S.A, Chen, C.Y., Trees, D.L., Mietzner, T.A, Genco, C.A, and
Kapczynski, D. 1991. Structure, function and regulation of the iron-binding
protein Fbp. In Neisseriae 1990. Ediled by M. Achtman, P. Kohl, C. Marshal, G.
Morelli, A Seiler, and T. Thiesen. Walter de Gruyter, New York. pp. 453-458.

Morton, D.J., and Williams, P. 1989. Utilization of transferrin-bound iron by
Haemophill/s species ofhuman and porcine origins. FEMS Microbiol. Lett. 65:
123-128.

Morton, D.J., and Williams, P. 1990. Siderophore-independent acquisition oftransferrin
bound iron by Haelllophi/lls injll/enzae type b. J. Gen. Microbiol. 136: 927-933.

Movat, H.Z., and Wasi, S. 1985. Severe microvascular injury induced by Iysosomal
releases of human polymorphonuclear leukocytes. Am. J. Pathol. 121: 401-417.

Murray, M.J., Murray, A, and Murray, C.J. 1980. The salutary effect of milk ln

amoebiasis and its reversai by iron. Br. Med. J. 280: 1351-1352.

Naidu, AS., Andersson, M., and Forsgren, A 1992. Identification of a human lactoferrin
binding protein in Slaphylococcl/S al/relis. 1. Med. Microbiol. 36: 177-183.

Naidu, AS., Andersson, M., Miedzobrodzki, 1., and Forsgen, A. 1991. Bovine lactoferrin
receptors in Slaphylococcl/S al/rel/S isolated from bovine mastitis. J. Dairy Sei. 74:
1218-1226.

Nakai, T., Sawata, A, and Kume, K. 1984. Pathogenicity of Haelllllphill/s
plellropnel/Illoniae for laboratory animais and possible role of its haemolysin for
production ofpleuropneumonia.. Jpn. 1. Vet. Sei. 46: 851-858.

Nassif, X., and Sansonelli, P.J. 1986. Correlation of the virulence of Klebsiella
pnel/lIlliniae KI and K2 with the presence of a plasmid encoding aerobactin.
Infect. Immun. 54: 603-608.

Neilands, J.B. 1952. Crystalline organo-iron pigment from a rust fungus. 1. Am. Chem.
Soc. 74: 4846-4847.

Neilands, J.B. 1972. Evolution of biological iron binding centers. Struct. Bonding
(Berlin). 11: 145-170.

Neilands, J.B. 1974. Iron and its role in microbial physiology. In Microbial iron
metabolism. A comprehensive treatise. Academie Press, New York. pp. 3·34.

183



, Neilands, 1.B. 1989. Siderophore systems of bacteria and fungi. ln Metal ions and
bacteria. Edited by TJ. Beveridge, and RJ. Doyle. John Wiley and Sons,
Chichester. pp. 141-163.

Nicolet, 1. 1986. Haemophi/l/s infections. ln Diseases of swine, 6th ed. Edited by A.D.
Leman, B. Straw, R.D. G1ock, W.L. Mengeling, R.H.C. Penny, and E. Scholl.
Iowa State University Press, Ames. pp.426-436.

Nicolet, J., Parox, P.H., and Krawinkler, M. 1980. Polyacrylamide gel electrophoresis of
whole cell-proteins of porcine strains of Haemophi/l/s. Int. J. Syst. Bacterio!. 30:
69-76.

Niven, D.F., and O'Reilly, T. 1990. Significance of Y-factor dependency in the taxonomy
of Haemophi/Ils species and related organisms. Int. J. Syst. Bacterio!. 40: 1-4.

Niven D.F., Donga, J., and Archibald, F.S. 1989. Responses of Haemophi/Ils
p/ellropnel/moniae to iron restriction: changes in the outer membrane protein
profile and the removal ofiron from porcine transferrin. Mo!. Microbio!. 3: 1083
1089.

Norrod, P., and Williams, R.P. 1978. Growth of Neisseria gonorrhoeae, in media
deficient in iron without detection ofsiderophores. Curr. Microbio!. 1: 281-284.

Ogunnariwo, J.A, and Schryvers, AB. 1990. Iron acquisition in Pastellrella haemo/ytica:
expression and identification of a bovine-specifie transferrin receptor. Infect.
Immun. 58: 2091-2097.

Ogunnariwo, J.A., and Schryvers, A.B. 1992. Correlation between the ability of
Haemophi/Ils paragallinal'lll/i to acquire ovotransferrin-bound iron and the
expression of ovotransferrin-specific receptors. Avian Dis. 36: 655-663.

Ogunnariwo, 1.A, Alcantara, 1., and Schryvers, AB. 1991. Evidence of non-siderophore
mediated acquisition oftransferrin-bollnd iron by Pastel/relia /1111/toc/da. Microb.
Pathog. 11: 47-56.

Ogunnariwo, 1.A., Cheng, C., Ford, J., and Schryvers, AB. 1990. Response of
Haemophill/s som/11/s to iron limitation: expression and identification of a bovine
specifie transferrin receptor. Microb. Pathog. 9: 397-406.

184



•

,

Ohtsuka, E., Matsuki, S., Ikehara, M., Takahashi, Y., and Matsubara, K. 1985. An
a1temate approach to deoxyoligonucleotides as hybridization probes by insertion
of deoxyinosine at ambiguous codon positions. J. Biol. Chem. 260: 2605.

Omary, M.B., and Townbridge, I.S. 1981. Covalent binding of the fatty acid to the
transferrin receptor in cultured human cells. J. Biol. Chem. 256: 4715-4718.

Oram, J.O., and Reiter, B. 1968. Inhibition of bacteria by lactoferrin and other chelating
agents. Biochim. Biophys. Acta 170: 351-356.

O'Reilly, T., Niven, D.F., and Brown, M.R.W. 1991. Phenotypic variation in the outer
membrane protein composition of AC:linobac:illlIs (Haell/oplzil/ls)
p/ellropnellllloniae: non-specitlc effect of exogenous pyridine nuc1eotide supply.
Vet. Microbiol. 29: 159-172.

O'Reilly, T., Rosendal, S., and Niven, D.F. 1984. Porcine haemophili and actinobacilli:
characterisation by means of API test strips and possible taxonomic implications.
Cano J. Microbiol. 30: 1229-1238.

Otto, B.R., Sparrius, M., Verweij Van Vught, A.M.J.J., and Mac1aren, D.M. 1990. lron
regulated outer membrane proteins of Hacleroides ji'agilis involved in heme
uptake. Infect. Immun. 58: 3954-3958.

Otto, B.R., Verweij, W.R., Sparrius, M., Verweij Van Vught, A.M.J.J., Nord, C.E., and
Maclaren, D.M. 1991. Human immune response to an iron-repressible outer
membrane protein of Hacleroidesfragilis. Infect. Immun. 59: 2999-3003.

Padda, J.S., and Schryvers, A.B. 1990. N-linked oligosaccharides of human transferrin
are not required for binding to bacterial transferrin receptors. Infect. Immun. 58:
2972-2976.

Palmer, H.M., Powell, N.B.L., Ala'Aldeen, DA, Wilton, J., and Borriello, S.P. 1993.
Neisseria meningilidis transferrin binding protein 1 expressed in EI'cllericllia coli
is surface exposed and binds human transferrin. FEMS Microbiol. LeU. 110: 139
145.

Payne, S.M. 1988. Iron and virulence in the family Enlerobacleriaceae. CRC Crit. Rev.
Microbiol. 16: 81-111.

Payne, S.M., and Finkelstein, R.A. 1978. Siderophore production by Vibrio cllo/erae.
Infect. Immun. 20: 310-311.

18S



1

Perry, R.D., and Brubaker, R.R. 1979. Accumulation ofiron by Yersilliae. J. Bacteriol.
137: 1290-1298.

Perry, R.D., and San Clemente, C.L. 1979. Siderophore synthesis in Klebsiella
pllelllllolliae and Shigella sOllllei during iron deficiency. J. Bacteriol. 140: 1129
1132.

Peters, WJ., and Warren, R.AJ. 1968. Phenolic acids and iron transport in Bacil/lls
slIbli/is. Biochim. Biophys. Acta 165: 225-232.

Peterson, G.L. 1977. A simplification of the protein assay method of Lowry el al. which
is more generally applicable. Anal. Biochem. 83: 346-356.

Pickett, C, L., Auffenberg, T., Pesci, E.C., Sheen, V.L., and Jusuf, S.S.D. 1992. Iron
acquisition and hemolysin production by Call1pylobaclerjejlllli. Infect. Immun. 60:
3872-3877.

Pidcock, K.A., Wooten, J.A., Daley, B.A., and Stull, T.L. 1988. Iron acquisition by
Haelllophillls injlllenzae. Infect. Immun. 56: 721-725.

Pijoan, C. 1982. Haelllophilus pleuropneumonia. Vet. Med. Small Anim. Clin. 77: 653
654.

Pijoan, C., Arizpe, H., and Ochoa, G. 1975. Vaccination for preventing respiratory
infection with Haelllophilus parafwelllolYlicus in swine. Rev. Latinoam.
Microbiol. 21: 65.

Pintor, M., Ferreiros, C.M., and Criado, M.T. 1993. Characterization of the transferrin
iron uptake system in Neisseria lIIenillgilidis. FEMS Microbiol. Lett. 112: 159
166.

Pohl, S., Bertschinger, H.U., Frederiksen, W., and Mannheim, W. 1983. Transfer of
Haelllophifus pfeuropllell/llolliae and the Pasleurelia haelllolylica-like organism
causing porcine necrotic pleuropneumonia to the genus Aclinobacilllls
(Aclinobacilllls pleliropnelllllolliae comb. nov.) on the basis of phenotypic and
deoxyribonucleic acid relatedness. Int. J. Syst. Bacteriol. 33: 510-514.

Princiotto, J.V., and Zapolski, EJ. 1975. Difference between the two iron-binding sites
oftransferrin. Nature 255: 87-88.

186



1

Querinjean, P., Masson, P.L., and Heremans, J.F. 1971. Molecular weight, single-chain
structure and amino acid composition of human lactoferrin. Eur. J. Biochem. 20:
420-425.

Redhead, K, and Hill, T. 1991. Acquisition of iron from transferrin by Bordetella
pertllssis. FEMS Microbiol. Lett. 77: 303-308.

Redhead, K, Hill, T., and Chari, H. 1987. Interaction oflactoferrin and transferrins with
the outer memblane of Bordetella pertl/ssis. J. Gen. Microbiol. 133: 891-898.

Ricard, M.A., Archibald, F.S., and Niven, D.F. 1991. Isolation and identilication ofa
putative porcine transferrin receptor from Actillobacilllls plellropllelllllolliae
biotype 1. J. Gen. Microbiol. 137: 2733-2740.

Roberts, T.K, and Boursnell, J.C. 1975. Isolation oflactoferrin from sow milk and boar
seminal plasma. J. Reprod. Fertil. 42: 579-582.

Robertsson, J.A, Lindberg, AA, Hoiseith, S., and Stocker, S.AD. 1983. Salmollella
typhillllll'illlll infection in calves: protection and survival of virulent challenge
bacteria after immunization with live or inactivated vaccines. Inlèct. Immun. 41:
742-750.

Rogers, H.J. 1973. Iron binding catechols and virulence in Escherichia coli. Infect.
Immun. 7: 445-456.

Rogers, H.J., Synge, c., Kimber, B., and Bayley, P.M. 1977. Production of enterochelin
by Escherichia coli 0111. Biochim. Biophys. Acta 497: 548-557.

Romslo, 1., and Thorstensen, K 1990. The role oftranslèrrin in the mechanism of cellular
iron uptake. Biochem. J. 271: 1-10.

Rose, D.M., Giri, S.N., Zinkl, J.G., Snipes, K.P., Davidson, J.N., McCapes, R.H., and
Conzelman, G.M. 1988. Changes in circulating prostaglandin E and F2 levels,
cloacal temperature and leucocyte counts in turkeys inoculated with l'astel/relia
mllitocida. Avian Dis. 32: 204-208.

Rosenberg, H., and Young, I.G. 1974. Iron transport in the enteric bacteria. fil Microbial
iron metabolism. Edited by J.B. Neilands. Academic Press, New York. pp.67-82.

Rosendal, S., Boyd, D.A., and Gilbride, KA. 1985. Comparative virulence of porcine
Haemophill/s bacteria. Cano J. Comp. Med. 49: 68-74.

187



•
Rosendal, S., Carpenter, D.S., Mitchell, W.R., and Wilson, M.R. 1981a. Vaccination

against pleuropneumonia in pigs caused by Haelllophillis p/ellropnellmoniae. Cano
Vet. J. 22: 34·35.

Rosendal, S., Devenish, l, Maclnnes, J.I., Lumsden, J.H., WatsO&l, S., and and Xun, H.
1988. Evaluation of heat-sensitive, neutrophil-toxic, and hemolytic activity of
Aclinobacilllls (Haemophillls) p/ellropnellmoniae. Am.l Vet. Res. 49: 1053-1058.

Rosendal, S., Lombin, L., and DeMoor, J. 1981 b. Serotyping and detection of
Haemophi/lis p/eliropnelllllOniae by indirect fluorescent antibody technique. Cano
J. Comp. Med. 45: 271-274.

Rossi-Campos, A, Anderson, C., Gerlach, G.F., Klashinsky, S., Potter, AA., and Wilson,
P.J. 1992. Immunization ofpigs againstAclinobacilllls p/ellropnellmoniae with
two recombinant protein preparations. Vaccine. 110: 512-518.

Rycroft, AN., Williams, D., Cullen, lM., and Macdonald, J. 1991. The cytotoxin of
Aclinobacilllls p/eliropnellllloniae (pleurotoxin) is distinct from the hemolysin and
is associated with a 120-kDa polypeptide. J. Gen. Microbiol. 137: 561-568.

Sakai, T., Hamakawa, M., Yoon, C.S., Masuda, T., Nogami, S., and Tsumagari, S. 1992.
Therapeutic effects of doxycycline hydrochloride on Aclinobacilllls
p/eliropnellllloniae infection in pigs. Agri-Practice. 13: 23-27.

Sambrook, J., Fritsch, E.F., and Maniatis, T. 1989. Molecular c1oning: A Laboratory
Manual. Second edition. Cold Spring Harbour Laboratory Press, New York.

Sanford, S.E., and Josephson, G.K.A 1981. Porcine Haelllophi/lls p/ellropnellllloniae
epizootic in Southwestern Ontario: Clinica1, microbiological, pathological and
epidemiological findings. Cano J. Comp. Med. 45: 2-7.

Schade, AL., and Caroline, L. 1944. Raw hen egg white and the role ofiron in growth
inhibition ofShige/la dysenleriae, Siaphy/ococcll.\· allrells, Escherichia coli and
Saccharomyces cerevisiae. Science 100: 14-15.

Schlabach, M.R., and Bates, G.W. 1975. The synergistic binding of anions and Fe by
transferrin. J. Biol. Chem. 250: 2182-2188.

Schneider, C., and Williams, J.C. 1985. Molecular dissection of the human transferrin
receptor. J. Cell Sci. 3: 139-149.

188



•

•

1

Schryvers, AB. 1988. Characterisation of the human transferrin and lactoferrin receptors
in Haelllophillls inj/llenzae. Mol. Microbiol. 2: 467-472.

Schryvers, AB. 1989. Identification of the transferrin and lactoferrin-binding proteins in
Haelllophillls inj/llenzae. J. Med. Microbiol. 29: 121-130.

Schryvers, AB., and Gonzalez, G.C. 1989. Comparison of the abilities of different
protein sources of iron to enhance Neisseria lIleningilidis infection in mice. Infect.
Immun. 57: 2425-2429.

Schryvers, AB., and Gonzalez, G.C. 1990. Receptors for transferrin in pathogenic
bacteria are specifie for the host's protein. Cano J. Microbiol. 36: 145-147.

Schryvers, AB., and Lee, B.C. 1989. Comparative analysis of the transferrin and
lactoferrin binding proteins in the family Neisseriaceae. Cano J. Microbiol. 35:
409-415.

Schryvers, AB., and Morris, L.J. 1988a. Identification and characlerisation of the
transferrin receptor from Neisseria /IIeningilidis. Mol. Microbiol. 2: 281-288.

Schryvers, AB., and Morris, L.J. 1988b. Identification and characterization of the human
lactoferrin-binding protein from Neisseria lIleningilidis. Infect. Immun. 56: 1144
1149.

Scott, D., Siboo, I.R., Chan, E.C.S., Klintorinos, A, and Siboo, R. 1993. Binding of
hemin and congo red by oral hemolytic spirochetes. Oral Microbiol. Immunol. 8:
245-250.

Sebunya, T.N.K., and Saunders, J.R. 1982. Studies on immunity 10 Haelllophillls
plellropnell/lloniae infections in mice. Am. J. Vet. Res. 43: 1793-1798.

Sebunya, T.N.K., and Saunders, J.R. 1983. Hae/llophillls pleuropnellllloniae infection in
swine: a review. J. Am. Vet. Med. Assoc. 182: 1331-1337.

Sebunya, T.N.K., Saunders, J.R., and Osborne, A.D. 1982. Characteristics of
Haelllophillis plellropnell/lloniae isolates aild some epidemiological findings on
porcine Hae/llophillls pleuropneumonia in Saskatchewan. Cano Vet. 1. 23: 224
228.

189



•

•

1

Shah, S., Karkhanis, V., and Desai, A. 1992. Isolation and characterization of a
siderophore with antimicrobial aClivity, from Azospirilllllll lipofentm M. CUIT.
Microbiol. 25: 347-351.

Shaw, 0.1., and Guest, J.R. 1982. Nucleotide sequence of thefhr gene and primary
structure of the FNR protein of Escherichia coli. Nucleic Acids Res. 10: 6119
6130.

Shenker, BJ., Tsai, C.C., and Taichman, N.S. 1982. Suppression of lymphocyte
responses by Actinobacilllls actinolllycetemcomitans. J. Periodontal Res. 17: 462
465.

Shope, R.E. 1964. Porcine contagious pleuropneumonia. 1. Experimental transmission,
etiology and pathology. J. Exp. Med. 119: 357-368.

Simonsen, C., Brener, O., and DeVoe, !.W. 1982. Expression of a high-affinity
mechanism for acquisition of transferrin iron by Neisseria meningilidis. Infect.
Immun. 36: 107-113.

Sirois, M., Lemire, E.G., and Levesque, R C. 1991. Construction of a DNA probe and
detection ofActinobacilllls p/ellropnellllloniae by using polymerase chain reaction.
J. Clin. Microbiol. 29: 1183-1187.

Siocombe, R.F., Mulark, J., Ingersoll, R., Derkson, J.F., and Robinson, N.E. 1985.
Importance of neutrophils in the pathogenesis of acute pneumonic pasteurellosis
in calves. Am. J. Vet. Res. 46: 2253-2258.

Smart, N.L., Miniats, P., and Maclnnes, J.!. 1988. Analysis of Haelllophillis parasllis
isolates from Southern Ontario swine by restriction endonuclease fingerprinting.
Cano J. Vet. Res. 52: 319-324.

Smith, A. 1990. Transport of tetrapyrroles: mechanisms and biological and regulatory
consequences. /n Biosynthesis and metabolism ofheme and chlorophyll. Edited
by HA Dailey. McGraw Hill Publishing Co., New York. pp. 435-489.

Smith, A., and Ledford, B.E. 1988. Expression of a haemopexin transport system in
cultured mouse hepatoma cells: links between haemopexin and iron metabolism.
Biochem. J. 256: 941-950.

190



•

•

Snapper, JR, Brigham, KL., Heflin, AC., Bomboy, J.D., and Graber, S.E. 1983. Effects
ofendotoxemia on cyc1ic nuc1eotides in unanesthetized sheep. J. Lab. Clin. Merl.
102: 240-249.

Spik, G., Coddeville, B., Legrand, D., Mazurier, J., Goavec, M., and Montreuil, J. 1985.
A comparative study of the primary structure ofglycans from various sero-, lacto-,
and ovotransferrins: Role of human lactotransferrin glycans. fil Proteins of iron
storage and transport. Edited by G. Spik, J. Mcntreuil, R. R. Crichton, and J.
Mazurier. Elsevier, Amsterdam. pp. 47-51.

Stevenson, P., Williams, P., and Griffiths, E. 1992. Common antigenic domains in
transferrin-binding protein 2 ofNeisseria lIlellingitidis, Neisseria gOllorr/lOeae and
Haelllophi/us inj/uenzae type b. Infect. Immun. 60: 2391-2396.

Stoji1jkovic, 1., and Hantke, K 1992. Hernin uptake system of Yel:~inia cllterocolitica:
Similarities with other Ton-B dependent systems in Gram-negative bacteria.
Embo. J. 11: 4359-4367.

Stuart, S.1., Greenwood, KT., and Luke, R.K.J. 1980. Hydroxamate-mediated transport
ofiron controlled by pColV plasmids. J. Bacterio\. 143: 35-42.

Sutherland, AD., Jones, G.E., and Poxton, l.R. 1990. The susceptibility of in vivo grown
Pasteurella haelllofytica to ovine defence mechanisms in vitro. FEMS Microbio\.
Immuno\. 64: 269-278.

Syrogiannopoulos, G.A., Hansen, E.1., Erwin, AL., Munford, R.S., Rutledge, J., Reisch,
J.S., and McCracken, G.H. 1988. Haemophi/us injluenzae type b
lipooligosaccharide induces meningeal inflammation. J. Infect. Dis. 157: 237-244.

Takahashi, Y., Kato, K., Hayashizaki, Y., Wakabayashi, 1., Ohtsuka, E., Matsuki, S.,
Ikehara, M., and Matsubara, K. 1985. Molecular c10ning of the human
cholecystokinin gene by use of a synthetic probe containing deoxyinosine. Proc.
Nat. Acad. Sci. USA 82: 1931.

Theil, E. 1987. Ferritin. Structure, gene regulation and cellular function in animal, plant
and microorganisms. Annu. Rev. Biochem. 56: 289-315.

Tigyi, Z., Kishore, AR., Maeland, J.A., Forsgen, A, and Naidu, AS. 1992. Lactoferrin
binding proteins in Shigellaflexneri. Infect. Immun. 60: 2619-2626.

191



•

1

Tomcik, K., Gilchrist, l, Poller, A., Deneer, H., Klashinsky, S., and Wilson, P. 1988.
Pilus-like structures on Actinobacilllls p/ellropnellmoniae. Proc. 69th Conf. Res.
Wkrs. Anim. Dis. pp. 12.

Tsai, J., Dyer, D.W., and Sparling, P.F. 1988. Loss of transferrin receptor activity in
Neisseria meningitidis correlates with inability to use transf-errin as an iron source.
!!1f;;ct. Immun. 56: 3132-3138.

Tu, AH.T., Hausler, c., Young, R., and Struck, D.K. 1994. DifferentiaI expression of the
cytotoxic and hemolytic activities of the ApxIIA toxin from Actinobacilllls
p/ellropnellmoniae. Infect. Immun. 62: 2119-2121.

Tyron, V.V., and Baseman., lB. 1987. The acquisition of human lactoferrin by
Mycop/asma pnellmoniae. Microb. Pathog. 3: 437-443.

Udeze, FA, Latimer, K.S., and Kadis, S. 1987. Role of Haemophillls plellropnellmoniae
lipopolysaccharide endotoxin in the pathogenesis of porcine Haemophillls
pleuropneumonia. Am. J. Vet. Res. 48: 768-773.

Valvano, M.A, Silver, R.P., and Crosa, J.H. 1986. Occurrence of chromosome- or
plasmid-mediated aerobactin iron transport systems among clonai groups of
human invasive strains of Escherichia coli KI. Infect. Immun. 52: 192-199.

Van Leengoed, L.AM.G., and Dickerson, H.W. 1992. Influence of calcium on secretion
and activity of the cytolysins ofActinobacilllls p/ellropnellmoniae. Infect. Immun.
60: 353-359.

Wee, S., Neilands, lB., Billner, M.L., Hemming, B.C., Haymore, B.L., and Seetharam,
R. 1988. Expression, isolation and properties of Fur (ferric uptake regulation)
protein of&cherichia coli K12. Biol. Metals 1: 62-67.

Weinberg, E.D. 1978. Iron and infection. Microbiol. Rev. 42: 45-66.

Weinberg, E.D. 1984. Iron withholding: a defense against infection and neoplasia.
Physiol. Rev. 64: 65-102.

Weich, R.A. 1991. Pore-forming cytolysins of Gram-negative bacteria. Mol. Microbiol.
5: 521-528.

192



•

1

West, S.E.H., and Sparling, P.F. 1985. Response of Neisseria gOllorr/weae to iron
limitation: Alterations in the expression of membrane proteins without apparent
siderophore production. Infect. Immun. 47: 388-394.

West, S.E.H., and Sparling, P.F. 1987. Aerobactin utilization by Neisseria gOllorrhoeae
and c10ning of a genomic DNA fragment that complements Escherichia coli fJIlI
B mutations. J. Bacteriol. 169: 3414-3421.

Williams, P. 1988. Role of the cell envelope in bacterial adaptation to growth in vivo in
infections. Biochimie 70: 987-1011.

Williams, P.H. 1979. Novel iron uptake system specified by ColY plasmids: an important
component in the virulence of invasive strains of f.scherichia coli. Inlèct. Immun.
26: 925-932.

Williams, P., and Brown, M.R.W. 1986. Influence of iron-restriction on growth and
expression of outer membrane proteins by Hae11lophi/lls inf/llenzae and H.
paraillf/llenzae. FEMS Microbiol. LeU. 33: 153-157.

Williams, P., and Griffiths, E. 1992. Bacterial transferrin receptors - structure, function
and contribution to virulence. Med. Microbiol. Immunol. 181: 301-322.

Williams, P., Morton, D.J., Towner, K.J., Stevenson, P., and Griffiths, E. 1990.
Utilization of enterobactin and other exogenous iron sources by Hae11lophillls
inf/llenzae, Haemophillls parainf/llenzae and Hae11lophillls paraphrophillls. J.
Gen. Microbiol. 136: 2343-2350.

Williams, P.H., and Warner, P.J. 1980. ColY plasmid-mediated colicin Y-independent
iron uptake system for invasive strains of Escherichia coli. Infect. Immun. 29:
411-416.

Wilton, J., Ala'Aldeen, D., Palmer, H.M., and Borriello, S.P. 1993. Cloning and partial
sequence oftransferrin-binding protein 2 of Neisseria meningilidis using a novel
method: Twin N-terminal l'CR. FEMS Microbiol. Let\. 107: 59-66.

Windle, J.J., Wiersema, A.K., Clark, J.R., and Feeney, R.E. 1963. Investigation of the
iron and copper complexes of avian conalbumins and human transferrin by
electron paramagnetic resonance. Biochem. 2: 1341.

Wintrobe, M.M. 1974. Clinical Hematology, 7th edition. Lea and Febiger, Philadelphia.
pp. 151-167,660-666.

193



•

•

1

Wong, lC.Y., Holland, J., Parsons, T., Smith, A., and Williams, P. 1994. Isolation and
characterization of an iron-regulated hemopexin receptor in Haemophilus
inj/uenzae type b. Infect. Immun. 62: 48-59.

Yamamoto, S., Okujo, N., Fujita, Y., Saito, M., Yoshida, T., and Shinoda, S. 1993.
Structures of two polyamine-containing catecholate siderophores from Vibrio
j/livialis. l Biochem. 113: 538-544.

Yancey, RJ., Breeding, S.AL., and Lankford, C.E. 1979. Enterochelin (enterobactin):
virulence factor for Salmonella /yphimurium. Infect. Immun. 24: 174-180.

Yancey, RJ., and Finkelstein, R.A. 1981. Assimilation ofiron by pathogenic Neisseria
spp. Infect. Immun. n: 592-599.

Yang, H., Kooi, C.D., and Sokol, P.A 1993. Ability of Pseudol/lonas pseudomallei to
acquire transferrin-bound, lactoferrin-bound and cell derived iron. Infect. Immun.
61: 656-662.

Yu, R.-H., Gray-Owen, S.D., Ogunnariwo, J., and Schryvers, AB. 1992. Interaction of
ruminant transferrins with transferrin receptors in bovine isolates of Pas/eurella
haemoly/ica and Haemophillis soml11/s. Infect. Immun. 60: 2992-2994.

Zimmermann, L., Angerer, A, and Braun, V. 1989. Mechanistically novel iron (Ill)
transport system in Serra/ia marcescens. J. Bacterio!. 171: 238-243.

Zinnemann, K. 1967. Report of the subcommiltee on the taxonomy of Haemophilus
(1962-1966). Int. l Syst. Bacterio!. 17: 165-166.

Zinnemann, K. 1981. Sorne historical aspects of the genera Haemophillls, Pas/eurella and
Ac/inobacilllls, and sorne of their species. In Haemophi/lIs, Pas/eurella and
Ac/illobacilllls. Edi/ed by M. Kilian, W. Frederiksen, E.L. Biberstein. Academie
Press, New York. pp. 1-10.

194




