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Abstract

The reference strains representing serotypes 1 to 12 of Actinobacillus pleuropneumoniae biotype 1 were examined for their ability to
utilize porcine hemoglobin (Hb) or porcine hemin (Hm) as iron sources for growth. In a growth promotion assay, all of the reference
strains were able to use porcine Hb, and all strains except 2 were able to use porcine Hm. Using a preliminary characterization
procedure with Hm- or Hb-agarose, Hm- and Hb-binding outer membrane proteins (OMPs) of approximately 75 kDa were isolated
from A. pleuropneumoniae serotype 1 strain 4074 grown under iron-restricted conditions. Matrix-assisted laser desorption ionization/
time-of-flight (MALDI-TOF) analysis revealed a number of common tryptic peptides between the Hb-agarose- and Hm-agarose-
purified 75 kDa OMPs, strongly suggesting that these peptides originate from the same protein. A database search of these peptide
sequences revealed identities with proteins from various Gram-negative bacteria, including iron-regulated OMPs, transporter
proteins, as well as TonB-dependent receptors. Taken together, our data suggest that A. pleuropneumoniae synthesizes potential
Hm- and Hb-binding proteins that could be implicated in the iron uptake from porcine Hb and Hm.

Résuméeé

Nous avons déterminé la capacité des souches de référence représentant les sérotypes 1 a 12 d’ Actinobacillus pleuropneumoniae biotype 1
d’utiliser I'hémoglobine porcine (Hb) ou I'hémine porcine (Hm) comme seule source de fer pour leur croissance. L'utilisation d'un test de
promotion de la croissance a montré que toutes les souches de référence étaient capables d'utiliser I'Hb porcine et que toutes ces souches sauf
deux étaient également capables d'utiliser I'Hm porcine. Des protéines de la membrane externe d’approximativement 75 kDa capables de lier
I'Hm et I'Hb ont été isolées a I'aide d’'Hm- ou Hb-agarose a partir de la souche 4074 d’A. pleuropneumoniae sérotype 1 cultivée dans des
conditions réduites en fer. La spectroscopie de masse (MALDI-TOF) a révélé un certain nombre de fragments peptidiques communs entre les
protéines de 75 kDa purifiées par Hb-agarose et Hm-agarose ce qui suggere que ces peptides proviennent de la méme protéine. Les séquences de
ces peptides ont montré des homologies avec des protéines de plusieurs bactéries @ Gram-négatif dont des protéines de la membrane externe
régulées par le fer, des transporteurs, ainsi que des récepteurs TonB-dépendants. L'ensemble de nos résultats suggeére qu”A. pleuropneumoniae
exprime des protéines capables de lier I'Hm et I'Hb qui pourraient étre impliquées dans I'acquisition de fer a partir de 'Hb et I'Hm porcines.

(Traduit par les auteurs)
Introduction

high-affinity iron-acquisition mechanisms designed to obtain iron.
One such system comprises the elaboration of siderophores that

Iron is essential for growth of most bacteria (1,2). In the host,
extracellular iron is bound to the iron-binding glycoproteins lactoferrin
and transferrin in exocrine secretions, while most of the intracellular
iron is sequestered as heme-containing proteins, such as hemoglobin
(Hb). This sequestration limits the availability of free iron to levels
below that required to support microbial growth (1,2). However, to
survive in the host, bacterial pathogens have evolved different

chelate external iron followed by binding to their cognate receptor
and subsequent internalization. Another system utilises a
receptor-mediated mechanism to acquire iron from lactoferrin,
transferrin, or heme-containing proteins (1-4). A large number of
pathogenic bacterial species use heme compounds as a source of iron.
Various outer membrane proteins (OMPs) which have been isolated
and characterized can bind heme to the bacterial cell surface (2,3). In
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these systems the outer membrane receptor directly recognizes the
heme compounds. Another more complex way to obtain heme
involves an extracellular protein, named hemophore, that binds heme
and shuttles it back to a specific outer membrane receptor (5).

Actinobacillus pleuropneumoniae, a member of the Pasteurellaceae
family, is the agent of porcine pleuropneumonia. Among the
13 recognized NAD-dependant serotypes of biotype 1 (6), serotypes
1, 5, and 7 are most commonly found in North America while
serotype 2 is predominant in many European countries (7). Several
bacterial components, including RTX toxins (ApxI-ApxIV, 3 of which
have hemolytic activity), lipopolysaccharides (LPS), capsular
polysaccharides, and OMPs appear to contribute to the disease
process (8,9). Potential iron sources for A. pleuropneumoniae include
porcine transferrin (10) and heme compounds liberated from host
cells (11). Our group has shown that A. pleuropneumoniae can use
exogenous siderophores (12) as sole sources of iron for growth and
has recently described the ferrichrome receptor FhuA (13). We and
others have demonstrated that A. pleuropneumoniae serotypes 1 and
2 can utilize porcine Hb or hemin (Hm) as a sole source of iron for
growth in vitro (11,14). We have previously reported the binding of
porcine Hb to A. pleuropneumoniae LPS (14,15). Lipopolysaccharides
might be implicated along with surface proteins in the iron uptake
from porcine Hb. Using flow cytometry, comparison of the
Hb-binding activity of A. pleuropneumoniae grown under iron-
restricted conditions with cells grown under iron-sufficient
conditions indicated that iron-restriction promoted the expression
of Hb receptors, and that Hb-binding activity was, at least in part,
iron-repressible (16).

The mechanism by which A. pleuropneumoniae utilizes Hm- and
Hb-iron sources as well as the protein components involved have
so far not been identified. Knowing that A. pleuropneumoniae
expresses hemolysins, such a system could serve as an important
mechanism for the in vivo iron acquisition by this organism. The
aim of the present preliminary study was to identify potential
proteins of A. pleuropneumoniae serotype 1 (strain 4074) with Hb- or
Hm-binding activity.

Materials and methods

Bacterial isolates and growth conditions

Actinobacillus pleuropneumoniae reference strains representing
serotypes 1 to 12 were used in this study. Bacteria were grown in
brain heart infusion liquid medium (BHI; Difco Laboratories, Detroit,
Michigan, USA) supplemented with 5 pg of NAD mL™. To obtain
iron-restricted conditions for preparation of outer membranes, the
culture medium was supplemented with 100 uM of deferrated
ethylenediamine di-o-hydroxyphenylacetic acid (EDDHA; Sigma
Chemical Company, St. Louis, Missouri, USA) (12). Cultures were
incubated at 37°C for 18 to 24 h in a 5% CO, atmosphere.

Growth promotion assay

The utilization of heme compounds by iron-restricted A. pleuro-
pneumoniae was determined by a plate assay (14) with some
modifications. Briefly, fresh overnight cultures of the reference
strains of A. pleuropneumoniae were resuspended at a concentration

of approximately 108 CFU mL ™" (A,,, of 0.2) in phosphate-buffered
saline (PBS 0.01 M, pH 7.4). Fifty microliters of the cells suspension
were spread onto the surface of a BHI-NAD agar plate containing
200 wM of deferrated EDDHA, a concentration that inhibits the
growth of A. pleuropneumoniae. Sterile filter disks (Becton Dickinson,
Rutherford, New Jersey, USA), 6.25 mm in diameter, were then
placed onto the agar plate and 10 WL of porcine Hb (10 mg mL ™},
dissolved in PBS) or Hm (10 mg mL ™}, dissolved in 30% NH ,OH)
were spotted onto the filter disks. This concentration of 100 wg
disk™! of porcine Hb or Hm was chosen after testing several dilutions
(0.1 to 100 pg disk™!). Zones of growth around the disks were
evaluated after incubation at 37°C under an atmosphere of 5% CO,
for 48 h. A solution of FeCl, (10 mg mL !, dissolved in PBS) and PBS
buffer were used as controls.

Preparation of outer membranes

Outer membranes from A. pleuropneumoniae reference strain of
serotype 1 (strain 4074) grown under iron-sufficient or iron-restricted
conditions were extracted and isolated by using the same method
as Elkins (17) with a small modification of using a French Press to
disrupt whole cells of A. pleuropneumoniae. Protein concentrations
were determined by using a protein assay (Bio-Rad, Mississauga,
Ontario) with bovine serum albumin (BSA) as the standard. The
pellets containing outer membranes were conserved at —20°C for
further experiments.

Affinity purification with Hm- or Hb-agarose

Analytical purification was performed in microcentrifuge tubes
as described by Elkins (17). Outer membranes were solubilized by
using 1% Zwittergent 314 (Calbiochem, La Jolla, California, USA)
in 50 mM Tris, 150 mM NaCl and 5 mM (EDTA) pH 7.5 with rocking
at 37°C for 2 h. After centrifugation at 12 500 X g for 10 min, the
soluble fraction containing OMPs was mixed with solid-phase bovine
Hm- or bovine Hb-agarose (Sigma Chemical Company) and gently
rocked for 2 h at room temperature. The agarose containing the
ligand-receptor complex was washed in the above-mentioned buffer
and with a high salt buffer (50 mM Tris-Cl pH 7.5, 1 M NaCl,
1% Zwittergent, 5 mM EDTA pH 7.5) to remove nonspecifically
bound proteins. The complexes were resuspended in Laemmli
sample buffer for analytical sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE).

Electrophoresis

The SDS-PAGE was conducted by the discontinuous buffer system
of Laemmli (18), with a 4.5% polyacrylamide stacking gel and a
12.5% polyacrylamide running gel (15). Samples were boiled for
10 min in solubilization buffer (62.5 mM Tris-HCl, pH 6.8, 2% (w/v)
SDS, 10% (v/v) glycerol, 5% (w/v) B-mercaptoethanol, and 0.025%
(w/v) bromophenol blue). Prestained low molecular mass protein
markers were obtained (Bio-Rad). Gels were run in a Mini-
PROTEAN II vertical slab electrophoresis cell (Bio-Rad) and then
stained with Coomassie brilliant blue R-250.

Labeling of cells with [*H]palmitate

[*Hlpalmitate (5 mCi mL~!) was added to exponentially growing
cell colonies of A. pleuropneumoniae serotype 1 strain 4074, which
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were subjected to iron-restricted or iron-sufficient conditions, this
was then added to a final concentration of 50 wCi mL™! (19).
Incubation was then continued for 2 h for the iron-sufficient and 8 h
for iron-restricted cultures. Labeling was discontinued by
precipitation with trichloroacetic acid (10%, w/v) for 30 min on ice.
Proteins were pelleted by centrifugation at 15 000 X g for 20 min,
and the pellets were washed twice with methanol to remove lipids.
The dried pellets were resuspended in sample buffer and then
analyzed by using SDS-PAGE. The radiolabeled protein bands in the
dried gel were detected by fluorography (EN*HANCE; Dupont NEN
Research Products, Boston, Massachusetts, USA) according to the
manufacturer's instructions.

N-terminal amino acid sequence

For N-terminal amino acid analysis, the 75-kDa OMPs purified by
either Hm- or Hb-agarose were separated by SDS-PAGE, electroblotted
to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) and
stained with Ponceau. The N-terminal amino acid sequence was
determined by standard Edman degradation on a model ABI 477A
microsequencer (Applied Biosystems, Foster City, California, USA).

Proteolytic digestion, peptide separation, and
mass spectrometry

Protein bands from the 75-kDa OMPs, purified by either Hm- or
Hb-agarose, were excised from gels; subjected to reduction,
alkylation, or both using iodoacetamide; and in-gel digested by
trypsin (sequencing grade; Promega, Madison, Wisconsin, USA)
(20,21). After digestion, the bands were extracted with an aqueous
solution of 5% acetic acid, 50% acetonitrile, and the tryptic peptide
extracts were combined and evaporated to dryness on a Savant
preconcentrator. The peptide extracts were separated (Brownlee
HPLC microbore C18 column; Applied Biosystems) (OD-300, 7 pwm,
2.1 X 30 mm, ABI) using a 130A HPLC with UV detection set at 220
nm (Applied Biosystems). Peptides were eluted at 200 wL min™!
with a linear gradient of 0 to 40 min (0% to 80% A) and 40 to 57 min
(80% to 100% B) with solvant A containing 0.1% trifluoacetic acid
(TFA) in water and solvant B made up of 70% aqueous acetonitrile
(0.08% TFA). Fractions isolated were evaporated on a Savant
preconcentrator and subjected to mass spectral analyses.

Matrix-assisted laser desorption ionization/time-of-flight (MALDI-
TOF) mass spectra were conducted (PerSeptive biosystems Elite-STR;
Framingham, Massachusetts, USA) using linear mode. The matrix
a-cyano cinnaminic acid (Aldrich) was used for all MALDI-TOF
analyses. Mass assignment was made using external calibration and
mass accuracy was found to be within + 0.3 Da of the predicted
molecular weight for analyte less than 4000 Da. Typically 20% of the
HPLC fraction was used to obtain the MALDI-TOF mass spectrum.
Nanoelectrospray mass spectra were obtained using a hybrid
quadrupole time-of-flight (Q-TOF) instrument (Micromass, Manchester,
United Kingdom) for high resolution and on-line tandem mass
spectrometric experiments (22). An equivalent of 25% of each HPLC
fraction dissolved in 1 pL of 50% methanol and 1% acetic acid was
loaded through the open end of the nanoelectrospray emitter
(Micromass). Conventional mass spectra were obtained by operating
the quadrupole in an RF-only mode while a pusher electrode was
pulsed (approximately 16 kHz frequency) to transfer all ions to the

time-of-flight analyzer. For tandem mass spectrometry experiments
(MS-MS) precursor ions identified in a preliminary survey scan were
selected by the first quadrupole while a pusher electrode was pulsed
(approximately 16 kHz frequency) to transfer fragment ions formed in
the RF-only hexapole cell to the time-of-flight analyzer. The detector is
a dual-stage microchannel plate and acquisition is made through a
time-to-digital convertor (TDC) operating at 1 GHz (Precision
Instruments, Knoxville, Tennessee, USA). Mass spectral resolution was
typically 4000 to 5000. A scan duration of 1 s and 2 s was set for con-
ventional and MS-MS mass spectral acquisition, respectively. Collisional
activation was performed using argon collision gas with a 25 V offset
between the DC voltage of the entrance quadrupole and the RF-only
hexapole cell. Data were acquired and processed in a data system (Mass
Lynx Window NT; Micromass, Beverly, Massachusetts, USA).

Growth promotion assays

To determine whether A. pleuropneumoniae reference strains
representing serotypes 1 to 12 could utilize heme compounds as the
sole source of iron, we carried out plate assays in where the abilities
of heme compounds to overcome EDDHA-induced iron restriction
were evaluated. All the strains were able to use porcine Hb as an
iron source for growth (Table I). In addition, all the strains, except
strains 13 039 of serotype 10 and 56 153 of serotype 11, were also able
to use porcine Hm as an iron source for growth. A brown
pigmentation in colonies growing around the disks containing Hm
or Hb was observed. All the reference strains were able to use the
control iron source FeCl,.

Identification of Hm- and Hb-binding OMPs

To determine whether A. pleuropneumoniae serotype 1 strain 4074
produces iron-regulated Hm- and Hb-binding OMPs, outer
membranes were prepared from cells grown in both iron-sufficient
and iron-restricted conditions. Solubilized outer membranes grown
in both iron-sufficient (Figure 1a, lane 4) and iron-restricted (Figure 1a,
lane 3) conditions were then subjected to affinity purification
with bovine Hm (Figure 1b, lane 2) or Hb (Figure 1a, lanes 6 and 7)
immobilized on agarose. This procedure yielded a major Hm- and
Hb-binding OMP of approximately 75 kDa and another of
approximately 104 kDa isolated from A. pleuropneumoniae grown
under iron-restricted conditions (Figure la and b, lane 6 and 2,
respectively). These OMPs were not observed under iron-sufficient
conditions (Figure 1a, lane 7). The significance of additional bands
in the Hm affinity purified fractions (Figure 1b, lane 2) are unknown
at the moment. Hemoglobin-agarose (Figure 1a, lane 5) and
Hm-agarose (not shown) were used as controls and no proteins over
34.6 kDa were observed by using an SDS-PAGE.

Labelling of cells with [*H]palmitate

Actinobacillus pleuropneumoniae was metabolically labelled with
[*H]-palmitic acid to determine whether the 75-kDa Hm- and
Hb-binding OMP was a lipoprotein. The SDS-PAGE and fluorographic
analysis of labelled A. pleuropneumoniae grown in the presence
(Figure 2, lane 3) and absence of deferrated EDDHA (Figure 2, lane 2)

The Canadian Journal of Veterinary Research 273



Table I. Ability of Actinobacillus pleuropneumoniae reference strains representing serotypes 1 to 12 to
use porcine hemin (Hm) and hemoglobin (Hb) as iron sources in a growth promotion assay

Diameters (in mm) of zone of growth obtained with different iron sources

Reference strain (serotype) porcine Hb porcine Hm FeCl,
4074 (1) 17 17 10
4226 (2) 17 15 11
1421 (3) 15 12 10
1462 (4) 15 15 11
L20 (5) 17 16 10
Femo (6) 18 17 9
WF.83 (7) 17 13 10
405 (8) 13 16 10
13 261 (9) 15 15 10
13 039 (10) 13 0 9
56 153 (11) 16 0 10
8329/85 (12) 15 13 9
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Figure 1. (A) Identification of Hb-binding outer membrane proteins (OMP) of Actinobacillus pleuropneumoniae
strain 4074 using affinity chromatography. A sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel stained with Coomassie blue is shown. Molecular mass protein markers in kDa (lane 1);
A. pleuropneumoniae grown under iron-sufficient conditions (lane 2); OMPs from A. pleuropneumoniae grown
under iron-restricted conditions (lane 3) or grown under iron-sufficient conditions (lane 4); hemoglobin
(Hb)-agarose control (lane 5); Hb-agarose affinity-purified OMPs from A. pleuropneumoniae grown under
iron-restricted conditions (lane 6); Hb-agarose affinity-purified OMPs from A. pleuropneumoniae grown under
iron-sufficient conditions (lane 7); Arrows indicate the position of the 75- and 104-kDa Hb-binding OMPs.
(B) Identification of hemin (Hm)-binding OMPs of A. pleuropneumoniae strain 4074 using affinity
chromatography. An SDS-PAGE gel stained with Coomassie blue is shown. Molecular mass protein markers
in kDa (lane 1); Hm-agarose affinity-purified OMPs from A. pleuropneumoniae grown under iron-restricted
conditions (lane 2); Arrows indicate the position of the 75- and 104-kDa Hm-binding OMPs.

6.2 B

Figure 2. Fluorographic analysis of
Actinobacillus pleuropneumoniae strain
4074 metabolically labelled with
[3H]palmitic acid. Molecular mass protein
markers in kDa (lane 1); A. pleuropneu-
moniae grown under iron-sufficient
conditions (lane 2) or iron-restricted
conditions (lane 3).

indicated that the 75-kDa Hm- and Hb-binding OMP was not a
lipoprotein since no band could be observed between 68 and 97 kDa
on the film (Figure 2, lanes 2 and 3). When A. pleuropneumoniae was
grown under iron-restricted conditions, several lipoproteins were
observed, all of which were below 68 kDa (Figure 2, lane 3).

Amino acid sequence of the 75-kDa Hm- and
Hb-binding OMP

The 75-kDa OMPs, purified by either Hm-agarose or Hb-agarose,
were submitted to N-terminal amino acid sequencing. These OMPs
were separated by SDS-PAGE, electroblotted to a polyvinylidene

difluoride membrane, and stained with Ponceau. Despite many
attempts and different enzymatic, non enzymatic, or limited acid
hydrolysis treatments, the N-terminal amino acid sequence could
not be determined by standard Edman degradation.

Mass spectral analyses of tryptic peptides

Since the N-terminal amino acid was blocked, the 75-kDa OMPs
purified by Hm-agarose and Hb-agarose was selected for mass spectral
analyses. The protein was excised and subjected to in-gel digestion with
trypsin. Proteolytic fragments separated on a microbore HPLC column
were subsequently analyzed by MALDI-TOF to identify potential
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Figure 3. Mass spectral analysis of tryptic peptides of the Actinobacillus pleuropneumoniae 75-kDa outer membrane proteins (OMP) purified
by either hemin (Hm)- or hemoglobin (Hb)-agarose. Nanoelectrospray mass spectral analysis of HPLC fraction 11. Conventional mass spectrum
(A) showing 3 abundant doubly-protonated ions at m/z 540.7 (1077.4 Da), 662.2 (1322.4 Da), and 736.8 (1471.6 Da) and tandem mass
spectrum of m/z 662.2 (1322.4 Da), (B) indicating a series of y-type fragment ions consistent with consecutive cleavage of the peptide bonds.

Spacing between adjacent fragment ions allowed to deduce the peptide sequence YDYYDLDNDK.

protein candidates. These analyses indicated common tryptic peptides
between the fractions from the Hb-agarose and Hm-agarose purified
OMPs thus suggesting that these peptides originate from the same
protein. However, no meaningful protein candidate was revealed by
the peptide mass fingerprinting and database searching approach.
Rather, sequencing of tryptic peptide was obtained using
nanoelectrospray and MS-MS. A number of potential precursor ions
were identified in a preliminary survey scan of the HPLC fractions and
were subjected in turn to MS-MS sequencing (Table II). An example of
this is shown in Figure 3 for the nanoelectrospray analysis of fraction 11
from the Hm- and Hb-binding OMP of 75 kDa. The conventional
mass spectrum (Figure 3a) showed 3 abundant doubly-protonated ions
at m/z 540.7 (1077.4 Da), 662.2 (1322.4 Da), and 736.8 (1471.6 Da). The
fragment ions observed in the MS-MS spectrum of the first component
could not be matched to any amino acid residue and was presumed to
be a gel contaminant. The product ion spectrum of m/z 662.2 (Figure 3b)
shows a series of y-type fragment ions consistent with consecutive

cleavage of the peptide bonds. From the spacing between adjacent
fragment ions it was possible to deduce the peptide sequence
YDYYDLDNDK. A database search using this peptide segment revealed
a potential match with an OMP of 75.5 kDa from Shewanella putrefaciens
(23) which is required for Fe(III) and Mn(IV) reduction (7 out of 9 amino
acid matched: YDYYDRDNN). Similarly, the MS-MS spectrum of m/z
736.8 enabled the identification of a peptide segment comprising the
sequence LLASANT. The results from these different MS-MS experi-
ments on HPLC fractions are summarized in Table II. A database search
of these peptide sequences revealed identities with proteins from vari-
ous Gram-negative bacteria, including iron-regulated OMPs, transporter
proteins, as well as TonB-dependent receptors.

The mechanisms by which A. pleuropneumoniae utilizes Hm- or
Hb-iron sources, as well as the protein components involved, are
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Table Il. Peptide assignment from nanoelectrospray analyses of HPLC fractions of the 75-kDa Actinobacillus pleuropneumoniae
outer membrane proteins (OMP) purified by either hemin (Hm)- or hemoglobin (Hb)-agarose

Identity (number Database accession

Mass (Da) Sequence segment? Potential bacterial protein match® of amino acids) number
691.2 LGLSFR Leptospira interrogans putative OMP 6/6 NP_711585
1077.4 LVEVGFEWK Agrobacterium tumefaciens ABC transporter 7/7 NP_357576

membrane spanning

Vibrio cholerae protein-export membrane protein 6/7 NP_230393
1213.4 [AN/AGG]VFHLLGTDK Sinorhizobium meliloti putative ABC transporter 7/7 NP_438104
1322.4 YDYYDLDNDK Shewanella putrefaciens OMP of 75.5 kDa 7/9 AAD05532
Xanthomonas axonopodis Ton-B dependent receptor 6/9 NP_642097
1471.6 [AL]JLLASANT...R Streptomyces coelicolor glutamate transport protein 7/7 NP_629899
1836.6 ...DVGGGSVS...R Helicobacter pylori putative iron-regulated OMP 6/7 NP_223528
Helicobacter pylori Ton-B dependent receptor 6/7 AAB88791

1872.6 XXYETTNXXLSDVXXK Vibrio cholerae Ton-B receptor-related protein 6/10 D82437
2347.8 LGMLV... Ralstonia solanacearum probable 5/5 NP_518438

transmembrane protein

Vibrio cholerae transporter 5/5 NP_231393

a L is used to either refer to Leu or lle since they are undistinguishable under the present mass spectral conditions. Segment in bracket
indicate possible amino acid combination whereas X are undefined residues
b From BLAST data base searching (www.ncbi.nim.nih.gov/cgi-bin/BLAST/nph-newblast)

presently unknown. We previously described the binding of porcine
Hb to A. pleuropneumoniae LPS (14,15). More recently, using flow
cytometry and fluorescein-labeled porcine Hb, we observed that iron
restriction promoted the expression of Hb receptors. Surface proteins
could be involved in the iron uptake from porcine Hb (16).

In the present study, we report that all A. pleuropneumoniae
reference strains tested were able to use porcine Hb and that all
strains, except strains 13 039 of serotype 10 and 56 153 of serotype 11,
were able to use porcine Hm. These results confirmed the previously
published findings (11,14) that most strains of A. pleuropneumoniae
serotypes 1 and 2 could utilize Hm or Hb as a sole source of iron for
growth. Interestingly, we observed the presence of a brown
pigmentation in colonies growing around the disks containing Hm
or Hb. We believe that those brown colonies were caused by
accumulation of Hm or Hb at the surface of the cells. In
Porphyromonas gingivalis black pigmentation of colonies by heme
accumulation is thought to be related to virulence (24).

The data presented here reports for the first time the identification
of Hm- and Hb-binding proteins in A. pleuropneumoniae. These
proteins were affinity purified with bovine Hm or Hb immobilized
on agarose as the ligand. A major Hm- and Hb-binding OMP of
75 kDa was identified in A. pleuropneumoniae. The synthesis of this
protein is likely to be iron-regulated, as it was not observed when
purification was performed with cells obtained under iron-sufficient
conditions. Metabolic labeling with [*H]palmitic acid of
A. pleuropneumoniae grown in the presence and absence of EDDHA
indicated that the major 75-kDa Hm- and Hb-binding OMP was not
a lipoprotein. A 76-kDa protein of A. pleuropneumoniae strain 79-9 of
serotype 1 identified by Deneer and Potter (11) displayed an ability
to bind Congo red and hemin. We suggest that this protein might be
related to the 75-kDa Hm- and Hb-binding OMP identified in the
present study. Interestingly, a TonB-dependent heme receptor of
75 kDa was identified in Haemophilus ducreyi (25).

To determine potential homology and to investigate whether the
75-kDa OMPs purified by either Hm-agarose or Hb-agarose were
identical MALDI-TOF analyses were undertaken since the N-terminal
amino acid sequence of these OMPs could not be determined by
standard Edman degradation. The analyses revealed common tryptic
peptides between fractions from the Hb-agarose- and Hm-agarose-
purified OMPs strongly suggesting that these peptides originate
from the same protein. A database search of these peptide sequences
revealed identities with iron-regulated OMPs, transporter proteins,
as well as TonB-dependent receptors from various Gram-negative
bacteria.

Negrete-Abascal et al (26) have reported that culture supernatants
of A. pleuropneumoniae displayed protease activities of different
molecular weights. These proteases were able to degrade porcine
immunoglobulin (Ig)A and porcine Hb. This may suggest that
proteolysis at the proximity of the outer membrane of A. pleuropneu-
moniae could be important for removal of the transported ligand
(Hm) from the bound macromolecular ligand (Hb) to allow transport
accross the outer membrane. How heme crosses the outer membrane
of A. pleuropneumoniae is not presently known. Studies in H. ducreyi
and H. influenzae have determined that this process is dependent on
the activity of the TonB protein (25,27).

The Hm- and Hb-binding proteins of 75 kDa and also of 104 kDa
identified in this study are found in outer membrane preparations;
hence, they are likely potential candidates for Hm and Hb receptors.
Although the preliminary isolation of these proteins by Hm- and
Hb-agarose suggests an implication in a Hm- and Hb-receptor-
mediated iron-acquisition process, the precise role of these
components awaits definitive experiments with isogenic mutants in
the genes coding for these proteins. The pathways by which
A. pleuropneumoniae utilize Hm- and Hb-iron sources are of interest
in an attempt to understand the role of surface molecules in
pathogenesis and evaluate their potential as vaccine candidates.
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