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Actinobacillus pleuropneumoniae can use porcine transferrin as the sole source of iron. Two proteins with
molecular masses of approximately 60 kDa (TfbA) and 110 kDa have been shown to specifically bind porcine
transferrin; from the TfbA protein, three isoforms from A. pleuropneumoniae serotypes 1, 5, and 7 have been
identified and characterized by nucleotide sequence analysis. Here we defined the transferrin-binding region(s)
of the TfbA protein of A. pleuropneumoniae serotype 7 by TnphoA mutagenesis, random mutagenesis, and
peptide spot synthesis. The amino-terminal half of the TfbA molecule, which has only 36% amino acid sequence
identity among the three isoforms, was shown to be responsible for transferrin binding by TnphoA mutagenesis.
This result was confirmed by analysis of six random mutants with decreased transferrin binding affinity. The
subsequent analysis of overlapping 16-mer peptides comprising the amino-terminal half of the TfbA molecule
revealed three domains of 13 or 14 amino acids in length with transferrin-binding activity. They overlapped,
or were very close to, point mutations decreasing transferrin-binding ability. The first and third domains were
unique to the TfbA protein of A. pleuropneumoniae serotype 7. In contrast, the sequence of the second domain
was present in almost identical forms (12 of 14 residues) in the TfbA proteins of A. pleuropneumoniae serotypes
1 and 5; in addition, a sequence consisting of functionally homologous amino acids was present in the otherwise
completely distinct small transferrin-binding proteins of Neisseria gonorrhoeae (TbpB), N. meningitidis (Tbp2),

and Haemophilus influenzae (Tbp2).

Actinobacillus pleuropneumoniae is the causative agent of por-
cine pleuropneumonia, a highly contagious disease encountered
worldwide (32). Therapeutic measures are difficult because of
the rapid onset of disease and an increasing occurrence of
isolates with multiple-antibiotic resistance phenotypes. There-
fore, different active immunization strategies have been at-
tempted with varied success (5, 16, 17, 29). The major obstacle
to establishment of a successful vaccination strategy is the
occurrence of 12 serotypes of A. pleuropneumoniae; thus, im-
munization with a bacterin from one serotype does not induce
protection against infection with other serotypes (17). This
problem also occurred when recombinant antigens were used
for vaccination (29). One of the protective recombinant anti-
gens evaluated is the TfbA protein from A. pleuropneumoniae
serotype 7, an antigen of which three different isoforms have
been identified in the various serotypes (2, 10). It was observed
that convalescent-phase serum as well as serum from immu-
nized pigs mainly recognized an epitope localized on the car-
boxy-terminal fifth of the molecule and that deletion of this
part of the molecule did not influence transferrin binding (9).
Since transferrin binding is a rather specific function (12, 28),
it was hypothesized that the binding region(s) might be con-
served among the different TfbA isoforms. Thus, antibodies
raised specifically against a transferrin-binding region might be
able to induce a cross-protective immune response. Alterna-
tively, peptides comprising either the entire transferrin-binding
or at least part of this region might be able to compete with the
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bacterial protein for binding to transferrin and thus interfere
with the essential iron uptake. The precise localization of the
transferrin-binding region(s) of the TfbA protein would sub-
sequently allow a comparison with other known transferrin-
binding proteins; thus, it could be elucidated whether in prin-
ciple the same sequence is responsible for transferrin binding
of functionally similar proteins from different organisms such
as Neisseria spp.

In order to localize functional regions on a molecule, a
variety of methods have been used successfully. Best results are
to be expected from a combination of a genetic approach (in
vivo and in vitro mutagenesis) and a subsequent peptide syn-
thesis approach (11). The latter has become considerably eas-
ier to handle by a new method allowing the direct coupling of
peptides onto a nitrocellulose membrane (spot synthesis [8]).
In this study, we have localized the transferrin-binding region
of the TfbA protein from A. pleuropneumoniae serotype 7 by
using transposon and random mutagenesis (6, 23) as well as a
peptide spot synthesis approach (8).

MATERIALS AND METHODS

Bacterial strains, media, plasmids, iron compounds, and antisera. Escherichia
coli HB101 [hsdS20(rg " mg ) supE44 recA13] transformed with the recombinant
plasmid pTF205/E2 (9) was grown on Luria medium containing ampicillin (100
wg/ml). Plasmid pTF205/E2 contains the A. pleuropneumoniae serotype 7-derived
tfbA gene ligated into the Bg/II site of pGH433 (a lac repressor and B-lactamase-
encoding pBR derivative with a tac promoter followed by a unique Bg/II site and
stop codons in all three reading frames). This construct results in translation of
a complete TfbA protein (including signal peptide) and partial membrane trans-
port, thus allowing the detection of functional TfbA in a colony blot.

Bovine apotransferrin was obtained commercially (Sigma Chemical Co., St.
Louis, Mo.). Porcine transferrin was prepared by ammonium sulfate precipita-
tion and subsequent ion-exchange chromatography as described by Niven et al.
(26) and iron depleted as described by Mazurier and Spik (24). Porcine and
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bovine apotransferrins were iron saturated as described by Herrington and
Sparling (16).

For immunological detection, sera against the recombinant A. pleuropneumo-
niae TfbA protein and against porcine transferrin were raised in rabbits. Porcine
convalescent-phase serum was obtained from pigs experimentally infected by
aerosol with A. pleuropneumoniae AP205 (29).

Preparation of protein aggregates and determination of protein concentra-
tions. E. coli transformants were grown to an optical density at 660 nm of =0.4;
cells were induced to form inclusion bodies by the addition of isopropylthiogal-
actoside (IPTG; 1 mM, final concentration). Two hours after induction, bacteria
were harvested by centrifugation, and aggregate protein was prepared as de-
scribed previously (9). Isolated proteins were analyzed by sodium dodecylsulfate
(SDS)-polyacrylamide gel electrophoresis performed by the method of Laemmli
(20), and concentration was determined by comparing the intensities of bands
with those of a bovine serum albumin standard (Pierce Chemical Co., Rockford,
Il1.) after Coomassie blue staining.

For binding studies, aggregated protein was dissolved in 3.5 M guanidine
hydrochloride and diluted at least 100-fold in Tris-buffered saline (TBS)-Tween
(15 mM Tris, 150 mM NaCl, 0.5% Tween 80, [pH 8]). TfbA protein prepared in
this way was immunologically indistinguishable from wild-type protein and spe-
cifically bound iron-saturated porcine transferrin (9).

Biotinylation of TfbA protein. For biotinylation, TfbA protein was dissolved in
nonreducing sample buffer (25), warmed to 37°C for 20 min, and purified in a
Prepcell (Bio-Rad, Munich, Germany), and SDS was removed in an Extracti-Gel
D detergent-removing column (Pierce). The protein was biotinylated via its
lysine residues by the method of Bayer et al. (1) as described by Kessler (18).
Biotinylated recombinant TfbA protein showed binding specific for iron-satu-
rated porcine transferrin indistinguishable from that of nonbiotinylated protein.

Inhibition of transferrin binding by convalescent-phase serum. Enzyme-
linked immunosorbent assay (ELISA) plates (Maxisorb; Nunc, Wiesbaden, Ger-
many) were coated overnight at 4°C with 100 pl of recombinant TfbA protein (10
pg/ml diluted in coating buffer). All subsequent steps were done at room tem-
perature; plates were incubated for 1 h with blocking buffer (TBS-Tween con-
taining 0.5% gelatin) and washed three times with TBS-Tween. Serial twofold
dilutions of porcine preimmune and convalescent-phase sera in blocking buffer
were incubated for 1 h in the TfbA-coated plates. Subsequently the plates were
washed and developed by using antitransferrin antibody, alkaline phosphatase
conjugate, and p-nitrophenyl phosphate.

Preparation, detection, and characterization of transposon mutants. Trans-
poson mutagenesis was performed with NTnphoA as described previously (23).
Mutants were mapped by restriction enzyme analysis, and the exact site of
insertion was determined by nucleotide sequence analysis (30) using a primer
complementary to phoA (3). Transferrin binding of mutants was tested in a
solid-phase assay. Briefly, E. coli transformants were grown to an optical density
at 660 nm of ~0.5, induced with 100 uM IPTG for 2 h at 37°C, and collected by
centrifugation. Pellets were resuspended in 1/10 volume of blocking buffer and
exposed to three freeze-thaw cycles (—80°C-37°C). Serial twofold dilutions of
these lysates were incubated for 1 h in ELISA plates coated with porcine trans-
ferrin (50 pg/ml in coating buffer at 4°C overnight). Plates were washed and
developed with p-nitrophenyl phosphate (15 mM) in substrate buffer (1 M
diethanolamine, 0.5 mM MgCl, [pH 9.8]). The optical density was measured at
405 nm in an ELISA plate reader (Dynatech MR5000; Dynatech Laboratories
Inc., Alexandria, Va.).

Preparation and detection of random mutants. Random mutagenesis was
performed in vitro on isolated NsiI-KpnI fragments, using hydroxylamine as the
mutagen (6). After incubation for 18 h at 37°C, fragments were religated into
pTF205/E2 cut with Nsil-Kpnl, and the plasmids were transformed into E. coli
HB101. Transformants were plated and screened in a colony transferrin-binding
assay. Briefly, E. coli transformants were cultivated on Luria agar plates with
ampicillin at 37°C overnight, transferred onto nitrocellulose, and induced on
Luria agar plates with a final concentration of 1 mM IPTG for 1 h at 37°C. Cell
material not firmly bound to the membrane was washed off with TBS. Filters
were blocked by incubation in blocking buffer for 1 h and washed three times in
TBS-Tween. For analysis of transferrin-binding ability, 50 pg of porcine trans-
ferrin per ml in blocking buffer was added. Bound transferrin was detected
immunologically with rabbit anti-porcine transferrin antiserum and alkaline
phosphatase-labeled conjugate (Kirkegaard & Perry Laboratories, Inc., Gaith-
ersburg, Md.). Blots were developed with Nitro Blue Tetrazolium (100 pwg/ml)
and 5-bromo-4-chloro-3-indolyl phosphate (BCIP; 50 wg/ml) in substrate buffer
(100 mM Tris-HCI, 100 mM NaCl, 5 mM MgCl, [pH 9.5]). All incubation steps
were performed for 1 h at room temperature. All components were diluted in
blocking buffer. Colonies with decreased transferrin-binding ability were inves-
tigated in an additional colony blot using convalescent-phase serum. Transfor-
mants expressing an immunologically active TfbA protein with decreased trans-
ferrin binding were characterized further in a competitive transferrin-binding
assay and subsequent nucleotide sequence analysis (30).

Competitive transferrin-binding assay. To investigate transferrin-binding abil-
ities of the TfbA mutant proteins, ELISA plates (Immunolon II; Dynatech
Laboratories) were coated with porcine transferrin, blocked, and washed as
described above. Serial twofold dilutions of the solubilized regular and mutant
TfbA protein preparations in blocking buffer (100 ul per well containing 100
png/ml) were incubated for 1 h in the transferrin-coated plates. Subsequently the

TRANSFERRIN BINDING DOMAIN 3847

4
MHFKLNPYAL AFTSLFLVAC SGGKGSFDLE DVRPNKTTGV SKEEYKDVET AKKEKEQLGE 60

v4
LMEPALGYVV KVPVSSFENK KVDISDIEVI TNGNLDDVPY KANSSKYNYP DIKTKDSSLQ 120

v8 vd 710
YVRSGYVIDG EHSGSNEKGY VYYKGNSPAK ELPVNQLLTY TGSWDFTSNA NLNNEEGRPN 180

v5 v6
YLNDDYYTKF IGKRVGLVSG DAKPAKHKYT SQFEVDFATK KMTGKLSDKE KTIYTVNADI 240

v1l0
RGNRETGAAT ASDKNKGKGE SYNFFSADSQ SLEGGFYGPK AEEMAGKEVA NDKSLFAVES 300

TnphoAl vl
AKHNGSNVNT VRITDASKID LTNFSISELN NFGDASVLII DGKKIKLAGS GFTNKHTIEI 360

NGKTMVAVAC CSNLEYMKFG QLWQQAEGGK PENNSLFLQG ERTATDKMPK GGNYKYIGTW 420
DAQVSKENNW VATADDDRKA GYRTEFDVDF GNKNLSGKLF DKNGVNPVFT VDAKIDGNGE 480
TGKAKTSDEG FALDSGSSRY ENVKFNDVAV SGGFYGPTAA ELGGQFHHKS ENGSVGAVFG 540

AKQQVKK 547

FIG. 1. Amino acid sequence of the TfbA protein of A. pleuropneumoniae
serotype 7. The arrow marks the first residue of the mature protein (C). Arrow-
heads indicate the locations and designations of point mutations. Transferrin-
binding domains detected in the solid-phase transferrin-binding assay (Fig. 2) are
underlined. The arrow labeled with TnphoA indicates the location of the largest
TfbA-PhoA fusion still binding transferrin.

plates were washed, 100 pl of biotinylated TfbA was added, and the plates were
developed as described above. The 50% inhibition values of TfbA mutations
were determined as multiples of the 50% inhibitory amount of regular (nonmu-
tated) recombinant TfbA protein.

Peptide synthesis and transferrin-binding test. To more accurately localize
transferrin-binding regions of the TfbA protein, 16-mer peptides starting at each
amino acid of the amino-terminal half of TfbA were synthesized as described by
Frank (8), using a multiple-peptide synthesizer (AMS422; Abimed Analysen-
technik, Langenfeld, Germany), thus allowing peptides (~20 nM per spot) to be
directly coupled onto a nitrocellulose sheet (9 by 13 cm). Transferrin binding of
the peptides was analyzed in a blot assay established in analogy to antibody-
binding assays (27) and the colony transferrin-binding assay described above.
Nonspecific binding was blocked by incubation with casein-based blocking buffer
(blocking reagent; Genosys Biotechnologies Inc., Cambridge, England) diluted
in TBS-Tween with 5% sucrose overnight. After being washed with TBS-Tween
(three times for 5 min each), the blots were incubated with 50 wg of porcine or
bovine transferrin per ml in casein-based blocking buffer for 3 h at room tem-
perature. Transferrin bound to peptides was detected (i) by immunoblotting with
porcine transferrin, antibody, and alkaline phosphatase-labeled conjugate, (ii) by
autoradiography after incubation with >*Fe-loaded transferrin, and (iii) by using
biotinylated transferrin.

RESULTS

The amino-terminal half of TfbA contains the transferrin-
binding region(s) and is not detected by convalescent-phase
serum. The TnphoA mutant which expressed the fusion pro-
tein with the smallest TfbA portion and still recognized por-
cine transferrin in the solid-phase assay contained the first 289
amino acids of the mature protein (Fig. 1). In addition, six
random mutations resulting in decreased transferrin binding
all mapped in the amino-terminal portion of the TfbA protein
as determined by nucleotide sequence analysis (Fig. 1; Table
1). Convalescent-phase serum did not detect the smallest
transferrin-binding mutant, and it did not interfere with trans-
ferrin binding of the intact TfbA protein any differently than
did porcine preimmune serum.

Transferrin binding is mediated by at least three distinct
parts of the TfbA polypeptide. Overlapping 16-mer peptides
were analyzed in a spot blot assay using the three different
detection methods described above. Consistently the spots at
positions D4 to D6, E19 to E21, and G9 to G12, representing
amino acids 81 to 94, 121 to 134, and 162 to 174, were shown
to bind porcine transferrin (Fig. 2; Table 2). All three regions
also recognized bovine transferrin (data not shown). In all
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TABLE 1. Locations of amino acid changes in purified TfbA
mutant proteins® with decreased transferrin-binding ability

INFECT. IMMUN.

TABLE 2. Designations, positions, and lengths of transferrin-
binding domains of TfbA protein of A. pleuropneumoniae serotype 7

Designation Location(s) Amino acid change
TibA, a1 291 and 293 Silent and R—W
TIbA s 47 and 151 S—L and A—V
muts 200 T—I1
TfbA w6 205 G—D
TibA s 120 G—E
160 and 225 P—L and R—C

mutl0

“ Products of #fbA genes after hydroxylamine mutagenesis.

cases, turns and B-sheet structures (no « helices) are predicted
for these peptides (Fig. 3); the hydropathicity profile for all
three peptides contains a weakly hydrophilic part and a car-
boxy-terminal hydrophobic part which is coupled onto the ni-
trocellulose membrane. Comparison of the three TfbA iso-
forms from A. pleuropneumoniae serotypes 1, 5, and 7 shows no
primary amino acid agreement in the domains enclosing resi-
dues 81 to 94 and 162 to 174; however, the domain containing
residues 121 to 134 is highly conserved among the three iso-
forms (Fig. 4), having 71% amino acid sequence identity, com-
pared with 36% over the entire amino-terminal half of the
molecule. In addition, a highly homologous amino acid se-
quence was located in the small transferrin-binding proteins
of Neisseria gonorrhoeae (22) and N. meningitidis (21); also, a
similar peptide was detectable in the Tbp2 protein of Hae-
mophilus influenzae (13) (Fig. 4).

Transferrin binding by the TfbA mutants is quantitated in
Table 3.

DISCUSSION

In this study, we have investigated the interaction between
the A. pleuropneumoniae serotype 7 TfbA protein with porcine
transferrin. The TfbA molecule is a 60-kDa protein which is
expressed under iron-limiting growth conditions only (9).
Three isoforms of the protein have been identified in different
A. pleuropneumoniae serotypes; they are molecules with a vari-
able amino-terminal half and a conserved carboxy-terminal
half (2, 10). The protein is detected by convalescent-phase
serum, and the recombinant TfbA protein has been shown to
induce a serotype-specific protective immune response (29).

1 2 3 4 5 6 7 8

D . Position in mature Length
omain .
protein (aa®) (aa)
1 81-94 14
2 121-134 14
3 162-174 13

“ aa, amino acids.

Similar observations have been reported for N. gonorrhoeae
and N. meningitidis, which likewise express a transferrin-bind-
ing protein with a molecular mass of about 60 kDa (21, 22). As
in A. pleuropneumoniae, this protein has been shown to induce
a serotype-specific protective immune response (7, 14).

We hypothesized that transferrin binding by the different A4.
pleuropneumoniae TfbA isoforms might be due to similar pri-
mary and/or secondary structures. Thus, we set out to define
the active binding region of the TfbA protein of A. pleuropneu-
moniae serotype 7.

Our finding that the amino-terminal half of the TfbA mol-
ecule is responsible for transferrin binding was surprising, since
this part of the molecule is highly variable among the three
isoforms. In addition, this part of the molecule is not recog-
nized by convalescent-phase serum, which could be advanta-
geous for the pathogen since it apparently prevents antibodies
directed against the highly immunogenic carboxy-terminal part
of the molecule from interfering with transferrin binding, and
such antibodies are thus unlikely to strongly interfere with the
iron uptake mechanism.

To confirm the localization of transferrin-binding activity in
the amino-terminal half of the molecule, we characterized six
random TfbA mutants with decreased transferrin-binding abil-
ity by nucleotide sequence analysis. All mutations mapped to
the amino-terminal half of the TfbA protein. A closer analysis
of the mutants showed that they could be classified into two
groups: mutants with moderately (TfbA, .., TfbA, .4 and
TfbA,,.s) and mutants with severely (TfbA .16, TTOA s, and
TfbA .10) decreased binding activity. The first class of mu-
tants showed amino acid changes which do not cause an al-
teration of predicted secondary structure (4) but cause a
rather slight change of the hydrophobicity profile (19). In con-
trast, the second class of mutants (TfbA, TfbA and

mut6? mut8>
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FIG. 2. Solid-phase transferrin binding of synthetic peptides, using biotinylated porcine transferrin and streptavidin-phosphatase for detection. Spots at positions
D4 to D6 (domain 1), E19 to E21 (domain 2), and G9 to G12 (domain 3) reproducibly reacted with porcine transferrin.
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FIG. 3. Hydrophobicity profile of the TfbA protein from A. pleuropneumo-

niae serotype 7. D1, D2, and D3 represent the transferrin-binding domains 1, 2,
and 3 which were detected in the solid-phase transferrin-binding assay.

TfbA,,.10) have predicted secondary structure alterations,
since a strong helix breaker (G or P) has been changed in all
cases.

The localization of mutants with single amino acid changes
over a range of more than 170 amino acids as well as the
existence of different classes of mutants indicated that more
than one region of TfbA is responsible for transferrin binding.
To more closely define these regions, overlapping 16-mer pep-
tides were synthesized and analyzed in a solid-phase binding
assay. Three regions with a length of 13 or 14 amino acids each
were identified. All three regions are predicted to be devoid of
a-helical structures and are located between two strong helix-
breaking residues (G or P). The importance of this structure
is emphasized by the point mutations in TfbA, . and
TfbA,,.10o DOth deleting a helix breaker from the primary
sequence and causing severely impaired binding activity. The
possible significance of our findings in the peptide-binding
approach was emphasized by the observation that the second
domain (residues 121 to 134) was highly conserved among the
three TfbA isoforms of A. pleuropneumoniae and in addition
that a homologous sequence was found to be present in the
otherwise totally distinct small transferrin-binding proteins of
Neisseria spp. (21, 22). This peptide sequence of N. meningitidis
is located within a domain of 290 amino acids that has been
shown previously to be responsible for transferrin binding (33).
Further supporting our findings, a similar sequence was ob-
served in the Tbp2 protein of H. influenzae (13).

The results show that transferrin binding by the A. pleuro-
pneumoniae serotype 7 TfbA protein (i) is not a simple epi-

A. pp. serotype 1 17 GYVYYLGVTPSKETLP 189
A. pp. serotype 5 146(|3‘|{\J/"[(Y|Ké\I]HEI’é}‘(IIZII.EI’l6O
A, pp. serotype 7 120 (Izill“l\‘{‘Lll(Cl:NSEl’AI’(E‘:ILLLIM
N. gonorrhoeae 223(2‘|IIFY!H(|3DK1LSRQI‘J£>237
N, meningitidis 161 é;i;é;éE}Léé;é{éll%
H. influenzae 131 C’-}YIA‘.IYlﬁ‘(lib.ITTASAILLLZHS

FIG. 4. Amino acid sequences homologous to the TfbA-derived transferrin-
binding domain 2. A. pp. serotypes 1, 5, and 7 indicate the sequences derived
from the TfbA proteins from A. pleuropneumoniae serotypes 1, 5, and 7. N.
gonorrhoeae, N. meningitidis, and H. influenzae indicate sequences within the
TfbA protein analogs of these organisms. The locations of the first and last
amino acids of each peptide within the respective mature TfbA analog are given
by the numbers before and after the sequence. Lines mark identical amino acids;
colons mark functionally similar residues (I and V, hydrophobic; N, D, E, and Q,
polar or negatively charged; K, R, and H, positively charged; Y and F, aromatic;
A and S, small neutral).
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TABLE 3. Transferrin binding by mutated recombinant
TfbA protein of A. pleuropneumoniae serotype 7

Multiple of TfbA

Protein®
Mean” SD
TfbA 1
TbA a1 14 *1
TIbA,uis 12 *+2
TbA L6 46 *4
TIbA, s 66 *19

“The proteins derived by hydroxylamine mutagenesis are designated
ToA > ThARuas TOARws, TOARue THAMus and TbA 0. Mutants
TfbA .4 and TEbA ;o Were not characterized in detail since they were shown
to have two amino acid changes (Table 1); single experiments indicated TfbA 4
reacting similarly to TfbA,,,; and TfbA s and TfbA o binding similarly to
TtoA e and TIOA s

b Arithmetical mean of three experiments, each done in duplicate; values
represent the multiples of mutant TfbA protein necessary to inhibit transferrin
binding of biotinylated TfbA protein by 50%.

tope-paratope-like interaction but involves at least three dif-
ferent portions of the TfbA protein, (ii) is not inhibited by
convalescent-phase serum, and (iii) may be comparable to
the transferrin binding of analogous proteins of other organ-
isms.
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