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The transferrin binding protein genes (tbpA and tbpB) from two strains of Moraxella catarrhalis have been
cloned and sequenced. The genomic organization of the M. catarrhalis transferrin binding protein genes is
unique among known bacteria in that thp4 precedes tbpB and there is a third gene located between them. The
deduced sequences of the M. catarrhalis TbpA proteins from two strains were 98% identical, while those of the
TbpB proteins from the same strains were 63% identical and 70% similar. The third gene, tentatively called
orf3, encodes a protein of approximately 58 kDa that is 98% identical between the two strains. The tbpB genes
from four additional strains of M. catarrhalis were cloned and sequenced, and two potential families of TbpB
proteins were identified based on sequence similarities. Recombinant TbpA (rTbpA), rTbpB, and rORF3
proteins were expressed in Escherichia coli and purified. rTbpB was shown to retain its ability to bind human
transferrin after transfer to a membrane, but neither rTbpA nor rORF3 did. Monospecific anti-rTbpA and
anti-rTbpB antibodies were generated and used for immunoblot analysis, which demonstrated that epitopes of
M. catarrhalis TbpA and TbpB were antigenically conserved and that there was constitutive expression of the
tbp genes. In the absence of an appropriate animal model, anti-rTbpA and anti-rTbpB antibodies were tested
for their bactericidal activities. The anti-rTbpA antiserum was not bactericidal, but anti-rTbpB antisera were
found to kill heterologous strains within the same family. Thus, if bactericidal ability is clinically relevant, a

vaccine comprising multiple rTbpB antigens may protect against M. catarrhalis disease.

In recent years, Moraxella (Branhamella) catarrhalis has gained
recognition as a significant human pathogen (for reviews, see
references 5, 9, and 24). It has been identified as a cause of
bacteremia, epiglottitis, meningitis, otitis media, and pneumo-
nia in children, adults, and the elderly. M. catarrhalis is the
third leading cause of otitis media in children, responsible for
about 20% of disease, following Streptococcus pneumoniae and
nontypeable Haemophilus influenzae. In adults and the elderly,
M. catarrhalis is mainly associated with chronic respiratory
ailments such as bronchitis or pneumonia, where it exacerbates
the disease. Invasive diseases such as bacteremia and menin-
gitis are less common but can be fatal (7, 18, 23).

Approximately 70% of children will experience at least one
bout of otitis media by the time they are 3 years old, with many
children having multiple episodes (36). The peak incidence of
otitis media occurs in children between 1 and 2 years of age, at
a time when their language skills are developing. Recurrent or
chronic otitis media can lead to deafness, speech impairment,
or learning disabilities. Treatments include antibiotics or sur-
gery to remove tonsils and adenoids or the insertion of tym-
panostomy tubes. The estimated cost of these primary treat-
ments is about $2 billion dollars per year in the United States
alone (3), with secondary costs such as speech therapy and
special education classes costing billions more per year. In
addition, most strains of M. catarrhalis are resistant to B-lactam
antibiotics such as the penicillins, although treatment with
cephalosporin, macrolide, and tetracycline antibiotics has been
successful (8, 25). The need for an effective otitis media vac-
cine is obvious.
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Bacteria have evolved several mechanisms to overcome host
iron restriction, including the use of siderophores and iron
binding proteins such as transferrin, lactoferrin, hemin, and
hemoglobin binding proteins. To obtain iron from host iron
binding proteins, M. catarrhalis utilizes both transferrin and
lactoferrin binding proteins (31). Other characterized bacterial
transferrin receptors are composed of two proteins, transferrin
binding protein A (TbpA) and transferrin binding protein B
(TbpB). In vivo, both TbpA and TbpB bind human transferrin,
but only TbpB will still bind transferrin after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electroblotting (31). The tbpA and tbpB genes, encoding the
TbpA and TbpB proteins, from strains of Actinobacillus pleu-
ropneumoniae, H. influenzae, Neisseria gonorrhoeae, N. menin-
gitidis, and Pasteurella haemolytica have been cloned and se-
quenced (2, 6, 10, 11, 20, 22, 27). The TbpA proteins are
generally highly conserved within a species, while the TbpB
proteins tend to be more variable. For N. meningitidis, it was
found that the TbpB proteins could be separated into two fam-
ilies based on sequence and antigenicity (28); however, there
are common antigenic domains in the TbpB proteins from
N. meningitidis, N. gonorrhoeae, H. influenzae, and A. pleuro-
pneumoniae (17, 33). Furthermore, TbpBs from N. meningiti-
dis, H. influenzae, and A. pleuropneumoniae have been demon-
strated to be protective antigens in various animal challenge
models (1, 21, 22, 29).

In this report, we describe the cloning and sequence analysis
of the genes encoding the Tbps from M. catarrhalis. Recombi-
nant Tbps (rTbps) were expressed in Escherichia coli, and the
purified proteins were used to immunize animals. It was found
that r'TbpB elicited bactericidal antibodies and could therefore
represent a potential antigen for inclusion in a vaccine against
M. catarrhalis.
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MATERIALS AND METHODS

Recombinant DNA techniques. Restriction endonucleases were purchased
from Boehringer Mannheim (Laval, Quebec, Canada), New England Biolabs
(Mississauga, Ontario, Canada), Bethesda Research Laboratories, or Pharmacia
and were used according to the manufacturers’ specifications. Oligonucleotides
were synthesized on an ABI model 380B DNA synthesizer and purified by
chromatography (Oligonucleotide Purification Cartridge; Perkin-Elmer, Foster
City, Calif.). To facilitate the cloning of some of the tbp fragments, additional
restriction enzyme sites for Clal, Mst1I, Sfil, and AvrIl were introduced between
the Sall and HindIII sites of pBluescript.SK, generating plasmid pSKMA. Other
recombinant DNA methods were performed as specified by Sambrook et al. (30).

Bacterial strains and media. M. catarrhalis 3 and 4223 were clinical isolates
provided by T. Murphy (State University of New York, Buffalo); strains Q8 and
R1 were gifts from M. Bergeron (University of Laval, Montreal, Quebec, Can-
ada); strain LES-1 was obtained from L. Stenfors (University of Tromso, Trom-
so, Finland); strain VH-9 was obtained from V. Howie (University of Texas,
Galveston); strains H-04 and M35 were obtained from G. D. Campbell (Loui-
siana State University, Shreveport); and strain ATCC 25240 was purchased from
the American Type Culture Collection (Rockville, Md.). M. catarrhalis strains
were maintained on Mueller-Hinton agar (Becton Dickinson, Cockeysville, Md.)
or grown in brain heart infusion medium (BHI; Difco, Detroit, Mich.), with or with-
out the addition of ethylenediamine-di(O-hydroxyphenylacetic acid) (EDDA;
Sigma, St. Louis, Mo.) as described previously (15). E. coli strains were grown in
YT (Difco) or NZCYM (Becton Dickinson) medium supplemented with 100 g
of ampicillin per ml as required.

Purification of native TbpA and ThpB and generation of antisera. Native
TbpA and TbpB were individually purified from M. catarrhalis 4223 by affinity
chromatography using human transferrin immobilized on Sepharose as described
previously (41). Guinea pigs (Hartley outbred; Charles River, Quebec, Quebec,
Canada) were immunized intramuscularly on day 1 with 5 pg of purified protein
emulsified in complete Freund’s adjuvant (Difco) and were boosted on days 14
and 29 with the same dose of protein emulsified in incomplete Freund’s adjuvant
(Difco). Blood was collected on day 42.

Cloning the M. catarrhalis tbp genes. Chromosomal DNA and EMBL3 librar-
ies were prepared as described previously (22). Briefly, chromosomal DNA from
M. catarrhalis 4223, Q8, and M35 was partially digested with Sau3AI and size
fractionated. Fragments of 15 to 23 kb were ligated with BamHI-digested EMBL3
arms (Promega, Madison, Wis.) and packaged according to the manufacturer’s in-
structions. The 4223 library, grown in the presence of 200 uM EDDA, was screened
with anti-TbpA and anti-TbpB antibodies, and three putative clones that reacted
with both antisera were identified. The production of the appropriate protein bands
was confirmed by reactivity of the antisera with electroblotted protein obtained from
trichloroacetic acid-precipitated culture lysates.

Phage clone LM3-24 was found to contain a 13.2-kb Sall insert of the strain
4223 thp locus. To localize the thpA and thpB genes, restriction enzyme and South-
ern blot analyses were performed. For thpA4, degenerate primers were designed
based on conserved sequences found in other bacterial TbpA proteins, and a
300-bp probe was generated by PCR amplification (primers 223 and 224 [26]).
For tbpB, a degenerate antisense oligonucleotide primer was synthesized based
on a conserved sequence found in other bacterial TbpB proteins. The thpB
oligonucleotide probe was

E G G F Y G P
5" GAAIG GGX  GGX  TTC/T TAC/T GGX  CCX3’
3" CTC/T CCA/G CCAIG AAA  ATA/G CCAIG GGAITS

Part of the strain 4223 thpA gene was localized to a 3.8-kb HindIII fragment
which was subcloned into pACYC177 (New England Biolabs), generating
plasmid pLEM3. The remainder of the 4223 tbpA gene was subcloned into
pACYC177 as a 1.6-kb HindIII fragment, generating plasmid pLEM?25. The thpB
gene was localized to a 5.5-kb Nhel-Sall fragment, which was cloned into
pBR328, generating plasmid pLEM23. The remainder of the intergenic sequence
was cloned on two fragments: a 3.1-kb AvrII fragment cloned into pPSKMA, gen-
erating plasmid DS-1698-1-1, and a 3.0-kb AvrII-Clal fragment cloned into
pSKMA, generating plasmid DS-1754-1. Figure 1A illustrates the restriction map
and subclones of the 4223 transferrin receptor locus.

The strain Q8 phage library was probed with two [a->?P]dCTP-labeled oligo-
nucleotide probes that differed by four nucleotides (underlined) and were based
on the TbpA-specific sequence IRDLTRYDPG:

I R D L T R Y D P G
ATT CGC GAC TTA ACA CGC TAT GAC CCT GGC
ATT CGT GAT TTA ACT CGC TAT GAC CCT GGT

Phage clone SLRD-A contained a 13-kb Sall insert of the Q8 tbp locus, and the
thpA and tbpB genes were localized by restriction enzyme and Southern blot
analyses. Fragments were subcloned into pPSKMA: plasmid pSLRD1 contains a
1.6-kb Sall-AvrIl insert, plasmid pSLRD2 contains a 2-kb AvrII fragment, plas-
mid pSLRD4 contains a 4.1-kb AvrII insert, pPSLRD3 contains a 2.2-kb AvrII-
EcoRI fragment, and plasmid pSLRDS5 contains a 3.8-kb EcoRI-PstI insert.
Figure 1B illustrates the restriction map and subclones of the Q8 transferrin
receptor locus.
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FIG. 1. M. catarrhalis tbp locus and subclones of the 4223 (A) and Q8 (B)
genomic clones. Restriction enzymes: Av, Avall; Ar, Avrl; B, Bgll; C; Clal; H,
HindIlI; N, Nhel; S, Sall.

The M35 phage library was screened with a digoxigenin-labeled (Boehringer
Mannheim) 4223 tbpA gene probe. Phage clone M35-2.3 was found to contain a
13-kb insert of the M35 tbp genes. The thpB gene was localized to a 7.5-kb Nhel-
Sall fragment by restriction enzyme and Southern blot analyses and was sub-
cloned into pBR328, generating plasmid pLEM40.

PCR amplification of M. catarrhalis thpB genes from additional strains. The
tbpB gene was PCR amplified from three additional M. catarrhalis strains (3,
LES-1, and R1), using oligonucleotide primers based on the sequences 5'-GAT
GGGATAAGCACGCCCTACTT-3' (sense) and 5'-CCCATCAGCCAAACAA
ACATTGTGT-3' (antisense), which are found in the intergenic regions sur-
rounding 4223 tbpB.

PCR amplification was performed in buffer containing 10 mM Tris-HCI (pH
8.9), 25 mM KCl, 5 mM (NH,),SO,, and 2 mM MgSO,. Each 100-ul reaction
mixture contained 10 ng of chromosomal DNA, 1 pg of each primer, 2.5 U of
Pwo DNA polymerase (Boehringer Mannheim), and 0.2 mM deoxynucleoside
triphosphates (Perkin-Elmer). The cycling conditions were 25 cycles of 95°C for
30 s, 45°C for 1.0 min, and 72°C for 2.0 min, followed by a 10-min elongation at
72°C. Specific 2.4-kb fragments were amplified, and DNA was purified for direct
sequencing by agarose gel extraction, using a Geneclean kit (Bio 101 Inc., Vista,
Calif.).

Sequencing of the M. catarrhalis thp genes. Plasmid DNA for sequencing was
prepared by using a Qiagen (Chatsworth, Calif.) Plasmid Midi kit. To ensure a
complete sequence, phage DNA was used to sequence across the joins of sub-
clones. DNA samples were sequenced with an ABI model 373A DNA sequencer,
using dye terminator chemistry. Oligonucleotide primers 17 to 25 bases in length
were used to sequence both strands of the genes.

Construction of clones expressing rTbpA or rTbhpB. Plasmids pLEM3 and
pLEM25 contain the strain 4223 thpA gene (Fig. 1A). pLEM 3 was digested with
Bgll and HindlIlI to generate a 1.8-kb fragment comprising most of thp4 but
without the extreme 5’ sequence. Oligonucleotides were synthesized to re-create
the first 61 bases of the tbpA gene to the BglI site, and an Ndel site was added at
the 5’ end for cloning purposes. The NdeI-BglI oligonucleotides were ligated with
the Bg/I-HindIII fragment and cloned into plasmid pT7-7 (35) that had been
digested with Ndel and HindlIIl, generating plasmid pLEM27. pLEM25 was
digested with HindIII to excise the 1.6-kb 3’ fragment of tbpA, which was inserted
into pLEM27 that had been digested with HindIII and dephosphorylated. DNA
from the resulting plasmid, pLEM29, was used to transform E. coli BL21(DE3)
cells. Since the 4223 and Q8 tbpA genes were so similar, only the 4223 rTbpA
protein was expressed.
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(A) Potential promoter sequences for M. catarrhalis 4223
tbpA

-35 -10 RBS

GATGCCTGCCTTGTGATTGGTTGGGGTGTATCGGTGTATCAAAGTGCAAAAGCCAACAGGTGGTCATTG ATG AAT CAA TCA AAA

orf3

-35 -10 RBS

TRANSFERRIN BINDING PROTEINS OF M. CATARRHALIS 4185
(B) Fur-binding site sequences
T T T
E. coli GATAATGATAATCATTATC
M N Q S Ko e « .
N. meningitidis tbpB ~ AATAATAATCCTTATCATT
H. influenzae tbpB AATAATGCGAATTATTATC
M L A F L M. catarrhalis tbpB éé’i‘ACCi\TCAACCCﬂ

GCGACTAATTTTGTAAATTAATTAATAATCATTCATATTTGTATTTTTAAATACCATAAAAAATGGTAAARAT ATG CTC GCT TTT TTG

tbpB

-10 RBS

K H I P

CATGCCAAAATAGGCATCAACAGACTTTTTTAGATAATACCATCAACCCATCAGAGGATTATTTT ATG AAA CAC ATT CCT

FIG. 2. Nucleotide sequences of the promoter regions of M. catarrhalis 4223 tbpA, orf3, and tbpB genes. (A) Putative promoter elements for thpA, orf3, and tbpB.
RBS, ribosome-binding site. (B) Comparison of Fur-binding sites from E. coli (13), N. meningitidis thpB (20), H. influenzae thpB (11), and M. catarrhalis 4223 tbpB. Dots
indicate residues identical to the E. coli consensus sequence, and underlining indicates dyad symmetry.

Constructs that would express the M. catarrhalis rTbpB proteins with or with-
out their lipoprotein signal sequences were generated. Plasmid pLEM23 contains
most of the 4223 thpB gene, excluding the extreme 5’ end. Oligonucleotides were
synthesized to re-create the first 58 bp of the tbpB gene encoding the mature
TbpB protein up to an Nhel site, and an Ndel site was added at the 5’ end for
cloning purposes. pLEM23 was digested with Nhel and Clal, excising a 1.0-kb
fragment of tbpB which was ligated with the oligonucleotides and pT7-7 that had
been digested with Ndel and Clal. The resulting plasmid, pLEM31, thus contains
the 5" half of 4223 tbpB encoding the mature protein. Oligonucleotides were
synthesized to re-create the ~104-bp extreme 3’ end of thpB from Clal to an
Avall site, and a BamHI site was added for cloning purposes. pLEM23 was
digested with Clal and Avall, and the 0.9-kb fragment was ligated with the
Avall-BamHI oligonucleotides and inserted into pT7-7 that had been digested
with BamHI and Clal, generating plasmid pLEM32. The 1.0-kb Ndel-Clal frag-
ment of pLEM31 and the 1.0-kb Clal-BamHI fragment of pLEM32 were ligated
into pT7-7 that had been digested with Ndel and BamHI. The resulting plasmid,
pLEM33, thus contains the full-length strain 4223 thpB gene encoding the ma-
ture TbpB protein under the control of the T7 promoter. To express the strain
4223 thpB gene encoding the lipoprotein, pLEM33 was digested with Ndel and
Nhel to excise the ~58-bp 5’ fragment, and Ndel-Nhel oligonucleotides encoding
the lipoprotein leader sequence were substituted. The resulting plasmid was
designated pLEM37. Similar schemes were used to generate the strain Q8 tbpB
expression plasmids pPSLRD35A and pSLRD35B, which express the lipoprotein
and mature protein, respectively.

Expression and purification of recombinant proteins. Plasmid DNA was pu-
rified by using a Qiagen Plasmid Midi kit and was used to transform E. coli
BL21(DE3) cells (Novagen, Madison, Wis.) by electroporation. Overnight cul-
tures were grown in YT broth containing ampicillin, and a 1:50 inoculum was
grown to an optical density at 578 nm (ODsg) of 0.3 before induction with 400
wM isopropyl-p-p-thiogalactopyranoside for 3 h. rTbpA, rTbpB, and rORF3
were produced as inclusion bodies in E. coli and were purified by the same
process. To purify rTbpA, cells from 500-ml culture were resuspended in 50 ml
of 50 mM Tris-HCI (pH 8.0) containing 0.1 M NaCl and 5 mM 4-(2-aminoethyl)-
benzenesulfonylfluoride protease inhibitor (Calbiochem, La Jolla, Calif.) and
disrupted by sonication (three 10-min pulses, 70% duty circle). The suspension
was centrifuged at 20,000 X g for 30 min, and the pellet was extracted with 50 ml
of 50 mM Tris-HCI (pH 8.0) containing 0.5% Triton X-100 and 10 mM
EDTA. The sample was centrifuged as described above, and the resultant pellet
was further extracted with 50 ml of 50 mM Tris-HCI (pH 8.0) containing 2 M
urea and 5 mM dithiothreitol (DTT). Centrifuged as above, the resultant pellet
contained inclusion bodies of rTbpA. The protein was solubilized in 50 mM
Tris-HCI (pH 8.0) containing 6 M guanidine hydrochloride and 5 mM DTT. The
sample was centrifuged for clarification, and the supernatant was purified on a
Superdex 200 gel filtration column equilibrated in 50 mM Tris-HCI (pH 8.0)
containing 2 M guanidine hydrochloride and 5 mM DTT. The fractions were
analyzed by SDS-PAGE; those containing rTbpA were pooled, and Triton X-100
was added to a final concentration of 0.1%. The sample was dialyzed overnight
at 4°C against 50 mM Tris-HCI (pH 8.0) and clarified by centrifugation for 30
min, and the supernatant was stored at —20°C.

Expression of the 4223 and Q8 rTbpB lipoproteins was ~20% of total E. coli
protein expression, which allowed for their ready purification, whereas expres-
sion of the mature proteins was negligible, and so their purification was not
pursued. The extraction of inclusion bodies and subsequent purification of the
4223 and Q8 rTbpB proteins were performed as described for the rTbpA pro-
teins. The 4223 rORF3 protein was produced as ~10% of total E. coli proteins
and was purified as described for rTbpA.

Transferrin binding assay. The transferrin binding activity of rTbpA, rTbpB,
and rORF3 was assessed by the method of Schryvers and Lee (31), with modi-
fications. Briefly, purified recombinant protein was subjected to discontinuous
electrophoresis through SDS-12.5% polyacrylamide gels. The proteins were
electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, Mass.) and incubated with horseradish peroxidase (HRP)-
conjugated human transferrin (1:50 dilution; Jackson ImmunoResearch Labs
Inc., Mississauga, Ontario, Canada) at 4°C overnight. LumiGLO substrate (Kirke-
gaard & Perry Laboratories, Inc., Gaithersburg, Md.) was used for chemilumi-
nescent detection of HRP activity according to the manufacturer’s instructions.

Immunization of animals and immunoassays. Groups of five BALB/c mice
(Charles River) were injected three times subcutaneously on days 1, 29, and 43
with purified rTbpB (0.3 to 10 pg) in the presence or absence of AIPO, (1.5 mg
per dose). Blood samples were taken on days 14, 28, 42, and 56 for analyzing the
anti-r'TbpB antibody titers by enzyme-linked immunosorbent assay (ELISA).

Groups of two guinea pigs (Hartley outbred; Charles River) were immunized
intramuscularly with 5-ug doses of purified rTbpA or rTbpB emulsified in com-
plete or incomplete Freund’s adjuvant as described above. Anti-Tbp antibody
titers in guinea pig immune sera were determined by antigen-specific ELISAs as
previously described (40). Microtiter wells (Nunc-MAXISORB, Nunc, Roskilde,
Denmark) were coated with 50 pl of protein (0.5 pg ml™"). The reactive titer of
an antiserum was defined as the reciprocal of the highest dilution consistently
showing a twofold increase in absorbance at 450 nm over that obtained with the
preimmune serum samples.

Whole-cell ELISAs. M. catarrhalis 4223 was grown in the presence of EDDA
as described above. Cell pellets were collected by centrifugation, washed with
phosphate-buffered saline (PBS), and resuspended in 50 mM carbonate-bicar-
bonate buffer (pH 9.6). The OD,q, of the suspension was adjusted to 0.5, and 200
wl of a 1:100 dilution of whole bacteria was used to coat microtiter wells. The
plates were air dried at 37°C overnight and then blocked with PBS-0.1% bovine
serum albumin at 37°C for 1 h (250 pl per well). After three washes with
PBS-0.1% Tween 20, 200 pl of antiserum at an appropriate dilution (in PBS-
0.1% gelatin) was added to the wells and further incubated at 37°C for 2 h.
Affinity-purified F(ab’), fragment of donkey anti-guinea pig immunoglobulin G
(heavy plus light chain) antibodies conjugated to HRP (Jackson Immuno-
Research Laboratories) was used as the reporter. The reactions were developed
by using tetramethylbenzidine-H,O, (ADI), and absorbancies were measured at
450 nm (using 540 nm as a reference wavelength) in a Flow Multiskan MCC
microplate reader (ICN Biomedicals).

Antigenic conservation of Tbps in M. catarrhalis. M. catarrhalis strains were
grown in BHI medium with or without 25 pM EDDA. Sample concentrations
were standardized, and whole-cell lysates were separated by SDS-PAGE and
electrophoretically transferred to PVDF membranes. Guinea pig anti-4223
rTbpA or anti-4223 rTbpB antibody was used as primary antibody, and HRP-
conjugated goat anti-guinea pig immunoglobulin G antibody was used as sec-
ondary antibody. Approximately 90 M. catarrhalis strains, obtained from North
America or Finland, were tested for their antigenic reactivities.

Bactericidal antibody activity. The bactericidal antibody assay was performed
as previously described (39). Briefly, the M. catarrhalis strains were grown to an
ODs5 of 0.5 in BHI medium containing 25 pM EDDA. The bacteria were di-
luted so that approximately 150 to 450 CFU was added to each reaction. Guinea
pig anti-rTbpA or anti-r'TbpB antiserum and prebleed serum controls were heat-
ed to 56°C for 30 min to inactivate endogenous complement and were diluted
1:64 with Veronal buffer containing 0.1% bovine serum albumin (VBS) (39).
Guinea pig complement (Biowhittaker, Walkersville, Md.) was diluted 1:10 in
VBS. Aliquots of 25 pl each of diluted antiserum, bacteria, and complement
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.8..I...N..S...KGFTH.L.V...Q.G.E..A.. .Q.NSI.TQV.K..LK.V..Y. . LY. .. .---~- KSSGY.V.QG..P..DDK-...---- PP.TLST Eagan
310 320 - 330 340 350 360 370 380 330 400
VRDKVNVKDYTGPNRLIPNPLTODSKSLLLRPGYQLNDK - HYVGGVYEITKQNYAMQDKTVPAYLAVHDIEKSRLSNHAQA - - NGYYQGNNLGERIRDTIGPD 4223
PP N R T T Y J R (U [ ... .A. AN Q8
E.KT.STQ....S...LA...EYG.Q.W.F.. .WH.DNR-....A.L.R.Q.TFDTR.M.... .FTSE.YVPGS.KGL- -~ - - .K.S.D.KA..LFVQGEGS B16B6
E.QT.STR.......FLAD..SYE.R.W.F.. .FRFENKR..I..IL.H.Q.TFDTR.M. . ..F.TKAVFDANSKQAGSLPG- . .K.A. . HKYGGLFTNGENG M982
K.QT.STR.......FLAD..SYE.R.W.F...FRFENKR..I..IL.R.Q.TFDTR.M. .. .F.TKAVFDANQKQAGSLRG- . .K.A. . HKKYGGLFTSGENN FAl19
GSET.S.S....A..IK...MKYE.Q.WF..G. .HFSEQ-..I..IF.F.Q.XFDIR.M.F. .. .SPTERRDDSSRSFYPMQDH.A. . HIB-+=---------« Eagan
410 420 430 440 450 460 470 480 490 500
- - - - SGYGINYAHGVFYDEKHQKDRLGLEYVYDSKGENKWFDDVRVSYDKQDI TLRSQLTNTHCSTY PHIDKNCT PDVNK PF SVKEVDNNAYKEQHNL I KAVFN 4223
Pt i iiieeeaas et t e eraent ettt ana e s eseneceet et tataeanaena. ettt teacet e Q8
TLRGI...----T......R.T.N.Y.V. .. .HNADKDT.A.YA.L...R.G.D.DNR.QQ....HDGS-....R..G...Y.FYKS.RMI.E.SR. .FQ. . .K B16B6
++--ALV.AE.GT.... .T.T.S.Y......TNADKDT.A.YA.L...R.G.G.DNHFQQ. .. .ADGS- . .Y.R.SAD. ...YYKS.RVI.G.S.R.LO.A.K M982
----APV.AE.GT...... T.T.S.Y......TNADKDT.A.YA.L...R.G.G.DNHFQQ....ADGS-..Y.R.SAD. .. .YYKS.RVI.G.5.K.LQ.A.K FA19
©---D.R.VK..S.LYF..H.R.Q.V.I..I.EN.NKAGII.KAVL.ANQ.N.I.D.YMRH... L. .NPS...R.TLD..Y.YYRS.R.V.. K. .MLQLNLE Eagan
510 520 530 540 550 560 570 580 590 600
KKMALGSTHHHINLQVGYDKFNS SLSRVEYRLATHQSYQKLDYTPPSNPLPDKF - KPILGSNNKPICLDAYGYGHDHPOACNAKNS TYQNFAIKKGIEQYN 4223
...... I - o R S - S Q8
AFDTAKIR.NLSINL...R.K.Q..HSD.Y.ONAVQAYD.I-...KP.F.NGS-.- - B16B6
- SFDTAKIR.NLSVNL.F.R.D.N.RHQD.YYQHANRAYSSK- .. .KTAN.NGD- .- - - -+ M982
.SFDTAKIR.NLSVNL. . .R.G.N.RHQD. YYQOSANRAYS.K- . . .Q.NGKKTS- - -PN.REKN. ===+~ -rrsssccmmocamnnneaannnnnnnno . FAl9
«« JQONWLT.Q.VFNL.F.D.T.A.QHKD. - . TRRVIATA- .SYI.RK- -+ .GETG. .RN.LQSQ. - === vvvrecsccmnmocuunnnnnennsnancancnn Eagan
610 620 630 640 650 660 670 680 690 700
QKTNTDKIDYQAIIDQYDKONPNSTLKPFEKIKQSLGQEKYNKIDELGFKAYKDLRNEWAGWTNDNSQONANKGTDNI YQPNQA - - TVVKDDKCKYSETNS - Y 4223
[ Vit t ittt e, DE. .R...N. .ttt iiieeeneeanaaenaiannan. e e rereeaaaa, - Q8
------------------------------------------------------------------------------ -RVSIGKT..NTSPI.RFGN- .T-. B16B6
------------------------------------------------------------------------------ -WVSIG-GN..TGQI.LFGN-.T-. M982
------------------------------------------------------------------------------ -WVSIGRGN. .TRQI.LFGN-.T-. FAl9
---------------------------------------------------------------------------- YL.PKPEPYFAG- -Q.H.N.QGSS.N. Eagan
710 720 730 740 750 760 770 780 790 800
ADCSTTRHISGDNYF IALKDNMT INKYVDLGLGARYDRIKHKSDVPLVDNSASNQLSWNEGVVVKPTNWLDIAYRS SQGFRMPSFSEMYGERFGVTIGKG 4223
D T T Q8
T..-.P.N.G.NG.YA.VQ. .VRLGRWA.V.A . X...YRSTH.EDKS.STGTHRN....A...L..FT.M.LT..A.T...L...A....W.A.ESLKTL B16B6
T..-.P.S.N.KS.YA.VR..VRLGRWA.V.A.L...YRSTH. .DGS.STGTHRT....A.I.L..AD...LT..T.T...L...A....HW.5. .QSKAV M982
T..-.P.S.N.KS.YA.VR. .VRLGRWA.V.A_L...YRSTH. .DGS.STGTHRT....A.I.L..AD...LT..T.T...L...A....W.S.DK.KAV FAl9
R..-KV.L.K.K..YF.ARN. .ALG........ I...VSRT.ANESTISVGKFKNF...T.I.I...E...LS..L.T...N........ W.Y.GKNDEV Eagan
810 820 830 840 850 860 870 880 890 900
TQHGCKGLYYICQQTVHOTKLKPEKSFNQE IGATLHNHLGSLEVSYFKNRYTDLIVGKS EEIRTLTQGDNAGKQRGKGDLGFHNGQDADLTGINILGRL 4223
...................................................................................... N..........K.. Q8
------------------- D........R.A.IVFKGDF.N..A...N.A.R...AFGY-.T..-----QN.QTSAS..P.YR.A.N.RIA......KI. B16B6
------------------- -ID......K.A.IVFKGDF.N..A.W.N.A.R....RGY.AQIK------N..EEA...PAYL.A.S.RI.......KI. M982
------------------- »ID......K.A.IVFKGDF.N. .A.W.N.A.R. .. .RGY.AQIK------D..EQV. .NPAYL.A.S.RI.......KI. FAl9
---------------- YVG.F...T.R...F.LA.KGDF.NI.I.H.S.A.RN. .AFA-. . LSK--------NGT...NY.Y..A.N.K.V.V..TAQ. . Eagan
910 920 930 940 950 960 970 980 990 1000
LNAANSRLPYGLYSTLAYNQVDVKGKTLNPTLAG - TNILFDAIQPSRYVVGLGYDAPSQKWGANAT FTHSDAKNPSELLADKNLGNGNIQ - TKQATKAKSTP 4223
F Y Kivevoonoouonn, et i e e e e aeaaee e ae s ae e te e e enana L Q8
WHGVWGG. .D. . ....... RIK. .DADIRADRTFV.SY....V...... Le.o... H.DGI..I.T..Y.K..SVD...GSQA.L...ANAK.A-ASRRTR. B16B6
WNGVWDK. .E.W...F...R.H.RDIKKRADRTDIQSH. ... ............. Q.EG...V.GML.Y.K..EIT...GSRA.L...SRN..A-.ARRTR. M982
WNGVWDK. .E.W...F...R.R.RDIKXRADRTDIQSH............. S...Q.EG...V.GML.Y.K. .EIT...GSRA.L...SRN..A- .ARRTR. FA19
F.GLWK.I...W.A.F..... K..DQKI.AG..SVSSY.......... II..... H..NT..I.TM..Q.K..SQN...GKRA...-.SRDV.S- .RKLTRA Eagan
1010 1020 1030 1040 1050 1060 1070
WQTLDLSGYVNIKDNFTLRAGVYNVFNTYYTTWEALRQTAKGAVNQHTGLSQDKHYGRYAAPGRNYQLALEMKE * 4223
........................................ >3 S Q8
YVT.V...Y...KHL........ LL.YR.V...NV....G...... < KNVGV.N......... TFS..... . B16B6
YIV.V. YT, KH. ... ... .. LL.YR.V...NV....G...... S CKNVGV.N......... TFS..... . M982
YIV.LV. . .YTV.KH. ........ LL.HR.V.. . NV... . A...... S KNVGV.N. .. ... ... TFS..... . FAL19
CHIL V.. .YMANK.IM..L.I..L..YR.V....V....Q...... - QNVGS.T....5....T.T..... . Eagan

FIG. 3. Alignment of the deduced TbpA protein sequences for M. catarrhalis 4223 and Q8, N. meningitidis B16B6 and. M982 (20), N. gonorrhoeae FA19 (6), and
H. influenzae type b Eagan (22). Dots indicate identical residues, and dashes have been inserted to maximize sequence alignment.
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10 20 30 40 S0 60 70 80 90 100
MKHIPLTTLCVAISAVLLTACGGSGGS - NPPAP’PPIPNASGSGNTGN TGNAGGTDNTAN AGNTGGT 4223
.............................................. R1
........................... L I T I P R M35
........................... Ceriescarsana ..GS.D.-V..A. . ANSGTGNAGNSGNA LES1
........................ S.GF. . GGANSG. . .A.. Q8
........................... ceeieerevs . .G.ALLA.SG..G..S...A..-..5.. . 3
110 120 130 140 150 160 170 180 190 200
GYGMALSKINLHNRQDTPLDEKNI - ITLDGKKQVA - EGKKSPLPFSLDVENKLLDGY TAXMNV - ADKNAIGDRIKKG - - - NKEISDE - - ELAKQIKEAVRKSHEFQQV - - 4223
........... YDQ.ouee Ao iieenaeeeaDNQ. it iinenacanancseaneErua i EL . RENEQ.. K.t v i--iu i KoulNLL WPl R1
........ [ PR (o JUMpRRI o B D S >SN A R LR R (A DKLSKAD M35
..A.E.KLR.A.PLNPNKNK.AEKR.A..Q.DL..V. .DLTNI. .DKNLIEY.KKSSEVVSKFE.Q.GG.ENNTRLT- - -H.DL.S.QKE-..-V...---LDNALT.FA LES1
...VE.KLR.WIPQ--~--- .QEEHAKINTNDV.KL. .DLKKN. . DNSIWONIKNSKEVQTVYNQE .QN.EDQ. .RE- - - . .QRP.KK.DDVALQAY IEKVLDDRLTELA Q8
..VE.XLR.WIPQ-=----- .QEEHAKINTNDV . KLEGDLKHN . . DNSIWONIKNSKEVQTVYNQE.QN . ENQ. . .E--- .. - -~~~ LDKTALKALIEKVLDDYLTSLA 3
210 220 230 240 250 260 270 280 290 300
LSSLENKI FHSNDGH‘KNH'RDLKYVDYGYYLANDGNYLTV‘KTD - - KLWNLGPVGGVFYNGTTTAKELPTQDAVKY KGHWDFMTDVANRRNRF SEVKENSQA 4223
JOIKALT. ... Keteeeiioonnenannns B NP....S.cciccvnns - KK......... TY.. R1
K ...... tersanas [+ V ........... L > R KQeeveuennnn L.. M35
QEKYKEL.ENAH.KKSD.RN. . .E..KS.PNYLSGYTATDHDK- - - .TNYR.YY.ALY.K.SE...... QTs. - -ATLDNKYTDLPGIAR.T LES1
KPIY.KN.NY.H.KON..R....... RS..IYRSGYSNIIP.----.IAKT.FD.AL..Q..Q...Q..VSQ- +AKKGQSFS . FGTSQRL. Qs
KPIY.KN.NO.H.KON..R....... RS..IYRSGYSNIDIQK- - - .IAKT.FD.AL..K..Q...Q..VSE- AKKGQSFS . FERRAGDR 3
310 320 330 340 350 360 370 380 %0 400
GWYYGASSKDEYNRLLTKEDSAPDGHSGEYGHS SEFTVNFKEKKLTGKLF SNLODRHKGNVTKTERYDIDANIHGNRFRGSATASNKNDTSK - - HPFTSDAN 4 f 23
......... «.B...u...8..0K....K.. . K.DLhl bl R
............ D.....B.coecv.SReaKovioanns M35
Q. -RSLV.T...AT...DKNNK.SDYN.A....... D...AD..IK...I..QLSG--TA..AK...K.E.D LES1
.DR.S.M.YH..PS...D.XKNK..NYN........... D.SK.S.K.E.S..I..G...S.N..K....... Q8
--.SAM. . H-..PS...DDKNK..NYND.......... D.SK.S...G....00 H...XK....K....N.R 3
410 420 430 440 450 460 470 480 490 500
NRLEGGPYGPKGEBLAGKFLTNDN’KLFGVFGAKRESKA.EEKTEAILDAYALGTFNTSN ATT- - FTPFTEKQLDNFGNAKKLVLGSTVIDLVPTDATK- -NEFTK- - - - 4223
S o I o 5 31 JKPG-T.NPA. . ANSK.E..... .ot iieneiiinananas DV...-.--=- R1
.............. KNN-. . eeee Kool GV..DV.....---~ M3S
......... D.. R L S S S R ceerer"ee.. . KFTK LES1
............................... KPG-T.NPA..ANSK.E DV Qe
........ |2 J Y vesessesssass . KSG-T.NPA..ANSK.E ~e----.D.V.TIDK 3
510 520 530 540 550 560 570 580 590 600
DKPESATNEAGETLMVNDEVSVKTYG - - KNFEYLKFGELSIGGSHSVFLQGERTATTGE - - KAVP'I'I‘GTAKYLGNWGYINKIYPG‘PGT- -GKSFTDAQDVADFDI 4223
E..K.o. . Koeeooonononnanan, T et ees e | . . ..A.SSK.STD..G....K.I..... Rl
N..D. Kivoiaoons | SUPR YGR........... V.T.N..oooeaniaonns E P §------ S...NE ......... M35
P SRS I..... e eeeetr e ViDieiveeronaanonnn R seecA..--....NE...I..... LES1
E..K....Keoveonnaonn I..... b (3 L S R R T > R S.++....NE...I..... Q8
E..ATT..Q T K.R.QVCC--S.L.H....S....D.N. ... K.D.D..M.VA.N...R.T.A..VA, SGNTSKAYEAQQANANRE v 3
610 620 630 640 650 660 670 680 690 700
DFGNKSVSGKLITKGRQDP’V"PSITGOIAGNGH'PCTAST’I‘KADAGGYKIDSSSTGKS IVIKDANVTQGQ’EPN&N_D‘[GGSFTHNA ~~~~~~~ DDSKASVVFGTKRQQEVK- ¢ 4223
TLEK. ..N ..T..D LIRS | FUN K...AE.N....cveenennnn Ceaeen Veeeewonnnn Teveeerane S------ GN.G.V....... K.-...K* Rl
.EX. B M3S
ER. . LES1
.ER. T.Q Q8
AL L‘l‘ ...PNTSS. GKSA D..AT.D...FS.K.N. PDIET..L....IQXSBSGRVIV I T...... Q...L..... YKSNDAGNQDK. .S...... 3

FIG. 4. Alignment of the deduced TbpB sequences from M. catarrhalis 4223, Q8, 3, LES-1, M35, and R1. Dots indicate identical residues, and dashes have been
inserted for maximum alignment of the sequences. Residues conserved among TbpB proteins from A. pleuropneumoniae, H. influenzae, M. catarrhalis, N. gonorrhoeae,

N. meningitidis, and P. haemolytica are underlined.

were added to duplicate wells of a 96-well microtiter plate (Nunc). The plates
were incubated at 37°C for 60 min, with gentle shaking at 70 rpm on a rotary
platform; 50 pl of each reaction mixture was plated onto Mueller-Hinton agar
plates (Becton Dickinson), which were incubated at 37°C for 24 h and then at
room temperature for 24 h before the bacteria were counted. Antisera were
determined to be bactericidal if =50% of bacteria were killed compared with
preimmune serum controls. Each assay was repeated at least twice in duplicate.
Anti-4223 rTbpB antisera from two guinea pigs gave identical results at 1:64
dilution; however, only one of two anti-Q8 rTbpB antisera exhibited bactericidal
activity at 1:64 dilution. Statistical analysis was performed by the Mann-Whitney
rank sum test.

To assess the potential bactericidal activity of preimmune sera, samples con-
taining bacteria, complement, and preimmune sera were compared with those
containing only bacteria and complement. No differences were detected between
the two groups, indicating that preimmune sera were not bactericidal for the
strains tested. An additional control included bacteria with antisera but no
complement. No bactericidal activity was observed, indicating that there was no
antibody-mediated clumping of bacteria resulting in false activity.

Nucleotide sequence accession numbers. The nucleotide sequences of the
genes in the tbp loci from M. catarrhalis 4223 and Q8 have been deposited at
GenBank and assigned accession no. AF039312 and AF039315, respectively. The
accession numbers for the nucleotide sequences of the tbpB genes from M. ca-
tarrhalis 3, LES-1, M35, and R1 are AF039311, AF039313, AF039314, and
AF039316, respectively.

RESULTS

Cloning of the M. catarrhalis thp genes. The genomic thp genes
were cloned from a phage expression library of M. catarrhalis

4223, using monospecific anti-TbpA and anti-TbpB antisera.
The genomic tbp genes were cloned from additional phage li-
braries of M. catarrhalis Q8 and M35, using DNA probes. The
phage clones contained approximately 13-kb inserts which had
very similar restriction enzyme maps. The entire insert could
not be cloned into plasmids, and so multiple subclones of the
4223 and Q8 tbp genes encompassing the whole sequence were
generated (Fig. 1). The M35 tbpB gene was subcloned and the
tbpB genes from three additional M. catarrhalis strains (3, LES-
1, and R1) were amplified by PCR using primers derived from
the flanking regions of 4223 tbpB.

Analysis of the nucleotide sequence of the 7bp genes. The
4223- and Q8-derived thp genes were sequenced in their en-
tirety and were found to include three complete genes and two
partial genes, found at each end of the 13-kb inserts. The
arrangement of the M. catarrhalis thp genes was unique com-
pared with that of other known bacterial thp operons, in that
the thpA gene preceded the tbpB gene, with an intergenic dis-
tance of approximately 2.8 kb. A third open reading frame,
designated orf3, was found to be located between thpA and
tbpB. The tbpA, tbpB, and orf3 genes are approximately 3.2, 2.1,
and 1.5 kb, respectively, in length. The distance between thpA
and orf3 is about 1 kb, and that between orf3 and tbpB is ap-
proximately 273 bp. Putative promoter elements could be iden-
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FIG. 5. Purification of the recombinant TbpA and TbpB proteins (A) and transferrin binding of rTbpB proteins (B). Lane 1, E. coli cells expressing 4223 rTbpA;
lane 2, purified rTbpA; lane 3, E. coli cells expressing 4223 rTbpB; lane 4, purified 4223 rTbpB; E. coli cells expressing Q8 rTbpB; lane 5, purified Q8 rTbpB. Proteins
were transferred to a PVDF membrane and incubated with human transferrin conjugated to HRP.

tified upstream of all three genes (Fig. 2A). We did not find a
complete Fur (ferric uptake regulator)-binding sequence over-
lapping the —10 region of the promoter, such as identified in
other bacterial thpB promoters (Fig. 2B).

Analysis of the deduced amino acid sequences of the Thps.
The deduced strain 4223 and strain Q8 TbpA proteins are 1,074
and 1,070 residues, respectively, in length and are 98% iden-
tical (Fig. 3). The encoded 4223 and Q8 TbpA proteins have
molecular masses of 119.4 and 118.9 kDa, respectively. The
M. catarrhalis TbpA protein sequences are somewhat larger
than sequences of other known TbpA proteins, but there is still
about 40% identity and 52 to 53% similarity with the H. influ-
enzae, N. gonorrhoeae, and N. meningitidis TbpA proteins, as
illustrated in Fig. 3 (6, 20, 22). The main difference between
the M. catarrhalis TbpA and other TbpA proteins appears to be
an approximately 112-residue insert in the M. catarrhalis pro-
teins between residues 572 and 684. There is another, smaller
insert of 19 residues located between residues 800 and 819.

An alignment of the six deduced M. catarrhalis TbpB pro-
teins is shown in Fig. 4. The 4223 and Q8 TbpB proteins are
63% identical and 70% similar and have molecular masses of
75.5 and 76.6 kDa, respectively. The M35 and R1 TbpB pro-
teins have masses of 76.5 and 77.0 kDa, respectively, and are
more closely related to 4223 TbpB, with 83 to 86% identity and
88 to 90% similarity. The TbpB protein from strain LES-1 is
76.8 kDa and is 63% identical to both the 4223 and QS8 pro-
teins. The strain 3 TbpB protein is 76.9 kDa and is more closely
related to the Q8 TbpB, with 71% identity to Q8 but only 51%
identity to 4223. It is also apparent from Fig. 4 that most of the
heterogeneity between the TbpBs resides in the N-terminal
half of the protein. There is a consensus signal sequence for
lipoproteins (38), and it is predicted that Cys21 is the N-ter-
minal residue of the mature lipoprotein. Residues that are con-
served among the TbpB proteins from A. pleuropneumoniae,
H. influenzae, N. gonorrhoeae, N. meningitidis, P. haemolytica,
and M. catarrhalis are underlined in Fig. 4 (27). The level of
identity with the TbpBs from other species is very low and is
found in relatively short stretches throughout the sequence.

The orf3 gene encodes proteins of 58.1 and 57.9 kDa from
M. catarrhalis 4223 and Q8, respectively, and these are 98%
identical. They contain a carboxy-terminal phenylalanine resi-
due that is often associated with a membrane location (34),
although a typical consensus signal sequence cannot be iden-
tified. A comparison with the protein databases revealed little
homology between the ORF3 protein and known proteins.

Expression, purification, and characterization of recombi-
nant proteins. The 4223 rTbpA, 4223 rTbpB, Q8 rTbpB, and
4223 rORF3 proteins were produced as inclusion bodies in
E. coli, using the inducible T7 promoter system. The rTbpA
and rORF3 proteins were produced at ~10% of total protein,
while the rTbpB protein (with lipoprotein leader) was pro-
duced at about 20% of total protein. The proteins have been
purified by similar methods which involve enrichment for the
inclusion bodies after sonic disruption of the cells, solubiliza-
tion of the inclusion bodies, and then by Superdex 200 chro-
matography (Fig. 5A). The recombinant proteins were further
characterized for their ability to bind to human transferrin af-
ter transfer to a PVDF membrane as described for the N. men-
ingitidis and H. influenzae rTbpB proteins (22, 37). Both the
4223 and Q8 rTbpB proteins bound human transferrin (Fig.
5B), but under the same conditions, rTbpA and rORF3 did not
bind (data not shown).

Antigenic conservation and bactericidal antibody activities.
Hyperimmune sera directed against the purified rTbpA or
rTbpB proteins were raised in guinea pigs. As shown in Table
1, the recombinant TbpA and TbpB proteins generated high-
titer antibodies. On immunoblot analysis, the anti-rTbpA an-
tiserum recognized specific proteins in all of the 32 M. catarrh-
alis strains tested, and both the anti-4223 rTbpB and anti-Q8
rTbpB antisera recognized specific proteins in all of approxi-
mately 90 M. catarrhalis strains tested. Representative immu-
noblot data for samples grown under iron-replete or iron-de-
ficient conditions and probed with anti-rTbpA or anti-rTbpB
antiserum are presented in Fig. 6.

The bactericidal antibody activities of anti-rTbpA and anti-
rTbpB antisera were assessed at an antibody dilution of 1:64,

TABLE 1. ELISA titers for guinea pig anti-rTbp antisera

Coated a_ntigen Titer”

(strain) Anti-4223 rTbpA  Anti-4223 rTbpB  Anti-Q8 rTbpB
rTbpA (4223) 614,400
rTbpB (4223) 1,638,400 204,800
rTbpB (Q8) 1,638,400 1,638,400

“ Anti-r'Tbp antibody titers in sera collected after three immunizations were
determined by ELISA. The reactive titer was defined as the reciprocal of the
dilution consistently showing a twofold increase in absorbance over that obtained
with the prebleed serum sample. Values are average titers from two guinea pigs.



VoL. 66, 1998

TRANSFERRIN BINDING PROTEINS OF M. CATARRHALIS 4189

A Anti-rTbpA (4223)

MO = |
80 =

(3]
o
1

110 =
80 =

Molecular Weight (10°)

+ -+ - + - +

+ - + - + - + - + -

1 2 3 4

5 6 7 8 9

FIG. 6. Antigenic conservation of TbpA and TbpB in M. catarrhalis strains. Bacteria were grown in BHI medium with (+) or without (—) EDDA, and whole-cell
lysates were probed with anti-4223 rTbpA or anti-4223 rTbpB antibody. (A) Immunoblot with anti-4223 rTbpA; (B) immunoblot with anti-4223 rTbpB. Lanes represent
the following strains: 1, 4223; 2, VH-9; 3, M35; 4, H-04; 5, ATCC 25240; 6, R1; 7, Q8; 8, LES-1; and 9, 3.

and an arbitrary cutoff of =50% killing was chosen as signifi-
cant. Anti-4223 rTbpA antibody was not bactericidal against ei-
ther the homologous strain or strain Q8 and was not tested fur-
ther. Anti-4223 rTbpB antibody was bactericidal against the
homologous strain and five of eight heterologous strains, while
anti-Q8 rTbpB antibody killed two heterologous strains (Table
2).

DISCUSSION

The bacterial thp loci from A. pleuropneumoniae, H. influen-
zae, N. gonorrhoeae, N. meningitidis, and P. haemolytica have
been cloned and sequenced, and the gene arrangement has al-
ways been found to be tbpB followed by tbpA (2, 10, 11, 20, 22,
27). The distance between the two genes has ranged from as
little as 13 bp for H. influenzae to 87 bp for N. meningitidis (20,
22). A single promoter sequence has been identified upstream
of the thpB gene, suggesting that the genes form an operon. In
addition, the polar effects of transcriptional terminators in the
N. gonorrhoeae and N. meningitidis tbpB genes provide direct
evidence for an operonic arrangement (2, 19). In M. catarrha-
lis, there is a unique gene arrangement of thpA-orf3-tbpB, and
there are three potential promoter sequences suggesting pos-
sible independent transcription of the genes. This unexpected
gene arrangement has been confirmed in three independent
clinical isolates of M. catarrhalis, strains 4223, Q8, and M35,
indicating that it was not an artifact of cloning. Recently, Ogun-
nariwo et al. (26) found that the degenerate primers designed
to PCR amplify the junctional region between tbpB and tbpA
worked in all species tested except M. catarrhalis, M. bovis, and
M. lacunata. The lack of a typical tbpB-tbpA gene arrangement
in M. catarrhalis demonstrated in this study provides a logical
explanation for these findings and also suggests that this situ-
ation may apply for the other Moraxella species.

In many bacterial species, the product of the fur gene re-
presses the transcription of iron-regulated genes. A consensus
sequence for Fur binding has been determined for several

E. coli promoters (13), and Fur-binding sequences overlapping
the —10 regions of the N. meningitidis and H. influenzae tbpB
promoters have been identified (11, 20). However, only a short
homologous sequence can be identified in the —10 region of
the M. catarrhalis tbpB promoter, and there is very limited dyad
symmetry (Fig. 2). These data suggest that expression of the
M. catarrhalis Tbps may be regulated by a novel mechanism.
Consistent with other bacterial Tbps, the M. catarrhalis TbpA
proteins from strains 4223 and QS8 are highly conserved, while
the corresponding TbpB proteins are more variable. While the
M. catarrhalis TbpA proteins are very similar to each other,
they are longer than TbpA proteins from other species, the
main differences being two inserts of about 112 and 19 residues
in the central region of each of the proteins (Fig. 3). Compared
to a proposed TbpA/LbpA topology model (12), the inserts are
found in the seventh and ninth extracellular loops, respectively.

TABLE 2. Bactericidal antibody activities of
guinea pig anti-rTbpB antisera

Bactericidal
antibody activity®

Strain Locale Source
Anti-4223  Anti-Q8

1TbpB 1TbpB
4223 New York MEF’ 99.9* 0
M35 Quebec MEF 92.3* 0
R1 Quebec Bronchial secretion 87.5* 7.0
LES-1 Finland MEF 12.5 51.0*
Q8 Quebec Sputum 16.5 99.5*
3 New York Sputum 23.0* 34.0*
VH-9 Texas MEF 92.8* 0
H-04 Nova Scotia MEF 85.0* 98.7*
ATCC 25240 81.3* 0

¢ Killing by antiserum diluted 1:64 compared to prebleed controls in which
killing is assumed to be 0%. *, statistical significance compared to prebleed
controls (P < 0.05) in the Mann-Whitney rank sum test.

> MEF, middle ear fluid.



4190 MYERS ET AL.

The 112-residue insert contains an extra two cysteine residues
and two potential transmembrane sequences located at 587 to
596 and 608 to 617, which could result in extra periplasmic and
extracellular loops. When the sequences of the TbpB proteins
from six M. catarrhalis strains were compared, they appeared to
separate into two groups, one more closely related to strain
4223, which included strains R1 and M35, with the other family
comprised of strains Q8 and 3. The TbpB protein from strain
LES-1 was equally similar to both families. The six strains from
which the tbpB genes were cloned were chosen for their geo-
graphic diversity and anatomic source (Table 2). Strains 4223
and 3 are from Buffalo, N.Y.; strains M35, Q8, and R1 are
from Montreal, Quebec, Canada; and strain LES-1 is from
Finland. Strains 4223, LES-1, and M35 were all derived from
patients with otitis media, while strains 3, R1, and Q8 were
from sputum or bronchial secretions. There appears to be no
correlation between the geographic or anatomic source of the
organism and the TbpB sequence. Compared to the TbpB pro-
teins from other organisms, there is limited homology found
scattered throughout the sequence in short motifs (27). The
conservation of these sequences among the TbpB proteins
from several species suggests that they serve a functional or
structural role. It is interesting that only the M. catarrhalis 3
TbpB protein contains the VCCSNLEHLKFG motif (con-
served residues underlined) found in all other TbpB proteins.

The recombinant TbpA and TbpB proteins were expressed
in good yield from E. coli, with the rTbpB proteins expressed
at approximately 20% of total protein. Although the M. ca-
tarrhalis TbpB protein was designed to be expressed as the
mature lipoprotein, it was found that the recombinant protein
was expressed as inclusion bodies and was not associated with
the membrane. There are two possible explanations for this:
first, the M. catarrhalis signal sequence does not function in
E. coli; and second, the high expression level of the recombi-
nant protein dictates that the host produces it in inclusion
bodies. In this respect, the observation that A. pleuropneumo-
niae rTbpB was found in both an outer membrane and an
inclusion body fraction during high-level expression (10) may
indicate that the latter explanation is a greater contributing
factor.

Since no other bacterial transferrin receptors had been
shown to include a third protein, we wished to determine
whether the ORF3 protein was part of the transferrin binding
complex for M. catarrhalis. Although the M. catarrhalis r'TbpB
proteins retained the ability to bind human transferrin after
electroblotting, as has been demonstrated for the N. meningi-
tidis and H. influenzae rTbpB proteins (22, 37), neither rTbpA
nor rORF3 did. To determine whether the orf3 gene was iron
repressible, we had planned to generate specific anti-rORF3
antisera and perform immunoblot analyses of strains grown
with and without EDDA. However, although we were able to
express TORF3 protein in good yield from E. coli, we were
unable to generate antibodies in guinea pigs after five immu-
nizations, and the protein was not studied further (data not
shown).

The rTbpA and rTbpB proteins were both found to be highly
immunogenic, and polyclonal antibodies were used to assess
antigenic conservation and bactericidal antibody activity. By
immunoblot analysis, specific ~115-kDa TbpA and ~80-kDa
TbpB proteins were identified in all strains examined. Both
TbpA and TbpB were found to be produced constitutively
when grown in BHI medium under iron-sufficient conditions
(Fig. 6). However, in some strains it appeared that the expres-
sion of TbpA (samples 1, 7, and 9) and/or TbpB (samples 1 to
3 and 6 to 8) could be increased under iron-limiting conditions,
i.e., the addition of the iron chelator EDDA. This effect could
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be reversed upon addition of exogenous iron (data not shown).
The immunoblot results are consistent with the earlier finding
of Schryvers and Lee (31), who used dot bots to show that
M. catarrhalis expressed low levels of transferrin and lactofer-
rin binding proteins under iron-sufficient conditions. Holland
et al. (16) have demonstrated that fresh clinical isolates of
H. influenzae type b expressed Tbps constitutively, although
passaged laboratory strains expressed iron-regulated Tbps.
Hardie et al. (14) have also demonstrated constitutive expres-
sion of Tbp in most invasive H. influenzae type b and approx-
imately 40% of commensal Haemophilus species that bound
transferrin.

An approximately 80-kDa M. catarrhalis outer membrane
protein, designated OMP B1, has been identified in patient
sera from adults with bronchiectasis or children with otitis
media (4, 32). This protein was shown to bind transferrin and,
judging from its molecular weight, would therefore appear to
be TbpB. More extensive studies on the human immune re-
sponse to the transferrin receptor proteins indicate that there
is a strong reactivity against TbpB but little or no reactivity
against TbpA (30a).

There is currently no animal model of otitis media caused by
M. catarrhalis, and so bactericidal antibody activity was used as
a surrogate assay to assess candidate vaccine antigens, on the
assumption that bactericidal antibody activity may correlate
with clearance or protection. M. catarrhalis strains have a ten-
dency to aggregate or clump, and using the naturally non-
clumping strain Q8 or a spontaneous nonclumping mutant of
strain 4223, termed RH408, we had previously developed a
bactericidal antibody assay for M. catarrhalis (39). By expand-
ing the assay to include aggregating strains, we have been able
to use it to screen candidate vaccine antigens. The anti-rTbpA
antibody did not kill its homologous strain and was not pursued
further. TbpA is a transmembrane protein, and it was possible
that we had not re-formed the native conformation after pu-
rification from inclusion bodies and the antibody was unable to
recognize the native TbpA protein in intact bacteria. However,
we have demonstrated that both anti-rTbpA and anti-rTbpB
antibodies recognize intact bacteria in a whole-cell ELISA with
antibody titers of 400 to 1,600, suggesting that this is not the
reason for the lack of bactericidal antibody activity observed
with anti-rTbpA (data not shown). The anti-4223 rTbpB anti-
body was bactericidal against the homologous strain and, with
an arbitrary cutoff of =50% killing, was also bactericidal for
five of eight heterologous strains. From our sequence data,
strains 4223, M35, and R1 appeared to be closely related, and
the bactericidal antibody data showed that anti-4223 rTbpB
killed strains 4223, M35, and R1. It also killed strains VH-9,
H-04 and ATCC 25240, suggesting that these latter strains
might have TbpB proteins with sequences similar to that of
4223 TbpB. The anti-Q8 rTbpB antibody was considerably
poorer at killing heterologous strains, killing only strains H-04
and LES-1. When the bactericidal antibody activities were
quantitated by increasing antibody dilutions, it was found that
anti-Q8 rTbpB antibody was much less bactericidal against
strain Q8 than anti-4223 rTbpB antibody was against strain
4223. Anti-4223 rTbpB antibody was still capable of killing
50% of 4223 cells at an antibody dilution of about 1:12,000,
whereas anti-Q8 rTbpB antibody killed 50% of QS cells at a
maximum dilution of about 1:100. It is not clear why the an-
ti-Q8 r'TbpB antibody has such relatively low bactericidal an-
tibody activity, but it is interesting that anti-Q8 rTbpB antibody
killed LES-1 and the more potent anti-4223 rTbpB antibody
did not. The identification of two putative families of M. ca-
tarrhalis TbpB proteins based on genetic and antigenic prop-
erties is reminiscent of the N. meningitidis TbpB proteins, for



VoL. 66, 1998

which two families have been identified (28). Strain H-04 is
unique in that it was killed by both anti-rTbpB antisera. It
would be interesting to determine the thpB gene sequence
from this strain and to investigate whether anti-H-04 rTbpB
antiserum can kill M. catarrhalis strains from both putative
families.

In summary, we have cloned and sequenced the transferrin
receptor locus from M. catarrhalis and demonstrated that it
has a unique organization that includes a third gene. Our data
indicate that there are at least two possible families of M. ca-
tarrhalis TbpB proteins that can be identified on the basis of
their sequences. Using a bactericidal antibody assay to screen,
our data demonstrate that antibody raised to a rTbpB protein
from one family was able to kill other members of the family
but was unable to kill members of the second family. If pro-
tection against M. catarrhalis can be afforded by the generation
of bactericidal antibodies in the host, then the TbpB proteins
represent good candidate vaccine antigens.
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