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The transferrin iron acquisition system of Neisseria gonorrhoeae is necessary for iron uptake from transferrin
in the human host and requires the participation of two distinct proteins: TbpA and TbpB. TbpA is a
TonB-dependent outer membrane transporter responsible for the transport of iron into the cell. TbpB is a
lipid-modified protein, for which a precise role in receptor function has not yet been elucidated. These receptor
complex proteins show promise as vaccine candidates; therefore, it is important to identify surface-exposed
regions of the proteins required for wild-type functions. In this study we examined TbpB, which has been
reported to be surface exposed in its entirety; however, this hypothesis has never been tested experimentally.
We placed the hemagglutinin (HA) epitope into TbpB with the dual purpose of examining the surface exposure
of particular epitopes as well as their impact on receptor function. Nine insertion mutants were created,
placing the epitope downstream of the signal peptidase II cleavage site. We report that the HA epitope is
surface accessible in all mutants, indicating that the full-length TbpB is completely surface exposed. By
expressing the TbpB-HA fusion proteins in N. gonorrhoeae, we were able to examine the impact of each insertion
on the function of TbpB and the transferrin acquisition process. We propose that TbpB is comprised of two
transferrin-binding-competent lobes, both of which are critical for efficient iron uptake from human
transferrin.

With the exception of a few species, most microorganisms
require iron as an essential nutrient for growth and metabolic
processes, including RNA synthesis and electron transport (8).
The human host represents an extremely iron-limiting environ-
ment, with concentrations of soluble ferric iron rarely exceed-
ing 10�18 M in tissue (46). In this environment, bacterial
pathogens have evolved methods to overcome iron sequestra-
tion, which allows for replication and disease initiation. Many
microorganisms produce siderophores in order to scavenge
iron from their environment (30), while some have the ability
to sequester host iron binding proteins in order to satisfy their
growth requirements (3, 18, 28).

Neisseria gonorrhoeae, like the closely related obligate hu-
man pathogen Neisseria meningitidis, has not been shown to
produce siderophores (2, 47). Instead, neisserial pathogens
are capable of exploiting as iron sources host iron binding
proteins such as human transferrin (hTf), human lactofer-
rin, and hemoglobin. The Tf iron acquisition system has
been studied extensively in several human and veterinary
pathogens (6, 17, 39, 41). In N. gonorrhoeae, expression of
the Tf receptor is necessary to initiate an infection in human
males (15), and its components show promise as vaccine
candidates (11, 32).

Two distinct Tf-binding proteins, TbpA and TbpB, comprise
the Tf iron internalization system; each protein specifically and
independently binds hTf. TbpA, a TonB-dependent outer
membrane transporter, is a necessary component of the Tf iron

acquisition system and is responsible for transporting iron into
the cell. TbpB is a putatively surface-exposed lipoprotein for
which a precise role in Tf iron acquisition has not been defined.
Although not required for iron internalization, TbpB makes
the process more efficient (1). Unlike TbpA, TbpB has the
ability to distinguish between apo- and holo-Tf, enhancing the
interaction between the cell surface and the ferrated Tf mol-
ecule. This has led to the suggestion that the increased effi-
ciency of iron uptake is due to TbpB’s ability to select the
optimum ligand for iron transport (16).

TbpB proteins are heterogeneous, exhibiting 69 to 84% se-
quence identity among N. gonorrhoeae strains and 64 to 75%
identity when gonococcal TbpB proteins are compared to
those of N. meningitidis (11). Regions of conservation have also
been demonstrated between TbpB proteins of N. gonorrhoeae,
Actinobacillus pleuropneumoniae, and Moraxella catarrhalis. Se-
quence analysis revealed conserved regions interspersed within
hypervariable domains of TbpB (36, 38). Internal homology in
the N- and C-terminal halves of TbpB has led to the suggestion
that the protein adopts a bilobed structure similar to that of
hTf (36). In N. meningitidis it was determined that both halves
are able to bind Tf although the C terminus bound ligand with
lower affinity (35).

Despite its heterogeneity, TbpB is an attractive vaccine can-
didate, since it is expressed by all clinical isolates and is not
subject to high-frequency phase or antigenic variation (10, 28).
Previous studies have also suggested that TbpB is surface ex-
posed. Surface binding of Tf as well as bactericidal antibodies
generated against the protein (16, 35) imply at least partial
surface exposure; however, it is unclear exactly how much or
what portions of TbpB are surface accessible. Therefore, de-
termining what regions of the protein are readily surface ac-
cessible and/or involved in the protein’s function would be
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advantageous for potential vaccine development. Computer
prediction models of TbpB structure are inconclusive, offering
no clear depiction of secondary protein structure (25; unpub-
lished observations). Hydropathy plots reveal few hydrophobic
domains typically seen in integral membrane proteins (unpub-
lished observations). These data collectively suggest that TbpB
is surface exposed and tethered to the outer membrane by its
lipid moiety; however, no comprehensive test of this hypothesis
has been attempted.

Although several functional analyses of TbpB have been
accomplished, all involved the use of recombinant proteins (11,
24, 33–35, 37, 38). These studies have provided insight into in
vitro Tf binding by TbpB but have stopped short of examining
TbpB function in the native bacterium. In this study, we em-
ployed an epitope-tagging approach, which has been used to
elucidate topological and functional characteristics of numer-
ous proteins, including TbpA from N. gonorrhoeae (49) and
FhuA from Escherichia coli (29). The hemagglutinin (HA)
epitope was inserted at various positions in TbpB in order to
probe surface accessibility in the gonococcal membrane and
to examine the role of these targeted regions in Tf-iron
internalization. The results from this analysis may have im-
portant implications in development of an efficacious TbpB-
based vaccine.

MATERIALS AND METHODS

Strains and media. The strains utilized in this study are listed in Table 1.
Gonococci were routinely grown on GC medium base (Difco), with Kellogg’s
supplement 1 (21) and 12 �M Fe(NO3)3. GC agar was supplemented with 100
�g/ml of streptomycin or 1 �g/ml of chloramphenicol for selection of gonococcal
transformants. To achieve iron-stressed conditions, gonococci were grown in
liquid chelexed defined medium (CDM) (48). All gonococcal strains were culti-
vated at 37°C in 5% CO2. To assess Tf-iron utilization, CDM-agarose plates were
supplemented with 30% saturated hTf (Sigma). One bacterial colony was
streaked onto CDM-Tf plates and incubated for 24 to 48 h. Plasmids were
propagated in E. coli strain TOP10 (Table 1), which was grown in Luria-Bertani
broth supplemented with 50 �g/ml of kanamycin.

HA epitope insertion mutagenesis. Mutagenesis was carried out according to
Horton et al. (19). The sequence encoding the HA epitope (YPYDVPDYA) was
incorporated into tbpB via a two-step PCR technique, amplifying approximately
1 kb of tbpB from chromosomal DNA. Two primary PCRs were performed, each
using an HA-encoding mutagenic primer as well as a gene-specific nonmutagenic
primer (Table 2). The primary PCR products contained overlapping sequence
encoding the HA epitope. These products were gel purified and used as a
template for the secondary PCR. The second round of PCR was performed using
two nonmutagenic primers (Table 2), with the overlapping region also serving to
prime the reaction. The resulting secondary PCR product was gel purified,
cloned, and sequenced. To create a negative control strain, a periplasmic protein
(TonB) was also fused with the HA epitope. The tonB HA mutagenesis was
performed in the manner described above.

Gonococcal transformation. Mutagenized tbpB products were subcloned into
pHSS6-GCU (42), which contains the gonococcal DNA uptake sequence. TOPO
pCR2.1 clones (Table 1) that contained portions of tbpA and tonB included
native DNA uptake sequences, and thus these fragments were not subcloned into
pHSS6-GCU. As described previously (49), a congression technique was em-
ployed to transform N. gonorrhoeae strain FA19 or FA6747 (Table 1) (49).
Briefly, HA epitope encoding plasmid DNA was linearized and mixed with
chromosomal DNA from MCV601 (Table 1). MCV601 contains an � cassette in
the gene encoding lbpB (lactoferrin binding protein B) and therefore provides a
marker for selecting transformed cells. Approximately 10 CFU was applied to a
small area of a GC medium plate, and donor DNAs (HA-encoding and strep-
tomycin-resistant [Strr] DNA) were spotted on top of the piliated gonococci.
Transformation mixtures were incubated on nonselective medium for 24 h at
37°C with 5% CO2. Following incubation, single colonies were picked and re-
streaked on medium containing streptomycin. A PCR screen was employed on
the Strr transformants to detect the presence of the HA epitope sequence. When
two mutations were combined, linearized plasmids containing each independent

mutation were simultaneously added to piliated gonococci along with the Strr

chromosomal DNA.
Solid-phase Tf-binding assays. Gonococcal strains were grown under iron-

stressed conditions as described above. After 4 h of growth, the cultures were
standardized to culture density and applied to nitrocellulose. Membranes were
allowed to dry and were then blocked in 5% skim milk in low-salt Tris-buffered
saline (LS TBS). For assessment of solid-phase Tf binding, membranes were then
incubated for 1 h with horseradish peroxidase-conjugated Tf (HRP-Tf) (Jackson
ImmunoResearch), washed in LS TBS, and developed with Opti4-CN (Bio-Rad).
Ligand discrimination and species specificity were assessed essentially as de-
scribed previously (13). Membranes were probed with a mixture of unlabeled
competitor (100% saturated hTf or apo-Tf) and HRP-Tf. To assess species
specificity, membranes were probed with a mixture of unlabeled competitor
(100% saturated hTf, bovine Tf, or murine Tf) and HRP-Tf. In both discrimi-
nation and species specificity assays, each well contained 0.33 �g of the HRP-Tf
(commercially available HRP-Tf is partially saturated with iron). Twofold serial
dilutions of unlabeled competitor (ranging from 6 �M to 0.05 �M) were made
in the presence of 0.8 mM Desferal (Sigma) to prevent iron transfer. After the
probing step, the nitrocellulose filter was washed in LS TBS and developed with
Opti4-CN (Bio-Rad).

Western blotting for protein detection. Cultures were grown under iron-
stressed conditions as described above. After 4 h of growth, cultures were stan-
dardized to culture density. Cells were pelleted and lysed with Laemmli solubi-
lizing buffer. Five percent �-mercaptoethanol was added, and samples were
boiled for 2 min. Samples underwent centrifugation for 2 min at 13,000 rpm and
were then subjected to sodium dodecyl sulfate-polyacrylamide electrophoresis
(23). Proteins were transferred to nitrocellulose membrane (Schleicher and
Schuell) in 20 mM Tris base, 150 mM glycine, and 20% methanol in a submerged
transfer apparatus (Bio-Rad). To detect the presence of the HA epitope, mem-
branes were blocked in Western blocking reagent (Roche Molecular Bio-
sciences) and probed with anti-HA peroxidase high-affinity (3F10) monoclonal
antibody (Roche Molecular Biosciences). Membranes were developed using
Perkin Elmer Chemiluminescence Plus (Perkin Elmer), and reactive bands were
detected by exposure to film. To detect TbpB, membranes were blocked with 5%
skim milk and incubated with polyclonal anti-TbpB antibody against N. gonor-
rhoeae strain FA1090 (31, 44). Alternatively, to detect Tf-binding by TbpB,
membranes were probed with HRP-Tf as described previously (16). HRP was
detected by Perkin Elmer Chemiluminescence Plus (Perkin Elmer), and reactive
bands were identified by exposure to film. Detection of TbpA was accomplished
using a polyclonal antibody to TbpA as described previously (16).

Confocal microscopy for surface-exposed HA epitope detection. To detect the
presence of the HA epitope on the surface of gonococci, strains were grown
under iron-stressed conditions. After 4 h of growth, the cultures were standard-
ized to culture density and spotted onto glass slides. Slides were blocked in
phosphate-buffered saline containing 0.1% immunoglobulin G-free bovine se-
rum albumin and probed with 100 ng/ml anti-HA high-affinity (3F10) rat mono-
clonal antibody (Roche Molecular Biosciences). Slides were washed with 0.05%
Tween-20 in phosphate-buffered saline and incubated with 1 �g/ml of Alexa
488-conjugated secondary antibody (Molecular Probes). Cells were visualized
with a Zeiss LSM 510 Meta confocal imaging microscope.

Iron uptake assays. The iron uptake assay was performed essentially as de-
scribed previously (1, 5, 12). hTf (CalBiochem) was 20% saturated with 55Fe
(Perkin Elmer). Strains were grown under iron-stressed conditions. After 3 h of
growth, approximately 1.0 � 108 cells were added to each well of a Millipore
multiscreen microtiter plate. KCN (40 �M) was added to one set of cultures to
detect nonspecific iron binding to the cell surface. Approximately a 0.8 �M
concentration of 20% saturated hTf (CalBiochem) was added to each well and
incubated for 30 min to allow iron internalization. To stop the internalization
reaction, plates were filtered. Each well was washed, dried, removed from the
plate, and counted using a Beckman LS6500 beta counter. Counts were aver-
aged, and the counts from the cultures with KCN were subtracted. Strains were
standardized to total cellular protein, as determined by bicinchoninic acid assay
(Pierce). Each graph is a representation of data from three separate assays, each
performed in triplicate.

Statistical analysis. Statistical significance of iron internalization was deter-
mined using a two-tailed paired Student’s t test in which a P value of �0.05 was
considered significant.

RESULTS

Alignment of TbpB proteins from bacterial pathogens and
rationale for choice of HA insertion locations. While it has
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been proposed that TbpB is entirely surface exposed, this hy-
pothesis has not been tested experimentally in N. gonorrhoeae.
To accomplish this task, TbpB-HA fusion proteins were cre-
ated by inserting sequence encoding the HA epitope into the
tbpB gene. TbpB proteins are heterogeneous and consist of

hypervariable domains interspersed with regions of conserva-
tion. Figure 1 represents an alignment of TbpB proteins from
N. gonorrhoeae, N. meningitidis, M. catarrhalis, and A. pleuro-
pneumoniae. The alignment depicts the previously identified
N-terminal domains necessary for Tf binding by N. gonorrhoeae

TABLE 1. Strains and plasmids used in the current study

Strain or plasmid Phenotype (genotype)a Reference
or source

E. coli TOP10 F� mcrA �(mrr-hsdRMS-mcrBC) �80lacZ�M15 �lacX74 recA1 deoR araD139 �(ara-leu) 7697 galU
galK rpsL (Strr) endA1 nupG

Invitrogen

N. gonorrhoeae strains
FA19 Wild type 28
FA6747 TbpA� (tbpA::mTn3cat) 14
FA6905 TbpB� (�tbpB) 16
FA6815 TbpA� TbpB� (tbpB::�) 1
MCV515 L9HA TbpA Lbp� (tbpA	HA lbp::�) 49
MCV516 L9HA TbpA Lbp�(tbpA	HA �tbpB lbp::�) 49
MCV601 FA19; Lbp� (lbp::�) 22
MCV801 HA1(37) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV802 HA2(97) TbpB TbpA� Lbp� (tbpB	HA lbp::�) This study
MCV803 HA1(37) TbpB Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV804 HA2(97) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV812 HA3(175) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV813 HA3(175) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV814 HA4(293) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV815 HA4(293) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV816 HA5(327) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV817 HA5(327) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV818 HA6(424) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV819 HA6(424) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV820 HA7(453) TbpB Lbp� (tbpB	HA, lbp::�) This study
MCV821 HA7(453) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV822 HA8(607) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV823 HA8(607) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV824 HA9(660) TbpB Lbp� (tbpB	HA lbp::�) This study
MCV825 HA9(660) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV826 HA1(37) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV827 HA2(97) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV828 HA3(175) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV829 HA4(293) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV830 HA5(328) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV831 HA6(424) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV832 HA7(453) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV833 HA8(607) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV834 HA9(660) TbpB L9HA TbpA Lbp� (tbpB	HA tbpA	HA lbp::�) This study
MCV836 HA5(328) HA7(453) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV838 HA5(328) HA9(660) TbpB TbpA� Lbp� (tbpB	HA, tbpA::mTn3 lbp::�) This study
MCV847 TonBHA(160) Lbp� (tonB	HA lbp::�) This study
MCV848 HA4(293) HA8(607) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study
MCV849 HA5(328) HA8(607) TbpB TbpA� Lbp� (tbpB	HA tbpA::mTn3 lbp::�) This study

Plasmids
pCR2.1 Kanr Ampr Invitrogen
pHSS6GCU Vector containing gonococcal uptake sequence (Kanr) 42
pVCU521 pCR2.1 containing tbpA gene fragment; HA in L9 49
pVCU690 pCR2.1 containing tonB(�160–194) 22
pVCU801 pCR2.1 containing tbpB gene fragment amplified by PCR with primers oVCU136 and oVCU141; HA1 This study
pVCU802 pCR2.1 containing tbpB gene fragment amplified by PCR with primers oVCU136 and oVCU141; HA2 This study
pVCU803 pHSS6GCU containing EcoRI fragment from pVCU801 This study
pVCU804 pHSS6GCU containing EcoRI fragment from pVCU802 This study
pVCU813 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC553 and oVCU216; HA3 This study
pVCU814 pHSS6GCU containing EcoRI fragment from pVCU813 This study
pVCU815 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC555 and oVCU219; HA4 This study
pVCU816 pHSS6GCU containing EcoRI fragment from pVCU815 This study
pVCU817 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC555 and oVCU219; HA5 This study
pVCU818 pHSS6GCU containing EcoRI fragment from pVCU817 This study
pVCU819 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC561 and oVCU226; HA6 This study
pVCU820 pHSS6GCU containing EcoRI fragment from pVCU819 This study
pVCU821 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC561 and oVCU226; HA7 This study
pVCU822 pHSS6GCU containing EcoRI fragment from pVCU821 This study
pVCU823 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC561 and oVCU226; HA8 This study
pVCU824 pHSS6GCU containing EcoRI fragment from pVCU822 This study
pVCU825 pCR2.1 containing tbpB gene fragment amplified by PCR with primers GC556 and Tfbp12; HA9 This study
pVCU826 pHSS6GCU containing EcoRI fragment from pVCU825 This study
pVCU836 pCR2.1 containing tonB gene amplified by PCR with primers oVCU142 and oVCU143; TonBHA This study

a Phenotype listed includes position of the last amino acid prior to HA insertion (parentheses). Residues are numbered starting from the first amino acid in the
mature protein. 	, insertion of the HA epitope.
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(11) and N. meningitidis (45). Ligand binding by the N-terminal
half of TbpB is resistant to denaturation and can be detected
by Western blotting. Therefore, these domains represent the
largest N-terminal portion of the protein required for Tf bind-
ing by Western blotting. The regions previously determined to
be important for solid-phase Tf binding by N. meningitidis
TbpB (35) are also noted in the alignment (Fig. 1). The full-
length mature protein was targeted for mutagenesis in the
current study; we placed the HA epitope at various positions
downstream of the signal II peptidase cleavage site (LSAC)
(Fig. 1). We divided the protein into N- and C-terminal halves
based on the limits of the N-terminal binding domain (Fig. 1)
and assessed the relative contributions of each TbpB half to
protein function. Locations of the HA epitope insertions are
indicated by numbers 1 to 9. We chose nine regions of TbpB
for HA epitope insertion, targeting areas of sequence variabil-
ity as well as conserved regions. We reasoned that areas of
sequence diversity would accommodate the insertion, causing
minimal disruption to the mature protein. HA insertion 3
(HA3) was placed within a domain homologous to one in A.
pleuropneumoniae found to bind Tf (43). Five conserved re-
gions were identified in both the N- and C-terminal halves of
TbpB (boxed in Fig. 1). Regions N1 through N5 are located in
the N-terminal half; regions C1 through C5 are homologous
and located within the C-terminal half. HA insertions 4 and 8
targeted the homologous regions N3 and C3, respectively,

while insertion 5 was placed within a highly conserved domain,
N4 (Fig. 1). The region targeted by HA4 was also located
within a previously identified (35) N-terminal Tf-binding do-
main of N. meningitidis (Fig. 1). All of the HA fusion proteins
were expressed in N. gonorrhoeae strain FA19 (Table 1) with
the intent of examining surface exposure of TbpB and struc-
ture-function relationships in the protein.

TbpB is entirely surface exposed. Utilizing a polyclonal anti-
TbpB serum, we determined that the TbpB-HA fusions were
surface exposed in all mutants as analyzed by both solid-phase
antibody binding assay and immunofluorescence microscopy
(data not shown). A negative control strain (TonB-HA) was
created by fusing a periplasmic protein (TonB) with the HA
epitope (Table 1). This negative control strain was used for
surface exposure experiments. Visualization of cells by micros-
copy revealed that the gonococcal cells were intact (Fig. 2). An
immunofluorescence assay performed with an anti-HA mono-
clonal antibody indicated that the HA epitope was surface
exposed in all strains except the TonB-HA fusion negative
control strain. The various degrees of reactivity with the mono-
clonal antibody were most likely due to structural constraints
and/or surrounding protein sequence. These trends were con-
firmed by solid-phase whole-cell HA-antibody binding experi-
ments (data not shown). Since TbpB and TbpA have been
shown to function together, potentially interacting within the
outer membrane (7, 20, 22), we examined HA surface exposure

TABLE 2. Primers used in this study

Primer Sequence (5
–3
)a Amplification target
(HA epitope)

GC553 ATTGCCGACAGAACCCA tbpB
GC555 AAGCACGAGGGTTATGG tbpB
GC556 CACCGCAAATGGCAATG tbpB
GC561 CTTCTTTGAGCGGCGGC tbpB
Tfbp-12 GGCATAAAATATTTAATCGGA tbpA
oVCU136 ATGAACAATCCATTGGTGAATC tbpB
oVCU137 GTCCGGGACGTCGTACGGGTAGTCTTTTCGGGCTTCCGG tbpB (HA1)
oVCU138 CCGTACGACGTCCCGGACTACGCCCAAGGCGGATACGGTTTTGC tbpB (HA1)
oVCU139 GTCCGGGACGTCGTACGGGTA ACCGTTGGTTTCTACTTCTG tbpB (HA2)
oVCU140 CCGTACGACGTCCCGGACTACGCCAATTCTAAAATGTACACTTCACCT tbpB (HA2)
oVCU141 GCCGCCGCTCAAAGAAGAC tbpB
oVCU142 GCCTATGAATGGAGCAGGC tonB
oVCU143 GTCCTGCCCTAGCGGGC tonB
oVCU208 GTCCGGGACGTCGTACGGGTATTGTCGGGAAGGTTTGTCG tbpB (HA3)
oVCU209 CCGTACGACGTCCCGGACTACGCCCTTCCCGCTTCTGAAGCAG tbpB (HA3)
oVCU210 GTCCGGGACGTCGTACGGGTACTTGCCGCTGAAGCGGTT tbpB (HA4)
oVCU211 CCGTACGACGTCCCGGACTACGCCGCGATAGCGACCGACAAAC tbpB (HA4)
oVCU212 GTCCGGGACGTCGTACGGGTACTCACCCTGCGGGCCGAA tbpB (HA5)
oVCU213 CCGTACGACGTCCCGGACTACGCCGAATTGGGTTTCCGCTTTTTG tbpB (HA5)
oVCU214 GTCCGGGACGTCGTACGGGTATTTATCTGCCTGACCGTTCC tbpB (HA6)
oVCU215 CCGTACGACGTCCCGGACTACGCCGGTAAAAACGGCGGAACAGA tbpB (HA6)
oVCU216 CGGGCTGTAGGTTGTTTCG tbpB
oVCU217 GTCCGGGACGTCGTACGGGTACGCGCCTGTTTGGGCTTT tbpB (HA7)
oVCU218 CCGTACGACGTCCCGGACTACGCCGGCGGCATGCAAACCGCT tbpB (HA7)
oVCU219 CTCAATCATGGCGTCAATGG tbpB
oVCU220 GTCCGGGACGTCGTACGGGTACGTACCTTTAAAGCCGTTGC tbpB (HA8)
oVCU221 CCGTACGACGTCCCGGACTACGCCGCGAAAACCGGTAATGACGG tbpB (HA8)
oVCU224 GTCCGGGACGTCGTACGGGTATTTCGTTTGTTCATTGCCCG tbpB (HA9)
oVCU225 CCGTACGACGTCCCGGACTACGCCAATGCAACAGTTGAATCCGG tbpB (HA9)
oVCU226 CACAAGCTTTTGGCGTTTCGC tbpB
oVCU327 CCGTACGACGTCCCGGACTACGCCACCGGTGTCGGCAGCAGC tonB
oVCU328 GTCCGGGACGTCGTACGGGTATCCCTTACCTTCCCCATTACC tonB

a Sequences encoding the HA epitope are underlined.
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by immunofluorescence microscopy in both the presence and
absence of TbpA. No detectable differences in the surface
exposure of TbpB epitopes were seen, regardless of the pres-
ence of TbpA (data not shown).

HA epitope insertions define 35 critical residues for Tf bind-
ing by Western blotting. Western blot analysis of HA fusion

strains indicated that the 86-kDa full-length TbpB was ex-
pressed (Fig. 3A) and that the HA epitope could be detected
in the full-length protein (Fig. 3B). Multiple species were
present in both the anti-TbpB and anti-HA Western blots,
possibly indicating that TbpB assumes multiple conformational
forms persisting under denaturing conditions. Noteworthy is

FIG. 1. Alignment of TbpB proteins from bacterial pathogens. TbpB from N. gonorrhoeae FA19 (N.g.), N. meningitidis M982 (N.m.), M.
catarrhalis 4223 (M.c.), and A. pleuropneumoniae serotype 7 (A.p.) were aligned with the program Vector NTI. Identical residues are shaded in
yellow while similar residues are shaded in blue. HA epitope fusion points are shown as triangles numbered 1 to 9. Previously identified regions
of conservation among TbpB proteins are underlined by gray lines (11). The previously identified denaturation-resistant Tf-binding domains in the
TbpB proteins of N. gonorrhoeae (*) and N. meningitidis (�) are flanked by their respective symbols. The double arrowhead indicates the division
between the N- and C-terminal halves of the protein. Regions of internal similarity between the N- and C-terminal halves of TbpB are boxed and
labeled N1 through N5 and C1 through C5, respectively. The sequence motifs previously identified as important for high-affinity Tf binding of N.
meningitidis (35) are underlined in red. The A. pleuropneumoniae peptide shown to bind Tf (43) is denoted by the dotted-line box.
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the inability to detect these other TbpB species in the HA1
insertion strains by anti-HA Western blotting (Fig. 3B), sug-
gesting the possibility that these alternate species were N-
terminally truncated between the insertion points of HA1 and
HA2. These other forms of TbpB were also seen in the wild-
type control strain (Fig. 3A); thus, they did not result from
TbpB mutagenesis. It was shown previously by Western blot-
ting that a high-affinity Tf-binding domain, comprising the
amino-terminal half of TbpB, is resistant to denaturation and
responsible for Tf binding (11). Strains expressing insertions 1
to 5 contain the HA epitope within this denaturation-resistant,

high-affinity binding domain. Tf binding by TbpB assessed un-
der denaturing conditions revealed that binding was either
diminished (HA3) or abolished (HA4 and HA5) in a subset of
these mutants (Fig. 3C). Although insertions 1 to 5 were all
located within the high-affinity Tf-binding domain, only those
located between residues 293 and 328 (insertions 4 and 5)
resulted in the most pronounced phenotypes. This 35-residue
region, defined by insertions 4 and 5, is therefore critical in
wild-type TbpB binding function.

Three HA epitope insertions impair Tf binding to the gono-
coccal surface. Solid-phase binding assays utilizing HRP-Tf

FIG. 1—Continued.
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were performed to assess the impact of each HA epitope on
TbpB’s surface-deployed ligand binding function. Since both
TbpA and TbpB independently bind Tf, specific ligand binding
by TbpB can only be assessed in the absence of TbpA. HA
insertion strains 4, 5, and 8 demonstrated decreased surface Tf
binding in the TbpA� background (Fig. 4). HA fusion mutants
4 and 5 contained insertions within the N-terminal Tf-binding
domain and did not bind Tf, as assessed by Western blotting
(Fig. 3C). The HA8 insertion was located in the C-terminal
half of TbpB and exhibited decreased surface binding. These
data suggest the presence of a functional Tf-binding domain
within the C-terminal half of TbpB, even though its presence
was not detectable by Western blotting approaches. Disruption
of duplicated regions N3 and C3 (targeted by HA4 and HA8,
respectively) caused a similarly diminished surface Tf-binding

capacity. Taken together, these data suggest that the dupli-
cated regions within the N and C termini of TbpB are associ-
ated with two distinct Tf-binding domains.

Specific binding of ferrated ligand is not sufficient to en-
hance iron uptake. TbpB is not necessary for uptake of iron;
however, iron internalization from Tf is more efficient in the
presence of TbpB (1). It was previously shown that TbpB,
unlike TbpA, has the ability to discriminate between ferrated
and apo-Tf, preferentially binding ferrated Tf (16). These find-
ings cumulatively suggest that TbpB enhances iron uptake due
to its ability to select the optimum ligand. Utilizing the
TbpB-HA fusion strains, we examined ligand discrimination,
species specificity, and iron internalization. In order to assess
ligand discrimination, a solid-phase competition assay was per-
formed (Fig. 5). Strains were incubated with HRP-Tf (partially

FIG. 2. Immunofluorescence microscopy of TbpB-HA fusion strains. Iron-stressed gonococci were applied to glass slides and probed with an
anti-HA monoclonal antibody followed by an Alexa 488-conjugated secondary antibody. Cells were visualized with a Zeiss LSM 510 Meta confocal
microscope, at a magnification of �63. Each image is labeled according to strain name with the HA epitope insertion number in parentheses. All
TbpB-HA fusion strains are shown in a TbpA� background. MCV847 (TonB-HA fusion) serves as the negative control.

FIG. 3. Expression of TbpB-HA fusion proteins. Iron-stressed gonococci were lysed, subjected to sodium dodecyl sulfate-polyacrylamide
electrophoresis, and following transfer to nitrocellulose, probed with one of the following antibodies: polyclonal anti-TbpB serum (A) or
peroxidase-conjugated high-affinity HA-specific antibody (B). Tf binding by the fusion proteins was assessed by probing with peroxidase-conjugated
hTf (C). For both TbpA-expressing (�) and -nonexpressing (�) strains, each lane is labeled according to strain name with the HA epitope insertion
number in parentheses. The arrows indicate the position of full-length TbpB (approximately 86 kDa). The positions of molecular mass markers
are indicated on the right. FA19 and FA6905 serve as the wild-type and TbpB� controls, respectively.
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saturated) in mixtures with either ferrated Tf or apo-Tf as
competitor. As shown in Fig. 5, all of the HA fusion mutants
retained their ability to preferentially bind ferrated Tf. Differ-
ences in total binding were detected, supporting the results of
the solid-phase Tf-binding assay (Fig. 4). It is possible that
there are multiple domains necessary for ligand discrimination
or that we have not targeted the specific region responsible for
this function.

The Tf receptors of N. gonorrhoeae and N. meningitidis are
specific for hTf (40). It has been suggested previously that

the N-terminal domain of meningococcal TbpB is responsi-
ble for species specificity (35). To assess whether we had
impacted a domain necessary for species-specific binding by
TbpB, we examined the ability of fusion strains HA4, HA5,
and HA8 to bind bovine and murine Tf in a solid-phase
competition assay. These strains demonstrated a defect in Tf
binding (Fig. 4) and were chosen in order to examine
whether this defect correlated with a decrease in species-
specific Tf binding. Strains were incubated with mixtures of
human HRP-Tf and either ferrated hTf, bovine Tf, or mu-

FIG. 4. Solid-phase Tf-binding assay of whole gonococci. Iron-stressed whole gonococci were applied to nitrocellulose, and Tf binding was
examined by probing with peroxidase-conjugated hTf. For both TbpA-expressing (�) and -nonexpressing (�) strains, each lane is labeled
according to strain name with the HA epitope insertion number in parentheses. FA19 and FA6815 (TbpA� TbpB�) serve as the wild-type and
negative controls, respectively. FA6747 serves as the TbpA� control.

FIG. 5. Solid-phase Tf discrimination assays. Iron-stressed whole gonococci were applied to nitrocellulose, and the ability to discriminate
between different forms of Tf was assessed. In panel A, cells were incubated with HRP-Tf and varying amounts of competitor: N, no competitor;
F, ferrated Tf; or A, apo-Tf. In panel B, cells were incubated with HRP-Tf and varying amounts of competitor: H,hTf; B, bovine Tf; or M, murine
Tf. Competitor concentration decreases from left to right (solid arrows). All mutant strains were tested for Tf-binding specificity in the absence
of TbpA. Each series of three rows is labeled according to strain name with the HA epitope insertion number in parentheses. FA19 serves as the
wild-type control. FA6747 and FA6905 are the TbpA� and TbpB� controls, respectively.
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rine Tf as competitor (Fig. 5B). All of the HA fusion strains
preferentially bound hTf, indicating that the binding site
that remained after mutagenesis was still specific for the
human form of the ligand.

We also examined iron internalization utilizing 55Fe-loaded
Tf (Fig. 6). In this assay we compared total uptake by each
mutant strain as a percentage of wild-type iron internalization.
In the absence of both TbpB and TbpA (FA6815), iron inter-
nalization was abolished. In the absence of TbpB (FA6905),
uptake of iron was approximately 50% of the wild-type level. In
all mutants, TbpB and TbpA levels were similar to the wild-
type level (Fig. 4A and data not shown), indicating that the
altered amount of iron uptake was due to the presence of the
HA in TbpB and not merely that more or less of the receptor
proteins was present. HA1 and HA2 fusion strains internalized
55Fe from Tf in a manner that was statistically indistinguish-
able from wild type. Fusion strain HA3, on the other hand,
internalized less iron than wild type but more than the TbpB
deletion mutant (FA6905). This decreased iron internalization
by the HA3 fusion strain supports the diminished Tf binding
determined by Western blotting (Fig. 3C). This analysis also
demonstrated that the region defined by insertions 4 and 5
plays an important role in wild-type TbpB function. HA4 and
HA5 fusion strains internalized 55Fe from Tf in a manner that
was statistically indistinguishable from the TbpB deletion
strain (FA6905), implying that decreased Tf-binding results in
decreased uptake of iron. The fusion strains HA6 (P � 0.1),
HA7 (P � 0.06), and HA9 (P � 0.06) appeared to internalize
somewhat higher levels of 55Fe from Tf; however, these levels
were statistically indistinguishable from the wild-type level.
Finally, the HA8 fusion strain internalized less 55Fe com-
pared to wild type but more than the TbpB deletion mutant,

consistent with the decreased Tf binding shown in Fig. 3 and
4. This observation supports the hypothesis that the dupli-
cated regions targeted in fusion strains HA8 and HA4 per-
form similar functions in wild-type TbpB. However, it ap-
pears that the domain targeted in HA4 has a greater impact
on the wild-type binding function than the C-terminal re-
gion disrupted in HA8. Overall, these results indicate that
the ability to discriminate and preferentially bind the opti-
mum ligand is not sufficient to enhance iron uptake from Tf.
Moreover, it is evident that the loss of either surface Tf-
binding site in TbpB is directly correlated with decreased
efficiency of iron internalization.

Both N- and C-terminal halves of TbpB are necessary for
surface binding of Tf. To assess whether other Tf-binding
domains, in addition to those already disrupted, were present,
we combined mutations in the N terminus of TbpB with HA8,
which is localized in the C-terminal half (Table 1). Solid-phase
binding assays were performed to examine Tf binding by TbpB
in the combined fusion strains HA4�HA8 and HA5�HA8.
We hypothesized that combining mutations in the independent
Tf-binding domains would either abolish surface binding or
reveal yet another unidentified ligand binding region. Figure 7
demonstrates surface Tf binding by the combined HA insertion
mutants compared to the individual epitope insertion mutants.
In the HA4�HA8 and HA5�HA8 combined mutants, Tf
binding by TbpB was abolished, indicating that we had tar-
geted all of the domains necessary for surface Tf binding by
TbpB. We also created the combined mutants HA5�HA7 and
HA5�HA9, with the hypothesis being that TbpB should main-
tain its ability to bind Tf since the C-terminal binding region
had not been disrupted. The HA5�HA7 and HA5�HA9 com-
bined fusion strains bound Tf in a manner similar to the pa-
rental strain (HA5 fusion) (Fig. 7). These results suggested
that TbpB was not grossly impacted by the presence of two
HA epitope insertions. These findings indicate that the N-
terminal Tf-binding domain is interrupted by HA insertions
4 and 5, while insertion 8 interfered with the function of the
C-terminal binding domain. Overall, these data suggest that
wild-type surface Tf binding requires both the N- and C-
terminal domains.

Both the N- and C-terminal halves of TbpB are required to
compensate for a TbpA defect. In order to examine the impact
of the HA insertions on the function of the TbpA/TbpB iron
acquisition system, we utilized a previously created TbpA mu-
tant (MCV515) that absolutely requires TbpB for Tf-iron ac-

FIG. 6. 55Fe uptake by TbpB-HA mutants. Iron-stressed gono-
cocci were incubated with 55Fe-labeled Tf. 55Fe uptake was mea-
sured as a percentage of wild type. Each bar represents the mean of
three independent experiments. Each bar is labeled according to
strain name with the HA epitope insertion number in parentheses.
FA19 and FA6815 (TbpA� TbpB�) serve as the wild-type and
negative controls, respectively. FA6905 serves as a TbpB� control
strain. Standard deviations are represented by error bars. �, P �
0.05 in comparison to wild type; ��, P � 0.05 in comparison to both
wild type and FA6905.

FIG. 7. Solid-phase Tf-binding assay of combination mutants. Iron-
stressed whole gonococci were applied to nitrocellulose, and binding of
Tf was examined by probing with peroxidase-conjugated hTf. Each
column is labeled according to strain name with the HA epitope(s)
insertion number in parentheses. FA6747 and FA6815 serve as the
TbpB� and TbpB� control strains, respectively. All strains are TbpA�.
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quisition (Table 1). This mutant has an HA epitope in putative
loop 9 (L9) of TbpA and binds Tf with wild-type affinity (49).
We incorporated the L9 mutation into the TbpB-HA fusion
mutants and examined their growth phenotypes on CDM-Tf.
Following 18 h of growth, the HA1�L9 and HA2�L9 mutants
demonstrated growth patterns similar to the parent strain
(MCV515) (data not shown). When the HA3�L9 strain was
examined, growth was diminished compared to MCV515.
However, following 24 h of growth, the HA3�L9 strain
reached parental levels of growth (data not shown). These
results indicate that the N-terminal regions disrupted by the
HA1, HA2, and HA3 insertions were not necessary for
TbpB’s compensatory function, as growth of these strains
and, therefore iron acquisition, were not hindered. On the
other hand, when the HA4�L9 and HA5�L9 strains were
examined following 24 h of growth, we noted that these
mutants did not grow on Tf as a sole iron source (Fig. 8A).
These results suggest that the region defined by HA4 and
HA5 is necessary for this compensatory TbpB function. Our
findings implicate residues 293 to 328, a region defined by
insertions 4 and 5, in providing a function which can ordi-
narily be accomplished by wild-type TbpA. These 35 resi-
dues (293 to 328) apparently play an important role in
wild-type Tf binding by TbpB as well as in the function of
the Tf iron acquisition system as a whole.

Strains containing HA7�L9 and HA9�L9 demonstrated
growth patterns similar to the parent strain MCV515 (Fig. 8B).
In contrast, the HA8�L9 mutant did not grow as well as the
parent strain, demonstrating a growth pattern similar to the
HA4�L9 mutant. The region thus defined by insertion 8 is
implicated in compensation for the L9 TbpA defect. These
data suggest that wild-type TbpB provides a compensatory
function for TbpA and that regions targeted by HA4, HA5,
and HA8 are required for this role since their functional inac-
tivation results in an inability to grow on Tf. Overall, these
results indicate that Tf binding by both lobes of TbpB is nec-
essary to accomplish the iron-scavenging functions contributed
by the wild-type protein.

DISCUSSION

The purpose of this study was to identify surface-exposed
Tf-binding domains in native gonococcal TbpB. To accomplish
this, nine TbpB-HA fusion strains were constructed. Each of
the epitope insertions was well tolerated, including those placed
within highly conserved domains of TbpB. Western blot anal-
ysis indicated that the TbpB-HA fusion proteins were stably
expressed by the gonococcus. The presence of the HA epitope
resulted in no detectable growth defect in any of the strains.
Overall, these results suggest plasticity within TbpB, as both
conserved and variable regions could be subjected to mutagen-
esis without evidence of toxicity.

The presence of multiple species seen in both the anti-TbpB
and anti-HA Western blots has been noted previously with
recombinant TbpB protein (31). Price et al. demonstrated that
a secondary species was actually truncated TbpB, lacking 110
residues from the N terminus. In our analysis, multiple alter-
nate forms were detected, including a similarly sized secondary
species. In the anti-HA Western blot, the HA1 fusion strain
did not express these alternate TbpB conformations, most
likely because these alternate forms lack N-terminal residues
of TbpB. As expected, these species were present when West-
ern blots of the HA1 fusion were probed with an anti-TbpB
antibody. These other TbpB species did not bind Tf in this
analysis, consistent with results from studies with recombinant
TbpB truncations (11, 31). The significance of the other TbpB
species is unclear. It is possible that they represent progressive
truncations of the protein or that they are alternatively modi-
fied TbpB proteins. These apparently smaller forms would
most likely not be lipid modified, if they lack the signal II
peptidase cleavage site; however, other modifications cannot
be ruled out.

TbpB is proposed to be fully surface exposed and tethered to
the outer membrane by its lipid moiety. This hypothesis, al-
though not previously experimentally tested, is based on sur-
face binding of Tf and some TbpB-specific antibodies (16, 35).
In the current study, we report that TbpB is fully surface
exposed. All nine TbpB-HA fusion proteins expressed by N.

FIG. 8. Growth on Tf as a sole iron source. Gonococcal mutants were plated onto CDM medium containing 30% saturated Tf as a sole iron
source. Strains names are listed with the HA epitope insertion number in parentheses. L9 represents the position of the HA insertion in TbpA.
MCV515 serves as the positive control strain, and MCV516 serves as the negative control.
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gonorrhoeae exhibited surface-accessible HA epitope tags. The
differences in reactivity with the anti-HA monoclonal antibody
could be due to secondary sequence constraints, since the
regions surrounding the HA epitope could hinder antibody
accessibility. It is also possible that these less accessible
epitopes are located within domains that are hidden or blocked
by other parts of the protein. Insertions 4, 5, and 8 resulted in
diminished Tf binding, and these HA epitopes were apparently
the least accessible to the antibody. In contrast, the highly
reactive insertions surrounding these critical domains (HA2,
HA6, HA7, and HA9) were not necessary for Tf binding. Thus,
one could speculate that highly conserved regions are required
for Tf-binding function and are either less exposed or more
constrained in structure such that antibody access is limited.
The corollary to this hypothesis is that the diversity domains,
shown recently to be limited to narrow regions of gonococcal
TbpB (26), are not critical for ligand binding but are more
accessible to antibody. As TbpB is a promising vaccine candi-
date, it is important to define which domains exhibit the great-
est sequence diversity and which are readily surface accessible
and critical to native function.

Data presented in the current study indicate that both the N-
and C-terminal halves of gonococcal TbpB have the capacity to
bind Tf, consistent with internal sequence conservation. Our
analysis identified five internally homologous regions within N-
and C-terminal halves of TbpB, supporting the hypothesis that
TbpB is bilobed (27, 36). Similar structures are exhibited by Tf
and lactoferrin, both of which contain internal homology
within the N- and C-terminal lobes (4). Homologous domains
N3 and C3 of TbpB were targeted for HA insertion mutagen-
esis. Functional analysis suggested that fusion strains contain-
ing HA4 and HA8 (located in N3 and C3, respectively) had
similar phenotypes with regard to surface binding, iron inter-
nalization, and TbpA compensation. Interruption of either
binding site reduced Tf binding but completely eliminated all
known biological functions of gonococcal TbpB. Insertional
mutagenesis of N4 by HA5 similarly resulted in decreased
binding and ablation of all known functions of TbpB. These
results highlight the critical contributions that each of these
conserved regions provides in the wild-type functions of gono-
coccal TbpB.

A previous study of TbpA structure-function relationships
demonstrated that wild-type TbpB provides a compensatory
function for TbpA (49). In order to identify the regions of
TbpB necessary for this function, we examined a utilization-
defective TbpA mutant that requires wild-type TbpB for iron
internalization (49). This mutant, unless provided a wild-type
TbpB, cannot utilize Tf but exhibits wild-type levels of Tf
binding to the surface, indicating that the initial step in Tf
utilization is unaffected (49). TbpB could perhaps provide a
stripping function, shared by wild-type TbpA, which allows for
the release of iron from Tf. By combining the TbpB-HA fusion
mutations with the TbpA L9 mutation, we determined that
both of the Tf-binding regions of TbpB were required to
compensate for the TbpA defect. It seems unlikely that
these Tf-binding domains of TbpB represent sites of inter-
action with TbpA, given the structural constraints of inter-
action with two large, distinct proteins, although this possi-
bility was not evaluated in the current study. This is the first
identification in N. gonorrhoeae of specific TbpB domains

that provide a function that is also provided by wild-type
TbpA. Furthermore, the findings from this study suggest
that the regions of TbpB involved in Tf binding have an-
other function, potentially that of removing iron from Tf. It
is possible that binding Tf at both sites in TbpB results in
efficient iron release from Tf, leading to increased efficiency
of iron internalization in its presence.

We previously proposed that TbpB could increase the effi-
ciency of iron internalization by virtue of the fact that this
protein preferentially binds holo-Tf (1, 16). Our current find-
ings, however, indicate that the ability to discriminate between
apo and ferrated ligands is not sufficient for wild-type levels of
iron uptake. HA4, HA5, and HA8 fusion strains demonstrated
decreased iron uptake, although they maintained their ability
to specifically and preferentially bind the ferrated ligand.
Cumulatively, our results suggest that while discrimination is
not essential, binding wild-type amounts of Tf to both N- and
C-terminal binding domains is necessary for normal TbpB
function.

Close homologues of TbpB do not exist in protein sequence
databases, and no crystal structure for TbpB is yet available;
therefore, creation of a topology model for TbpB has been
hindered. In a recent crystal structure study of the N. menin-
gitidis putative lipoprotein GNA1870 (9), Cantini et al. pre-
sented a speculative homology structure of the C-terminal half
of TbpB. Although GNA1870 does not bind Tf, weak sequence
homology is exhibited between these potential vaccine candi-
dates, suggesting similar conformations for the two proteins.
The hypothetical model presented suggests that TbpB contains
eight beta-strands in each lobe of the protein. Computer anal-
ysis indicates that TbpB has the potential for multiple (more
than eight) beta-strands (unpublished observations). The re-
gions defined in our analysis by HA insertions 4 and 8 are not
present in GNA1870 and do not correspond to the proposed
beta-strands. In fact, these conserved regions fall within a flex-
ible region between proposed beta-strands 4 and 5 (9). These
results are consistent with the conclusion that sequences con-
served among the TbpB proteins within domains N3 and C3
are lacking in GNA1870 and that these regions are critical for
the Tf-binding and iron internalization functions uniquely as-
sociated with TbpB.

The current study supports the hypothesis that TbpB is fully
surface exposed. These studies have important vaccine impli-
cations as they may allow us to define surface-exposed Tf-
binding epitopes, which could be incorporated into a TbpB-
based vaccine (32). By examining the function of TbpB variants
in the native bacterium, we have precisely defined the con-
served domains necessary for ligand interaction, Tf-iron inter-
nalization, and TbpA compensation. The current analysis dem-
onstrated that neither lobe of TbpB is solely responsible for Tf
binding, ligand discrimination, or ligand species specificity.
Previous studies have suggested that the N terminus is respon-
sible for the majority of protein function (33–35, 38). By ex-
pressing mutated forms of TbpB in the gonococcus, we were
able to demonstrate that the C terminus also provides a nec-
essary contribution to the wild-type function of TbpB. Our
results indicate that while the N- and C-terminal halves of
TbpB exhibit similar Tf-binding activities, both domains must
be present and functional to achieve the wild-type function of
this protein.
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