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The transferrin-binding proteins TbpA and TbpB enable Neisseria gonorrhoeae to obtain iron from human transferrin. The li-
poprotein TbpB facilitates, but is not strictly required for, TbpA-mediated iron acquisition. The goal of the current study was to
determine the contribution of two conserved regions within TbpB to the function of this protein. Using site-directed mutagene-
sis, the first mutation we constructed replaced the lipobox (LSAC) of TbpB with a signal I peptidase cleavage site (LAAA), while
the second mutation deleted a conserved stretch of glycine residues immediately downstream of the lipobox. We then evaluated
the resulting mutants for effects on TbpB expression, surface exposure, and transferrin iron utilization. Western blot analysis
and palmitate labeling indicated that the lipobox, but not the glycine-rich motif, is required for lipidation of TbpB and tethering
to the outer membrane. TbpB was released into the supernatant by the mutant that produces TbpB LSAC. Neither mutation dis-
rupted the transport of TbpB across the bacterial cell envelope. When these mutant TbpB proteins were produced in a strain
expressing a form of TbpA that requires TbpB for iron acquisition, growth on transferrin was either abrogated or dramatically
diminished. We conclude that surface tethering of TbpB is required for optimal performance of the transferrin iron acquisition
system, while the presence of the polyglycine stretch near the amino terminus of TbpB contributes significantly to transferrin
iron transport function. Overall, these results provide important insights into the functional roles of two conserved motifs of
TbpB, enhancing our understanding of this critical iron uptake system.

Neisseria gonorrhoeae is the etiologic agent of the sexually trans-
mitted infection gonorrhea. According to the CDC, over

300,000 cases of gonorrhea were reported in the United States in
2010 (1). The actual number of cases, however, is anticipated to be
even greater due to the high prevalence of asymptomatic infec-
tion, particularly in women (2, 3). Symptoms of gonococcal infec-
tion typically include cervicitis in women and urethritis and epi-
didymitis in men. When left untreated, gonorrhea may lead to
serious downstream sequelae, including pelvic inflammatory dis-
ease, ectopic pregnancy, infertility, and disseminated gonococcal
infection (4–6). In addition, gonococcal infection has been asso-
ciated with increased HIV transmission rates (7, 8). Over the
years, N. gonorrhoeae has exhibited increasing rates of antibiotic
resistance, culminating recently in the identification of clinical
isolates that are resistant to all currently recommended antibiotics
(9, 10). The serious potential sequelae of gonococcal infection
combined with the evolution of drug-resistant strains have in-
creased the urgency to understand the pathogenesis of N. gonor-
rhoeae in the hopes of identifying new therapeutic or vaccine tar-
gets.

N. gonorrhoeae requires iron for growth and reproduction. To
meet this need within the iron-limited environment of the human
host, the organism expresses a series of membrane-bound iron
acquisition systems (for a review, see reference 11). The surface
receptor components of these systems bind iron-carrying host
proteins, such as hemoglobin (Hb), lactoferrin (Lf), and transfer-
rin (Tf). Among these, the Tf receptor is of particular interest. The
Tf iron acquisition system is universally produced by all gonococ-
cal strains and is well conserved (12–14). In addition, in a human
experimental infection model, a mutant unable to utilize lactofer-
rin and to produce the transferrin-binding proteins (TBPs) was
unable to establish infection (15). For these reasons, the TBPs
represent an important virulence factor and potential vaccine tar-
get for N. gonorrhoeae.

The gonococcal Tf receptor is a bipartite system comprised of
TbpA, an integral outer membrane protein, and TbpB, a surface-
exposed lipoprotein (11, 16–18). After Tf binding by the TBPs,
iron is extracted from the Tf molecule and transported into the
periplasm via a pore formed by TbpA. While TbpA is absolutely
required for uptake of iron from Tf, TbpB exhibits an important
role in increasing the efficiency of this process, at least in part, by
preferentially binding the holotransferrin molecule and excluding
apo-Tf (19, 20). While both TbpA and TbpB are capable of bind-
ing Tf, the degree to which the TBPs interact with one another
during the process of iron acquisition is only partially understood.
We are especially interested in how conserved regions of the TbpB
protein affect presentation of the TbpB molecule on the bacterial
surface and its interaction with TbpA, thereby influencing iron
uptake.

One region of note is the conserved LSAC sequence at the
amino terminus of TbpB. This 4-residue motif represents a pro-
totypical lipobox, with the cysteine residue serving as the first
amino acid in the mature protein and the predicted site of lipida-
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tion (21, 22). The LSAC sequence is the site of action for signal II
peptidase. After cleavage by signal II peptidase, the Cys residue
becomes the mature amino terminus, which is subsequently mod-
ified by the addition of a diacyl glycerol. The amino-terminal Cys
residue is further modified with a third acyl group added to the
free amino terminus of the peptide. We have previously shown
that TbpB is lipidated by incorporation of radiolabeled palmitate
(16). While we predict that the amino terminal lipid moiety af-
fixed to TbpB is required for anchoring of the protein to the outer
membrane, the contribution of lipidation modification to trans-
port of TbpB across the outer membrane and insertion into the
outer leaflet has not been evaluated to date.

A second conserved motif of interest is located two amino acids
downstream of the LSAC site. This region consists of four glycine
residues in tandem. While this conserved polyglycine stretch has
the potential for important structural and functional contribu-
tions to TbpB, the role of this motif has not yet been determined.
The goal of the current study was to characterize the effects of
mutagenesis of the LSAC motif and the polyglycine stretch of
TbpB, with respect to protein transport, surface exposure, and
utilization of transferrin as an iron source.

MATERIALS AND METHODS
Strains, plasmids, and media. All strains and plasmids used in this study
are described in Tables 1 and 2, respectively. Plasmids were routinely
propagated in E. coli TOP10 (Invitrogen). E. coli was cultured on Luria-
Bertani medium, and when necessary, the antibiotic ampicillin (100 �g/
ml), kanamycin (50 �g/ml), or chloramphenicol (34 �g/ml) was included

in the culture medium. Gonococci were cultured on GC medium base
(Difco) containing Kellogg’s supplement and 12 �M Fe(NO3)3 at 37°C in
an atmosphere supplemented with 5% CO2 (23). To induce iron stress
and maximize production of the transferrin-binding proteins, gono-
cocci were grown in Chelex-treated defined medium (CDM) as previously
described (24). To test for growth on solid-phase media, bacteria were
plated on CDM agarose plates supplemented with appropriate iron
sources.

Gonococcal transformation. Piliated gonococci were grown on solid
GC medium as described above. Bacteria were suspended in GC broth
(GCB) containing Kellogg’s supplement and 10 mM MgCl2. The bacteria
were incubated with chromosomal or linearized plasmid DNA either in
liquid suspension or on the surface of an agar plate. For liquid transfor-
mations, bacteria were subsequently plated to GC medium plates contain-
ing the appropriate antibiotic. For plate transformations, the initial plat-
ing was on GC medium plates containing no antibiotics. Colonies were
then passed to plates with appropriate antibiotics. In both cases, transfor-
mants were selected and then screened for the desired mutations by PCR.

Site-directed mutagenesis. Mutagenesis was carried out using the
method of gene splicing by overlap extension (25). Two primary PCRs
were carried out with high-fidelity Taq polymerase (Invitrogen) using
gonococcal chromosomal DNA as the template. The primers for each
primary PCR included a gene-specific primer that annealed to the tbpB
gene, while the other primer also annealed to tbpB but contained the
desired nucleotide substitutions for the mutations (Table 3). The primary
PCRs resulted in two PCR products, each including the mutated region of
interest contiguous with either the upstream or downstream flanking re-
gion. Following gel purification, these PCR products were used as the
templates for a secondary PCR. The primers for this secondary PCR
annealed to tbpB on either side of the mutagenized nucleotides. The final
PCR resulted in a tbpB amplicon containing the mutation of interest (Ta-
ble 2). The final PCR product was gel purified and cloned into the vector
TOPO pCR2.1. Plasmid pVCU828 encoded a portion of the TbpB protein
in which the lipobox sequence (LSAC) had been replaced with the se-

TABLE 1 Strains used in this study

Strain Description
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
FA19 Wild type 14
FA6747 TbpA� (tbpA::mTn3Cm) 17
FA6905 TbpB� (�tbpB) 20
FA6815 TbpA� TbpB� (tbpB::�) 16
MCV515 TbpA L9HA 27
MCV516 TbpA L9HA TbpB� (�tbpB) 27
MCV601 LbpB� (lbpB::�) 28
MCV839 TbpB LSAC (lbpB::�) This study
MCV840 TbpA� TbpB LSAC (tbpA::mTn3cat lbpB::�) This study
MCV843 TbpB �Gly (lbpB::�) This study
MCV844 TbpA� TbpB �Gly (tbpA::mTn3cat, lbpB::�) This study
MCV858 TbpA L9HA TbpB LSAC (lbpB::�) This study
MCV860 TbpA L9HA TbpB �Gly (lbpB::�) This study

TABLE 2 Plasmids

Plasmid Descriptiona

Reference
or source

pCR2.1 TOPO Kanr Ampr Invitrogen
pHSS6GCU Vector containing the gonococcal uptake sequence (Kanr) 26
pUNCH755 Plasmid containing the downstream region of tbpA with an mTn3Cm insertion between XbaI sites 16
pVCU521 pCR2.1 containing the tbpA L9HA gene fragment 27
pVCU758 pVCU521 containing the tbpA::mTn3Cm XbaI fragment from pUNCH755 This study
pVCU828 TOPO pCR2.1 containing the tbpB gene fragment with the sequence encoding the LSAC mutation This study
pVCU829 pHSS6GCU containing the EcoRI fragment from pVCU828 This study
pVCU832 TOPO pCR2.1 containing the �Gly tbpB gene fragment This study
pVCU833 pHSS6GCU containing the EcoRI fragment from pVCU832 This study
a Kanr, kanamycin resistant; Ampr, ampicillin resistant.

TABLE 3 Oligonucleotides

Name Sequence (5=–3=)a

oVCU154 CGGTTGCAGGCGGTTTGAAAAGCAACTTGG
oVCU237 TCCCTGTTTCGTATCGGTTACAAAATGCCACACAC
oVCU287 CCCGTGTTTTTGGCTAGCGCTGCTCTGGGCGGAGGC
oVCU288 GCCTCCGCCCAGAGCAGCGCTAGCCAAAAACACGGG
oVCU370 GCCGTGTTTTTGTTGAGCGCTTGTCTGAGTTTCGA

TCTTGATTCTGTCGATACCG
oVCU371 CGGTATCGACAGAATCAAGATCGAAACTCAGACAAG

CGCTCAAAAAGCGCGGGC
oVCU197 GGCTTGGAAACGGTCAGCGTCGTCGGCAAA
GC750 TTCGCACTCGGATGCCAATTC
a Mutagenic nucleotides are underlined.
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quence LAAA. The tbpB gene fragment from pVCU828 was excised using
EcoRI and subcloned into the gonococcal transformation vector,
pHSS6GCU (26), to create plasmid pVCU829. Similarly, plasmid
pVCU832 encoded a portion of the TbpB protein in which amino acids 3
to 6 of the mature, wild-type protein were deleted. The mutated tbpB gene
fragment from pVCU832 was excised using EcoRI and subcloned into
pHSS6GCU to create plasmid pVCU833.

Generation of double mutants. To generate the double mutant
MCV858, strain FA19 was used as the recipient strain for transformation
with two genetically unlinked markers (encoding TbpA L9HA and TbpB
LSAC). Congression was used to provide a selectable marker for gonococ-
cal transformation as previously described (27). Briefly, linearized plas-
mid DNA encoding the TbpA loop 9 HA epitope insertion and plasmid
DNA encoding the TbpB LSAC mutation were added simultaneously as
donor DNAs to competent gonococci. Neither mutation included antibi-
otic resistance markers for selection of transformants that had undergone
homologous recombination. Therefore, chromosomal DNA from
MCV601 (lbpB::�) (28) was also added to the transformation mixture to
provide a marker for selection of transformed bacteria. Colonies that sur-
vived after selection on streptomycin plates were subsequently screened
by PCR and DNA sequencing to confirm acquisition of the other, un-
linked tbp-specific mutations.

To generate the double mutant MCV860 (TbpA L9HA, TbpB �Gly),
MCV843 (TbpB �Gly) was used as the recipient strain. To provide a select-
able marker for incorporation of the TbpA L9HA epitope insertion, a new
plasmid was constructed. The previously described plasmids pVCU521 and
pUNCH755 (16, 27) were digested with XbaI. The pUNCH755 fragment
containing am mTn3(Cm) cassette was then ligated to pVCU521. The result-
ing plasmid, pVCU758, contained a portion of the tbpA gene, including the
loop 9 HA epitope insertion mutation. The plasmid also contained a DNA
sequence contiguous with tbpA in the chromosome but harboring a
mTn3(Cm) cassette for antibiotic selection. This plasmid was linearized and
used for transformation of MCV843, selecting for chloramphenicol resis-
tance. DNA sequencing of amplicons generated by PCR amplification of the
tbpA and tbpB genes from the resultant transformants confirmed that the two
desired mutations were successfully integrated into the gonococcal chromo-
some.

Palmitate labeling of lipidated proteins. To detect lipidation of
TbpB, the Click-iT labeling system (Invitrogen) was employed. Bacterial
cultures were grown in iron-depleted, Chelex-treated, defined medium as
described above. After an initial doubling period, azide-labeled palmitate
was added to a final concentration of 50 �M. Bacteria were incubated an
additional 4 h at 37°C. Bacteria were harvested by centrifugation, washed
twice with sterile phosphate-buffered saline, and resuspended in lysis buf-
fer (50 mM Tris, 0.1% SDS [pH 8.0]). Benzonase nuclease (Invitrogen)
was added, and the bacteria were incubated at 4°C for 1 h to ensure lysis.
Intact bacteria and cellular debris were pelleted by low-speed centrifuga-
tion, and the bacterial lysate was then transferred to a clean tube. Solubi-
lized proteins were coupled to biotin alkyne according to the manufactur-
er’s instructions. Samples were loaded onto 7.5% SDS-PAGE gels and
subjected to electrophoresis and Western blot analysis as described below.

TCA precipitation. Bacteria were grown under iron-limiting condi-
tions as described above. After 4 h of iron stress, the bacteria were pelleted
by centrifugation. The supernatant was subjected to ultracentrifugation at
140,000 � g to remove any possible membrane blebs. To the resulting
supernatant, 100% (wt/vol) trichloroacetic acid (TCA) was added to the
culture supernatant to a final concentration of 10% (vol/vol). The super-
natant was incubated on ice for 15 min. Precipitated proteins were col-
lected by centrifugation, and the protein pellet was washed three times
with PBS. The resulting pellet was then resuspended in Laemmli solubi-
lizing buffer and subjected to electrophoresis (29) and Western blot anal-
ysis as described below.

SDS-PAGE and Western blot analysis. Protein samples or whole-cell
pellets were resuspended in Laemmli solubilizing buffer, and except in the
case of the palmitate-azide labeled samples, �-mercaptoethanol was

added to 5%. Samples were heated prior to being loaded onto a 7.5%
acrylamide gel and subjected to electrophoresis. Following separation,
proteins were transferred to nitrocellulose.

For detection of TbpB, membranes were blocked with 5% nonfat milk
in low-salt Tris-buffered saline (50 mM Tris, 150 mM NaCl [pH 7.5],
0.05% Tween 20). Blocked membranes were probed with polyclonal rab-
bit antiserum against TbpB (30). Goat anti-rabbit IgG conjugated to
horseradish peroxidase (HRP) or alkaline phosphatase (AP) was used as
the secondary antibody. HRP conjugates were detected using Opti-4CN
(Bio-Rad); AP conjugates were detected using the nitroblue tetrazolium
(NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) development
system (Sigma). As we have shown previously (19, 20), TbpB can be de-
tected in gonococcal whole-cell lysates using human transferrin conju-
gated to HRP (hTf-HRP). Therefore, in some assays, blocked membranes
were probed with hTf-HRP (Jackson ImmunoResearch). TbpB was de-
tected using the ECL Plus chemiluminescence detection system (Pierce).

For detection of TbpA, membranes were blocked with 5% bovine
serum albumin (BSA) in high-salt Tris-buffered saline (20 mM Tris, 500
mM NaCl, 0.02% NaN3 [pH 7.5], 0.05% Tween 20). Blocked membranes
were probed with polyclonal rabbit antiserum against TbpA (17). Goat
anti-rabbit IgG conjugated to alkaline phosphatase was used as the sec-
ondary antibody, and the membranes were developed using NBT and
BCIP (Sigma).

For palmitate-labeling studies, membranes were blocked with 1% BSA
in high-salt Tris-buffered saline with Tween 20. The membranes were
probed with avidin-HRP (Bio-Rad) and developed using the ECL Plus
chemiluminescence detection system (Pierce).

All blots were scanned using an Epson V200 scanner, and images were
processed using Adobe Photoshop.

Solid-phase transferrin binding assay. Bacteria were grown under
iron-limiting conditions as described above. Liquid culture was applied to
nitrocellulose membranes using a Bio-Rad dot blot apparatus. Loading
volume was standardized based on final culture densities. Dried mem-
branes were blocked with 5% nonfat milk in low-salt Tris-buffered saline.
Membranes were then probed with hTf-HRP, washed, and visualized us-
ing Opti-4CN.

Protease accessibility assay. Surface-exposure of mutated TbpB pro-
teins was assessed by susceptibility to exogenously added trypsin as de-
scribed previously (20). Bacteria were grown under iron-limiting condi-
tions as described above. After 3 h of iron stress, cultures were removed in
aliquots to sterile polypropylene tubes. Trypsin (1 mg/ml in PBS contain-
ing 10 mM Ca2� and 10 mM Mg2�) was added to a final concentration of
2.5 �g/ml, and the samples were incubated at 37°C with 5% CO2. Aliquots
were taken at 0, 15, and 30 min after addition of the protease. Whole
bacterial cells were harvested by centrifugation and resuspended in Laem-
mli solubilizing buffer. Samples were then subjected to electrophoresis
and Western blotting to probe for TbpB using hTf-HRP, as described
above. Only TbpB binds to hTf following SDS-PAGE and electroblotting;
no other gonococcal proteins are detected by this assay, including TbpA.
Furthermore, only amino-terminal fragments of TbpB are detected by
hTf-HRP binding (13), which is advantageous in the protease accessibility
assay (20). Polyclonal antiserum against TbpB detects all proteolytic frag-
ments generated after trypsin digest and is thus not the ideal reagent for
this assay.

Tbp cross-linking assay. Gonococci were grown in a modified iron-
depleted, Chelex-treated, defined medium to which was added 0.7 mM
L-photoleucine and 0.1 mM L-photomethionine (Thermo Scientific) as
cross-linking reagents. After 4 h of growth, cultures were harvested, UV
irradiated, and then standardized to culture density. Whole-cell lysates
were prepared, and the cross-linked samples were subjected to SDS-PAGE
and Western blot analysis as described above. TbpA was detected using
polyclonal rabbit serum specific for TbpA (17). TbpB was detected on
Western blots using a polyclonal anti-TbpB rabbit serum (30) and hTf-
HRP (20). Triplicate sets of the hTf-HRP probed blots were scanned and
quantitated using NIH ImageJ (31).
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RESULTS
Site-directed mutagenesis. The gonococcal TbpB protein con-
tains a prototypical lipobox with the sequence LSAC, in which the
cysteine is the first amino acid in the mature protein and the pre-
dicted site of lipidation. To confirm the role of this motif in lipi-
dation and tethering of the mature TbpB protein to the outer
membrane, we used alanine substitution mutagenesis to replace
the LSAC motif with the sequence LAAA. The effect of this muta-
tion was to replace the lipobox with a consensus signal I peptidase
cleavage site, thereby theoretically preventing lipidation of the
mature protein but allowing cleavage and export. This mutant
therefore allowed us to evaluate the role of the lipidated mature
amino terminus of TbpB in transport of the protein across the
cytoplasmic membrane, the periplasm, and the outer membrane.

The tbpB gene also encodes four consecutive glycine residues
two amino acids downstream of the lipidation site. To evaluate the
role of this conserved region, we created a glycine deletion mutant
(TbpB �Gly) in which these residues were absent from the mature
protein. This approach avoided the possibility that replacement
with alanine residues, which are similar in size and charge to gly-
cine, would mask any potential defects in TbpB function.

Mutagenesis of the LSAC motif decreases the amount of de-
tectable, cell-associated TbpB. To discern the effects of mutating
the lipobox or the nearby polyglycine motif on TbpB expression,
bacteria were grown under iron-depleted conditions. Whole-cell
lysates were prepared and subjected to SDS-PAGE followed by
electroblotting. Both MCV839 (TbpB LSAC) and the glycine de-
letion mutant (MCV843) produced full-length TbpB, as demon-
strated by Western blot analysis (Fig. 1). While MCV843 pro-
duced TbpB at levels similar to those in the wild-type strain,
detection of cell-associated TbpB was diminished in MCV839.
Since tbpA lies downstream of tbpB in a bicistronic operon, we also
tested the mutant strains for effects on production of TbpA. By
Western blot analysis, we detected full-length TbpA in both
MCV839 and MCV843 at levels comparable to wild type, indicat-
ing that neither of these mutations affected TbpA expression (Fig.
1). These results indicate that deletion of the glycine residues did
not impact expression levels of either of the TBPs. Furthermore,
since TbpA levels were unaffected in MCV839, we hypothesized
that the reduced TbpB levels observed in MCV839 were due to
changes in retention of the protein in the whole-cell pellet, rather
than effects on gene expression.

TbpB is palmitate labeled in MCV843 (TbpB �Gly) but not
in MCV839 (TbpB LSAC). As the terminal cysteine in the LSAC
motif is predicted to be the site of lipidation in TbpB, it was antic-
ipated that replacing the LSAC motif with the sequence LAAA
would prevent lipidation. As shown in Fig. 2A, we confirmed this
hypothesis utilizing the Click-iT-based technology (Invitrogen).
Bacteria were grown under iron-depleted conditions with the ad-
dition of azide-labeled palmitate. Biotin alkyne was then conju-
gated to any proteins containing the azide-labeled palmitate. We
then detected palmitoylated proteins using avidin-HRP. By using
this approach, TbpB was shown to be lipidated in both the wild-
type strain and in MCV843 (TbpB �Gly; Fig. 2A, arrow). Al-
though full-length TbpB was detected in strain MCV839 by West-
ern blotting (Fig. 2B, arrow), the mutant TbpB protein was not
palmitate labeled (Fig. 2A). These observations confirm that the
LSAC motif is necessary for lipidation of TbpB and furthermore
demonstrate that deleting the neighboring polyglycine motif has
no detectable effect on lipidation.

TbpB is released into the supernatant by MCV839 (TbpB
LSAC). Because our initial analysis of MCV839 (TbpB LSAC) de-
tected significantly reduced levels of cell-associated TbpB com-
pared to those in the wild type (Fig. 1), we speculated that the lack
of lipidation resulted in release of TbpB into the culture medium
due to its inability to be tethered to the outer membrane. To test
this, bacteria were grown in iron-depleted, Chelex-treated, de-
fined medium and cells were pelleted. The supernatant was sub-
jected to ultracentrifugation to eliminate any potential membrane
blebs from the culture medium, and then the supernatant was
TCA precipitated to recover soluble proteins released from the cell
during growth. In the wild-type strain, no TbpB was detectable in
the supernatant, and all of the protein remained cell associated in
the pellet fraction (Fig. 3A, lanes P). This was in contrast to
MCV839 (TbpB LSAC), which released significant amounts of
TbpB into the culture supernatant (Fig. 3A, lanes S). As a control,

FIG 1 TbpB is produced by mutants expressing TbpB LSAC and TbpB �Gly.
Gonococci were grown under iron-depleted conditions, and whole-cell lysates
were standardized for protein content. Proteins were separated by SDS-PAGE
and transferred to nitrocellulose. MCV839 (TbpB LSAC) and MCV843 (TbpB
�Gly) were evaluated for expression of transferrin-binding proteins, along
with the control strains FA19 (wild type), FA6747 (TbpA�), and FA6905
(TbpB�). (A) Blot probed with anti-TbpB serum; (B) blot probed with anti-
TbpA serum.

FIG 2 TbpB LSAC produced by MCV839 is not lipidated. (A) Gonococci were
grown under iron-depleted conditions in the presence of azide-labeled
palmitic acid. Bacteria were lysed, and azide-labeled proteins were conjugated
to biotin alkyne (Click-iT labeling system; Invitrogen). Following separation
by SDS-PAGE and transfer to nitrocellulose, proteins were probed with avi-
din-HRP, followed by detection with ECL. MCV839 (TbpB LSAC mutant) and
MCV843 (TbpB �Gly mutant) were tested for lipidation of TbpB, along with
the control strains FA19 (wild type) and FA6905 (TbpB�). The arrow marks
the location of full-length TbpB. Note that there is a lipidated protein slightly
larger than TbpB which is apparent in all lanes. TbpB is produced and lipidated
only in FA19 and MCV843. (B) The samples described for panel A were tested
for production of TbpB by probing the blot with anti-TbpB serum, followed by
goat anti-rabbit IgG secondary antibody conjugated to alkaline phosphatase.
Bands were detected with NBT/BCIP. Approximate positions of molecular
mass markers are shown on the right.
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we tested both pellet and supernatant fractions for the presence of
TbpA. As shown in Fig. 3B, as expected, no TbpA was detected in
the supernatant fractions (S) of either wild-type FA19 or MCV839
(TbpB LSAC). This indicates that mutation of the LSAC motif
prevented anchoring of TbpB to the cell surface but did not affect
transport of TbpB across the outer membrane.

TbpB surface accessibility in MCV839 (TbpB LSAC) is de-
pendent on TbpA. While N. gonorrhoeae expresses several lipopro-
teins, the mechanism by which they are localized to the outer mem-
brane is currently unknown. Based upon the strict conservation of
both the LSAC motif and the polyglycine motif, we hypothesized that
these elements could be involved in trafficking of TbpB to the cell
surface. To evaluate the role of each of these regions in surface expo-
sure of TbpB, we first grew the strains under iron-depleted conditions
and analyzed transferrin binding to the cell surface by solid-phase
binding assay. Since TbpA also binds transferrin in whole-cell bind-
ing assays, we measured transferrin binding to gonococcal TbpB in
the background of a tbpA knockout strain. Whole bacteria were ap-
plied to nitrocellulose and then probed with hTf-HRP to determine
whether mutant TbpB proteins were accessible on the bacterial sur-
face. As shown in Fig. 4A, MCV840 (TbpB LSAC) did not bind trans-
ferrin, indicating absence of functional TbpB on the cell surface when
TbpA was not expressed. MCV844 (TbpB �Gly) expressed TbpB on
the cell surface (Fig. 4A).

We also performed protease accessibility assays utilizing the TbpB
mutant strains that also produced a wild-type TbpA (Fig. 4B). Tryp-
sin treatment of the bacterial cell surface resulted in the appearance of
smaller, protease-digested fragments that were lipidated and thus re-
mained cell associated in both FA19 (wild type) and MCV843 (TbpB
�Gly) (Fig. 4B, arrows). These results indicate that TbpB was surface
exposed in these strains. In contrast, lipidated, proteolytic digestion
products that remained cell associated were not detectable when
MCV839 (TbpB LSAC) was exposed to trypsin (Fig. 4B). This result is
consistent with the conclusion that the TbpB LSAC mutant is not

tethered to the outer membrane via the lipid anchor. Interestingly,
full-length TbpB was detectable in MCV839 (TbpB LSAC) (Fig. 4B,
asterisk), but the amount of TbpB decreased with time of trypsin
exposure. This finding indicates that in strain MCV839 (TbpB
LSAC), TbpB is surface exposed and therefore accessible to trypsin.
This appears to be the case only when TbpA is present, as no TbpB
was detected on the cell surface in a tbpA mutant (Fig. 4A). Cumula-
tively, these data suggest that the TbpB protein produced by MCV839
is not lipidated, is secreted into the supernatant, and furthermore is
detectable only on the whole-cell surface when TbpA is also pro-
duced.

Impact of TbpB mutagenesis on transferrin iron transporter
function. A previously described gonococcal strain, MCV515,
contains an HA epitope tag in outer membrane loop 9 of TbpA
(L9HA) (27). While TbpB acts as an accessory protein that en-
hances the efficiency of transferrin iron uptake when TbpA is wild
type, the TbpA L9HA mutant grows on transferrin only when
TbpB is also produced. We hypothesize that epitopes of TbpA that
are key to iron extraction or iron internalization are disrupted in

FIG 3 TbpB LSAC produced by MCV839 is released into the culture supernatant.
Gonococci were grown under iron-depleted conditions. Whole cells were pelleted
and resuspended in Laemmli solubilizing buffer. The supernatant fraction was
ultracentrifuged, TCA precipitated, and resuspended in Laemmli solubilizing buf-
fer. The whole-cell (P) and supernatant (S) fractions from gonococcal strains FA19
(wild type) and MCV839 (TbpB LSAC mutant) were separated by SDS-PAGE,
transferred to nitrocellulose, and then probed for the presence of TbpB (A) using
anti-TbpB serum. As a control, the presence of TbpA was assessed in the same
samples by probing with anti-TbpA serum (B). FIG 4 TbpB LSAC is retained on the cell surface only when TbpA is also

produced. (A) Bacteria were grown under iron-depleted conditions and spot-
ted onto nitrocellulose. Blots were probed with hTf-HRP. Strains tested in-
cluded the controls FA19 (wild type), FA6747 (TbpA�), FA6905 (TbpB�), and
FA6815 (TbpA� TbpB�). MCV840 produces TbpB LSAC in the background
of a strain that does not produce TbpA. MCV844 produces TbpB �Gly in the
background of a strain that does not produce TbpA. (B) Bacteria were grown
under iron-depleted conditions prior to exposure to trypsin. Whole cells were
exposed to trypsin for 0, 15, or 30 min, after which aprotinin was added to stop
digestion. Undigested samples (U) were also included as a control. Whole-cell
lysates were generated from trypsin-treated cells and controls. Proteins were
separated by SDS-PAGE, transferred to nitrocellulose, and probed with hTf-
HRP. Strains tested include MCV839 (produces the TbpB LSAC mutant in the
background of a strain that produces TbpA), MCV843 (produces the TbpB
�Gly mutant in the background of a strain that produces TbpA), and the
wild-type strain, FA19. The asterisk marks the location of full-length TbpB.
TbpB produced by all of the strains is degraded over time of exposure to
trypsin, indicating that TbpB is surface exposed in these strains. The arrows
mark the positions of lipidated, proteolytically cleaved TbpB fragments, which
remain tethered to the cell surface.
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this mutant, making iron acquisition impossible without a wild-
type TbpB. To test whether the mutants expressing TbpB LSAC or
TbpB �Gly were disrupted in TbpB’s iron internalization func-
tion, we constructed two double mutants expressing TbpA L9HA
in addition to either TbpB LSAC (strain MCV858) or TbpB �Gly
(strain MCV860). The addition of the mutation encoding TbpA
L9HA resulted in strains that retained the phenotypes described
above for both MCV839 and MCV843 (data not shown). To test
the ability of TbpB LSAC and TbpB �Gly proteins to compensate
for the TbpA L9HA growth defect, we grew the strains on defined
media containing human transferrin as the sole iron source. As

transferrin can be variably iron saturated, with an average physi-
ological saturation of 30%, we tested growth across a range of
saturation levels, including 5, 10, 25, and 40%. While the parental
strain, MCV515, was able to grow using human transferrin as the
sole iron source (Fig. 5, region 3 of the plates), regardless of satu-
ration level, growth was completely abrogated in MCV858 (TbpB
LSAC, TbpA L9HA), even at 40% saturation (Fig. 5, region 5).
This phenotype was identical to that of the tbpB knockout mutant
in the TbpA L9HA background (Fig. 5, region 4). While the mu-
tant that produced TbpB �Gly demonstrated modest transferrin-
dependent growth, the growth was significantly reduced (Fig. 5,
region 6) compared to that of the parent strain, MCV515 (Fig. 5,
region 3). This reduction in growth was most obvious at lower
transferrin saturation levels, but was still apparent at 40% satura-
tion. None of the strains tested were impaired for growth on ferric
nitrate as the sole iron source (data not shown), indicating that the
observed growth defect is specific to utilization of transferrin iron.
Cumulatively, these data indicate that lipidation of TbpB is nec-
essary for the function of this protein in transferrin iron utiliza-
tion. Additionally, the glycine motif is also important for the func-
tion of TbpB, although some transferrin iron internalization is
accomplished in the absence of this conserved sequence.

Mutation of the TbpB LSAC and �Gly motifs does not impair
interaction with TbpA. To determine the effects of the LSAC and
�Gly mutations on physical interaction between TbpA and TbpB, a
cross-linking assay was performed. Gonococci were grown with
photoactivatable, cross-linking amino acids under iron-depleted
conditions. Interacting proteins, including the TBPs, could then be
cross-linked by UV exposure. When gonococci were grown with
cross-linkers and exposed to UV light, unresolvable, high-molecular-
weight protein products were detectable with polyclonal antisera
against both TbpA (see Fig. S1A in the supplemental material) and
TbpB (see Fig. S1B), indicating cross-linking and formation of very
large species comprised of both proteins. A single species of TbpB was
detected by ligand-binding blotting, as shown in Fig. 6A. Both full-

FIG 5 TbpB mutations diminish transferrin iron utilization. Gonococci were
plated on CDM agarose plates containing human transferrin at various levels
of saturation (5 to 40%, as indicated). Strains tested are labeled as follows: 1,
FA19 (wild type); 2, FA6815 (TbpA� TbpB�); 3, MCV515 (TbpA L9HA
TbpB�); 4, MCV516 (TbpA L9HA TbpB�); 5, MCV858 (TbpA L9HA TbpB
LSAC); 6, MCV860 (TbpA L9HA TbpB �Gly).

FIG 6 Cross-linking of TbpB and TbpA to form high-molecular-weight complexes depends on production of TbpA. Gonococci were grown under iron-depleted
conditions in the presence of photoactivatable cross-linkers. Following UV irradiation (�), whole-cell lysates were prepared. Samples that were not exposed to
UV irradiation (�) were included as negative controls. Strains tested include FA19 (wild type), FA6747 (TbpB� TbpA�), MCV839 (TbpB LSAC TbpA�), and
MCV843 (TbpB �Gly TbpA�). Proteins were separated by SDS-PAGE and transferred to nitrocellulose. Blots were probed with hTf-HRP (A), anti-TbpB serum
(B), or anti-TbpA serum (C). Approximate positions of molecular mass markers are indicated on the left.
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length and higher-molecular-weight, cross-linked species of TbpB
and TbpA were detectable by Western blotting using specific poly-
clonal antisera, as shown in Fig. 6B and C, respectively. Detection of
high-molecular-weight, cross-linked species by Western blotting was
apparent, but specific cross-linked species were not resolvable (Fig.
6B and C). As an indication of TbpA-TbpB interaction, we measured
loss of full-length TbpB in the hTf-HRP-probed blots (Fig. 6A). In the
wild-type strain, FA19, photoactivation resulted in the loss of wild-
type-sized TbpB. In the tbpA knockout mutant (FA6747), the wild-
type TbpB protein was detectable to the same degree with and with-
out photoactivation, indicating that cross-linking of TbpB was
dependent upon the presence of TbpA. We tested whether the muta-
tions in the amino terminus of TbpB affected the interaction with,
and therefore cross-linking to, TbpA. As shown in Fig. 6A, both mu-
tant TbpB proteins remained competent for TbpA interaction in this
cross-linking assay, suggesting that the defects imposed by the muta-
tions were not due to an inability to interact with TbpA. Interestingly,
MCV839 (TbpB LSAC) remained competent for TbpA interaction,
despite the inability of the protein to be tethered on the outer mem-
brane without its lipid anchor. These observations are consistent with
those of the protease accessibility assay (Fig. 4B), which allowed us to
conclude that small amounts of TbpB were accessible to trypsin and
therefore surface exposed when TbpA was produced. Cumulatively,
these results suggest that TbpB, without a lipid anchor, retains its
affinity for TbpA, to which it can be cross-linked. As shown in Fig. 7,
we quantitated the loss of full-length TbpB as a function of cross-
linking in the wild-type and mutant strains. In this analysis, MCV839
(TbpB LSAC) and MCV843 (TbpB �Gly) were indistinguishable
from the wild-type strain with respect to TbpB cross-linking.

DISCUSSION

From the results described in the current study, we conclude that
while the LSAC motif is required for tethering of TbpB to the
bacterial surface, it is not necessary for transport of the protein
across the bacterial cell envelope. While it was anticipated that
mutation of the lipobox would result in TbpB’s being produced
without its lipid anchor, the finding that the mutated protein is
nevertheless exported to the cell surface is noteworthy and was
somewhat unexpected. The lipid anchor is absolutely necessary
for the function of TbpB, with respect to transferrin iron utiliza-
tion in concert with TbpA. In addition, deletion of the conserved
polyglycine motif had significant negative effects on growth when
transferrin was supplied as the sole iron source, despite the fact
that the mutant protein is apparently normally surface exposed.
Together, these data significantly enhance our understanding of
the posttranslational processing of TbpB and the role of conserved
motifs in TbpB on transferrin iron acquisition.

The gonococcal transferrin binding proteins are considered
attractive vaccine candidates and potential therapeutic targets
(32). This is due to their ubiquitous expression among strains,
high degree of conservation, and importance in establishing infec-
tion in a human experimental infection model. TbpA is a TonB-
dependent outer membrane transporter and is absolutely re-
quired for transferrin iron utilization (17). The lipoprotein TbpB,
on the other hand, is not required for gonococcal transferrin iron
utilization, although its presence makes the process more efficient
(16).

Recent studies (33, 34) have yielded new insights into how
TbpA and TbpB work together during the process of iron acqui-
sition. According to recently published crystal structures, TbpA

and TbpB both bind to the C lobe of hTf, although each of the
TBPs interacts with distinct sites on the glycoprotein. TbpB pref-
erentially binds holo-hTf, and data suggest that this binding is
specific for Fe carried in the C lobe (34). Likewise, TbpA binds
specifically to the C lobe of hTf, although it does not distinguish
between apo- and holo-Tf (34). Thus, one of TbpB’s functions
may be to selectively bind hTf that is usable by the gonococcus
prior to passing on the hTf molecule to TbpA for stripping and

FIG 7 Quantitation of extent of TbpB cross-linking in mutant strains. Trip-
licate blots of cross-linked samples were probed with hTf-HRP (one represen-
tative blot is shown in Fig. 6A), scanned, and quantitated using NIH ImageJ.
The percentage of full-length, wild-type TbpB that is detected in the mutant
strains with (�) and without (�) cross-linking is shown. (A) Comparison of
FA19 (wild type) and FA6747 (TbpA�) before and after cross-linking. (B)
Comparison of FA19 (wild type) and MCV839 (TbpB LSAC). (C) Comparison
of FA19 (wild type) and MCV843 (TbpB �Gly).
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transport of Fe. In this proposed mechanism, it is apparent that
surface exposure of TbpB would be critical for its function. More-
over, the three-part complex comprised of TbpA, TbpB, and Tf
demonstrated the presence of a potential iron chamber, enclosed
by domains of each of the three proteins (34). Therefore, another
function of TbpB may be to enhance iron uptake by virtue of the
capacity to capture iron in the iron chamber and prevent its dif-
fusion subsequent to release from transferrin.

TbpB was previously demonstrated to be lipidated (16) and
fully surface exposed (35), similar to other neisserial lipoproteins,
as well as lipoproteins of several other Gram-negative bacteria,
such as Klebsiella, Bordetella, and Borrelia spp. (36–38). The
palmitate labeling results presented in the current study indicate
that the LSAC motif constituting the lipobox of TbpB is necessary
for lipidation. Abrogation of lipidation resulted in less TbpB being
retained on the cell surface, indicating that the lipid moiety is
essential for tethering of TbpB to the outer leaflet of the outer
membrane. Furthermore, when lipidation of TbpB was prevented
in the TbpA L9HA background, growth on transferrin was com-
pletely abolished, confirming the functional importance of sur-
face-tethered TbpB. Unlipidated TbpB was surface exposed, as
detected by protease accessibility, and furthermore, the unmodi-
fied TbpB retained the ability to interact with TbpA, suggesting
that the lipid moiety is not necessary for TbpA-TbpB interaction.

While we have shown that the LSAC lipobox is critical for lipida-
tion of TbpB, the presence of the lipid moiety is not required for
transport of TbpB across the cytoplasmic membrane, periplasm, and
outer membrane. In E. coli, lipoprotein transport has been well char-
acterized, with the periplasmic Lol system shuttling lipoproteins des-
tined for the outer membrane to their proper location (39). However,
unlike the majority of E. coli lipoproteins, which tend to be oriented
toward the periplasm, many lipoproteins produced by the gonococ-
cus and other related species are oriented toward the extracellular
milieu (35, 38). In addition, while N. gonorrhoeae possesses homo-
logues of some of the Lol proteins, the chromosome does not encode
a LolE homologue. Furthermore, it has yet to be established whether
these neisserial Lol proteins exhibit the same functionality as those in
E. coli. This raises the question of how N. gonorrhoeae transports bac-
terial lipoproteins to the outer membrane and “flips” them outward,
ultimately leading to tethering of the protein via the lipid moiety to
the outer leaflet. One possibility is that specific sequences within the
protein act as trafficking signals. The data presented in the current
study demonstrate that replacement of the LSAC motif with a signal I
peptidase cleavage site does not cause TbpB to accumulate in the
periplasm; rather, the unlipidated protein is transported across the
outer membrane and released into the extracellular milieu. This in-
dicates that the TbpB lipobox is not required for processing and
transport of TbpB across the outer membrane. However, our results
indicate that the exported TbpB is released into the supernatant.
Some fraction of the released protein is surface localized in a TbpA-
dependent manner. Previous studies have demonstrated a physical
interaction between TbpA and TbpB (18, 34, 40). Likewise, our cross-
linking data confirm a physical interaction between TbpA and TbpB,
even in the mutant that expresses TbpB LSAC. We propose that the
retention of unlipidated TbpB in MCV839 is due to its affinity for
TbpA. This unlipidated TbpB, however, whether by virtue of its not
being tethered to the membrane or its diminished presence on the
bacterial surface, is still unable to functionally participate in transfer-
rin iron utilization.

Although the LSAC motif does not appear to act as a localiza-

tion signal, the polyglycine tract just downstream of the lipobox
could also potentially play a role in TbpB trafficking. This motif is
well conserved not only among different gonococcal strains but
also among other gonococcal lipoproteins, such as LbpB and
HpuA. This is notable, as the lipoprotein SphB1 of Bordetella per-
tussis contains a conserved region of 14 glycine residues adjacent
to the lipidation site, followed by a long proline-rich region, and
these domains have been implicated in proper localization of
SphB1 to the outer membrane (36). While much shorter, the
gonococcal TbpB polyglycine tract could similarly act as a signal
for lipoprotein localization. When we deleted these residues, how-
ever, TbpB remained surface exposed and appropriately lipidated.
Interestingly, when the glycine deletion mutation was expressed in
a TbpA mutant strain that requires TbpB for transferrin iron uti-
lization, growth on transferrin was significantly diminished, de-
spite its wild-type expression on the bacterial surface.

One possible explanation for the growth defects observed in
the mutant that produces TbpB �Gly is that this region provides a
critical structural role as opposed to lipoprotein transport. While
published structural data have provided important insights into
the interaction between TbpA, TbpB, and Tf, the proteins used in
these in vitro studies did not include the amino-terminal 22 resi-
dues of mature TbpB (33, 34, 41). Our data provide important
new insights into the critical role of this region in the functionality
of this lipoprotein. In fact, a recent study indicated that the “an-
chor peptide” of meningococcal TbpB, comprised of amino acids
2 to 40, contributes to the physical interaction between TbpA and
TbpB, which is likely necessary for the cooperative activity of the
two proteins (42). Further analysis showed that the interaction
does not require the first seven amino acids, which contains the
homologous polyglycine tract. However, while it was not neces-
sarily implicated in binding to TbpA, it was speculated that the
polymeric stretch of small amino acids may provide flexibility as
well as length to the anchor peptide (42). It has been suggested that
this would allow greater accessibility of TbpB at the surface to
interact with transferrin and could also be involved in conforma-
tional changes upon hTf binding that would bring TbpB closer to
the surface and in closer proximity to TbpA (42). In the context of
this model, the results of the current study indicate that deletion of
the polyglycine tract potentially impairs TbpB’s ability to appro-
priately interact with TbpA upon hTf binding and/or might pre-
vent subsequent interaction with TbpA to form the iron chamber,
which allows for efficient iron internalization through the beta-
barrel.

Overall, our results underscore the importance of two con-
served TbpB motifs for proper localization and function of the
protein, providing new insights regarding this member of the
transferrin iron acquisition system. These data give us a more
detailed understanding of how TbpB interacts with both TbpA
and hTf. This knowledge, in turn, has the potential to aid in de-
velopment of targeted therapies against gonococcal infection
based on this critical iron acquisition system.
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