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Beyond the Crystal Structure: Insight into the Function and Vaccine
Potential of TbpA Expressed by Neisseria gonorrhoeae

Devin R. Cash,? Nicholas Noinaj,”* Susan K. Buchanan,® Cynthia Nau Cornelissen®

Department of Microbiology and Immunology, Virginia Commonwealth University, Richmond, Virginia, USA?; Laboratory of Molecular Biology, NIDDK, National Institutes
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Neisseria gonorrhoeae, the causative agent of the sexually transmitted infection gonorrhea, is not preventable by vaccination and
is rapidly developing resistance to antibiotics. However, the transferrin (Tf) receptor system, composed of TbpA and TbpB, is an
ideal target for novel therapeutics and vaccine development. Using a three-dimensional structure of gonococcal TbpA, we inves-
tigated two hypotheses, i.e., that loop-derived antibodies can interrupt ligand-receptor interactions in the native bacterium and
that the loop 3 helix is a critical functional domain. Preliminary loop-derived antibodies, as well as optimized second-generation
antibodies, demonstrated similar modest ligand-blocking effects on the gonococcal surface but different effects in Escherichia
coli. Mutagenesis of loop 3 helix residues was employed, generating 11 mutants. We separately analyzed the mutants’ abilities to
(i) bind Tf and (ii) internalize Tf-bound iron in the absence of the coreceptor TbpB. Single residue mutations resulted in up to
60% reductions in ligand binding and up to 85% reductions in iron utilization. All strains were capable of growing on Tf as the
sole iron source. Interestingly, in the presence of TbpB, only a 30% reduction in Tf-iron utilization was observed, indicating that

the coreceptor can compensate for TbpA impairment. Complete deletion of the loop 3 helix of TbpA eliminated the abilities to
bind Tf, internalize iron, and grow with Tf as the sole iron source. Our studies demonstrate that while the loop 3 helix is a key
functional domain, its function does not exclusively rely on any single residue.

Neisseria gonorrhoeae, the causative agent of the sexually trans-
mitted infection gonorrhea (1), affects approximately 106
million people worldwide according to WHO estimates (2), with
>300,000 cases of gonorrhea reported each year in the United
States alone (3). A troubling contributor to these statistics is that
infection with this bacterium does not result in any protective
immunity (4). Additionally, approximately 50% of the women
infected with the gonococcus are asymptomatic, resulting in in-
creased spread and more severe clinical outcomes following infec-
tion (5). Most concerning of all is that the gonococcus has become
increasingly drug resistant, with mounting evidence to suggest
that current pharmacotherapies may soon be rendered obsolete
(6, 7). To date, the characteristics of at least three multidrug-
resistant isolates have been published, all of which are fully resis-
tant to ceftriaxone, the core component of the currently recom-
mended combination therapy for the treatment of gonorrhea (7—
11). With dwindling treatment options and no vaccine, gonorrhea
is a serious public health concern that warrants further research.
One approach to the development of therapeutics has been to
study how the gonococcus acquires iron, an essential nutrient for
nearly all microorganisms (12). During human infection, micro-
organisms are confronted with the challenge of obtaining iron in
an environment that has evolved to specifically restrict its avail-
ability. In humans, iron is circulated throughout the body bound
to several transport proteins, including lactoferrin and transferrin
(Tf). These iron binding proteins minimize free iron concentra-
tions, which helps to reduce free radical generation, as well as
starve any invading microbes. In response to this iron limitation,
many bacteria produce siderophores to compete with these hu-
man proteins for iron (13). However, N. gonorrhoeae has evolved
the ability to acquire iron directly from these human proteins.
The gonococcus expresses receptors that can extract iron or
heme from Tf, lactoferrin, and hemoglobin, but the receptors are
not universally expressed (14, 15). The lactoferrin receptor pro-
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teins, LbpA and LbpB, are expressed in only approximately 50% of
strains (16, 17). The hemoglobin receptor proteins, HpuA and
HpuB, are expressed only in isolates from women in the first half
of the menstrual cycle because of phase variation (18). In contrast,
the Tf receptor system composed of an integral, outer membrane,
TonB-dependent transporter, TbpA, and a surface-exposed lipo-
protein, TbpB, is expressed in 100% of clinical isolates (19). This
set of human-adapted receptors has made the gonococcus well
suited to survive in the iron-limited environment of the human
host.

Iron acquisition systems are potential targets for novel drug
therapies, as well as for vaccine development. Because the gono-
coccal Tf receptors are not subject to phase or antigenic variation,
are present in all clinical isolates, and are necessary for initiation of
infection in humans (20), they stand out as ideal candidates for
further investigation. Much work has already been done to probe
this receptor complex for structure-function relationships and
vaccine potential (14, 15, 19). Recently, the Tf receptors, TbpA
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FIG 1 Homology model for TbpA from gonococcal strain FA19. (A) Alignment of the sequences of the TbpA proteins of N. meningitidis strain K454 (NmTbpA)
and N. gonorrhoeae strain FA19 (NgTbpA ), which are 94% identical, with loop 3 (L3), L7, and L11 and the plug (PL) underlined. This alignment served as the basis
for homology modeling of TbpA from strain FA19. (B) On the basis of the complex crystal structure with NmTbpA, hTf (hTf-C/hTf-N) (shown in gold) was
modeled interacting with NgTbpA (shown in light green), with the plug domain shown in red and the L3 helix shown in dark green. The C1 and C2 domains of
the Clobe of hTf, which directly interact with TbpA, are also indicated. (C) L3, L7, L11, and part of the plug domain were selected for initial blocking studies with
antibodies against TbpA from strain K454. Highlighted in magenta are the conserved regions of the NgTbpA model to which those antibodies were developed.

Pairwise comparisons of the peptide sequences are also shown.

and TbpB, were crystallized from the closely related pathogen
Neisseria meningitidis; they show 94 and 69% identity with the
respective proteins in N. gonorrhoeae strain FA19 (21, 22). The
structural studies provided the molecular details of how these re-
ceptors interact with Tf and will significantly contribute to the
study of these proteins for therapeutic development. On the basis
of the structure of TbpA, experiments were performed to test var-
ious surface-exposed epitopes as immunogens and to determine if
antibodies raised against these regions could interrupt protein
function (21). The results of these studies were promising; how-
ever, they were performed with recombinant N. meningitidis
TbpA in an in vitro assay. Here, we follow up these studies to test
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the degree to which these antibodies inhibit ligand binding to
TbpA in the native bacterium N. gonorrhoeae. Further, we devel-
oped our own loop-specific antibodies in an attempt to im-
prove their inhibitory efficiency. To probe the structure-func-
tion relationships of this receptor, we built on previous work to
target the TbpA loop 3 helix, a motiflocated in close proximity
to the iron chelation center within the C-lobe cleft of Tf (Fig.
1). On the basis of the TbpA crystal structure and previous
evidence that interruption of loop 3 led to a loss of protein
function (23), this motif is predicted to be a key to protein
function. To assess the contribution of the loop 3 helix to pro-
tein function, site-specific mutagenesis of polar residues, fol-
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TABLE 1 Bacterial strains used in this study

Strain Description Source
E. coli
BL21(DE3) fhuA2 [lon] ompT gal (N DE3) [dem] AhsdS N DE3 = \ sBamHIo AEcoRI-B int::(lacl::Py, ;517 New England Biolabs
genel) i21 Anin5
C41(DE3) F~ ompT hsdSg(rg~ my ™) (rg~ my~ ) gal dem (DE3) uncharacterized derivative of BL21(DE3) Lucigen
Topl0 F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAl deoR araD139 A(ara-leu)7697 galU Invitrogen
galK rpsL(Str") endAI nupG
XL-10 Gold endAl glnV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 Tet" F' Agilent Technologies
[proAB lacl"ZAM15 Tn10(Tet" Amy" Cm")]
N. gonorrhoeae
FA19 Wild type 49
FA6747 TbpA™ (tbpA:mTn3cat) 29
FA6905 TbpB™ (AtbpB) 36
FA6815 TbpAB™ (tbpB::()) 32
MCV511 L3HA 5,5 TbpA Lbp ™~ (tbpAVHA IbpB::Q) 23
MCV512 L3HA 543, TbpA TbpB~ Lbp~ (tbpAVHA IbpB::Q) AtbpB) 23
MCV161 TbpA K351A point mutation TbpB ™~ (AtbpB) This study
MCV162 TbpA D355A point mutation TbpB™ (AtbpB) This study
MCV163 TbpA D355K point mutation TbpB~ (AtbpB) This study
MCV164 TbpA N357A point mutation TbpB ™~ (AtbpB) This study
MCV165 TbpA Q358A point mutation TbpB~ (AtbpB) This study
MCV166 TbpA K359A point mutation TbpB™ (AtbpB) This study
MCV167 TbpA K359E point mutation TbpB™~ (AtbpB) This study
MCV168 TbpA K359R point mutation TbpB™~ (AtbpB) This study
MCV169 TbpA Q360A point mutation TbpB~ (AtbpB) This study
MCV170 TbpA Q360E point mutation TbpB ™~ (AtbpB) This study
MCV171 TbpA Q360K point mutation TbpB™~ (AtbpB) This study
MCV172 TbpA loop 3 helix deletion (T350-A361) TbpB ™~ (AtbpB) This study
MCV181 TbpA K351A point mutation This study
MCV182 TbpA D355A point mutation This study
MCV183 TbpA D355K point mutation This study
MCV184 TbpA N357A point mutation This study
MCV185 TbpA Q358A point mutation This study
MCV186 TbpA K359A point mutation This study
MCV187 TbpA K359E point mutation This study
MCV188 TbpA K359R point mutation This study
MCV189 TbpA Q360A point mutation This study
MCV190 TbpA Q360E point mutation This study
MCV191 TbpA Q360K point mutation This study
MCV192 TbpA loop 3 helix deletion (T350-A361) This study

lowed by ligand binding and radiolabeled iron uptake assays,
was employed. The mutants created were also tested for the
ability to grow on Tf as the sole iron source.

The studies described here demonstrate that the original loop
antibodies had only modest abilities to block ligand binding to
TbpA. Similarly, newly generated loop-specific antibodies led to
modest inhibition of ligand binding to TbpA. However, unlike the
original antibodies, the newer antibodies had a greater effect on
the gonococcus than in recombinant Escherichia coli. With regard
to the loop 3 helix, reduction of TbpA function could be achieved
with single amino acid mutations; however, the coreceptor, TbpB,
could largely compensate for these defects in TbpA function. All
singly mutated strains were capable of growth on poorly saturated
Tf; however, a total helix deletion strain could not grow under
these conditions. This work provides new insights into improved
antibody development against TbpA loop peptides, which will
enhance vaccine efforts going forward. This study also demon-
strates that the entire loop 3 helix significantly contributes to
TbpA function but that there is no single amino acid that is cru-
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cial. This information contributes to our expanding understand-
ing of key ligand-interacting domains, which will likely be needed
in order to optimize immunogen interaction with the host im-
mune system during vaccination (24).

MATERIALS AND METHODS

Strains, plasmids, and media. All of the strains used in this study are
described in Table 1; for all of the plasmids used, see Table S1 in the
supplemental material. Plasmids were propagated in E. coli Top10 (Invit-
rogen) or XL-10 Gold (Agilent Technologies) cells. The strains used for
pUNCH412 and pVCU757 expression were BL21(DE3) (New England
BioLabs) and C41(DE3) (Lucigen), respectively. E. coli was cultured in
Luria-Bertani broth in the presence of chloramphenicol (34 wg/ml) or
ampicillin (200 pg/ml). Gonococcal cells were propagated on GC me-
dium base (Difco) with Kellogg’s supplement 1 (25) and 12 uM Fe(NO;),
at 37°C with 5% atmospheric CO,. When necessary, chloramphenicol was
added to GC medium agar plates at a concentration of 1 g/ml for selec-
tion of the resistance phenotype. For growth under iron-stressed condi-
tions, gonococci were either grown on GC medium agar plates with the
addition of 5 uM Desferal or cultured from GC medium agar plates into
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FIG 2 Gonococcal transformation with pUNCH?755-derived plasmids pVCU161 to pVCU172. The image shown demonstrates how transformation with a
single plasmid construct can result in two distinct genotypes following allelic exchange. The downstream crossover location is constrained by selection with
chloramphenicol, whereas the upstream crossover can occur anywhere in tbpA or the truncated tbpB gene. If the crossover occurs upstream of the tbpB deletion,
as shown on the left, the result is a TbpB ™~ phenotype. Conversely, if the crossover occurs downstream of the deletion location, as shown on the right, the result

is a TbpB™ phenotype.

liquid chemically defined medium (CDM) (26) pretreated with Chelex
100 (Bio-Rad). CDM agar plates were supplemented with 2.5 uM 10%
iron-saturated human Tf (Sigma) in order to assess each mutant’s ability
to utilize Tf-bound iron.

Modeling of TbpA from strain FA19. In order to model the structure
of TbpA from gonococcal strain FA19, we performed homology modeling
based on the structure of TbpA from N. meningitidis strain K454. Given
that the two sequences were 94% identical with no gaps or insertions, a
homology model was created with the SWISS-MODEL server (27) to
thread the sequence of TbpA from FA19 onto the structure of TbpA from
K454.

Solid-phase ligand-blocking assays. Solid-phase ligand-blocking as-
says were performed as previously described (28-30). Briefly, gonococcal
strains were iron stressed in liquid CDM for 4 h and E. coli strains were
grown in LB broth with 1 mM isopropyl-B-p-thiogalactopyranoside to
induce TbpA expression. Bacteria were standardized to culture density
and applied to a nitrocellulose membrane. Blots were blocked with 5%
skim milk in low-salt Tris-buffered saline (LS-TBS; 50 mM Tris, 150 mM
NaCl [pH 7.5]) for 1 h, washed five times with LS-TBS, and subsequently
incubated with horseradish peroxidase (HRP)-tagged Tf (Jackson Immu-
noResearch) at 200 ng/ml plus TbpA loop-specific mouse antiserum (21),
polyclonal TbpA rabbit antiserum (unpublished), unlabeled human Tf
(hTf; Sigma), or unlabeled bovine Tf (bTf; Sigma) for 1 h. Blots were
washed five more times with LS-TBS and then developed with the Opti-
4CN (Bio-Rad) development system.

Whole-cell ligand-blocking enzyme-linked immunosorbent assay
(ELISA). MaxiSorp microtiter dishes (Nunc) were coated with 0.01%
poly-L-lysine (Sigma) in phosphate-buffered saline (PBS) overnight at
4°C. Gonococci were iron stressed by overnight growth on GC medium
agar plates containing 5 uM Desferal. Gonococcal cells were harvested
from the agar plates and standardized to an optical density at 600 nm
(ODgy) 0f 1.0 in PBS. One hundred microliters of the cell suspension was
applied in triplicate for each strain and allowed to incubate on the plate for
1 h. The microtiter plate was washed five times with PBS, and then 200 .l
of 3% bovine serum albumin (BSA) in PBS was added for 1 h of incuba-
tion. After the blocker was removed, antipeptide or anti-holo-TbpA se-
rum was diluted 1:50 in 3% BSA and applied to the cells for 1 h of incu-
bation, after which the cells were then washed five times with PBS. Then,
1 pg/ml HRP-Tf in 3% BSA was applied for 1 h incubation, which was
followed by five washes with PBS. Subsequently, 100 pl of 1-Step Slow-
TMB (Thermo) was added to colorimetrically detect the amount of
HRP-Tf bound to the cells in each well. After 10 min, 100 pl of 2 M
sulfuric acid was added to each well to stop the reaction. The OD ,, of the
microtiter plate was then read. Antibody blocking specificity was deter-
mined by performing these assays with bacterial strains without Tf recep-
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tor proteins (gonococcal strain FA6815 and E. coli expressing the empty
vector) and subtracting these values from those of the experimental
strains prior to normalization to the positive control.

Site-directed mutagenesis and cloning. Site-directed point muta-
tions and deletions were constructed with the QuikChange system (Agi-
lent). Briefly, the tbpA gene from strain FA19 was amplified and inserted
into pHSS6-GCU (31) at the EcoRI restriction site. Subsequently, a silent
BamHI restriction site was added adjacent to the DNA encoding the loop
3 helix. Mutagenic primers (sequences are available on request) were used
to create point mutations, resulting in new plasmids with point mutations
in thpA. The resulting plasmids (pVCU150 to pVCU160) were then di-
gested with Apal and RsrlI to obtain an approximately 870-bp region of
tbpA containing the mutations. The pUNCH?755 plasmid (Fig. 2), which
contains a truncated tbpB gene, the full thpA gene, and the tbpA down-
stream region containing a chloramphenicol resistance gene, was equ-
ivalently digested. The wild-type (WT) Apal-RsrIl tbpA region of
pUNCH755 was replaced with the mutated Apal-Rsrll regions from plas-
mids pVCU150 to pVCU160, resulting in plasmids pVCU161 to
pVCUL171. E. coli Top10 cells were then transformed with the newly con-
structed plasmids, with selection for chloramphenicol resistance as al-
ready described.

Gonococcal transformation. Piliated gonococci were grown on GC
medium agar plates. Cells were then transferred to GC medium plus Kel-
logg’s supplement 1 and 10 mM MgCl,. Bacteria were incubated with
linearized plasmid DNA in liquid suspension and then plated on GC me-
dium agar plates containing 1 pg/ml chloramphenicol. Since the new
plasmids with mutated tbpA also contained a truncated tbpB gene, a single
gonococcal transformation yielded colonies that had mutated TbpA with
or without functional TbpB, depending on the distance between cross-
overs (see Fig. 2). Transformants were analyzed for the presence or ab-
sence of the complete tbpB gene by PCR. PCR amplification of tbpA was
followed by restriction with BamHI to confirm that the mutagenized re-
gion was incorporated into the chromosome. The thpA PCR products
were also sequenced to confirm that the desired mutations were success-
fully incorporated into the gonococcal chromosome.

Tfbinding ELISAs. Assays were performed in a manner similar to that
described above for the whole-cell ELISA, except that the step in which
antipeptide and anti-holo-TbpA antisera were added was omitted.
HRP-Tf was used at concentrations ranging from 2 to 50 nM. A standard
curve of HRP-Tf diluted in PBS was prepared by using concentrations
ranging from 10 ng/ml to 1 pg/ml. Cell-containing wells were compared
to the standard curve to determine the amount of Tf bound. Data were
then normalized to the positive control. Graphs represent the data gener-
ated from at least three independent experiments done in triplicate.
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Radiolabeled iron uptake assay. Tf-iron uptake assays were per-
formed as described previously (32-35). Briefly, apo-human Tf (Sigma)
was saturated to 20% with >°Fe (Perkin-Elmer). Gonococci were iron
stressed in liquid CDM for 3 h, and then 100 wl of the culture was applied
in triplicate to two Millipore multiscreen microtiter dishes. Each micro-
titer well contained 1.5% BSA as a nonspecific protein blocker. One dish
received 215 wM KCN to determine the counts bound but not internal-
ized. Both plates were incubated for 10 min at 37°C and 5% CO,. Subse-
quently, 3 .M 20% *°Fe-saturated human Tf was added to each well and
plates were again incubated for 30 min to allow iron internalization. Fol-
lowing incubation, each plate was filtered, washed, and dried and individ-
ual filters from each well were removed. Radioactive iron was detected
with a Beckman LS6500 beta counter. All counts were averaged, and the
surface-associated counts (KCN condition) were subtracted from the to-
tal counts to determine the amount of iron internalized in 30 min. Inter-
nalized iron was standardized to the number of micrograms of total cel-
lular protein in 100 pl of culture, as determined by the BCA assay (Pierce).
Final data are presented as values normalized to the positive control. Each
graph represents the data generated from at least three independent ex-
periments performed in triplicate.

Protease accessibility assay. Protease accessibility experiments were
performed as described previously (36). Briefly, whole iron-stressed
gonococci were exposed to trypsin for 0, 10, 20, or 30 min; pelleted; lysed;
and subjected to Western blotting. Whole-cell pellets were resuspended in
Laemmli solubilizing buffer and then supplemented with 5% (-mercap-
toethanol. Samples were boiled for 3 min and then subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Follow-
ing separation, proteins were transferred to nitrocellulose. For detection
of TbpA, proteins were blocked with 5% BSA in high-salt TBS (20 mM
Tris, 500 mM NaCl [pH 7.5], 0.02% NaNj, 0.05% Tween 20). Blocked
membranes were probed with polyclonal rabbit serum against full-length
TbpA (29). Goat anti-rabbit IgG conjugated to alkaline phosphatase (AP)
(Bio-Rad) was used as the secondary antibody. AP conjugates were de-
tected with the nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-
phosphate development system (Sigma).

TbpA Western blotting. Whole iron-stressed gonococci were stan-
dardized to culture density, pelleted, and lysed. Cell lysates were resus-
pended in Laemmli solubilizing buffer, boiled for 3 min, subjected to a
bicinchoninic acid protein assay (Thermo), supplemented with 5%
B-mercaptoethanol, and then loaded equivalently by protein concentra-
tion onto a Criterion TGX polyacrylamide gel (Bio-Rad). Following sep-
aration by SDS-PAGE, proteins were transferred to nitrocellulose. Even
protein loading was confirmed with staining with Ponceau S (Fisher).
Immunodetection of TbpA was carried out as described above.

Statistics. Comparison of the results obtained with the positive con-
trol and mutant strains was performed after analysis of variance with the
Student 7 test. Pairwise comparisons with a P value of <0.05 were consid-
ered statistically significant. The ELISA and radiolabeled iron uptake assay
results shown are the means of multiple individual concentration points
from studies performed at least in triplicate (* the standard error of the
mean).

RESULTS

Antibodies raised against linear TbpA loop peptides minimally
inhibit ligand binding to gonococcal whole-cell surface. A re-
cent study (21) reported the crystal structure of TbpA from N.
meningitidis and identified surface-exposed loops that facilitated
substantial interaction with human Tf (Fig. 1). Linear peptide
domains from several interactive loops were used as antigens in
mice, and the subsequently produced sera were applied to E. coli
strains expressing recombinant meningococcal TbpA. In recom-
binant E. coli, these antibodies were individually capable of block-
ing human Tf binding by approximately 50%; however, the pre-
vious study did not address whether the antibodies were capable of
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direct interaction with TbpA in whole Neisseria cells (21). To in-
vestigate this in N. gonorrhoeae, we first used the structure of TbpA
from N. meningitidis strain K454 to create a homology model of
TbpA (Fig. 1). Because the selected loops have highly conserved
sequences (Fig. 1A), we tested whether the antibodies generated
against the meningococcal antigens could block ligand binding in
the gonococcus. We implemented a solid-phase binding assay
with whole iron-stressed gonococci to address this question. We
first demonstrated the specificity of this assay by showing that
unlabeled hTf, but not bTf, was capable of blocking the deposition
of HRP-Tf (Fig. 3A). We then determined that the loop antibodies
alone and in combination were unable to substantially block li-
gand binding (Fig. 3B). An antibody developed against full-length
TbpA was capable of modest blocking. These conclusions were
further supported by antibody-mediated ligand-blocking ELISAs
(Fig. 3C). When quantified, none of the antibodies was capable of
accomplishing greater than 20% inhibition of ligand binding on
the gonococcal surface. Interestingly, the antibodies had a greater
inhibitory effect on the E. coli strain overexpressing TbpA. This
phenomenon was more pronounced when evaluating the effects
of the holo-TbpA antibody, which inhibited only 13% of the li-
gand binding in the gonococcus but resulted in an 85% reduction
in ligand binding in E. coli. With the evidence that these loop
antibodies were insufficient to significantly abrogate ligand bind-
ing, TbpA loop antibodies were regenerated by a different ap-
proach in an effort to optimize their inhibitory characteristics.
Antibodies raised against cyclized TbpA loop peptides dem-
onstrate modest Tf blocking on whole cells. In reviewing the way
the original TbpA loop antibodies were designed, several areas for
improvement were discovered. The first was that the linear
epitopes may not have taken on the appropriate three-dimen-
sional (3D) conformation required to target surface-exposed,
folded TbpA. The second was that the antibodies were developed
against peptides with an N. meningitidis sequence that is not iden-
tical to the gonococcal sequence (Fig. 1), particularly in loop 7.
Lastly, the peptide fragments were short, often less than half
the length of the entire surface-exposed loop. In the redesign
of the loop antibodies, all three of these concerns were addressed.
The peptides were designed to contain gonococcal sequence, were
substantially extended in length, and were cyclized by adding cys-
teine residues to both ends (Table 2). Mice were immunized sub-
cutaneously with TiterMax as the adjuvant, and boosters were
given at days 21 and 42. On the first attempt, titers for loop 7- and
loop 11-derived antibodies were robust but loop 3 was found to be
poorly immunogenic. After analysis of the peptide sequence for
major histocompatibility complex class II epitopes, the loop 3
peptide had a weaker score than the other loop peptides. A second
attempt at loop 3 peptide immunization was performed by adding
ovalbumin to the peptide and TiterMax adjuvant, which resulted
in improved titers. With the new sera (second generation), the
solid-phase ligand-blocking assay described above was repeated.
Despite the additional considerations applied to their design, the
second-generation antibodies showed no detectable ligand-block-
ing ability (Fig. 4A). Again, these results were supported by anti-
body-mediated ligand-blocking ELISAs (Fig. 4B). The second-
generation antibodies had effects comparable to those of the
original antibodies (Fig. 3C) on the gonococcal surface, with 11 to
17% reductions in ligand binding. However, the redesigned anti-
bodies had less of an inhibitory effect on the recombinant TbpA-
overexpressing E. coli strain. Although no greater inhibitory effect
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FIG 3 Solid-phase antibody-mediated ligand-blocking assays. Whole iron-stressed gonococci or E. coli cells expressing recombinant TbpA were applied to a
nitrocellulose membrane and allowed to dry. (A) Blots were blocked with either 20 pug/ml hTf or bovine Tf (negative control), and then HRP-Tfwas applied. After
washing, HRP was detected with Opti-4CN (Bio-Rad). The positive control (lane —) contains no blocking agent and therefore represents maximal hTf binding.
(B) Blots were blocked with antibodies (Abs), and then HRP-Tf was applied. Peroxidase activity was detected with Opti-4CN. Also tested was an antibody raised
against full-length TbpA (anti-TbpA). The negative controls are strains from which TbpA is absent (A—/B—). (C) A similar assay was performed with whole cells
in a microtiter dish for an ELISA. 3,3',5,5"-Tetramethylbenzidine (Thermo) was used as the peroxidase substrate, and the OD,,, was measured. The positive
control is the condition without antibody (No Ab), and the negative control is incubation with unlabeled Tf. The data are the specific binding calculated by
subtracting values obtained from strains without Tf receptors from those from the experimental strains. Significant differences are noted (*, P < 0.01; #, P <
0.05). Statistics were calculated with the Student ¢ test.

was obtained with the redesigned antibodies, these data suggest
that there are differences in the presentation of TbpA between E.
coli and the gonococcus, which should be taken into consideration
in future studies. Having addressed the interaction of loop-spe-
cific antibodies with the native bacterium, we shifted the focus to
probing the structure-function properties of the loop 3 helix of
TbpA, which was hypothesized to be a key functional domain.
Loop 3 helix mutant TbpA proteins are impaired for Tf bind-
ing and iron uptake in the absence of TbpB. Within the iron
chelation center in Tf, a triad of pH-sensing residues has been
shown previously to control iron binding affinity (19, 37). The

TABLE 2 Sequences of peptide used for second-generation
immunizations

Loop Sequence

3 CTKAVFDANQKQAGSLRGNGKYAGNHKC

7 CRLPSFAEMYGWRSGDKIKAVKIDPC

11 CRYVTWENVRQTAAGAVNQHKNVGVYNRYAAPGRC
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crystal structure of TbpA suggests that a polar residue on the loop
3 helix might be able to destabilize the triad’s charge balance in Tf,
leading to iron release. To test this hypothesis, substitution muta-
tions for all of the polar residues on the loop 3 helix were created
(Fig. 5; Table 3). For all of the newly created mutants, TbpA ex-
pression was determined to be equal to that of the WT by Western
blotting (see Fig. S1 in the supplemental material). As the first
metric of protein function, we assessed the ability of mutagenized
TbpA to bind to its ligand, hTf. In order to detect a binding defect
specific for TbpA, whole-cell ELISAs with TbpB-deficient strains
were implemented. In these assays, there were two negative con-
trols. The “Comp” condition (Fig. 6), or competitive inhibition,
contained excess unlabeled hTf applied with HRP-labeled Tf. The
6905 L3HA condition contains a tbpB deletion strain that simul-
taneously has a hemagglutinin (HA) epitope insertion in TbpA
loop 3. This strain has been previously shown to be incapable of
binding hTf (23). In this study, we determined that the singly
substituted TbpA proteins were able to bind Tf at 40 to 80% of the
WT level, while the loop 3 helix deletion (L3HA) mutant bound Tf
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FIG 4 Antibody-mediated ligand-blocking assays for second-generation loop-specific antibodies. Whole, iron-stressed gonococci or E. coli cells expressing
recombinant TbpA were applied to a nitrocellulose membrane and allowed to dry. (A) To determine loop antibody-blocking capability, blots were blocked with
antibodies and then HRP-Tf was applied. For both blots, HRP was detected with Opti-4CN. Lane — contained no antibody and therefore represents the maximal
amount of hTfbound. (B) A similar assay was performed with whole cells in a microtiter dish for an ELISA. 3,3",5,5'-Tetramethylbenzidine (Thermo) was used
as the peroxidase substrate, and the OD,,, was measured. The positive control is the condition without antibody (No Ab), and the negative control is incubation
with unlabeled hTf (Tf). The data represent specific binding obtained by subtracting the values obtained with strains without Tf receptors from those obtained

with the experimental strains. Significant differences are noted (*, P < 0.01; #, P < 0.05). Statistics were calculated with the Student  test.

at approximately 9% of the WT level (Fig. 6). Next, the ability of
each mutated TbpA protein to mediate iron internalization was
quantified with a radiolabeled iron uptake assay. This assay
employed the same 6905 L3HA strain as a negative control. In
these experiments, we determined that the singly substituted
TbpA proteins were able to internalize iron at 14 to 47% of the
WT level, while the loop 3 helix deletion mutant internalized
iron at <1% of the WT level (Fig. 7). These data demonstrate
that all of the single residue mutations substantially impacted
TbpA function.

FIG 5 Loop 3 helix polar residues. Loop 3 helix with all polar residues dis-
played as stick models. All residues displayed were mutagenized for this study
as listed in Table 2.
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TbpB expression enables iron internalization in the loop 3
helix mutant TbpA proteins. We next assessed whether TbpB was
able to restore the iron uptake function in strains with a defective
TbpA transport protein, as this phenomenon was observed in our
previous study (23). This hypothesis was tested with a subset of the
isogenic TbpA mutants, coexpressing functional TbpB, in the ra-
diolabeled iron uptake assay described above. In the presence of
TbpB, all of the point mutants demonstrated greatly increased
iron uptake, to 70 to 98% of the WT level (Fig. 8). The helix
deletion strain, however, continued to demonstrate a severe de-
fect, with iron uptake below 5% of the WT level. The range of

TABLE 3 Mutagenesis of helix residues”

Position Wild type Mutation(s)

351 Lysine Ala

355 Aspartic acid Ala, Lys

357 Asparagine Ala

358 Glutamine Ala

359 Lysine Ala, Glu Acid, Arg
360 Glutamine Ala, Glu Acid, Lys

“ Shown are the polar TbpA loop 3 helix residues by amino acid position. Each point
mutation created is adjacent to the wild-type residue. All residues were mutagenized to
alanine, and some were additionally changed to like or opposite charges.
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FIG 6 TbpA-Tf binding ELISAs of TbpB~ strains. Whole, iron-stressed,
TbpB-deficient gonococcal cells were applied to microtiter dishes for ELISAs
with HRP-labeled Tfas the ligand. FA6905 (WT) served as the positive control,
and FA6905 L3HA (L3HA) and the excess competitor hTf condition (Comp)
served as negative controls. All data were normalized to FA6905. The data
represent the mean values * standard errors of at least three independent
binding experiments. For all of the mutants compared to the positive control,
the P values are <0.001, with the exception of the Q360K mutant, where the P
value is <0.01. Statistics were calculated with the Student f test.

defects seen in the Tf-binding ELISA and the iron uptake assays
were quite varied for single residue substitutions, but no informa-
tion about the ability to survive on Tf as the sole iron source can be
derived from these experiments. We therefore set out to deter-
mine if any of the mutant TbpA proteins, in the presence or ab-
sence of TbpB, were capable of growing on iron-depleted medium
supplemented with partially ferrated Tf.

Strains with TbpA loop 3 helix mutations are capable of
growth on Tf as the sole iron source. In order to assess the abili-
ties of the mutant TbpA proteins to grow on Tf as the sole iron
source, we grew all 12 tbpA mutants, with and without functional
TbpB, on GC medium agar plates. The next day, single colonies
were patched onto CDM agar plates containing 10% ferrated Tf
and grown for 48 h at 37°C with 5% CO,. Since Tfin circulation in
the human body is 30% ferrated, this condition represents a
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FIG 7 Iron internalization by TbpB-deficient strains. Whole, iron-stressed,
TbpB-deficient gonococcal cells were applied to microtiter dishes for radiola-
beled iron uptake assays. Iron uptake was calculated as counts per microgram
of protein. Specific uptake was calculated by subtracting the counts obtained
with KCN from those generated from metabolically active cells. Specifically
internalized iron counts were then normalized to that of FA6905 (WT TbpA).
FA6905 served as the positive control, and FA6905 L3HA (L3HA) and the
excess competitor hTf condition (Comp) served as negative controls. The data
represent the means * standard errors of at least three independent binding
experiments. For all of the mutants compared to the positive control, the P
values were <0.001. Statistics were calculated with the Student ¢ test.
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FIG 8 Iron internalization by TbpB-expressing strains. Whole, iron-stressed
gonococcal cells were applied to microtiter dishes for radiolabeled iron uptake
assays. Iron uptake was calculated as counts per microgram of protein. The
amount of iron internalized was determined by subtracting the counts ob-
tained with KCN from those generated with metabolically active cells. Inter-
nalized counts were then normalized to that of FA19 (WT TbpA). FA19 (WT)
served as the positive control, and FA6905 L3HA (L3HA, B—) and FA19 L3HA
(L3HA, B+) served as negative controls. The data represent the mean values =
standard errors of at least three independent binding experiments. Significant
differences are noted (*, P < 0.001; #, P < 0.01). Statistics were calculated with
the Student ¢ test.

saturation level below that which is physiologically achieved.
At 48 h, all of the strains except the negative control and the
helix deletion strains were capable of growth on Tf as the sole
iron source (Fig. 9).

TbpA in the loop 3 helix mutants is surface exposed. To con-
firm the surface exposure of the mutated TbpA proteins, we used
a proteolytic cleavage assay on whole iron-stressed gonococci.
Cells were subjected to a time course of trypsin digestion and then
processed for preparation of whole-cell lysates. Whole-cell pro-
teins were separated by SDS-PAGE and then transferred to nitro-
cellulose for Western blotting. The presence of TbpB did not affect
the digestion pattern (Fig. 10), and all of the single residue mu-
tants had the same digestion pattern as the WT (data for some
mutants not shown). The loop 3 helix deletion strain had a similar
digestion pattern, but the relative intensities of the bands were
slightly affected. The digestion patterns of the single residue mu-
tants, combined with their retention of iron uptake functions,
confirm that the proteins are surface exposed and in the proper
conformation. The digestion pattern of the loop 3 deletion strain
is similar to that displayed by the loop 3 HA epitope insertion
strain described previously (23). Although the TbpA conforma-
tion may be slightly altered in the latter two mutants, proteolysis
demonstrates that the TbpA proteins are indeed surface exposed.

DISCUSSION

TbpA is considered a viable vaccine candidate for the prevention
of gonococcal infection, because of its lack of antigenic and phase
variation (38), but there have been complications in the develop-
ment of a successful vaccine. One issue is that, when used as an
immunogen, TbpA alone results in a relatively weak immune re-
sponse (39, 40). In addition, although TbpA is required for initi-
ation of human infection (20), it is not required for survival in the
estradiol-treated female mouse model used for vaccine develop-
ment (41, 42), complicating efforts to target TbpA alone (for a
review, see reference 15). Some challenges to vaccine development
were to be expected when the primary resource was a 2D topology
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FIG 9 Growth of tbpA mutants on hTf as the sole iron source. (A) CDM agar plates containing 10% saturated hTf with six strains grown per plate. Each plate
has FA6905 as a positive control and FA6747 as a negative control in addition to several mutants with point mutations. (B) Plate layout diagram describing the

phenotypes of the strains streaked on the sectors of the plates above.

map of TbpA that took over a decade of work to refine (43). How-
ever, there were hopes that once a 3D structure was developed, it
would greatly accelerate the ability to target key regions of TbpA
for vaccine development. With the resolution of the crystal struc-
ture of TbpA from N. meningitidis in 2012, which largely con-
firmed the 2D topology model in the gonococcus, it was antici-
pated that these data would be invaluable for gonococcal studies
because of the high sequence homology between the related
pathogens. After solving the structure, Noinaj et al. developed
antibodies against four small predicted functional domains of the
protein (21). In recombinant E. coli, these antibodies showed
some promise, although the sera had to be used at high concen-
trations (1:20) to demonstrate any inhibitory effect. These crystal
structure-derived epitopes showed potential, but they were not
tested in the native bacterium.

We set out to bridge the gap in our understanding of antibody

interactions by using N. gonorrhoeae versus recombinant E. coli.
Using the antibodies from the previously mentioned study, we
determined that, when applied to the gonococcus, these antibod-
ies did not interact with TbpA in the same manner that they did for
recombinant E. coli. In fact, the antipeptide antibodies were twice
as effective against E. coli in some cases and even then demon-
strated only a modest ability to block TbpA-ligand interactions. It
is possible that these antibodies did not block the ligand well be-
cause the immunogens were too small to elicit robust titers. We
have determined previously that antibodies raised against larger
loop antigens for loops 2, 4, and 5 can bind to the gonococcal
surface (44). However, even these longer loop-specific antibodies
were unable to block Tf binding (44). Another possible explana-
tion for why the original loop antibodies did not block TbpA-
ligand interactions is that the linear presentation of the peptide
immunogens may not have represented the structural complexity

WT K359A L3 Helix A kDa
| —— . -~ Pl T SR e« | -100
g 4 75
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FIG 10 TbpA mutations do not prevent surface exposure. Whole, iron-stressed gonococcal cells were exposed to trypsin for 0, 10, 20, and 30 min, after which
the reaction was stopped by the addition of aprotinin. Lanes X were not treated with trypsin. Bacteria were pelleted, subjected to SDS-PAGE, and then transferred
to nitrocellulose. Western blots were probed with polyclonal TbpA antibody. Full-length TbpA is 100 kDa. Trypsin cleavage resulted in TbpA fragments of
approximately 95 and 55 kDa.
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of the loops in their native context, resulting in decreased binding
to folded TbpA. These unanticipated findings demonstrate the
complexity of the development of immunogens specifically from
the crystal structure alone. However, by using length, composi-
tion, and conformation modifications, we were able to make sec-
ond-generation TbpA loop-specific antibodies that we predicted
could overcome some of the limitations of the original loop anti-
bodies. Although similar levels of ligand blocking were demon-
strated with these new antibodies on the gonococcal surface, there
was an observed decrease in efficacy against E. coli. This finding
presents new questions about effective antibody development.
Further work needs to be done to investigate the roles of various
loops, explore how peptide presentation translates to antibody
efficacy, and determine why some antibodies, like the holo-TbpA
antibodies, are effective against E. coli but not the gonococcus.
Despite these lingering questions, this work’s innovative approach
to the development of peptide-specific antibodies will provide
helpful insights for future work targeting the Tbp proteins for
vaccine development.

After antibody function on the gonococcal surface was ad-
dressed, attention was shifted to further exploration of the struc-
ture-function relationships predicted for TbpA. On the basis of
our previous studies, we concluded that HA tag insertion into
loop 3 completely inactivated TbpA function (23). The TbpA
crystal structure also shows that the loop 3 helix seems to fit inside
the C-lobe cleft of Tf, in close proximity to the iron chelation
center. Within this chelation center, there is a triad of pH-sensing
residues (K534, R632, and D634) that are predicted to control iron
binding and release. TbpA residue K359 is adjacent to this triad
and was hypothesized to disrupt the charge balance enough to
release the iron from the coordinating residues. To test this hy-
pothesis, mutations were made to change each of the polar resi-
dues on the helix. A complete helix deletion was also generated.
Gonococcal strains that had these TbpA mutations with and with-
out the coreceptor, TbpB, were created so that effects on TbpA
could specifically be evaluated. Finally, the phenotypes of the mu-
tants were determined in the two steps of the TbpA-Tf interaction:
ligand binding and iron extraction/internalization.

We assessed mutant TbpA-Tf binding by using ELISAs and
determined that, in the absence of the coreceptor, there was a
moderate reduction in ligand binding. The helix deletion strain,
however, suffered a severe reduction in binding, suggesting that
the entire helix domain is important for ligand interaction. Al-
though single residue mutations had only modest effects, there are
81 predicted TbpA residues that interact with Tf, so it was unlikely
that any single residue mutation would completely abrogate
TbpA-Tf binding. Although interference with ligand binding was
a promising outcome, assessment of iron uptake was the primary
objective and was more likely to be affected by the mutations
selected.

We proceeded to analyze the abilities of the mutant TbpA pro-
teins to utilize Tf-bound iron with a radiolabeled iron uptake as-
say. As predicted, the iron uptake function was impacted more
than ligand binding, supporting our hypothesis that loop 3 helix
polar interactions are involved in iron release from its chelation
center in Tf. Mutation of the polar residues all along the helix had
substantial negative effects, but certain residues stood out as more
important than others. As mentioned previously, it was predicted
that the lysine residue at TbpA position 359 was the key residue in
contributing to iron release. Indeed, when this residue was mu-
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tated to residues with the opposite or no charge, some of the most
substantial decreases in iron uptake occurred. Surprisingly, the
greatest decrease in protein function came from an additional
negative charge at residue 360. Together, these data suggest that a
positive charge in the Tf C-lobe cleft is required to cause iron
release and utilization. Additionally, changing the identities of all
of the residues tested along the length of the helix caused a >50%
reduction in protein function. This implies that all of these resi-
dues are required to position the helix properly in the cleft for
optimal functioning. This concept is further supported by the
loop 3 helix deletion strain, which was incapable of iron internal-
ization.

Although it is easiest to see defects when evaluating TbpA
alone, this is not a realistic view of how the Tf iron acquisition
system functions in the gonococcus. Indeed, no TbpB-deficient
gonococcal strains have ever been identified. Therefore, we re-
peated the radiolabeled iron uptake assays in the presence of the
coreceptor TbpB with some of the best and worst performers from
the TbpA-only iron uptake study. In each case, a dramatic recov-
ery of iron uptake function was observed, although the uptake
function of some of the mutants was still significantly lower than
that of the WT. This might have been anticipated for several rea-
sons. First, previous studies have demonstrated that the Tf recep-
tor complex is relatively insensitive to point mutations (19, 21).
Second, it has been hypothesized that TbpB causes a closure of the
chamber formed between Tf and TbpA, so that free iron cannot
diffuse away. Third, it is predicted that TbpB is largely responsible
for the release of deferrated Tf. Together, this suggests that even if
the Tf-iron transporter is greatly handicapped, TbpA can still ac-
complish its goal of sufficient nutrient acquisition if the corecep-
tor is present. The exception to this, again, is the helix deletion
strain. This TbpA mutant has almost no capacity to internalize
iron, even in the presence of TbpB. Because this mutant binds Tfat
less than 10% of the WT level, it is difficult to assess whether TbpB
truly cannot compensate for the defect or if the three-part com-
plex never forms. In sum, these findings highlight the importance
of the loop 3 helix motif in iron acquisition and demonstrate the
likely importance of the simultaneous targeting of both Tf recep-
tors to achieve maximal inhibition.

We were able to partially inactivate the Tf receptor complex by
using mutations; therefore, we next tested whether these muta-
tions similarly inhibited gonococcal growth on hTfas the sole iron
source. When the mutant strains were grown on CDM-Tf agar
plates, we found that all of the single residue mutants with and
without TbpB could grow. The only strains unable to grow were
the helix deletion strains. These findings suggest that even with
TbpA function as low as 15% of the WT level, the gonococcus is
able to survive on poorly saturated Tf as the sole iron source. The
helix deletion strains demonstrate that there is a level at which
growth cannot be sustained, and the level exists somewhere be-
tween 3 and 15% TbpA function. These data are novel in that they
are the first to report the degree to which TbpA needs to be im-
paired in order to prevent growth on hTf. These data also provide
new insights into the function of the loop 3 helix and further
indicate that while residue K359 is important for TbpA function,
other helix residues apparently play equally important roles.

We confirmed that the mutants constructed in this study were
still surface exposed and folded properly. With a proteolytic ac-
cessibility assay, it was demonstrated that all of the single residue
mutations, both in the presence and in the absence of TbpB, dis-
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played the same cleavage pattern as the parental strain. The helix
deletion strain was protease accessible, demonstrating that it was
surface exposed, but the relative intensities of the cleavage prod-
ucts were slightly altered. This suggests that the presentation
might be slightly different from that of the WT protein. Indeed,
previous insertions into loop 3 demonstrated the same protease
sensitivity pattern, showing that moderate perturbation of the
loop potentially alters its conformation slightly.

This study demonstrates that, in the case of TbpA, struc-
ture-driven epitope selection for vaccine development does not
necessarily translate into successful binding to the surface of
the native bacterium. We found that loop 3 was poorly immu-
nogenic, supporting the hypothesis that the gonococcus has
evolved to keep functional domains from being targeted by the
immune system (45). We also clearly demonstrated that the
loop 3 helix plays a critical role in protein function, both in
binding and in iron extraction/internalization. Of note, the
function of the loop 3 helix was not solely dependent on K359
as predicted. Instead, all of the residues targeted for mutagen-
esis play important roles in TbpA function. We determined
that the coreceptor TbpB can largely compensate for mutations
in TbpA and that the provision of functional TbpB is sufficient
to allow growth even with greatly reduced TbpA functionality.

Our studies demonstrate that more complex approaches are
needed to develop efficacious, protective vaccines. The next steps
may require inactivation of ligand binding functions in order to
increase immunogenicity, thus making our ongoing structure-
function analyses even more critical. Beernink et al. demonstrated
that ligand binding-deficient factor H binding protein (fHbp)
from N. meningitidis was as immunogenic as the WT protein but
produced higher serum bactericidal activity (SBA) titers when in-
troduced into transgenic mice expressing human fH (46). Rossi et
al. went on to investigate subfamily A fHbp, which has two distinct
point mutations that decrease fH binding. Immunization with
this protein led to significantly higher IgG titers and SBA re-
sponses in human fH transgenic mice (47). The phenomenon of
ligand binding resulting in decreased immunogenicity was also
seen to a lesser degree in rhesus macaques (48). Recently, similar
results were described for TbpB in Haemophilus parasuis (24).

The studies described in this report represent the first gono-
coccal structure-function characterization of the Tf receptor sys-
tem since it was crystallized from N. meningitidis in 2012. The
resolution of these crystal structures provides critical information
to the field, serves as a foundation for studies like those described
here, and represents the start of a new era in the pursuit of vaccine
development and therapeutic intervention efforts targeting these
proteins. Future work will examine loop 3 helix mutant TbpA
proteins for immunogenicity in the presence and absence of hu-
man Tf. Other important studies include structure-based screen-
ing studies to identify potential small-molecule inhibitors of the
TbpA-Tfinteraction. Inhibitory compounds could represent very
specific therapeutic treatments for gonococcal disease or may be
employed as adjuncts to traditional antimicrobial therapies.
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