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Abstract  24 

TonB-dependent transporters (TDTs) are essential proteins for metal acquisition, an important 25 

step in growth and pathogenesis for many pathogens, including Neisseria gonorrhoeae, the 26 

causative agent for gonorrhea. There is currently no available vaccine for gonorrhea; TDTs are 27 

being investigated as vaccine candidates because they are highly conserved and expressed in 28 

vivo. TbpA is an essential virulence factor in the initiation of experimental infection in human 29 

males and functions by acquiring iron upon binding to host transferrin (hTf). The loop 3 helix 30 

(L3H) is a helix finger that inserts into the hTf C-lobe and is required for hTf binding and 31 

subsequent iron acquisition. This study identified and characterized the first TbpA single point 32 

substitutions resulting in significantly decreased hTf binding and iron acquisition, suggesting 33 

that the helix structure is more important than charge for hTf binding and utilization. The tbpA 34 

D355P tbpB- and tbpA A356P tbpB- mutants demonstrated significantly reduced hTf binding 35 

and impaired iron uptake from Fe-loaded hTf; however, only tbpA A356P tbpB- was able to 36 

grow when hTf was the sole source of iron. Expression of tbpB was able to restore function in 37 

all tbpA mutants. These results implicate both D355 and A356 in the key binding, extraction and 38 

uptake functions of gonococcal TbpA.  39 

  40 
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Introduction  41 

Neisseria gonorrhoeae is the human-specific pathogen that causes the sexually-42 

transmitted infection, gonorrhea. The World Health Organization (WHO) reported 87 million 43 

new cases globally in 2016 (1), and the Centers for Disease Control and Prevention (CDC) 44 

estimates that approximately 1.6 million new cases occurred in 2018 in the United States alone 45 

(2). Uncomplicated gonorrhea presents as urethritis in men and cervicitis in women (3-6). An 46 

estimated 80% of gonococcal infections in women are asymptomatic (3, 7). Asymptomatic 47 

cases left untreated allow for gonococcal infection to ascend upwards in the reproductive tract 48 

and cause more severe secondary sequalae, such as pelvic inflammatory disease, ectopic 49 

pregnancy, and infertility (3). Previous gonococcal infection does not provide protective 50 

immunity (5, 8, 9), and there has been a rise in the incidence of antimicrobial resistance among 51 

gonococcal isolates (1, 10-16). Reports to the WHO in 2018 indicated that 7 out of 65 countries 52 

reported isolating gonococcal strains with decreased susceptibility or resistance to extended-53 

spectrum cephalosporins (10). Drastic increases in antimicrobial resistance, including resistance 54 

to azithromycin, caused the CDC to modify recommendations for treatment as of late 2020; 55 

uncomplicated gonococcal infection should currently be treated with monotherapy of 56 

ceftriaxone without additional oral azithromycin (17). Availability of effective therapeutics have 57 

dwindled to the point that researchers are analyzing older antibiotics as potential alternative 58 

treatments against gonorrhea infection (15). The widespread prevalence of gonococcal 59 

infection, increasing incidence of antibiotic resistance, and lack of protective immunity add 60 

urgency to the development of an effective gonococcal vaccine. 61 
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Many of the neisserial outer membrane proteins, such as the Opas and pilin, are subject 62 

to high-frequency antigenic variation (18-21), allowing the gonococcus to effectively 63 

camouflage itself from an adaptive immune response. This genetic adaptability has presented 64 

quite a challenge in vaccine development. TonB-dependent metal transporters (TDTs) have 65 

been the focus of several vaccine studies (20, 22-28). TDTs are well-suited vaccine candidates 66 

because they are highly conserved, present in all pathogenic Neisseria (29), expressed in vivo 67 

(30), and many are not subject to high-frequency antigenic variation (20, 31). The importance of 68 

TbpAB in gonococcal infection has been demonstrated in a human male infection study, where 69 

a tbpAB double knockout mutant was unable to elicit signs or symptoms of urethritis in human 70 

male volunteers (4). The mechanism for iron piracy through hTf interaction with TbpA is crucial 71 

to understand as TbpA is being evaluated as a potential vaccine and therapeutic target. 72 

Neisseria species can acquire iron through the TDT transferrin-binding protein A (TbpA) 73 

(25, 32). With the help of the lipoprotein TbpB, human transferrin (hTf) binds to TbpA, and iron 74 

is internalized in a TonB-dependent mechanism powered by proton-motive force (29, 32-35). 75 

TbpA is required for iron acquisition from hTf (36, 37), and TbpB increases the efficiency of hTf-76 

binding (38, 39). TbpA binds both apo- and saturated hTf with similar affinity, but TbpB 77 

preferentially binds to Fe-saturated hTf (40, 41).  78 

The exact interaction between TbpA and hTf is still being elucidated. The co-crystal 79 

structure of TbpA and bound hTf demonstrates a helix finger in loop 3 (L3H) that projects into 80 

the cleft of the hTf C-lobe (29). TbpA exclusively interacts with the C-lobe for hTf acquisition, 81 

hinting at the importance of the L3H interaction in iron extraction (29). Three pH-sensing 82 

residues (K534, R632, and D634) reside in the C-lobe cleft to store iron (25, 29). Upon hTf 83 
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binding, TbpA L3H, which contains a positive charge at the penultimate residue (K359), is 84 

hypothesized to interact with the hTf C-lobe D634 to cause a conformational change in the C-85 

lobe, resulting in the release and subsequent internalization of iron (25, 42). Mutation of D634A 86 

increased iron release by 83 fold, indicating that D634 neutralizes the positive charges of K359 87 

and R632 (43).Upon hTf binding, the L3H K359 residue is inserted near the C-lobe D634, which 88 

causes a charge repulsion to release iron (44). An HA epitope insertion into the extracellular 89 

loop 3 (L3) and deletion of the L3H were both disruptive enough to abrogate hTf binding and 90 

iron acquisition, demonstrating that the L3H is essential for hTf binding and iron acquisition 91 

from hTf (25, 45). Alanine or opposite charge amino acid substitutions in the L3H failed to 92 

significantly abrogate hTf binding (25). 93 

The current study aims to extend previous TbpA structure-function analyses by 94 

generating proline-substitution mutants in the TbpA L3H. The structure of proline contains a 95 

ring, which is predicted to disrupt the helix motif. Characterization of 16 proline substitution 96 

mutants for hTf binding, iron uptake from hTf, and growth using hTf as the sole iron source 97 

helped to elucidate the details of the interaction between the L3H and hTf. Understanding the 98 

mechanism for binding is essential in the development of therapeutics and vaccines. Drugs 99 

could be developed to block hTf binding for treatment of infection (42). TbpA mutants unable 100 

to bind hTf with minimal protein conformational changes compared to the wild-type (WT) 101 

protein could be tested for immunogenicity similar to protection studies using nonbinding TbpB 102 

and factor H binding protein (fHbp) as vaccine antigens (28, 46). Molecular dynamics (MD) 103 

simulations were utilized to predict protein conformational changes in lieu of an available 104 
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crystal structure. In this study, two mutants with single proline-substitutions in TbpA 105 

demonstrated significantly reduced hTf binding and iron internalization. 106 

  107 
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Results 108 

The TbpA L3H sequence is well conserved at the amino terminus, but residues are more 109 

variable at the carboxy-terminal end. 110 

TbpA from N. meningitidis strain K454 has been previously crystalized (29) and shares 111 

94% sequence identity with TbpA from N. gonorrhoeae strain FA19 (32). Using this similarity, 112 

we generated a homology model for TbpA from gonococcal strain FA19, which is shown in FIG 113 

1. Key components of the TbpA structure include the outer-membrane embedded beta-barrel 114 

motif; key hTf-interacting region, the L3H; and the TonB-interacting region, the plug domain 115 

(FIG 1A and FIG 1C, yellow, green, and cyan respectively). A closer look at the L3H (FIG 1B) 116 

shows the key residues that were mutated in this study in order to test structure/function 117 

relationships. FIG 1C shows TbpA from a top-down perspective to demonstrate the location of 118 

the plug domain. Both the FA19 model and the K454 TbpA structure share the L3H, previously 119 

shown to be essential for hTf binding (25, 29, 45). Interestingly, the helical structure is well 120 

conserved, despite considerable variability at the carboxy-terminal end, the region that 121 

interacts with the iron in hTf during iron acquisition (FIG 2A). In an attempt to identify residues 122 

critical for hTf binding, site-directed mutagenesis was conducted on several residues within the 123 

TbpA L3H region from D355 to Q360, substituting each residue with a proline (FIG 2B). 124 

Mutagenized TbpA was surface exposed despite proline substitutions in the L3H. 125 

A previous study characterized several FA19 tbpA L3H point mutants and did not 126 

identify any single residue that completely abrogated hTf binding (25). The current study 127 

extends the previous findings by substituting residues within the L3H with proline, which are 128 

proposed to be more impactful on the secondary structure of the helix. To evaluate expression 129 
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of TbpA in each mutant, strains were grown under iron-stressed conditions; whole-cell lysates 130 

were prepared, run on SDS-PAGE, and transferred to nitrocellulose for western blotting using a 131 

polyclonal anti-TbpA antibody (S1). The western blot analysis showed approximately equivalent 132 

levels of TbpA protein produced by all mutants. Because mutagenesis has the potential to 133 

disrupt 3D protein conformation and localization to the outer membrane, each strain was 134 

evaluated for proper surface exposure of TbpA using protease digestion. Each gonococcal strain 135 

was grown under iron-stressed conditions, then subjected to a time course of trypsin digestion 136 

before whole-cell lysates were collected for western blot analysis (S2). As the cells were 137 

exposed to trypsin, full-length TbpA, approximately 100 kDa, was cleaved, producing 95 kDa 138 

and 55 kDa degradation products, as previously described (25, 40). Each mutant showed a 139 

similar pattern compared to FA19 (WT). Taken together, these data suggest that the mutations 140 

did not disrupt TbpA production or wild-type surface exposure. 141 

Selected mutants, containing proline substitutions in L3H, are deficient in hTf binding. 142 

Proline-substitution mutants were evaluated for their ability to bind hTf in whole-cell 143 

binding assays. Since TbpB expressed by whole N. gonorrhoeae is also capable of binding to hTf, 144 

only tbpB- strains were used for the hTf-binding analyses. Whole-cell ELISAs of strains lacking 145 

tbpB were conducted using HRP-conjugated hTf as the ligand (FIG 3). In these experiments, 146 

FA6905 (tbpA+/tbpB-) was used as a positive control (FIG 3, WT) and two negative controls 147 

were used: FA6815 (tbpA-/tbpB-, FIG 3, Neg) and competitive inhibition (FIG 3, WT w/Comp 148 

and Neg w/Comp) conditions, which were generated by adding 100x excess unlabeled apo-hTf 149 

to both FA6905 and FA6815. A previous study showed that a mutant with a deletion of the L3H 150 

binds hTf at about 9% the levels of a strain expressing WT TbpA, and mutants expressing tbpA 151 
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with alanine or charge-change point mutations reduced hTf binding to approximately 40-80% of 152 

WT FA6905 (tbpA+/tbpB-) levels (25). The current study found significantly reduced hTf binding 153 

in almost every tbpA mutant (FIG 3). Significantly reduced hTf binding levels in mutants ranged 154 

from approximately 14-58% of FA6905 (tbpA+/tbpB-). Two mutants in particular, tbpA D355P 155 

tbpB- and tbpA A356P tbpB- (approximately 14% and 18% of WT HRP-hTf binding, respectively) 156 

showed the lowest levels of HRP-hTf binding of all tested mutants; the hTf-binding levels in the 157 

tbpA D355P tbpB- and tbpA A356P tbpB- mutants were not statistically different from the 158 

negative controls (FIG 3). 159 

L3H proline mutants in a tbpB- background are deficient in iron internalization from hTf. 160 

Mutants with decreased hTf binding were hypothesized to demonstrate diminished 161 

levels of internalized iron. Internal iron pools were measured using inductively coupled plasma 162 

mass spectrometry (ICP-MS) in the WT tbpA strain and proline-substitution mutants. In the 163 

tbpB- background, the tbpA D355P, A356P, N357P, Q358P, and double K359P Q360P mutants 164 

demonstrated statistically reduced levels of iron internalization compared to the WT tbpA 165 

strain (FA19) (FIG 4). These same mutants in a tbpB+ background did not demonstrate 166 

statistically different levels of iron internalization compared to the WT tbpA strain, suggesting 167 

that expression of TbpB is able to compensate for these proline substitutions in TbpA (FIG 4). 168 

These data also indicate that the mutagenized TbpA proteins are not significantly impaired in 169 

membrane localization or structure, consistent with data described above.  170 

 171 

 172 
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Several mutants, with proline substitutions in the L3H of tbpA in a tbpB- background, are 173 

unable to grow if hTf is the sole source of iron. 174 

In a previous study, only the L3H deletion mutant showed any defect in growth when 175 

employing hTf as a sole iron source, regardless of the presence of tbpB (25). Using the same 176 

methodology, the growth phenotype of the tbpA mutants was characterized by plating mutant 177 

gonococcal strains onto solid media providing hTf as the sole source of iron. Approximately 178 

equal inocula were applied to Fe-deficient CDM agarose plates supplemented with 30% Fe-179 

saturated hTf as the sole iron source (FIG 5). FA19 (tbpA+/tbpB+) and FA6905 (tbpA+/tbpB-) 180 

served as positive controls and FA6747 (tbpA-/tbpB+) and FA6815 (tbpA-/tbpB-) served as 181 

negative controls. As seen previously (25), all tbpB+ strains were able to grow like the WT tbpA 182 

strain (FIG 5B). Both the tbpA D355P and the quadruple tbpA N357P/Q358P/K359P/Q360P 183 

mutants in a tbpB- background were unable to grow on solid CDM with hTf as the sole source of 184 

iron (FIG 5A).  185 

To assess the growth defect of the tbpA D355P tbpB- mutant further, a liquid CDM 186 

growth assay was developed. Iron-starved cells were transferred to a 96-well plate and 187 

supplemented with 5 µM 30% iron-saturated hTf and 5 µM Desferal to chelate free iron, and 188 

the growth was monitored over 24 hours. The tbpA D355P tbpB- strain demonstrated 189 

essentially no growth in the liquid growth assay (FIG 6). 190 

The tbpA D355P tbpB- mutant demonstrates reduced hTf binding in serum. 191 

To assess if the binding deficiency in the tbpA D355P tbpB- mutant could be replicated in 192 

a more biologically relevant environment, three samples of human serum were pooled and 193 

used as a source of hTf to assess hTf-TbpA binding on whole cells. FA6905 (tbpA+/tbpB-) served 194 
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as a positive control for hTf binding, and FA6815 (tbpA-/tbpB-) served as a negative control for 195 

hTf binding. The controls and the tbpA D355P tbpB- strain were grown in Fe-deplete liquid 196 

CDM. Whole cells were blocked with BSA prior to adding hTf or pooled human serum and after 197 

a 20-minute incubation, lysates were collected for western blot analysis (FIG 7). Approximately 198 

equivalent levels of TbpA were detected in the tbpA D355P tbpB- strains compared to FA6905 199 

(tbpA+/tbpB-), but reduced binding was detected in the case of hTf alone and hTf in the context 200 

of serum using the tbpA D355P tbpB- mutant. The small amount of background binding in 201 

FA6815 (tbpA-/tbpB-) suggests that there may be components in the serum that allow hTf to 202 

interact with the gonococcus in a TbpAB-independent mechanism.     203 

Molecular dynamics simulations suggest that D355P mutagenesis is disruptive to the TbpA L2 204 

and L3 structures, but not to L5. 205 

Because there is no experimentally determined structure of the D355P mutant, we 206 

instead used molecular dynamics simulations to model its effects on the structure and 207 

dynamics of L3H and the interactions between TbpA and hTf. Molecular dynamics (MD) is a 208 

mature approach that provides atomistic-level insight into the microsecond-scale dynamics of 209 

proteins in native-like environments with typically high qualitative and quantitative agreement 210 

with experimental measurements (Hollingsworth2018). Here, MD simulations were performed 211 

on four systems: WT TbpA, WT TbpA +hTf, D355P TbpA, D355P TbpA + hTf; in all systems, the 212 

protein was embedded in a realistic species-specific outer-membrane model and solvated with 213 

water and ions (see Methods). Two replicas were run for each system in order to improve the 214 

reliability of our observations (Knapp2018). The L3H begins at residue 351 and ends at 361, as 215 

shown by the α-helix (H, orange) in FIG 8. The presence of hTf stabilized the α-helix secondary 216 
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structure, as demonstrated by fewer interruptions of the α-helix in WT TbpA+ hTf (FIG 8B) 217 

compared to WT TbpA (FIG 8A). The α-helix structure of the L3H was interrupted by β-turns (T, 218 

blue) after D355P mutagenesis (FIG 8C); however, the presence of hTf appeared to be 219 

moderately stabilizing to the helical structure despite D355P mutagenesis (FIG 8D). To assess 220 

whether the mutation in the L3H impacted the overall structure of the protein, two wild-type 221 

loops were assessed for their structure compared to WT TbpA. The predicted secondary 222 

structure of extracellular L2 demonstrated some variation between residues 262 and 276 (FIGS 223 

S4, S5); however, the predicted secondary structure of the extracellular L5 remained highly 224 

conserved (FIGS S6, S7).  225 

We also measured the root-mean-square deviation (RMSD) for TbpA L3H over time for 226 

each simulated system and replica. This metric illustrates how much the region diverges from 227 

the original structure over time after being superimposed. The RMSD values measured here 228 

demonstrate that there is more distance between TbpA L3H in TbpA D355P and TbpA D355P 229 

+hTf compared to WT TbpA and WT TbpA +hTf (FIG 9). Consistent with FIG 8, the RMSD plots 230 

also demonstrated that the presence of hTf is more stabilizing to secondary structure (FIG 9). 231 

The number of hydrogen bonds between TbpA and hTf were also tracked for the WT and D355P 232 

mutant systems (FIG 10). We find that for one of the two replicas, the number of hydrogen 233 

bonds in the D355P mutant drop precipitously after ~200 ns, from ~11 to 6. In contrast, both 234 

WT replicas maintain a similar number of hydrogen bonds (~10-12) throughout the trajectories. 235 

Discussion  236 

Prior to this study, no TbpA point mutation has been observed to completely abrogate 237 

hTf binding. The generation of such mutants was facilitated by the availability of the 3D crystal 238 
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structure of TbpA from N. meningitidis (K454) bound to hTf (25, 47). Because the TbpA 239 

sequence from gonococcal strain FA19 shares 94% sequence identity with the meningococcal 240 

K454 strain, important structural inferences can be made to identify crucial binding domains 241 

(25). Initially, the K359 and Q360 residues were predicted to be key hTf-interacting and binding 242 

partners based on their charge and proximity to the C-lobe of hTf (25). The previous 243 

mutagenesis study demonstrates that alanine or opposite charge point substitutions are 244 

insufficient in abolishing hTf binding and TbpA function. In the previous study, the most 245 

substantial decrease in hTf-binding was observed with substitution of residue 360Q to a 246 

negative charge, followed by substitution of residue 359K with the opposite or no charge (25). 247 

The high conservation of L3H secondary structure among Neisseria sp. and the data from this 248 

study suggest that the structure of the helix may be more important for function than the 249 

charges of L3H residues (48). A recent study provides evidence supporting the role of the helix 250 

finger using MD simulations demonstrated that the L3H is shifted downward, impeding hTf 251 

binding (42). Additionally, L5 and L8 shifted closer, suggesting a “closed” state to prevent hTf 252 

binding (42).  253 

Both tbpA D355P tbpB- and tbpA A356P tbpB- mutants showed the lowest levels of hTf 254 

binding of all tested mutants compared to WT. Similarly, both the tbpA D355P tbpB- and tbpA 255 

A356P tbpB- mutants demonstrated significantly reduced iron internalization compared to WT. 256 

Together, these findings suggest that proline substitutions in the beginning of the L3H are more 257 

disruptive to the structure and function than proline substitutions near the end of the L3H.  258 

Interestingly, the tbpA A356P tbpB- mutant was able to grow with hTf as the sole source 259 

of iron, whereas the tbpA D355P tbpB- mutant could not. Without a functional TbpA, growth 260 
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using hTf as the sole iron source would be impossible. These data suggest that the tbpA A356P 261 

tbpB- mutant is able to overcome the decrease in hTf binding and iron internalization by 262 

obtaining iron elsewhere to grow. All strains were grown on Desferal plates to ensure that iron 263 

stores in the strains would not influence the results; however, it is possible that there were 264 

some residual internal iron stores that allowed for growth. Quantification of iron via ICP-MS is 265 

very sensitive; therefore, trace iron levels could account for the variation observed.  266 

Iron-internalization levels from all proline substitution tbpA L3H tbpB- mutants were 267 

significantly reduced compared to WT FA6905 (tbpA+/tbpB-), suggesting that despite some hTf-268 

binding, there is still a defect in iron internalization. These results are consistent with a previous 269 

study demonstrating that high-affinity hTf binding to TbpA loops L4, L5, and L8 is required for 270 

iron internalization (49). Deletion of TbpA extracellular L4 and L5 completely abolishes hTf 271 

binding, whereas deletion of L8 inhibits hTf binding by 10-fold (49). In all three deletions, iron 272 

internalization is abolished (49). These findings are consistent with the results of this study: 273 

while hTf binding was not completely abrogated in each tbpA L3H tbpB- mutants, most mutants 274 

demonstrated reduced iron internalization.  275 

As observed previously (25, 45), the expression of tbpB rescues TbpA function despite a 276 

decrease in TbpA-hTf binding in each tbpA mutant used in this study. Two mutants (the tbpA 277 

D355P tbpB- mutant and the quadruple tbpA D355P, A356P, N357P, 358P tbpB- mutant) did not 278 

grow with hTf as the sole source of iron; however, expression of tbpB restored function. The 279 

ability for tbpB to restore function suggests that inhibition of hTf binding or iron internalization 280 

is likely caused by small conformational changes small enough not to alter overall protein 281 

conformation. 282 
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Nonbinding mutants for use in a vaccine should maintain the overall conformation of 283 

the WT protein, to stimulate the immune response and elicit antibodies that recognize WT 284 

epitopes. To evaluate how D355P L3H proline substitution may affect overall protein 285 

conformation, the predicted secondary structures of extracellular L2 and L5 were monitored 286 

over the course of 500-ns simulations. Both L2 and L5 have a demonstrated role in hTf binding 287 

(45, 49). The simulation results suggest that D335P mutagenesis affects the secondary structure 288 

of the L3H region and a short region in the L2, but otherwise the overall secondary structures of 289 

L2, L3, and L5 is maintained. Thus, the overall 3D conformation of the protein is predicted to be 290 

similar to WT (45). MD simulation provides valuable insight in the hTf-TbpA interaction. The 291 

data from this study suggests that the TbpA D355P mutation is destabilizing to the α-helical 292 

structure of the L3H; furthermore, hydrogen bonding between TbpA and hTf is notably reduced 293 

in one of the two replicates of the TbpA D355P mutant when started in the hTf-bound state 294 

(FIG 10). Recent evidence suggests that TbpA extracellular L5 and L8 flex to an “open” state, 295 

opening a pocket for hTf to bind (42). This implies that the hTf C-lobe is in an open and 296 

unbound state as a result of the L3H D355P substitution. L3 is sandwiched between L2 and L5, 297 

which are the longest extracellular loops (50). In variants with higher levels of hTf binding but 298 

low levels of iron internalization, it is possible that L3H point mutations cause a small but 299 

impactful change to the TbpA structure that allows for poor hTf binding or possible 300 

downstream conformational changes, such as blocking the β-barrel pore or the TonB-box, 301 

which is responsible for transporting iron into the β-barrel (51).  302 

Proper WT TbpA function is observed in tbpA L3H mutants with proper tbpB expression 303 

in previous studies with the exception of the L3H deletion mutant (25, 45, 49). Because TbpB 304 
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can bind to hTf and facilitate iron transfer, incorporation of TbpB in a vaccine will also require 305 

mutagenesis or modification to inhibit binding to hTf, as binding to host proteins has been 306 

shown to inhibit a robust immune response (23, 28). Because TbpB is more immunogenic and 307 

sequence variable, and TbpA is less immunogenic but shares more sequence conservation 308 

among strains, a combination of both Tbps is predicted to enhance protection and the immune 309 

response (30, 52, 53). Ideally, non-host binding variants of both Tbps would be included in a 310 

vaccine cocktail to increase immunogenicity and protection. As more TDTs are characterized, 311 

nonbinding mutants can be included in this vaccine cocktail to enhance protection and 312 

immunogenicity.  313 

The ability of a vaccine antigen to bind to host proteins is hypothesized to inhibit the 314 

development of a robust immune response and may explain the weak immunogenicity of WT 315 

TbpA, WT TbpB, and WT fHbp (25, 29, 31, 54). Generation of mutants unable to bind host 316 

ligands has already been shown to be a viable option in creating a superior vaccine candidate 317 

using TbpB and fHbp (23, 28, 46, 55). This is the first study to identify a point mutant in tbpA 318 

that completely abrogates both binding and growth functions. Future studies will focus on 319 

elucidating the interaction between the L3H and iron extraction from hTf using structural 320 

analysis and comparing the immunization potential using the TbpA D355P and TbpA A356P 321 

variants in a human transferrin transgenic mouse model.  322 

323 
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Materials and Methods 324 

Strains, plasmids, and media. All primers and plasmids used in the study are described in Table 325 

1. Site-directed mutagenesis started with the plasmid pUNCH755 (38). All strains utilized in this 326 

study are described in Table 2. Plasmids were propagated in Escherichia coli Top10 (Invitrogen), 327 

E. coli XL-10 Gold cells (Agilent Technologies), or NEB 5-alpha E. coli (New England BioLabs). E. 328 

coli was cultured in Luria-Bertani broth (10 g tryptone, 5 g NaCl, 5 g yeast extract in 1 L of 329 

water) in the presence of ampicillin/carbenicillin (100 µg/mL) or chloramphenicol (34 µg/mL), 330 

where appropriate.  331 

Site-directed mutagenesis. Site-directed mutagenesis was performed using the QuikChange II 332 

Site-Directed Mutagenesis Kit (Agilent Technologies Cat: 200523) or the Q5 Site-Directed 333 

Mutagenesis Kit (New England BioLabs Cat: E0552S) per manufacturer’s instructions. NEB 5-334 

alpha competent E. coli or XL10 Ultracompetent Gold E. coli were transformed with 335 

mutagenized pUNCH755. First, a StuI restriction site was inserted downstream of the tbpA L3H 336 

region in pUNCH755. The StuI insertion was used to identify gonococcal transformants that 337 

retained WT tbpA sequence. Polymerase chain reaction (PCR) was used to amplify tbpA from 338 

transformant DNA and PCR products were digested with StuI; WT tbpA does not contain the 339 

StuI site, but site-directed mutants retained the site. Following StuI restriction site insertion, 340 

proline mutations were directed to the L3H region of tbpA between D355 and Q360 as 341 

described in Table S1. Primers and plasmids are further described in Table 1. Sequences of 342 

mutated plasmids were confirmed before transformation into gonococcal strain FA19. As 343 

described previously, gonococcal transformation with one plasmid yielded two genotypes: 344 

tbpA+/tbpB+ and tbpA+/tbpB- (25). Mutated FA19 strains were single-colony purified and then 345 
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characterized as either tbpB+ or tbpB- by PCR, amplifying the wild-type or mutagenized tbpB 346 

gene. 347 

Gonococcal growth. Gonococci were propagated using GC medium base (GCB; Difco) with 348 

Kellogg’s Supplement I (56) and 12 µM Fe(NO3)3 at 35-37°C with 5% atmospheric CO2. To 349 

provide selection of gonococcal transformants, 1 µg/mL chloramphenicol was added to GCB 350 

agar plates. Gonococcal strains were iron-stressed with 10 µM deferoxamine mesylate 351 

(Desferal) on GCB agar plates or cultured from GCB plates into liquid chemically-defined media 352 

(CDM) pretreated with Chelex 100 (Bio-Rad) to remove excess metals as described previously 353 

(57). 354 

Homology modeling of TbpA and alignment of the L3H. The homology model of TbpA from 355 

strain FA19 was generated based on the known structure of TbpA from N. meningitidis strain 356 

K454. Phyre 2.0 was used to generate the PDB file, and PyMOL was used to generate FIG 1. 357 

ESPript 3.0 was used to generate the multiple strain alignment and secondary structure 358 

prediction of TbpA L3H as previously described (58). GenBank Accession Numbers include the 359 

following: N. gonorrhoeae FA19: EEZ46093.1; N. gonorrhoeae FA1090: WP_010951283.1; N. 360 

gonorrhoeae DG12: EFE04786.1; N. meningitidis K454: AAF81744.1. 361 

Western blotting. Gonococcal strains were grown under iron stressed conditions using CDM, as 362 

described above. Cells were harvested 3-4 hours after culturing at 36°C with 5% CO2 to a 363 

standardized density. Pellets were standardized by weight and lysed in 2x Laemmli solubilizing 364 

buffer (Bio-Rad) supplemented with 5% β-mercaptoethanol. Whole-cell lysates were boiled for 365 

10 minutes. A total of 10 µL of lysate per sample was loaded onto a 7.5% SDS-PAGE. Proteins 366 

were transferred to a 0.45 µM nitrocellulose membrane. Uniform protein loading was 367 
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confirmed via Ponceau S staining after transfer and prior to blocking. Blots were blocked with 368 

5% Bovine Serum Albumin (BSA) in high-salt TBS (HS-TBS) (20 mM Tris, 500 mM NaCl [pH 7.5], 369 

0.05% Tween20) and probed for TbpA using polyclonal rabbit serum against full-length TbpA 370 

(36). Goat anti-rabbit IgG conjugated to horseradish peroxidase (HRP; Bio-Rad) or rabbit anti-371 

goat IgG HRP (Bio-Rad) were used as secondary antibodies. Goat anti-hTf (Sigma) was used to 372 

detect hTf. OPTI-4CN (Bio-Rad) or West Femto (Thermo) were used as substrates per 373 

manufacturers’ recommendations. Images were acquired using a Bio-Rad Chemidoc System. 374 

Protease accessibility assay. Trypsin digest assays were completed as previously described (40). 375 

Briefly, gonococcal cells were grown in liquid CDM as described above, diluted to a standardized 376 

density, and grown for an additional 3-4 hours at 36°C with 5% CO2. Whole, iron-stressed 377 

gonococci were treated with 2.5 µg trypsin (Sigma) per mL of culture for 0, 10, 20, or 30 minutes 378 

at 36°C with 5% CO2. Reactions were stopped by addition of 0.6 trypsin-inhibiting units of 379 

aprotinin (Sigma). Whole-cell lysates were collected and subjected to western blotting for TbpA 380 

detection, as described above. 381 

hTf-binding ELISA. hTf (Sigma) was prepared as previously described (59). Strains were iron-382 

starved on GCB agar plates supplemented with 12.5 µM Desferal overnight to induce TbpA 383 

expression. MaxiSorp microtiter plates (Nunc), pre-treated with 200 µL 0.01% poly-lysine 384 

(Sigma), were inoculated with whole gonococcal cells scraped from GCB Desferal plates. Cells 385 

were resuspended to a standardized density of 1.0 OD600 and then 100 µL per strain was 386 

inoculated into triplicate wells and allowed to incubate for 1 hour at room temperature. 387 

Unbound cells in the suspension were removed and plates were blocked with 200 µL 3% BSA in 388 

Phosphate Buffered-Saline (PBS) for 1 hour at room temperature. Blocking was followed by the 389 
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addition of 1 µg/mL HRP-conjugated hTF (Jackson ImmunoResearch) dissolved in 1x PBS also 390 

containing 3% BSA for 1 hour at room temperature. To show specificity, 100 µg/mL apo-hTF 391 

was added as a competitor to HRP-hTf Comp wells. Wells were washed 3 times in 200 µL 1x PBS 392 

using a plate washer (BioTek). Colorimetric 1-Slow-step TMB ELISA Substrate solution (Thermo) 393 

was applied until sufficient color change was observed, and the reaction was quenched with 394 

100 µL 1.8 N H2SO4. Results were read at 600 nm using a BioTek Plate Reader. Standard curves 395 

were generated for each assay using a range of HRP-hTf amounts, ranging between 1 x 10-3 ng 396 

and 2 x 10-6 ng. Strains were analyzed in triplicate with standard deviations plotted. Student’s t 397 

test was used to determine significance when compared to the positive control FA6905 (P 398 

<0.05). 399 

ICP-MS. WT and mutant strains were grown under iron-stressed conditions in liquid CDM at 400 

36°C with 5% CO2, as described above. Four hours after dilution to standardized density, 5 µM 401 

hTf (30% Fe-saturated) was added for 1 hour. Cells were then pelleted in metal-free tubes at 402 

3570 x g for 5 minutes, washed once in 5 mLs of Chelex-treated 10 mM HEPES + 1 mM EDTA 403 

(pH 7.4), and washed twice in 5 mLs of 10 mM HEPES (pH 7.4). Digestions and analysis of frozen 404 

pellets were performed by University of Georgia’s Center for Applied Isotope Studies Plasma 405 

Chemistry Laboratory. 406 

Growth in iron-deplete CDM supplemented with hTf. Strains were plated onto CDM agarose 407 

plates supplemented with 2.5 µM hTf (30% Fe-saturated) and incubated for 48 hours at 36°C 408 

with 5% CO2. Images were acquired with Bio-Rad ChemiDoc. For liquid growth assays, strains 409 

were plated onto GCB plates supplemented with 10 µM Desferal and incubated at 36°C with 5% 410 

CO2 for 12-16 hours. Iron-starved strains were inoculated into liquid CDM as described above. 411 
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After doubling, cells were standardized to 2 × 10-5 OD600 and plated into 96-well dishes 412 

supplemented with 5 µM Desferal and 5 µM hTf. Biotek Synergy and Cytation plate readers 413 

were used to incubate the cells at 36°C with 5% CO2. The OD600 was plotted over 24 hours. 414 

Assessment of whole cell binding to hTf in serum. Strains were grown in liquid CDM as 415 

described above. Cells were blocked with 10 mg/mL BSA for 5 minutes after harvest, then cells 416 

were incubated with either 1 µM purified hTf or an estimated 1 µM hTf in human serum. Serum 417 

hTf was estimated to be approximately 50 µM based on literature and preliminary tests (60-63). 418 

Cells were incubated with hTf or serum for 20 minutes at 36°C with 5% CO2. Lysates were 419 

washed twice with 500 µL 1x PBS and standardized and subjected to SDS-PAGE and Western 420 

Blotting as described above. Images were acquired with Bio-Rad ChemiDoc. 421 

Molecular dynamic simulations. The homology model of FA19 TbpA bound to hTf was used as 422 

a starting point for simulations. Co-crystallized water molecules as well as the two glycan chains 423 

attached to hTf were adopted from the TbpA structure from N. meningitidis (PDB 3V8X) (32). A 424 

total of three disulfide bonds were formed in TbpA along with 19 in hTf. An outer-membrane 425 

model representing that of N. gonorrhoeae was created using CHARMM-GUI’s Membrane 426 

Builder (64) and the TbpA: hTf complex was inserted. The membrane contained 77 427 

lipopolysaccharide (LPS) molecules with inner and outer core glycans in the outer leaflet. The 428 

inner leaflet contained 174 1-palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphoethanolamine 429 

(PYPE), 50 1-palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphoglycerol (PYPG), and 25 1,2-430 

dipalmitoyl-sn-glycero-3-phosphate (DPPA) lipids.  A total of 154 Ca2+ and 77 Mg2+ ions were 431 

added to neutralize the LPS. An additional 66,164 water molecules as well as 202 K+ and 158 432 

Cl− ions were added to solvate the system and bring to a bulk KCl concentration of 150 mM, 433 
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respectively, using VMD (65). The final system size for the TbpA:hTf system was 290,178 atoms.  434 

The apo TbpA system was created from the bound one by deleting hTf, and repeating the 435 

solvation and KCl ionization steps. The final system size for the apo TbpA system was 251,845 436 

atoms.  437 

MD simulations were run using NAMD (66, 67). A 2-fs timestep was used for all simulations with 438 

long-range electrostatics calculating every other timestep using the particle-mesh Ewald 439 

method (68). A cutoff of 12 Å was used for van der Waals interactions with a force-based 440 

switching function beginning at 10 Å. A temperature of 310 K was maintained using Langevin 441 

dynamics; for all production simulations, a constant pressure of 1 atm was enforced using an 442 

anisotropic Langevin piston. The CHARMM36 force field for lipids and glycans (69, 70) and the 443 

CHARMM36m force field for proteins (71) were used. The bound Fe3+ ion and coordinating 444 

carbonate ion were covalently bound to one another and additional bonds between Fe3+ and 445 

D392, Y426, Y517, and H585 of hTf were added to further enforce coordination as done 446 

previously (32). Prior to production runs, the membrane was equilibrated for 50 ns with the 447 

protein backbone restrained. In total, four systems with two replicas each were run for 500 ns 448 

each (4 μs in aggregate): TbpA (WT) with and without hTf bound as well as TbpA (D355P) with 449 

and without hTf bound. 450 

Statistics. Statistical analyses were conducted by comparing positive control to mutant strains 451 

utilizing Student’s t test. Pairwise differences with a P value of <0.05 were considered 452 

statistically significant. ELISA and ICP-MS values are shown as the means of multiple 453 

concentration points from the studies conducted in at least triplicate ± standard error of the 454 

mean. Statistical analysis for hTf-dependent gonococcal growth was completed using PRISM 455 
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9.0. A two-way analysis of variance (ANOVA) with Tukey’s post-hoc was performed on 3 456 

independent biological replicates. Graph in FIG 6 shows a representative growth curve.  457 
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Figures 468 

 469 

 470 

FIG 1 TbpA homology model from gonococcal strain FA19 471 
(A) TbpA homology model predicted structure based on the N. meningitidis strain K454 TbpA 472 
crystal structure. The TonB-interacting plug domain is shown in cyan. The L3H is shown in 473 
green. (B) The residues of the L3H targeted for site-directed mutagenesis in this study. (C) A 474 
top-down view of TbpA, demonstrating the plug domain situated in the beta-barrel pore. 475 

476 
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Fig 2 L3H structure and amino acid sequence alignment in Neisseria strains. 477 
(A) An alignment of the TbpA L3H domain amino acid sequences for three N. gonorrhoeae 478 
strains (FA19, FA1090, and DG12) and one N. meningitidis strain (K454). Conserved residues are 479 
highlighted in red. A secondary structure prediction is shown above the residues. Alignment 480 
was generated using ESPript. (B) The FA19 TbpA L3H sequence residues that were substituted 481 
with proline for this study (D355-Q360). Conserved residues are written in red, and variable 482 
residues are shown in black. 483 
 484 
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 485 

 486 
 487 
 488 
 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 

FIG 3 TbpA-hTf binding of tbpA mutants in a tbpB- background. 505 
Whole, iron-stressed gonococcal cells were applied to microtiter dishes for ELISAs using HRP-506 
labeled hTf as ligand. FA6905 (tbpA+/tbpB-) served as the positive control, and FA6815 (tbpA-507 
/tbpB-) and the excess competitor apo-hTf condition (Comp) served as negative controls. The 508 
data represent the means ± standard errors of at least three independent experiments. All 509 
strains were compared to the positive control FA6905. Statistics were calculated with the 510 
Student’s t test. Significant differences are noted (P <0.05 * P <0.005 ** P <0.0005 ***).   511 

 512 
 513 
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           A      B 514 
 515 

 516 
 517 
 518 
 519 
 520 
 521 
 522 
 523 
 524 
 525 
 526 
FIG 4 Iron internalization by tbpA proline mutants in (A) tbpB- background and (B) tbpB+ 527 
background strains. 528 
Gonococcal cells were iron-stressed and allowed to bind to 5 µM 30% Fe-saturated hTf for 1 529 
hour. Bacteria were pelleted and washed prior to being subjected to nitric acid digestion for 530 
ICP-MS analysis. Raw µg Fe/g bacteria was plotted for each strain. FA19 (tbpA+/tbpB+) served 531 
as the positive control. FA6747 (tbpA-/tbpB+) served as the negative control. The data 532 
represent the means ± standard errors of at least three independent experiments. All strains 533 
were compared to the positive control. Statistics were calculated with the Student’s t test. Non-534 
significant (ns) was defined as p>0.05. Significant differences are noted (P <0.05 * P <0.005 ** P 535 
<0.0005 ***).  536 
  537 
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FIG 5 Growth of tbpA L3H proline-substitution mutants on hTf plates. 538 

Strains were grown on solid CDM agarose plates supplemented with 30% Fe-saturated hTf as 539 
the sole source of iron. CDM agar plates containing 2.5 µM 30% saturated hTf and growth 540 
phenotype for (A) tbpB- background and (B) tbpB+ background. Approximately equivalent 541 
amounts of bacteria were applied onto each plate. (A) FA6905 (tbpA+/tbpB-) served as the 542 
positive control for tbpA tbpB- mutants, and FA6815 (tbpA-/tbpB-) was the negative control for 543 
tbpA tbpB- mutants. (B) FA19 (tbpA+/tbpB+) was plated as positive control for tbpA mutants in 544 
a tbpB- background, and FA6747 (tbpA-/tbpB+) was the negative control for tbpA mutants in 545 
the tbpB+ background. 546 
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FIG 6 Growth of tbpA L3H proline-substitution tbpB- mutants on hTf as the sole source of iron 547 
in liquid CDM. 548 
Whole, iron-stressed gonococci were grown in liquid CDM supplemented with 5 µM 30% 549 
saturated hTf over 24 hours. FA6905 (tbpA+/tbpB-) was used as a positive control and FA6815 550 
(tbpA-/tbpB-) served as a negative control. A two-way ANOVA was used to determine 551 
significance in comparison to the positive control. Significant differences are noted (P <0.0005 552 
***).   553 
 554 
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 555 
FIG 7 The tbpA D355P tbpB- mutant shows reduced hTf binding compared to FA6905 556 
(tbpA+/tbpB-). 557 
Iron-stressed gonococcal cells were incubated with 1 µM of hTf or approximately 1 µM hTf from 558 
human serum for 20 minutes. Lysates were collected and subjected to SDS-PAGE, transferred to 559 
nitrocellulose, and probed with polyclonal anti-TbpA antibody and polyclonal anti-hTf antibody. 560 
FA6905 (tbpA+/tbpB-) was used as a positive control, and FA6815 (tbpA-/tbpB-) was used as a 561 
negative control. Ponceau S stain was used to show even protein loading. TbpA is 562 
approximately 100 kDa, and hTf is approximately 80 kDa.  563 
  564 
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 565 

 566 

FIG 8 TbpA L3 mutagenesis and secondary structure conservation. 567 

Secondary structure around TbpA L3 over the course of a 500-ns MD simulation for (A) WT 568 
TbpA, (B) WT TbpA +hTf, (C) D355P TbpA, and (D) D355P TbpA + hTf. The L3H 355 residue is 569 
highlighted in red in each panel. The key at the bottom indicates the colors for the seven 570 
standard secondary structures as described in the Dictionary of Protein Secondary Structure 571 
(72); T is β turn, E is β sheet, B is β bridge, H is α helix, G is 310 helix, I is π helix, and C is 572 
unstructured coil. Plots for the second replica are provided in Fig S3 in the Supplemental 573 
Information. 574 

  575 
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 576 

 577 

FIG 9 RMSD of TbpA L3H mutants bound and unbound to hTf. 578 

Root-mean-square deviation (RMSD) of the L3 helix (residues 351 to 361) after alignment for 579 
full-length WT TbpA (green), WT TbpA+ hTf (blue), D355P TbpA (black), and D355P TbpA +hTf 580 
(red) over the course of two 500-ns MD simulations (replicas 1, left, and 2, right). 581 

 582 

  583 
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 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

 594 

FIG 10 Hydrogen bonds of WT and D355P TbpA over the course of 500ns of MD simulations. 595 

Hydrogen bonds with hTf for WT TbpA (blue and green for replicas 1 and 2, respectively) and 596 
TbpA D355P (black and red for replicas 1 and 2) over the course of 500-ns MD simulations. 597 

 598 

 599 

 600 

 601 

  602 
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 603 

Table 1. Mutagenesis primers used in this study. Mutations are identified in bold and 604 
underline. 605 

Generated 
Plasmid Generated TbpA Mutation Target 

Plasmid 
Primer 
Name Direction 5'-3' Sequence Kit 

pGSU001 
 StuI insert pUNCH755 

oVCU 905 Fwd GGCAACCACAAATACGGAGGCCTGTTTACCAGCGGC 
Agilent 

oVCU 906 Rev GCCGCTGGTAAACAGGCCTCCGTATTTGTGGTTGCC  
pGSU002 
 D355P pGSU001 

oVCU 927 Fwd AAGGCGGTTTTTCCTGCAAATCAAAAACAGGCG  
Agilent 

oVCU 928 Rev CGCCTGTTTTTGATTTGCAGGAAAAACCGCCTT 

pGSU003 A356P pGSU001 
oVCU 929 Fwd CTGACCAAGGCGGTTTTTGATCCAAATCAAAAACAGGCG  

Agilent 
oVCU 930 Rev CGCCTGTTTTTGATTTGGATCAAAAACCGCCTTGGTCAG 

pGSU004 N357P pGSU001 
oVCU 973 Fwd TTTTGATGCACCTCAAAAACAGGCGGGTTC 

NEB Q5 
oVCU 974 Rev ACCGCCTTGGTCAGAAAT 

pGSU005 Q358P pGSU001 
oVCU 975 Fwd TGATGCAAATCCAAAACAGGCGG 

NEB Q5 
oVCU 976 Rev AAAACCGCCTTGGTCAGA 

pGSU006 K359P pGSU001 
oVCU 977 Fwd TGCAAATCAACCACAGGCGGGTTC 

NEB Q5 
oVCU 978 Rev TCAAAAACCGCCTTGGTC 

pGSU007 K360P pGSU001 
oVCU 913 Fwd GATGCAAATCAAAAACCGGCGGGTTCTTTGCGC 

Agilent 
oVCU 914 Rev CTACGTTTAGTTTTTGGCCGCCCAAGAAACGCG 

pGSU008 K359P/Q360P pGSU001 
oVCU 917 Fwd GATGCAAATCAACCACCGGCGGGTTCTTTGCGC 

Agilent 
oVCU 918 Rev CTACGTTTAGTTGGTGGCCGCCCAAGAAACGCG 

pGSU009 N357P/Q358P/K359P/Q360P pGSU008 
oVCU 933 Fwd GCGGTTTTTCCTCCACCTCCACCACCGGCGGGTTCTTTGCGC 

Agilent 
oVCU 934 Rev GCGCAAAGAACCCGCCGGTGGTGGAGGTGGAGGAAAAACCGC 

 606 
  607 
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Table 2. Bacterial strains used in this study 608 
Strain Description Source 

E. coli 

Top10 F mcrA (mrr-hsdRMS-mcrBC) 80lacZM15 lacX74 recA1 deoR araD139 (ara-leu)7697 galU 
galK rpsL(Strr) endA1 nupG Invitrogen 

XL10 Gold 
UltraCompetent 

endA1 glnV44 recA1 thi-1 gyrA96 relA1 lac Hte (mcrA)183 (mcrCB-hsdSMR-mrr)173 Tetr F= 
[proAB lacIqZM15 Tn10(Tetr Amyr Cmr)] Agilent Technologies 

NEB 5-alpha 
Competent  fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 New England BioLabs 
   
N. gonorrhoeae 
FA19 wild-type (73) 
FA6747 TbpA- (tbpA::mTn3cat) (36, 40) 
FA6815 TbpAB- (∆tbpB::Ω) (38) 
FA6905 TbpB- (∆tbpB) (40) 
MCV 192 TbpA L3H∆ (T350-A361) (25) 
RSC 100 TbpA D355P TbpB- (tbpB∆ T350-A361) This study 
RSC 101 TbpA D355P This study 
RSC 102 TbpA A356P TbpB- (tbpB∆ T350-A361) This study 
RSC 103 TbpA A356P  This study 
RSC 104 TbpA N357P TbpB- (tbpB∆ T350-A361) This study 
RSC 105 TbpA N357P This study 
RSC 106 TbpA Q358P TbpB- (tbpB∆ T350-A361) This study 
RSC 107 TbpA Q358P This study 
RSC 108 TbpA K359P TbpB- (tbpB∆ T350-A361) This study 
RSC 109 TbpA K359P This study 
RSC 110 TbpA Q360P TbpB- (tbpB∆ T350-A361) This study 
RSC 111 TbpA Q360P This study 
RSC 112 TbpA K369P + Q360P TbpB- (tbpB∆ T350-A361) This study 
RSC 113 TbpA K369P + Q360P This study 
RSC 114 TbpA N357P + Q358P + K359P+ Q360P TbpB- (tbpB∆ T350-A361) This study 
RSC 115 TbpA N357P + Q358P + K359P + Q360P This study 

 609 
  610 
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