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The structural basis of transferrin 
sequestration by transferrin-
binding protein B
Charles Calmettes1, Joenel Alcantara2,3, Rong-Hua Yu2,3,  
Anthony B Schryvers2,3 & Trevor F Moraes1

Neisseria meningitidis, the causative agent of bacterial 
meningitis, acquires the essential element iron from the host 
glycoprotein transferrin during infection through a surface 
transferrin receptor system composed of proteins TbpA and 
TbpB. Here we present the crystal structures of TbpB from 
N. meningitidis in its apo form and in complex with human 
transferrin. The structure reveals how TbpB sequesters and 
initiates iron release from human transferrin.

N. meningitidis and N. gonorrhoeae are globally prevalent causes of 
bacterial meningitis and gonorrhea, respectively. In order to colonize 
and infect its host, Neisseriaceae, Pasteurellaceae and Moraxellaceae 
pathogens have an iron-uptake system that is based on the transferrin-
binding proteins TbpA and TbpB, which together function to extract 
iron from transferrin1. TbpA is a 100-kDa TonB-dependent outer-
membrane protein essential for iron uptake, which has been proposed 
to serve as a channel for iron transport across the outer membrane2. 
TbpB is a bilobed 60- to 80-kDa lipid-anchored protein that is essen-
tial for host colonization3 and that extends from the outer membrane 
into the host milieu in order to bind and sequester transferrin in the 
first step of iron acquisition4. Both TbpA and TbpB bind to the trans-
ferrin C-lobe5. TbpB specifically recognizes the iron-loaded form of 
transferrin, whereas TbpA indiscriminately binds the holo or apo 
form of transferrin6. Hence, it has been proposed that TbpB recruits 
iron more efficiently from iron-saturated transferrin in vivo. TbpB 
has been explored for vaccine development owing to its essential iron-
recruiting function and because it can induce a protective immune 
response against a variety of different pathogenic bacteria7,8.

To determine the molecular events during iron uptake by TbpB, 
we have determined the X-ray crystal structures of the TbpB receptor 
from N. meningitidis strain M982 (NmM982) in its apo form (at 2.15 Å 
resolution) and in complex with human transferrin (at 2.95 Å resolu-
tion) (Fig. 1a, Supplementary Table 1 and Supplementary Fig. 1). 
Similar to the previously characterized TbpB from porcine pathogens 
(Actinobacillus pleuropneumoniae and A. suis)4,9, NmM982-TbpB is 
a bilobed protein with each lobe subdivided into a β-barrel domain 
and an adjacent handle domain (Fig. 1a).

Within the TbpB–human transferrin complex, human transferrin 
also appears as a bilobed protein with ferric iron (Fe3+) binding sites 
within each of the N- and C-lobes10; one iron element can be visualized 
within the C-lobe iron-binding site while the N-lobe site is in the apo 
form (Fig. 1a). Each of the human transferrin lobes are divided in two 
subdomains connected by a hinge that is at the base of a deep cleft con-
taining the iron-binding site. The iron-free N-lobe aligns structurally 
with the open N-lobe from the apo human transferrin (PDB 2HAU) 
previously characterized11 (r.m.s. deviation = 0.65 Å). The TbpB–
human transferrin structure describes the first human iron-coordinated  
C-lobe. The C-lobe contains a hexacoordinated Fe3+ bound to four 
highly conserved amino acid residues in the C1 and C2 domains: 
Asp392, Tyr426, Tyr517 and His585 (Supplementary Fig. 2a–c).  
The final two iron-coordinating groups are provided by a car-
bonate ion, similarly to diferric rabbit and porcine transferrins  
(PDB 1JNF and 1H76)10. The carbonate is stabilized by hydrogen 
bonds with Thr452, Arg456 and the peptide backbone amide of  
Ala458. Superposition of the monoferric human transferrin C-lobe with  
the diferric rabbit and porcine transferrins10 reveals that there is structural  
conservation of these C-lobe structures (r.m.s. deviation = 0.55 Å and 
0.51 Å, respectively) within the closed (holo) conformation.

The TbpB–human transferrin complex is held together by extensive 
interactions between the TbpB N-lobe and the holo human transferrin 
C-lobe. The heterodimer complex buries a substantial surface area of 
~1,450 Å2, in which the C1 and C2 human transferrin subdomains dock 
onto the TbpB N-lobe handle and β-barrel domains, respectively (Fig. 1). 
The TbpB–human transferrin structure is in good agreement with  
our predicted model created from hydrogen-deuterium exchange  
MS experiments and targeted TbpB–transferrin mutant characteriza-
tions (Fig. 1b)4,9,12,13. In addition, we have validated the interface of the 
complex structure through binding assays with wild type and mutants 
(R199A and E222R) of NmM982-TbpB; insertion of a charge reversal 
within the buried interface leads to a drastic loss of binding capacity 
(Fig. 1c). The large binding interface between TbpB and human trans-
ferrin involves 16 hydrogen bonds, 4 salt bridges, 6 bridging waters, 
and hydrophobic interactions, along the entire cap area of the TbpB 
N-lobe (amino acid contacts are listed in Supplementary Table 2), 
which function to stabilize the human transferrin C-lobe that is iron-
loaded onto TbpB.

Previous works have shown that the N- and C-lobes of transfer-
rin contain pH-sensitive residues that monitor the conformational 
changes of transferrin: the dilysine motif14 Lys206-Lys296 in the  
N-lobe, and the Lys534-Arg632-Asp634 triad15 and the His349-
Lys511 motif16 within the C-lobe. Within the TbpB–human transfer-
rin structure, the His349-Lys511 motif in human transferrin is buried 
in the binding interface, and the His349 residue interacts with TbpB 
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through a tetrahedrally coordinated bridging water that forms hydro-
gen bonds with Asp159, His143, Lys206 from TbpB and His349 from 
human transferrin (Fig. 2 and Supplementary Fig. 2d–h). The human 
transferrin His349 residue has been shown to have a crucial role in 
the pH-inducible switch response for iron release in the presence of  
the human transferrin receptor (TfR)16,17. Protonation of His349  
on the C1 subdomain is proposed to induce electropositive repulsion  
of the opposite facing residue Lys511 on the C2 subdomain, leading to 
conformation changes and resulting in the opening of transferrin in 
low pH conditions16,17. Within the described structured water pocket, 
His143 (from TbpB) and the minor His349 conformation are in close 
proximity to the Lys511 that could elicit charge repulsion between 
the C1 and C2 subdomains, depending on their protonated state.  
A structure-based pKa prediction, using PROPKA18, suggests that 
TbpB stabilizes the holo C-lobe conformation by reducing the esti-
mated pKa of human transferrin His349 from 6.2 in the unbound form 
to 1.9 in the TbpB-bound form (Fig. 2b). We propose that the human 
transferrin–TbpB interface prevents His349 from becoming proto-
nated and stabilizes the iron-loaded C-lobe of human transferrin.

Transferrin-bound and unbound TbpBs have an almost identical 
main chain and loop organization in the human transferrin–bind-
ing site, except that the peripheral loop L102–124 shifts outward to 
allow the human transferrin loop L496–515 to dock onto TbpB. The 
binding does not generate any major structural changes within TbpB 
(r.m.s. deviation = 0.4 Å between the bound and unbound N-lobe; see 
Supplementary Fig. 1b). The TbpB–human transferrin recognition 
acts similarly to a rigid body docking between the two proteins. The 
only feature differentiating the human transferrin-bound TbpB from 
the unbound TbpB is a torsion rotation of 5.4° into the orthogonal  
lattice between the TbpB N- and C-lobes, which could be a conse-
quence of the crystal contacts (Supplementary Fig. 3).

The bacterial TbpB receptor competes for transferrin with the 
mammalian TfR that is located on the surface of host cells and medi-
ates iron release from transferrin in a pH-dependent mechanism 
driven by the acidification of the endosome. The TfR-binding site on 
transferrin has been described on both the N- and C-lobe domains of 
transferrin17, whereas the bacterial receptor TbpB binds uniquely to 
the C-lobe domain of transferrin. The TbpB-binding site on human 
transferrin partially overlaps with the TfR-binding interface, sharing 
helix 1 as a common interaction site (Supplementary Fig. 4). This 
overlapping binding site on human transferrin for host and invading 
Neisseriaceae, Pasteurellaceae or Moraxellaceae pathogens allows the 
bacteria to circumvent mutations on transferrin, which thus provide 

no advantage to the host in terms of iron sequestration from transfer-
rin, as both TfR and TbpB directly compete for a similar surface on 
human transferrin.

The mammalian TfR has no retrieving specificity, whereas the bac-
terial receptor TbpB binds uniquely to the holo transferrin of its host 
species19, despite the high sequence conservation among serotrans-
ferrins. Distinctly from TfR, TbpB interacts with the loop L496–515 of 
human transferrin, which is a region of diverse length and sequence 
in mammalian homologs of transferrin (Supplementary Fig. 4e); 
superposition of human transferrin with porcine transferrin illus-
trates that steric hindrance between porcine L496–515 and NmM982-
TbpB would prevent NmM982-TbpB from forming a complex with 
porcine transferrin. These variations of the transferrin loop L496–515 
within the TbpB-recognition site seem to address a major barrier 
for cross-species specificity between the TbpB pathogen receptors 
and transferrin homologs. Furthermore, the TbpB–human transfer-
rin complex structure provides a structural explanation of the TbpB 
specificity for the holo form of the transferrin C-lobe, as both the C1 
and C2 subdomains dock onto TbpB, whereas the open conformation 
is characterized by a 51° rotation of the C2 domain, which would dras-
tically reduce the binding interface between TbpB and transferrin.

Figure 1  The structure of the NmM982-
TbpB–human transferrin complex. (a) Cartoon 
representation of TbpB in complex with human 
transferrin (hTf) from residues 3 to 679. TbpB 
(residues 38–691) is shown as a space-filled 
diagram, and human transferrin is shown in 
ribbon representation; domains and subdomains 
from both proteins are shown in different colors 
and are labeled. (b) Cartoon of TbpB in ribbon 
representation with subdomains colored as in a. 
The surface of human transferrin is colored on the 
basis of previous hydrogen-deuterium exchange 
mapping12. Purple denotes areas protected in the 
presence of TbpB, yellow denotes unprotected 
regions and gray denotes sequences for which no 
peptide was detected by MS analysis. (c) Interaction 
of NmM982-TbpB (wild type and mutants) with 
human transferrin, as assessed by binding assays on 
nitrocellulose membrane and anti-human transferrin 
antibody (see Supplementary Methods for details).
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Figure 2  TbpB stabilizes the holo form of human transferrin. (a) The 
cartoon representation of the buried His349 from human transferrin 
in contact with His143, Asp159 and Lys206 from TbpB illustrates 
the interaction of these residues through a tetrahedrally coordinated 
bridging water within the binding interface. The four residues and the 
tetrahedrally coordinated water (red sphere) are embedded within a 
simulated annealing 2Fo − Fc electron density map at 1.0 σ, without the 
human transferrin His349 residue. Yellow, green and blue denote the 
C1 human transferrin domain, the TbpB N-lobe β-barrel domain and the 
handle domain, respectively. (b) The schematic model of the tetrahedrally 
coordinated water is shown with the structure-based predicted pKa values 
for each residue indicated.
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The structural data presented here provide the basis for transferrin–
TbpB recognition, an essential function for the survival of many host-
restricted pathogens, including N. meningitidis, in the iron-limited 
environment of the host blood20. Our data reveal that TbpB does not 
initiate the opening of the human transferrin holo C-lobe that leads 
to iron release. Instead, as the X-ray crystal structure of TbpB–human 
transferrin demonstrates, TbpB buries the critical human transferrin 
residue His349 in a controlled environment that leads to stabiliza-
tion of the human transferrin C-lobe holo form. This is consistent 
with TbpB recruiting and sequestering iron-loaded transferrin while  
inside the host and maintaining the iron-loaded status of trans-
ferrin until its delivery to TbpA. This structural insight into the 
function of TbpB–human transferrin during the first step of the 
iron-acquisition process suggests that the second step of the iron-
acquisition mechanism consists of TbpA or the ternary complex 
human transferrin–TbpA–TbpB initiating conformational changes 
within transferrin to release iron.

Accession codes. Structure factors and atomic coordinates for 
NmM982-TbpB and the NmM982-TbpB–human transferrin  
complex have been deposited with accession codes 3VE2 and  
3VE1, respectively.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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