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Neisseria meningitidis, a causative agent of bacterial
meningitis, obtains transferrin-bound iron by expressing
two outer membrane located transferrin-binding proteins,
TbpA and TbpB. TbpA is thought to be an integral outer
membrane pore that facilitates iron uptake. Evidence sug-
gests that TbpA is a useful antigen for inclusion in a vaccine
effectiveagainstmeningococcaldisease, hence the identifica-
tion of regions involved in ligand binding is of paramount
importance to design strategies to block uptake of iron. The
protein shares sequence and functional similarities to the
Escherichia coli siderophore receptors FepA and FhuA,
whose structures have been determined. These receptors
are composed of two domains, a 22-stranded b-barrel and
an N-terminal plug region that sits within the barrel and
occludes the transmembrane pore. A three-dimensional
TbpA model was constructed using FepA and FhuA struc-
tural templates, hydrophobicity analysis and homology
modelling. TbpAwas found to possess a similar architecture
to the siderophore receptors. In addition to providing
insights into the highly immunogenic nature of TbpA and
allowing the prediction of potentially important ligand-
binding epitopes, the model also reveals a narrow channel
through its entire length. The relevance of this channel and
the spatial arrangement of external loops, to the mechanism
of iron translocation employed by TbpA is discussed.
Keywords: iron/meningococcal/TbpA/transferrin

Introduction

Iron acquisition is a particular problem for pathogenic bacteria
owing to the low levels found within the human host. Most
body iron is inaccessible, being complexed to haemoglobin or
stored in ferritin, and bacteriostatic conditions are further main-
tained by the rapid sequestering of free iron by glycoproteins
such as human transferrin (hTf ), found in the blood plasma
and human lactoferrin (hLf ), found on mucosal surfaces and
in secretions. Microbes have therefore evolved a number
of different mechanisms to survive in this iron-restricted
environment. Many bacteria are capable of secreting sidero-
phores, low molecular weight molecules that are extremely
effective iron chelators in the local environment (Griffiths
and Williams, 1999). These scavenging molecules compete
for iron with host iron-binding proteins before re-uptake by

specific, integral outer membrane receptors. Escherichia
coli secretes a variety of siderophores, including enterobactin
and ferrichrome, whose internalization into the periplasm
is mediated by their specific receptors FepA and FhuA,
respectively.

Some bacteria such as Neisseria meningitidis, a causative
agent of bacterial meningitis and septicaemia, are able to inter-
act directly with host iron-glycoproteins, stripping iron from
their binding sites for translocation across the outer membrane.
Binding and mutational studies (Schryvers and Lee, 1989;
Blanton et al., 1990) showed that in Neisseria, iron uptake
from hTf and hLf occurs via two distinct but parallel pathways.
Utilization of either hTf or hLf as sources of iron requires
specific receptors that are exposed at the cell surface.
Iron uptake from hTf is mediated by a complex of two
transferrin-binding proteins (TbpA and TbpB), whereas
lactoferrin-binding protein complexes are associated with
iron uptake from hLf. TbpA has a molecular weight of �98
kDa and displays a high degree of sequence homology between
strains (Paj�oon et al., 1997). It is thought to exist as an integral
outer membrane protein, through which iron is transported into
the periplasmic space (Gorringe and Oakhill, 2002). TbpA is
currently being considered as a candidate for inclusion in a
meningococcal vaccine effective against all serogroups.
Recombinant TbpA produces a strong immunogenic response
in mice, protecting them from subsequent intraperitoneal chal-
lenge with N.meningitidis (West et al., 2001), while antibodies
in sera from diseased patients cross-react with a range of men-
ingococcal isolates (Gorringe et al., 1995; Johnson et al.,
1997). TbpB displays greater sequence heterogeneity between
strains and ranges in molecular weight from 65 to 85 kDa. It is
thought to be fully surface exposed, attached to the outer mem-
brane via an N-terminal lipid moiety (Gerlach et al., 1992) and
acts as an accessory protein to TbpA by increasing the affinity
of the Tbp complex for iron-loaded hTF.

Despite the variation in the nature of the initial iron-chelated
complex that is presented to all of these uptake pathways, it is
clear that these iron-uptake receptors share remarkable struc-
tural and functional similarities. Iron translocation is reliant on
a proton-motive force generated at the inner membrane and
passed across the periplasm via the transducer protein TonB
(Bradbeer, 1993). The identification of a conserved, TonB-
interacting pentapeptide sequence at the N-termini of these
receptors classifies TbpA, FepA, FhuA and the diferricitrate
receptor FecA into the family of TonB-dependent proteins.
The crystal structures of FepA (Buchanan et al., 1999),
FhuA (Ferguson et al., 1998; Locher et al., 1998) and FecA
(Ferguson et al., 2002) have shown that each is composed of a
22-stranded anti-parallel b-barrel spanning the outer mem-
brane, connected via a short hinge region to an N-terminal
plug domain which folds into the barrel, being held in place
by numerous hydrogen bonds and polar contacts. These plug
domains possess a structurally conserved core formed mainly
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by a mixed four-stranded b-sheet tilted at a 45� angle to the
barrel axis, an orientation which physically separates the ligand
binding pocket on the extracellular surface of the receptor from
a smaller pocket exposed to the periplasm. The external bind-
ing site is also bordered by surface-exposed residues within
plug domain loops (two in FepA, three in FhuA and FecA) that
extend above the b-sheet core.

The significance of these loops is not clear, although their
close proximity to the binding pocket and the fact that they
possess stretches of high sequence variation between the three
receptors suggests they play a role in ligand recognition.
Comparisons between the structures of FhuA and FhuA–
ferrichrome–iron complex (Ferguson et al., 1998) indicate
that these loops form the origin of a signal to initiate an inter-
action with TonB at the periplasmic surface, prior to iron
translocation. Upon ferrichrome binding, the apex of one of
these loops is translated 1.7 Å towards the ligand. The
rearrangement is asymmetrically propagated across the plug
domain, resulting in the complete unfolding of a switch helix
(residues 24–29) at the periplasmic surface. This causes the
TonB box to swing to the opposite side of the barrel, possibly
acting as a signal to initiate the selective binding of
TonB. Opinion is divided on the sequence of events that follow
to allow iron uptake (Faraldo-G�oomez and Sansom, 2003):
either the plug domain unfolds to some extent and is ejected
from the barrel to uncover a pore large enough for siderophore
transport (Usher et al., 2001) or the structural rearrangement
following ligand binding is itself sufficient to open a channel
of adequate size, as seen in the FhuA–ferrichrome–iron
complex.

Size constraints prevent hTf from passing through the TbpA
b-barrel, hence the mechanism employed by the Tbps would
require additional steps to remove iron at the external surface
of the receptor. It has previously been speculated that binding
of external loops of the TbpA b-barrel to hTf, followed by a
succession of conformational changes, could forcibly separate
the domains surrounding the iron-binding site. The concomit-
ant reduction in affinity of hTf for iron would then cause the
ferric ion to be released directly into the TbpA pore (Boulton
et al., 1999; Schryvers and Stojiljkovic, 1999). Allosteric
changes within the b-barrel domain of TonB-dependent
proteins upon ligand binding have been observed previously,
most notably in comparisons of the structures of FecA and
FecA–diferricitrate complex (Ferguson et al., 2002). Forma-
tion of the liganded complex causes a major spatial rearrange-
ment of external loops 7 and 8, with a maximum displacement
of up to 15 Å, that seals off the binding pocket from the
extracellular environment. This suggests that the b-barrel
domain itself, perhaps utilizing energy provided by TonB,
plays an active role in iron uptake.

The structural homology displayed by the TonB-dependent
receptors permits modelling of the 3D structure of TbpA in the
absence of crystallographic data. Any structural information
regarding TbpA would be extremely beneficial for the devel-
opment of an effective multi-serogroup vaccine, particularly if
inferences can be made as to the location of putative hTF-
binding domains. Antibodies specifically designed to recognize
these epitopes would not only target the pathogen for opson-
isation, but also deny it a valuable iron source. A 3D model for
meningococcal TbpA, based on the structures of FepA and
FhuA–ferrichrome complex, has been developed for this
purpose and is described here.

Materials and methods

2D topology modelling
The solved structure files for FepA (1fep) and FhuA–
ferrichrome complex (1by5) were obtained from the PDB data-
base. The sequence of TbpA from N.meningitidis, strain K454
(B15:P1:7,16), was retrieved from the TrEMBL database (AC:
Q9JPJ0). Initial steps to determine a 2D TbpA topology model
focused on identifying short hydrophobic regions (7–11 resi-
dues) within the sequence that might traverse the lipid bilayer
and form the b-barrel. Although many computer-based
algorithms are able to predict regions of elevated hydrophobi-
city within a sequence, most do not take into account the
particular hydrophobic environment found within a transmem-
brane b-barrel. Only one side of a b-sheet within a membrane
buried sequence is required to display any degree of hydro-
phobic character, since only alternate (i.e. externally oriented)
residues are in contact with the lipid bilayer.

This criterion is accounted for by the prediction program of
Schirmer and Cowan (1993), which assigns an average hydro-
phobicity value (Hs) to each residue based on a hydrophobicity
index (Eisenberg et al., 1984). The algorithm was initially
tested with the FepA and FhuA b-barrel sequences, and,
once parameters for assigning transmembrane domains had
been optimized provided the most accurate topology predic-
tions compared with other web-based programs tested.
Twenty-two highly probable transmembrane strands were
selected for TbpA, starting from the C-terminus, which was
assigned as being located within the periplasm as for FepA
and FhuA.

In silico 3D structure modelling
The b-barrel backbone of the 3D TbpA model was constructed
based on the b-barrel portion of the 2D TbpA model. This
sequence was manually aligned with the sequence of the
FhuA b-barrel such that the 22 putative TbpA transmembrane
strands corresponded to those of FhuA. Insertions found in
the external loops of the 2D TbpA model that were absent
from the FhuA structure were removed from the alignment.
The program Modeller 4 (Sali and Blundell, 1993) used this
alignment and the structure of the FhuA b-barrel to appoint
coordinates to atoms constituting the TbpA protein backbone.
This allowed the construction of the TbpA b-barrel backbone
from a single alignment, with the advantage that each TbpA
transmembrane strand was automatically oriented with regard
to its neighbour. Side-chain conformations were then determ-
ined based on the predicted secondary structure of the protein
sequence of the b-barrel backbone.

Conformations of the TbpA external loops omitted from the
initial alignment were then calculated, using templates
obtained from the program 3D-PSSM (Kelley et al., 2000).
This searches databases of known 3D structures with sequence
homology to the target sequence. Templates were selected for
each TbpA insert, based on visual assessment and the avoid-
ance of bad steric interactions. Side-chain conformations in
these loops were assigned using Homology (Greer, 1990).
Finally, these external loop regions were spliced on to the
TbpA b-barrel backbone using GENLOOP, to construct the
entire TbpA b-barrel.

The 3D structure of the putative N-terminal plug domain was
determined using the structure of the FepA plug domain as a
template. A multiple sequence alignment between the
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150 residues following the TonB boxes of TbpA, FepA and
12 other TonB-dependent proteins was compiled by ClustalX,
in this case to predict more accurately regions of conserved
secondary structure. The alignment between TbpA and FepA
was extracted from this, which Modeller 4 used to construct the
protein backbone of the TbpA plug domain. Side-chain
conformations in this domain were again assigned using
Homology.

Both the plug and b-barrel domains of TbpA were then
superimposed on that of the entire FhuA structure using
Homology, with the TbpA and FhuA plug domains oriented
such that the four-stranded b-sheet cores were superimposed.
This orientation involved minimizing bad steric interactions
with the inner TbpA barrel surface, while maximizing hydro-
gen bond interactions between residues conserved in both
TbpA and FhuA. The two TbpA model portions were joined
together at the hinge region using GENLOOP to complete the
initial 3D model.

3D model refinement
Energy minimization was performed using the molecular
dynamics program CHARMM (Brooks et al., 1983). The ste-
reochemical quality of the 3D model was assessed throughout
the minimization procedure using PROCHECK (Laskowski
et al., 1993).

Results

The topology program used to predict the 2D TbpA model
produces a graph displaying the Hs value of each residue
(not shown), with peaks indicating regions of elevated hydro-
phobicity. An Hs value of +0.75 was found to be optimal for the
prediction of FepA and FhuA transmembrane strands, above
which the residue and neighbouring sequence were deemed to
be embedded within the lipid bilayer. In the case of both FepA
and FhuA, this threshold value correctly assigned 19 of the
22 transmembrane strands without any false-positive predic-
tions. Since the periplasmic loops of both proteins are short, Hs

peaks were assumed to occur in ‘pairs’ within the graph, allow-
ing the simple assignation of the remaining three transmem-
brane strands. When applied to the TbpA sequence and using
the same threshold Hs value, the topology prediction program
assigned 18 peaks as representing transmembrane strands.
Smaller peaks adjacent to four unpaired peaks in the graph
were assigned as the remaining four strands.

Clues concerning the precise location of transmembrane
strands come from the membrane interfaces. The first high-
resolution porin structures (Weiss et al., 1991; Schirmer et al.,
1995; Meyer et al., 1997) indicated that regions of membrane
proteins located at these interfaces are enriched in particular
amino acids. Membrane interfaces were often delineated by
polar-aromatic residues (tryptophan and tyrosine) that formed
two belts around the external surface of the b-barrel, from
where they could interact favourably with lipid headgroups
in the membrane. This pattern of polar-aromatic localization
is also evident in the structures of FepA, FhuA and FecA and is
thought to increase barrel stability. Assignment of transmem-
brane sequences within the TbpA model was altered to
maximize the number of these stabilizing residues present.

The 2D TbpA topology model is shown in Figure 1a. In
the membrane, the first transmembrane strand would form
hydrogen bonds with the last transmembrane strand to form

the b-barrel. The model possesses a 158 residue N-terminal
plug domain that would sit within the 22-stranded b-barrel,
with b-strands ranging in length from 10 to 20 residues. The
external loops range in length from 4 (loop 1) to 85 (loop 2)
residues, while none of the periplasmic loops exceed six resi-
dues. Six cysteine residues are located in external loops and
may contribute to the formation of a disulphide bond in each
of loops 2, 4 and 5. The model also possesses two continuous
girdles of aromatic residues delineating the upper and lower
boundaries of the membrane.

This topology model, along with a sequence alignment of the
putative barrel portion of TbpA and the FhuA b-barrel, was
used as a basis for the construction of a 3D model. The align-
ment was manually altered as described in the Materials and
methods section and the two sequences were found to share an
identity of 10.5% and a similarity of 24.4%. However, the
TbpA sequence contains several large insertions that are pro-
posed to be located within all of the predicted external loops,
except for loops 1, 6 and 9. With these insertions removed, the
sequences of the TbpA and FhuA b-barrel domains share
14.3% identity and 32.3% similarity (the alignment of
which is shown in Figure 2). The b-barrel domains of FepA
and TbpA share a sequence identity of 6.7% and a similarity of
22.1% when aligned in a similar manner, hence FhuA was
selected as the template for the 3D TbpA b-barrel model.
TbpA peptides removed from the TbpA/FhuA alignment
were used to search the 3D PSSM database, the results of
which are shown in Table I.

The N-terminal 150 residues following the TonB box of
TbpA were aligned with the sequences from 13 TonB-
dependent proteins. The alignment indicates the presence of
‘homology islands’, short stretches of residues that are either
identical or possess conserved character between each
sequence. Figure 3 shows this alignment between TbpA and
FepA only. The residues that contribute to the six b-sheets and
two sensor loops of the FepA plug are indicated. The homology
islands evident in the alignment appear to be primarily located
within these b-sheet structures, while non-conserved residues,
insertions or deletions align within the external facing loops of
FepA. The sequences share an identity of 19.4% and a simil-
arity of 34.8%, while the plug domains of FhuA and TbpA
share a sequence identity and similarity of only 15.2 and
27.9%, respectively. The alignment with the FepA plug domain
was therefore used by Modeller 4 to construct the plug domain
of TbpA, which was spatially oriented within the b-barrel
domain using Homology. Manual alteration of problematic
f/y angles along the entire protein backbone was performed
during the refinement phase of the model construction. After
refinement, bump checks revealed that no atom centres were
closer than 0.95 Å to each other.

Figure 1b and c show ribbon diagrams of the final 3D model
in which the putative N-terminal domain is clearly located
within a 22-stranded b-barrel. After structural validation, the
TbpA model has been deposited in the PDB (accession code:
1Z2Y). The model possesses a total height of 92 Å and an
ellipsoidal cross-section of 56 · 38 Å. When the model is
viewed from the periplasmic surface along the barrel axis,
the plug domain appears to occlude the transmembrane pore
completely, as with FepA and FhuA. The TonB box is evident
at the internal surface of the protein and is predicted to extend
up to 15 Å into the periplasm. In the model, each transmem-
brane b-strand is connected by 12 external loops, the longest of
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which, loop 2, is made up of 85 residues and extends into
the external milieu by >60 Å. Given some flexibility in the
loops and the degree of confidence with which they can be mod-
elled, localized structure allows the formation of the three disul-
phide bonds highlighted in the topology model. Sulphur atoms

fromC228andC236in loop2,C410andC419in loop4andC526
and C536 in loop 5 are 4.8, 2.5 and 4.1 Å apart, respectively. The
disulphide bond in loop 5 causes the protein backbone to
fold back on itself and run along the outside of the external
rim of theb-barrel, rather than extend away from the membrane.

Fig. 1. (a) Topology model of meningococcal TbpA, strain K454. The plug region is shaded in orange, while b-strands are shaded in blue. Potential disulphide bonds
are indicated by black lines. b-Strand residues with side chains pointing into the hydrophobic environment of the lipid bilayer are shown in bold circles. (b), (c) Ribbon
diagram of the 3D TbpA model. The b-barrel is shown in blue, while the plug region is coloured green. a-Helices within the plug are coloured yellow. Image (c) is
oriented 90� along the barrel axis to (b) and the front portion of the barrel has been removed for clarity.
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A large cleft is seen at the external surface of the receptor,
bordered on one side by loops 2, 3 and 4 and on the other by
loops 7, 8 and 9. In this static model, surface exposure of the
plug domain is restricted by external loops 2, 3 and particularly
4 to a channel �15 Å in diameter. Siderophore access to the
FepA and FhuA plug domains occurs through larger channels
(�20 Å in diameter) since external loops 2, 3 and 4 are much
shorter in these proteins. When viewed in the same orientation,
the TbpA model possesses 26 hydrophilic charged, surface
exposed residues that have the potential to interact with hTf,
16 of which are positively charged. FepA and FhuA only
possess 14 and 15 surface-exposed, charged residues respect-
ively, with a bias toward negatively charged side chains. This
suggests an additional function for the long external loops of
TbpA, rather than just acting to form a barrier to solutes
during iron translocation. Two loops extend from the external
surface of the TbpA plug domain, each of which contains an
arginine residue (R57 and R96) that may be important for
ligand recognition.

A particular concern in the TbpA modelling process was the
correct orientation of the plug domain within the b-barrel,
given that the two domains were constructed independently.
This was aided substantially by a high degree of secondary
structure conservation between the plug domains of model
and template; the domain in the TbpA model possessed a
four-stranded mixed b-sheet that was virtually superimposable
on that of the FepA plug domain. Residues involved in hydro-
gen bond interactions between the plug domain and the interior
of the barrel wall were also used as reference points to assess
the reliability of this orientation step. A structurally conserved
cluster of residues that are thought to fix the plug to the b-barrel
is evident in FepA and FhuA. This region includes two plug
domain arginine residues that are close enough to two b-barrel
glutamate residues to enable salt-bridge formation. The
sequence alignments used to construct the TbpA model
(Figures 2 and 3) show that TbpA retains identical charges
at these positions despite sequence variation. If the TbpA
plug domain was positioned correctly within the b-barrel, it

Fig. 2. Sequence alignment of the FhuA b-barrel and the TbpA b-barrel with large insertions removed. Residues constituting transmembrane strands are shown in
bold. Asterisk indicates sequence conservation; colon indicates sequence similarity. Solid arrows indicate FhuA residues involved in salt-bridge formation with plug
domain residues. Broken arrows indicate FhuA residues lining the putative channel.

Table I. Fragment templates provided by 3D-PSSM for TbpA external loops

TbpA model region TbpA sequence Structure template PDB code Sequence identity (%)

Loop 2 RAHEDAGRGVQSFNRLVPVEDSSN 1b8w (Torres et al., 1999) 20.8
Loop 2 YAYFIVKE 1dec (Krezel et al., 1994) 12.5
Loop 2 ECKNGSYETCKANPKKGVVGKDERQTVSTRDYT 1esk (Morellet et al., 1998) 35.1
Loop 2 GPNRFLADPL 1fep (Buchanan et al., 1999) 40.0
Loop 3 ANKKQAGSLPGNGKYAGNHKYGGLFTNG 1xkb (Kamata et al., 1998) 17.5
Loop 4 YKSDRVIYGESHR 1zfd (Neuhaus et al., 1992) 21.4
Loop 5 YWVTIGRGNVVTG 2fn2 (Sticht et al., 1998) 30.7
Loop 7 MYGWRAGVQSKA 1fep 25.0
Loop 8 QIKDGKEEAKGDPAYLNAQ 1pho (Cowan et al., 1992) 26.0
Loop 10 LGSRALLNGNSRNTKA 1mgx (Freedman et al., 1996) 25.0
Loop 11 ENVRQTAGGAVNQHKNVGV 1fep 15.7
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was assumed that these residues would also be oriented to
allow salt-bridge formation. Figure 4 shows that this is the case.

On closer inspection (Figure 5), the model is seen to possess
a channel running directly between the external and internal

surfaces, located in a similar position to the channel observed
in the FhuA–ferrichrome structure. In space-filling versions of
the model the channel opening has a diameter of �8 Å, which
then constricts to 5 Å at its narrowest point. Residues lining the
TbpA channel are located on the surface of the plug domain
and within transmembrane b-strands 7, 8, 9 and 10. Eight
b-strand residues postulated to be important for the surface
diffusion of ferrichrome through FhuA (Ferguson et al.,
1998) are highlighted in the alignment in Figure 2. Two of
these residues are conserved in TbpA, while five of the remain-
ing six residues contribute to a hydrophilic environment along
the length of the channel that would be required for passage of
iron. To check whether this is a general characteristic of TonB
dependent proteins, the b-barrel domains of FepA and FecA
were superimposed on that of FhuA and the corresponding
residues that line the internal channel highlighted. As can
be seen from Table II, the majority of these residues are
hydrophilic in nature.

Discussion

The crystal structures of FepA, FhuA and FecA provide
important clues concerning the architecture of all TonB-
dependent receptors including TbpA, an important pathogeni-
city factor in meningococcal disease and a strong candidate for
inclusion in a vaccine capable of eliciting protection against all
meningococcal serogroups. This study has developed a 3D
model of TbpA, using FepA and FhuA as structural templates,
that provides a solid basis for further study of the protein. Low
sequence identities between TbpA and these templates meant
that an accurate model could not be obtained through standard
homology modelling techniques alone. However, by taking
into account the general hydrophobicity profile displayed by
transmembrane b-barrels and characteristics common to the
determined structures of siderophore receptors and porins,
we believe the validity of the model is sufficient to explain
the highly immunogenic nature of TbpA and will allow the
mapping of antibodies to surface-exposed, rather than irrelev-
ant, areas of the protein. An important feature of the model in
terms of vaccine development is the high degree of surface
exposure displayed by the external loops. The longest of these
extends up to 60 Å away from the membrane (compared with
35 Å for FhuA), far above the bacterial lipopolysaccharide
matrix and presumably more accessible to the host’s defence
mechanisms than other membrane proteins. This high immuno-
genic character may explain why antibodies to TbpA are
found in the sera of asymptomatic carriers of N.meningitidis,
in addition to individuals convalescing from meningococcal

Fig. 3. Sequence alignment of the 150 residues following the TonB box of
TbpA and FepA. Grey bars below the alignment indicate the degree of
conservation between the sequences as calculated by ClustalX. Residues
comprising b-sheet structures within the FepA plug domain are indicated, as
are the two external facing loops. Arrows indicate residues involved in salt-
bridge formation with barrel residues.

Fig. 4. Salt-bridge formation between plug and barrel residues of FepA (a) and
the TbpA model (b). b-Barrels of FepA and TbpA are shown in black and the
plug domains of both structures are represented as light-grey ribbons. The side
chains of residues proposed to form salt bridges are also shown. Distances
between the nitrogen atoms of positively charged residues (R75 and R126 in
FepA, R66 and K119 in TbpA) and the oxygen atoms of negatively charged
residues (E511 and E567 in FepA, E643 and D707 in TbpA) are displayed.

Fig. 5. Location of the channel-forming regions within the 3D TbpA model (a)
and FhuA–ferrichrome (b). Both proteins are viewed from the external surface
along the barrel axis. Sections of the b-barrels of TbpA and FhuA are shown as
black strands. Plug domains from both proteins are displayed as grey ribbons and
channels are circled in black. The side chains of b-barrel residues proposed to
border one side of the channel are also displayed and annotated, with the
exception of G466 from TbpA.

Table II. Residues lining the putative internal channel in TonB-dependent
proteins

b-Strand FhuA FepA FecA TbpA

7 R297 S304 N355 Y389
7 N299 W306 Q357 R391
8 D358 H348 E388 N464
8 Q360 D350 R390 G466
9 D379 E368 R409 D478

10 N436 S405 S442 N542
10 Q438 A407 T444 K544
10 Q440 I409 A446 Y546
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disease, and why TbpA antibodies cross-react with a range
of meningococcal isolates. The surface exposure of TbpA
in the membrane predicts that it would be an important
component of an outer membrane vesicle vaccine if its exp-
ression could be upregulated, possibly by modification of its
promoter sequence. This approach to improve current menin-
gococcal vaccines has been described by Poolman and
Berthet (2001).

The TbpA topology model presented includes a putative 158
residue N-terminal plug domain. The 3D model predicts that
this sits within a b-barrel of 22 transmembrane strands, a figure
indicated not solely by hydropathy profile analysis, but also by
the structurally conserved nature of the b-sheet core found
within the TbpA plug domain. This suggests that the TbpA
b-barrel possesses similar dimensions to that of FepA and is
therefore most likely to be 22-stranded. A larger barrel size
would diminish the degree of hydrogen bonding between plug
domain and barrel wall and reduce conformational stability,
whereas a barrel with fewer transmembrane strands would
impose a degree of torsional strain on the b-sheet. This
feature of the TbpA model is also consistent with the
known structures of transmembrane b-barrels – these all con-
tain an even number of up to 22 anti-parallel strands.

The search for hTf-binding epitopes within TbpA has so far
been confined to identifying, within the sequence, the external
loops in which they reside. One study, based on a 2D topo-
logy model of gonococcal TbpA, highlighted three loops,
which, when removed by deletion mutagenesis, either abol-
ished hTf binding (loops 4 and 5) or resulted in a 10-fold
reduction in ligand binding compared with the wild-type (loop
8) (Boulton et al., 2000). In the model presented here,
external loops 4 and 5 each possess two positively charged,
surface-exposed residues. Loop 8 contains two lysines (K677
and K684), an aspartate (D678) and two glutamates (E681
and E682) in a tight cluster at the apex of the loop. The side
chains of all these are highly exposed to the environment
which, in conjunction with the results of the deletion
study, suggests that they play a role in initial binding events
with hTF. Such observations are not possible from topology
predictions alone, hence the 3D model represents a significant
advance in allowing a targeted approach to site-directed muta-
genesis studies and antibody generation. The identification of
ligand binding motifs is currently the aim of ongoing studies
using the established expression system for producing puri-
fied, recombinant TbpA (Oakhill et al., 2002). The 3D model
also suggests the possibility for disulphide bond formation
between cysteine pairs in loops 2, 4 and 5. Since the short
external loop regions between these cysteine pairs are surface
exposed to a large degree, the more rigid tertiary structure
imparted upon them by the disulphide bond could be import-
ant for hTF binding and/or protein function. Such a feature
may be particularly significant for loop 4, in which the region
bordered by disulphide bond-forming cysteine residues
extends directly into the cavity lying between the external
apex of the plug domain and the putative hTF binding cleft.
This raises the possibility of synthetically producing, or inde-
pendently expressing, peptides corresponding to these three
regions, in which the disulphide bond would promote forma-
tion of the native fold. The peptides can be used to raise
antibodies that are predicted, with some confidence from
the TbpA model, to bind to the external surface of TbpA
and physically disrupt hTF binding.

The model possesses characteristics that may be relevant to
the mechanism of iron translocation employed by TbpA,
although inferences made at this stage must be treated with
caution. Access to the external surface of the plug domain is
restricted to a cleft no wider than 15 Å in diameter. Although
the model is a static representation of the receptor located
within a fluid membrane and the external loops presumably
possess a degree of flexibility, it is still difficult to envisage
how a molecule as large as hTf could be brought into close
enough contact with sites deep within the TbpA binding pocket
to allow ferric iron transfer. However, the finding from the
mutagenesis study that loops 4 and 8 of gonococcal TbpA
may contain hTf-binding motifs lends support to the theory
that iron release from hTf is facilitated by a multi-determinant
binding stage involving several external loops of TbpA,
followed by conformational rearrangements to expose the
iron-binding site of hTf. Within the model presented here,
external loops 4 and 8 are located on either side of the cleft
leading to the plug domain and, once docked to adjacent
domains on hTf and perhaps in conjunction with TbpB,
would be favourably positioned to provide the force required
to separate them. Therefore, a principal function of TbpA’s
long external loops may be to aid in the active removal of iron
from hTf.

The conformational changes seen in the shorter external
loops of FecA–diferricitrate complex appear to be directed
at retaining the ligand in the binding pocket prior to translo-
cation and to prevent the indiscriminate flow of solutes through
an open pore. Any differences in the roles of the external loops
of TbpA and FecA will suggest that the receptors have evolved
to overcome the specific problems associated with their ligand.
It is possible that TbpA has no need to employ a gating mech-
anism, since the interaction with hTF, involving a contribution
from the other long external loops and/or TbpB, may be suf-
ficient to seal the entrance to the TbpA pore from the extra-
cellular space. The 3D TbpA model also reveals a channel
running right through the molecule, lined by predominantly
hydrophilic residues located on the interior of the barrel wall.
These features are also evident in the structure of the FhuA–
ferrichrome complex. The charge distribution at either end of
the TbpA channel is also similar to that found in FhuA, with an
aspartate residue located at the external entrance and an argin-
ine residue located at the periplasmic end. Residues on the
interior surface of the FhuA barrel that border on to this
channel are proposed to act as low-affinity binding sites for
ferrichrome iron, which would be passed from site to site
during its passage through the membrane. Such a mechanism
has been proposed to occur in the translocation of maltodex-
trins through channels in the protein LamB (Schirmer et al.,
1995). Given that these residues are found in four different
transmembrane strands, their structural and positional conser-
vation between TbpA and FhuA is all the more significant.
However, the inability to position water molecules accurately
within the model is a limitation of this study and provides no
clues as to whether ejection of the plug from the barrel during
iron transport is energetically possible. The degree of solvation
that exists at the interface between the two TbpA domains will
only become evident with the determination of an atomic struc-
ture. However, it seems likely that at some point in the process,
prior to iron entering the channel, the mechanisms employed
by TbpA and the siderophore receptors converge, after which
iron transport occurs via a common pathway.
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