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SUMMARY

Pathogenic bacteria from the Neisseriaceae and
Pasteurellacea families acquire iron directly from
the host iron-binding glycoprotein, transferrin (Tf),
in a process mediated by surface receptor proteins
that directly bind host Tf, extract the iron, and trans-
port it across the outer membrane. The bacterial Tf
receptor is comprised of a surface exposed lipopro-
tein, Tf-binding protein B (TbpB), and an integral
outer-membrane protein, Tf-binding protein A
(TbpA), both of which are essential for survival in
the host. In this study, we report the 1.98 Å resolution
structure of TbpB from the porcine pathogen Actino-
bacillus pleuropneumoniae, providing insights into
the mechanism of Tf binding and the role of TbpB.
A model for the complex of TbpB bound to Tf is
proposed. Mutation of a single surface-exposed
Phe residue on TbpB within the predicted interface
completely abolishes binding to Tf, suggesting that
the TbpB N lobe comprises the sole high-affinity
binding region for Tf.

INTRODUCTION

In vertebrates, the host iron-binding glycoproteins, transferrin
and lactoferrin, play a major role in maintaining an iron-limited
environment by sequestering free iron in the extracellular milieu
(Ratledge and Dover, 2000). Bacteria are dependent upon effec-
tive iron acquisition mechanisms in order to survive in the iron-
depleted environment of the host. Pathogenic Gram-negative
bacteria within the Neisseriaceae and Pasteurellaceae families
rely on a specialized uptake system, characterized by an essen-
tial surface receptor complex that acquires iron from host trans-
ferrin (Tf) and transports the iron across the outer membrane
(Gray-Owen and Schryvers, 1995).
Actinobacillus pleuropneumoniae is a member of the Pasteur-

ellaceae family that causes a highly contagious and frequently
fatal form of pneumonia in pigs (Sebunya and Saunders, 1983).
Strains of A. pleuropneumoniae respond to iron-limiting condi-

tions by expressing surface receptors that are responsible for
the pathogen’s ability to specifically utilize porcine transferrin
(pTf) as a source of iron (Gonzalez et al., 1990, 1995). Both
receptor proteins are essential for survival within the porcine
lung (Baltes et al., 2002).
Generally, the bacterial Tf receptors are comprised of two

proteins: Tf-binding protein A (TbpA) and Tf-binding protein B
(TbpB). TbpA is an integral outer-membrane protein related to
other well-characterized TonB-dependent receptors involved
in the acquisition of siderophore iron or vitamin B12 (Chimento
et al., 2003; Fanucci et al., 2003; Ferguson et al., 1998). Its
proposed role as the conduit for transport of ferric ions across
the outer membrane is supported by the inability of TbpA-defec-
tive bacterial strains to grow with Tf as the sole source of iron
in vitro (Cornelissen et al., 1992; Irwin et al., 1993) in animal infec-
tion models with exogenously supplied human transferrin (hTf)
(Renauld-Mongénie et al., 2004) or in the natural host (Baltes
et al., 2002; Cornelissen et al., 1998).
TbpB, the second protein component of the receptor, is a

surface-exposed lipoprotein that is capable of independently
binding Tf (Gray-Owen and Schryvers, 1995; Schryvers and
Morris, 1988). The role of TbpB in the iron acquisition process
is not fully understood. There is a variable degree of growth
impairment in TbpB-deficient strains in vitro where Tf is the
sole exogenous source of iron (Anderson et al., 1994; Irwin
et al., 1993; Baltes et al., 2002; Renauld-Mongénie et al.,
2004). However, TbpB-deficient strains of A. pleuropneumoniae
are completely avirulent and ineffective at colonization, strongly
suggesting that this receptor protein is required for the iron
acquisition process in vivo (Baltes et al., 2002). In addition, and
in contrast to TbpA, TbpB also has a strong preference for
binding to the iron-loaded form of Tf (Retzer et al., 1998; Yu
and Schryvers, 1993).
Surface proteins that are essential for survival in the host are of

considerable therapeutic interest as potential vaccine targets.
The bacterial transferrin receptor, and in particular the largely
exposed TbpB component, thus represents such a target, and
there have been substantial efforts directed at evaluating and
developing TbpB’s as vaccine antigens (Danve et al., 1993;
Myers et al., 1998; Potter et al., 1999; Rokbi et al., 1997;
Rossi-Campos et al., 1992). Preparations of recombinant, re-
folded TbpB have shown a degree of protection in an aerosol
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infection model in pigs (Rossi-Campos et al., 1992). However,
there is considerable sequence and antigenic variation among
TbpB proteins from different strains of A. pleuropneumoniae
(Gerlach et al., 1992), prompting the question, how does this
protein deal with significant variation yet still bind pTf and func-
tion to recruit pTf to the membrane?

Transposon mutagenesis of the tbpB gene revealed that
TbpB-binding activity for pTf was retained in a fusion protein
containing the first 289 amino acids of the mature protein and
a series of randomly generated mutants with reduced binding
activity primarily mapped to those regions (Strutzberg et al.,
1995). A synthetic peptide library representing TbpB from A.
pleuropneumoniae was probed with labeled pTf to reveal
peptide regions with Tf-binding activity (Strutzberg et al.,
1997). Similar approaches have been used to probe the tight
interactions between TbpB and Tf in several human pathogens
(Renauld-Mongénie et al., 1997; Retzer et al., 1999; Sims and
Schryvers, 2003), but a clear understanding and appreciation
of this interaction has been elusive.

The crystal structure of TbpB described in this study provides
significant insight into the molecular role of TbpB as the bacterial
receptor of mammalian host Tf and provides the basis for the
development of improved TbpB-based vaccines.

RESULTS

Functional Domains of TbpB
Regions encoding various subfragments of the intact A. pleuro-
pneumoniae TbpB (residues 1–528) were subcloned into cyto-
plasmic and periplasmic expression vectors, and the expressed

protein subfragments were assessed for Tf-binding activity. The
expression vectors encoded N-terminal tag regions containing
a consensus biotinylation sequence, a polyhistidine segment, a
TEV protease cleavage site, and an optional maltose-binding
protein (Mbp) partner. Soluble, stable forms of the Mbp fusion
proteins expressed in the cytoplasm could be isolated by
metal chelate chromatography (Figure 1A), but only the intact
(TbpB20-528 or TbpB36-528) and N lobe (TbpB36-285) subfragments
possessed Tf-binding activity as assessed by affinity capture
(Figure 1B) or a solid-phase binding activity (Figure 1C). The N
lobe subfragments expressed without an Mbp fusion partner,
or released by TEV protease cleavage (TbpB36-285, Figure 1), re-
tained Tf-binding activity in the affinity capture assay (Figure 1B)
but were negative in the solid-phase binding activity (Figure 1C),
highlighting limitations of this assay.
Both the N lobe TbpB36-285 (the smallest subfragment that

retained binding activity) and the intact TbpB20-528 (minus the
first 19 residues and lipidation site) were selected for crystalliza-
tion screens. To optimize the isolation of these functional
proteins, Mbp fusions to the TbpB constructs were initially
captured with an affinity resin consisting of iron-loaded pTf
coupled to Sepharose. The fusion protein was eluted from the
column with a lower pH buffer containing chelators to favor
conversion of the immobilized pTf to the apo form, taking advan-
tage of the specificity of TbpB for the iron-loaded form of pTf.
After concentration and buffer exchange, the eluted fusion
proteins were shown to retain binding activity by solid-phase
binding assays and analytical affinity capture assays (Figure 1).
The fusion proteins were treated with TEV protease, yielding a
stable TbpB36-285 subfragment or intact TbpB20-528 and the
Mbp that could be separated by anion exchange chromatog-
raphy on a Q-Sepharose column.

Structure Determination of TbpB
The stable N-terminal lobe of TbpB (TbpB36-285) provided the
first crystals of a subfragment of TbpB. Selenomethionine-
enriched forms of TbpB36-285 crystallized in space group C2,
diffracted to 2.3 Å, and provided good phases for structure
determination by MAD (Hendrickson et al., 1985) (see Table S1
available online). The intact TbpB20-528 crystallized in similar
conditions but in a different space group (P212121) generating
diffraction to 1.98 Å. Using the 2.3 Å TbpB36-285 N lobe structure
as a molecular replacement search model, the intact TbpB20-528

structure was solved, yielding an initial Rfac of 0.44 with 49% of
the model (Table 1).

Structure of TbpB20-527

TbpB adopts a bilobal structure with the two lobes, which we
term the N and C lobes, having similar architectures (Figure 2).
Each lobe consists of an eight-stranded b barrel flanked by a
‘‘handle’’ domain made up of four (N lobe) or eight (C lobe)
b strands. The handle-barrel structured region comprises resi-
dues 47–285 of the N lobe and residues 290–528 of the C lobe,
indicating that there is an additional long N-terminal peptide
region for the N lobe and a very short linker peptide between
the two lobes. In the TbpB20-528 structure, the N and C lobes
sit orthogonal to one another in an L shape, with the barrel
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Figure 1. Affinity Capture and Dot Blot Assays Assessing the
Function of TbpB Binding to pTf
(A) An SDS-PAGE gel of the purified TbpB proteins used in the pTf-binding

assays is shown stained with Coomassie blue.

(B) pTf-Sepharose was used to affinity capture the TbpB proteins in (A). The

captured proteins were eluted from resin by SDS-PAGE buffer, separated on

a SDS-PAGE, and stained with Coomassie blue.

(C) A direct binding dot blot assay using the proteins in (A) that were spotted on

filter paper and probed with HRP-pTf illustrates the binding between pTf and

the TbpB proteins.
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domains on the outer surface and the handle domains in closer
proximity (Figure 2A).

N Lobe and C Lobe Structures
The N terminus forms a long unstructured ‘‘anchor’’ region (resi-
dues 25–47) that runs along the base of the C lobe barrel into
domain A of the N lobe. We term this region the anchor because
it is tethered via an N-terminal cysteine that is embedded in the
outer membrane through lipidation. Residues 48–130 (domain A)
comprise the handle consisting of a four-stranded antiparallel
b sheet held together by a short surface-exposed a helix (resi-
dues 82–85) (Figure 3A). The four strands in domain A pack up
against the N lobe eight-stranded b barrel (residues 131–285)
burying !1800 Å2. Both the eight-stranded b barrel and domain
A of the N lobe have extensive loops on a surface-exposed
‘‘cap’’ region and shorter turns on the opposite face that are
packed up against two antiparallel strands (an exiting strand
b18 that links N lobe to C lobe and the strand b8 that connects
the handle and b barrel of N lobe) (Figure 2).
The similarity in architecture between the N and C lobes of

TbpB is supported by an overall root-mean-square deviation
(rmsd) of 2.0 Å (aligning 160 C-alpha atoms). The primary differ-
ence is located in the handle domains (A and C) with an rmsd
of 2.7 Å (aligning 61 C-alpha atoms). The handle domain of the

C lobe (domain C) consists of a squashed six-stranded b sheet
flanked by two antiparallel b strands and has no supporting
a helix as in the N lobe (Figure 3B). The six strands pack against
the b barrel domain of C lobe burying 2100 Å2 of surface area.
Structural overlays illustrate the differences in the loop and helix
regions of these supporting handle structures (Figure 3C). The
strands of the b barrel domains within the N and C lobes are
superimposable, with an rmsd of 1.8 Å (aligning 107 C-alphas);
however, the loop regions are quite distinct, especially the first
loops created within the b barrels. As with many b barrels, short
turns extend on the vertex side of the b barrel domain, and large
extended loop regions exist on the surface-exposed cap region
of C lobe (Figure 3B).
These long flexible loop regions contribute to quite different

electrostatic surfaces; N lobe has a positive potential centered
at its cap region, whereas C lobe’s cap region is negatively
charged and creates a visible cavity between its two domains
(Figures 3D and 3E). The difference in electrostatic potential
may contribute to the distinct binding properties of N and C
lobe. Indeed, the Tf-binding affinity for N lobe is much greater
than C lobe, as can been seen in pTf affinity capture and solid-
phase binding assays (Figure 1). In addition, ITC data confirm
that the affinity for Tf must come primarily from the N lobe, as
the Kd for N lobe (TbpB36-285) and intact TbpB (TbpB20-528) are
almost equivalent at 35 and 44 nM, respectively (Figure S1).
The 1:1 stoichiometry between pTf and N lobe or intact TbpB
was also supported by multiangle light scattering (MALS; data
not shown).

The Interface between N and C Lobes
The interface between the N- and C-terminal lobes buries
!1200 Å2 of surface area and contains a central hydrophobic
core consisting of residues Ile294, Ile295, and Phe313 from C
lobe, and Pro45, Leu47, and Pro129 from N lobe. This hydro-
phobic core is flanked by salt bridges formed by Glu309-
Lys131 and Arg293-Asp296 (Figure 4). In addition, Lys325 forms
a hydrogen bond with the peptide backbone hydroxyl of Pro45,
and the aliphatic portion of Asn311 engages in van der Waals
contacts with Leu47 and Pro129. Residues in the C/N lobe inter-
face are absolutely conserved in porcine pathogens (Figures S2
and S3) and are highly conserved in all TbpBs (Figure S4).
Furthermore, the N-terminal region (specifically residues

26–29, 31, and 34) of the intact TbpB20-528 structure stacks
against the overhanging eighth strand of the C terminus of
C lobe (residues 524–527). Most contacts are through the main
chain, as the nature of the interaction is a short antiparallel
b strand, with the side chains of the interacting residues still
partially conserved in TbpB (Figures S3 and S4). No other portion
of the subsequent long flexible unstructured N-terminal region
(residues 35–42) makes contact with the C lobe.

Interactions of TbpB with Tf
A combination of modeling and site-directed mutagenesis was
used to probe the TbpB-Tf interaction. Since our binding studies
suggest Tf-binding activity primarily resides in the TbpB N lobe
(Figure 1) and interactions are thought to primarily involve the
C lobe of Tf (Alcantara et al., 1993), we attempted to generate
a model of the C lobe pTf bound to the N lobe of TbpB. Using

Table 1. Data Collection and Refinement Statistics for Intact
TbpB

ApTbpB20-528

Data Collection CLS

Space group P212121

Cell dimensions

a, b, c (Å) 35.4, 96.8, 143.3

a, b, g (") 90, 90, 90

Resolution (Å) 50–1.98 (2.05–1.98)

Rsym or Rmerge 0.092 (0.33)

I/sI 24.3 (5.0)

Completeness (%) 98.6 (86.7)

Redundancy 6.7 (5.3)

Refinement

Resolution (Å) 33.6–1.98

Number of reflections 35,069

Rwork/Rfree 0.183/0.225

Number of atoms 4,339

Protein 3,895

Ligand/ion

Water 444

B factors 21.5

Protein 20.2

Ligand/ion

Water 24.7

Rmsd

Bond lengths (Å) 0.007

Bond angles (") 1.037

Highest-resolution shell is shown in parentheses.
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PyMOL (DeLano, 2002) to orient the C lobe of Tf to within 30 Å of
the N lobe cap region, both proteins were randomly spun around
their center of mass and docked using RosettaDock from the
ROSETTA++ Software Suite (Gray et al., 2003). One thousand
decoys of N lobe TbpB bound to C lobe pTf were generated,
and the ten lowest-energy models were superimposable
(Figure 5 and Figure S5). The docked model places the C1 and
C2 domains of pTf above the barrel and handle domains of
TbpB N lobe, respectively.

Based on the model generated by Rosetta, we examined key
surface-exposed residues of N lobe for pTf binding. Two hydro-
phobic surface-exposed residues, Phe171 (located on loop X of
the N lobe barrel) and Phe58 (located on a loop in the N lobe
handle domain), flank an electropositive patch on the cap region
of N lobe (Figure 6A). These residues were targeted for site-
directed mutagenesis along with ‘‘control’’ surface residues,
Ala83, Asn84, and Ser86, not anticipated to play as critical a
role in pTf binding. The resultingmutantMbp-TbpB N lobe fusion
proteins (Phe58Glu+Lys61Glu, Ala83Glu, and Phe171Ala) were
produced and tested for binding by affinity capture, solid-phase
binding assays, and ITC (Figures 6B–6D and Figure S1).Mutation
of Phe171 abrogated binding of pTf completely, whereas binding
activity was reduced for the simultaneousmutation of Phe58 and

Lys61 from 55 to 309 nM as measured by ITC (Figure 6D and
Figure S1). As predicted from the model, the control surface
mutations Asn84Arg and Ser86Glu had no negative effect on
pTf association in affinity capture or solid-phase binding assays
(data not shown), nor did Ala83Glu (Figures 6B–6D).

DISCUSSION

Structural Features of TbpB and Its Interface with Tf
This study presents the structural report of a bacterial receptor
protein responsible for binding Tf from the infected host. The
bilobed structure of TbpB is orthogonal in architecture with refer-
ence to the positions of the N and C lobes. It is tempting to spec-
ulate that the bilobal structure of TbpB would interact with the
bilobal structure of Tf, lobe to lobe. Although the overall folds
of the N and C lobes are similar, the differences in the handle
domains and loop regions (we term the cap) lead to very different
morphologies and electrostatic binding surfaces. This cap
region on the N lobe is highly electropositive, whereas the equiv-
alent cap region of the C lobe forms a deep electronegative
gorge between the handle and b barrel domains (Figures 3D
and 3E), differences we propose govern binding to Tf. Further-
more, we show the TbpB N lobe has similar affinity for
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Figure 2. Overall Structure of TbpB
Illustrated is a cartoon representation of TbpB with domains A–D labeled and colored teal, green, gold, and orange. The N lobe and C lobe are labeled and

highlighted with a blue and red semitransparent surface.

(A) The C- and N-terminal positions of the protein are labeled, and the lipidated cysteine of mature protein is modeled tethered with respect to the outer

membrane.

(B) An alternate hypothetical model of TbpB extending from themembrane and reliant on eliminating the interactions between the N- and C-terminal strands. The

anchoring residues are rotated 90" around the peptide bond at residue 42.
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iron-loaded pTf as full-length TbpB, whereas C lobe has no
significant affinity for pTf (Figures 1 and 5, Figure S1). Taken
together, it seems unlikely that the C lobe functions to bind Tf
in the same manner as the N lobe.

The lack of structural information for TbpB has limited the
design and interpretation of prior studies exploring the interac-
tion between TbpB and Tf. With the high-resolution structures
of TbpB and Tf now in hand, a combination ofmolecular docking,
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(C) Superposition of TbpB N and C lobes using SSM in Coot. The secondary structural elements are labeled.
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site-directedmutagenesis, ITC, and functional assayswere used
to probe andmodel the TbpB-Tf interface (Figure 5). Collectively,
these data suggest that the interface is localized to the distinc-
tive cap region of TbpB N lobe described above and provides
the foundation for both understanding past work as well as ulti-
mately understanding the role and specificity of TbpB in iron
acquisition from host Tf.

Within the context of our structural data, the majority of point
mutants previously characterized in A. pleuropneumoniae
TbpB to impair pTf binding (Strutzberg et al., 1995) are either
not surface exposed or in a region that would lead to detrimental
folding. As such, it is unlikely that any of thesemutants are defec-
tive due to a direct binding interaction with pTf. For example, the
Gly205Asp mutation that caused a severe loss of binding is
located within b strand 12 of the N lobe b barrel (Figure 7A).
This would direct the charged Asp into the hydrophobic interior
of the N lobe in order to maintain the antiparallel b strands that
form the N lobe b barrel, thus likely abrogating proper folding.

In contrast, in this study we have designed and probed, using
mutagenesis, the surface-exposed residues located at the inter-
face of our predicted model of TbpB bound to pTf. The
Phe171Ala mutation located at the center of the interface

completely abolished Tf binding, whereas the double mutant
Phe58Ala and Lys61Glu involving residues located on the edge
of the interface also had an effect on pTf binding (Figure 6).
Mutating another surface-exposed residue that was not in the
interface, Ala83Glu, for example, had no effect on binding.
A common approach for dissecting protein/protein interac-

tions in lieu of structural data involves peptide mapping. Three
regions of the A. pleuropneumoniae TbpB N lobe were previ-
ously identified as potential binding sites for pTf by probing an
overlapping synthetic peptide library with labeled pTf (Strutzberg
et al., 1995). Now interpreted within the context of our structural
data, the first region represented by residues 121–134 is buried
in the interface between domain A and the N lobe barrel and is
unlikely to be involved in pTf binding, as it would require energet-
ically and sterically unfavorable conformational changes to
separate the barrel and handle domains. Thus this region likely
represents a false positive that is an inherent limitation of the
peptide library approach. The second region represented by
residues 81–94 encompasses the surface-exposed helix region
within domain A of our structure. However, our mutagenesis
analysis of surface-exposed residues in this region (Ala83Glu)
indicated that pTf binding was not affected. In addition, the
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Figure 5. Rosetta-Docked Model of TbpB-Bound pTf
The N lobe of TbpB and the C lobe of pTf (holo) (PDB ID code 1H76) were docked together using the Rosetta suite for protein docking. One thousandmodels were

generated, and the top ten lowest energy models were superimposed (Figure S5).

(A) The electrostatic surface of TbpB N lobe (generated by ABPS and PyMOL using default parameters; ionic strength set at 0.01 and neutral pH) is shown along

with a cartoon of the holo-C lobe of pTf colored white, with binding determinants from the peptide arrays colored in blue.

(B) The C lobe of pTf docked onto N lobe TbpB.

(C) The subsequent model illustrating the position of the proposed complex pTf (ribbon) bound to TbpB (transparent surface). The surface illustrating

A. pleuropneumoniae TbpB-binding determinants are colored in red.
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underlying sequence in this region is not highly conserved even
within serotypes of A. pleuropneumoniae (Figures S2 and S3).
Only the third region predicted by the peptide studies, specifi-
cally residues 162–174, encompasses an area compatible with
pTf binding in our structure: loop X on the cap of the barrel of
N lobe between strands b9 and b11. This loop region is surface
exposed in our structure, creates a distinguishing highly electro-
positive surface, and includes Phe171, for which involvement in
pTf binding has been supported by our site-directed mutagen-
esis analysis.

TbpB Conservation and Implications for Vaccine Design
An overall sequence comparison of TbpBs from a variety of
species that infect different vertebrate hosts (Figure S4) high-
lights the predicted conservation of the secondary structural
elements, suggesting that they share the same overall architec-
ture. The greatest conservation appears to be in the strands of
the b barrel and handle domains, especially those residues
within the interface between the handle and b barrel. The loop
regions that comprise the interface between N and C lobe are
also highly conserved, signifying either that this interaction is
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probed with HRP-pTf. The blots were scanned

and quantified to give a saturated binding curve,

and relative binding constants were determined

by Scatchard analysis with respect to the His-

Mbp-TbpB35-285(N lobe). Binding constants for

pTf bound to the His-Mbp-TbpB constructs were

also determined by ITC and listed (isotherms can

be found in Figures S1C and S1D).

Gly120
Ala150

Pro160

Phe171 Phe58
Lys61

Thr200

Arg225

Ser66

Arg293

90o

Gly205

A B C

Common
binding
surface

pTf

hTf

Figure 7. TbpB-Binding Determinants for Tf Mapped on the Structure of A. pleuropneumoniae TbpB
A ribbon (A) and two surface (B and C) representations of TbpB. Peptides identified from a peptide library of A. pleuropneumoniae TbpB that bind to pTf are

colored in red, and residues that inhibit the interaction between A. pleuropneumoniae TbpB and pTf are labeled and colored in green. Highlighted in blue are

the equivalent positions of peptides involved in interactions between hTf and Neisseria meningitidis B6B16 (light blue) or Moraxella catarrhalis (dark blue).

Common binding regions to pTf or hTf binding found in TbpBs are highlighted in purple.
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conserved or that they mediate conserved interactions with
other outer-membrane components. The difference in size
among the TbpBs is primarily due to additional sequences within
the handle domains.

The structural information provided by this investigation can
also be used to aid interpretation of experimental data regarding
interactions between hTf and TbpBs from human pathogens,
and two studies in particular provide substantial insights. In the
first study, site-directed mutagenesis of an isotype 2 TbpB
from N. meningitidis was used to identify two Arg residues
from the N lobe that are critical for interaction with hTf (Re-
nauld-Mongénie et al., 2004) (Figure 7). Arg243 from N. meningi-
tidis localizes onto an extended loop between b strands 12 and
13 that is common in sequence among hTf-binding TbpBs and
may be specific for recognition for hTf. Arg55 from N. meningiti-
dismaps to the handle domain of the N lobe cap near Phe58 and
Lys61 in A. pleuropneumoniae TbpB, which have been shown to
moderately effect pTf binding.

In perhaps the most comprehensive study, peptide libraries
and truncations of the TbpB N lobe from the human pathogen
Moraxella catarrhalis probed with hTf identified six regions
involved in hTf binding (Sims and Schryvers, 2003), with several
of the peptides mapping to the N lobe cap region of TbpB
(Figure 7C). Taken together, these studies investigating the inter-
actions between hTf and the human bacterial pathogensN.men-
ingitidis or M. catarrhalis support the general interface between
TbpB and Tf we have modeled for the A. pleuropneumoniae
TbpB-pTf interaction.

Alignment of TbpB sequences from porcine pathogens
(Figures S2 and S3) as well as other vertebrate pathogens
(Figure S4) illustrates that, in spite of overall sequence and pre-
dicted fold conservation, a considerable portion of the surface
of the N lobe is comprised of variable sequence. This variability
primarily resides in the ‘‘cap’’ loop regions within the N lobe
and we predict reflects, in part, the fact that Tf receptors from
distinct pathogens have evolved to recognize the Tf of their
specific infected host. However, comparison of sequences
from porcine pathogens that would bind a common pTf still
show a concentration of variable sequence at the N lobe cap
(this is also observed between serotypes of Neisseria meningiti-
dis B16B6 and M982, Figure S4), an effect we believe is caused
by selective pressure from the host immune system (Figures S2
and S3). Of the 40 highly exposed surface residues in N lobe,
only seven are conserved among the various Actinobacillus
pleuropneumoniae andHaemophilus parasuis serotypes. Similar
to the Neisseria gonorrhoeae type IV pilus system, where pilin
subunit regions that are most accessible to antibodies are also
the most variable (Craig et al., 2006), regions of TbpB located
on the surface-exposed cap region are hypervariable, whereas
the buried b strands in the core of the structural fold are more
highly conserved (Figures S2–S4). In contrast, the surface resi-
dues of the TbpB C lobe are highly conserved, implying less
selective pressure from the immune system and ostensibly
less exposure than N lobe at the bacterial membrane. We spec-
ulate theC lobe of TbpBmay function as a scaffolding region that
is bound by other proteins (including TbpA) to effectively mask
the TbpB surface and protect it from eliciting an immune
response prior to the Tf capture event. Together this information

provides the platform toward the design of vaccines that could
be exploited as therapeutic agents.

Structural Homologs and Functional Homologs of TbpB
The overall architecture of TbpB defined in our crystal structure
is unique; however, each domain falls into a structural fold.
Based on a Dali search, the eight-stranded barrel domains in
N and C lobe draw comparisons to eight-stranded b barrel
outer-membrane protein W (OmpW). These eight-stranded
integral outer-membrane proteins utilize hydrophobic residues
lining the outer surface of the b barrels to create an apolar
membrane-spanning region with an internal polar cavity for
transport of molecules. This is opposite to the barrel domains
of TbpB (Figure 2), where the hydrophobic residues line the
inner surface of the b barrels to create a stable hydrophobic
core.
The barrel domains of both the N and the C lobe also share

structural homology with two other recently characterized
surface-exposed lipoproteins, LP2086 (Mascioni et al., 2008)
and GNA1870 (Cantini et al., 2006, 2009; and Schneider et al.,
2009). GNA1870 is a 28 kDa surface-exposed lipoprotein of
Neisseria meningitidis (Cantini et al., 2006). The protein is a
meningococcal vaccine candidate that binds the complement
regulatory protein factor H and is thus also known as factor
H-binding protein (FHbp) (Madico et al., 2006). The NMR struc-
ture of a domain of truncated FHbp (FHbp101-255; Protein Data
Bank [PDB] ID code 1YS5) forms an eight-stranded b barrel
that can be overlayed onto TbpB N lobe (rmsd of 2.3 Å over 84
common main-chain atoms) or C lobe (rmsd of 3.3 Å over 60
commonmain-chains atoms) (Figure S6). Despite the similarities
in the b barrel domain of FHbp and TbpB, however, the loop
regions and handle domains are distinct, and neither supports
the affinity for each other’s substrates (Cantini et al., 2006).
Furthermore, an overlay with the recent crystal structure of
FHbp bound to compliment factor H implicates a completely
different binding surface that employs the wedge created
between the handle and barrel b strands and not the barrel
cap regions we predict for TbpB-Tf (Figure S6). These compari-
sons thus suggest that surface-exposed lipoproteins like TbpB
and FHbp may employ a common fold for purposes of secretion
or stability, but not for ultimate unique function at the bacterial
membrane.
Despite serving the same function, to obtain iron from Tf, the

prokaryotic and eukaryotic Tf receptors are quite dissimilar
both in structure and function. The prokaryotic Tf receptor is
comprised of two structurally different components (TbpA and
TbpB), whereas the eukaryotic receptor is a homodimeric ecto-
domain (Lawrence et al., 1999; Cheng et al., 2004) (Figure S7).
The ectodomains allow mammalian cells to effectively bind
and utilize any iron-loaded Tf from a mammalian species as an
iron source, whereas the prokaryotic Tf receptor is exquisitely
specific for Tf from the host it infects. Finally, the prokaryotic
receptor removes iron from Tf at the cell surface and transports
it across the outer membrane, whereas the eukaryotic Tf
receptor complex is ‘‘internalized’’ via endocytosis and the lower
pH of the endosome plays amajor role in recovering the iron from
Tf. The structural and functional differences between the TbpA/
TbpB Tf receptor and the ectodomain further emphasize the
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potential for TbpA and TbpB to serve as ideal bacterial vaccine
candidates.

Additional Functional Implications
TbpB serves to preferentially capture iron-loaded (holo) Tf at the
extracellular surface of the bacterial outer membrane, then
ostensibly releases apo Tf once iron is extruded into the bacterial
cell. In addition to the predicted TbpB-Tf interface, our structural
analysis may provide additional insight into these processes.
During the initial recruitment of host Tf by TbpBs, we suggest
the unstructured N-terminal region following the lipidation site
we observe in TbpB may serve to provide a flexible tether to
the membrane surface. By analogy with observed multiple
conformations of a similar N-terminal region in the NMR-derived
model of the surface lipoprotein LP2086 (PDB ID code 2KDY)
(Mascioni et al., 2008), it is tempting to speculate that similar
rotations around the peptide bond between residues 42 and 43
in TbpB would allow the receptor to extend a further 40–60 Å
from the bacterial cell surface to capture Tf from the extracellular
milieu. This modeled alternate orientation is consistent with the
overall structural features, and one might suggest that the ener-
getic cost required for the necessary elimination of the three
hydrogen bond interactions between the N-terminal anchor
and the C lobe during this reorientation (Figure 2B) may be
compensated for by the favorable binding with Tf.
The structural model for pTf-TbpB that we present here also

reconciles the strong preference of TbpB for the iron-loaded
form of Tf (Retzer et al., 1998). A substantial 50" rotation was
observed between the C1 and C2 domains of Tf upon intercon-
version between the apo and iron-loaded forms (Rawas et al.,
1997). This rotation would result in an !13 Å displacement of
the equivalent C lobe pTf residues (C1-His353 and C2-Asp558)
we predict to lie at the interface with TbpB. Superposition of
the apo and iron-loaded forms of Tf onto our Rosetta-modeled
complex suggests that the cleft created between the C1 and
C2 domains as iron is extracted to create apo-Tf and would
require an energetically unfavorable disruption of the bound
TbpB handle-barrel domains, thus resulting in TbpB’s reduced
affinity for apo-Tf. Interestingly, our modeling studies also
suggest that a better fit between TbpB and iron-loaded pTf could
be envisionedwith only a small movement of a helix in domain C1
of Tf further into the electropositive groove within the N lobe cap
of TbpB. It is tempting to speculate that this type of induced
conformational destabilization upon TbpB binding may serve
as an important initial step in lowering the affinity of Tf for iron.
TbpB’s primary role is to bind and recruit Tf to the bacterial
membrane, but it may also function to help lower Tf’s affinity
for iron, thereby increasing the efficiency of subsequent iron
uptake by the bacterial cell.

EXPERIMENTAL PROCEDURES

Preparation of pTf-Sepharose and HRP-pTF
Porcine transferrin (pTf), obtained from Sigma-Aldrich, was conjugated to

CNBr-activated Sepharose 4B (Pharmacia). Briefly, 5 mg of pTf was incubated

with 1 g of CNBr-activated Sepharose 4B for 2 hr in coupling buffer (0.1 M

NaHCO3 [pH 8.3], 0.5 M NaCI) followed by washing overnight with 50 mM

Tris (pH 8.0), 1 mM ethanolamine-HCI. The pTf-Sepharose resin was incu-

bated for 10 min in 0.1 M sodium citrate/0.1 M sodium carbonate (pH 8.6)

buffer in the presence of 25-fold molar excess of FeCl3. Iron-pTf-Sepharose

was washed with 10 mM HEPES (pH 7.0) and stored at 4"C.

The HRP conjugate of pTf (HRP-pTF) was prepared as previously described

(Gonzalez et al., 1990). Briefly, after chemical conjugation, the mixture of HRP

and pTf was loaded onto a Superdex 200, and the fraction from the peak

corresponding to a 1:1 conjugate was pooled and dialysed against PBS,

and aliquots were frozen and stored at #80"C.

Expression and Purification of Recombinant TbpB
Plasmids containing the A. pleuropneumoniae TbpB constructs were trans-

formed into E. coli ER2566 chemically competent cells (NEB Company) and

left to recover in 1ml LB for 1 hr at 37"C. LB (20ml) containing 100 mg/mL ampi-

cillin was added to the transformants and grown at 37"C overnight with

shaking. The 20 ml overnight cultures were used to inoculate 4.5 L of LB broth

with 100 mg/mL ampicillin and left shaking O/N at 37"C. Cells were harvested

at 46003 g and resuspended in 100ml of lysis buffer (50mMTris-HCl [pH 8.0],

1 M NaCl) containing phenylmethylsulfonyl fluoride (PMSF) (1 mM). Cells were

lysed by passage through a french press cell at 10,000 psi twice. Cell debris

was removed by centrifugation at 10,000 3 g for 30 min. The supernatant

was incubated with 25 ml iron-pTf-Sepharose resin in a 500 ml bottle and

left shaking overnight at 4"C. The resin was collected by a 25 ml gravity filter

column and washed ten times in lysis buffer. The bound receptor protein

was eluted with an iron removal buffer (0.1M sodium phosphate, 0.1M sodium

acetate, 10 mM EDTA [pH 5.5]). The eluted sample was dialyzed against

10 mMHEPES (pH 7.0) at 4"C for overnight with two changes of 2 L. After dial-

ysis, the protein solution was analyzed by SDS-PAGE. The pure protein was

concentrated to a final volume of 5–10 ml and stored at 20"C.

Direct Binding Dot Blot Assay
Protein samples were spotted onto nitrocellulose/cellulose acetate membrane

(0.45 micron, HA paper; Millipore Ltd.). After drying at room temperature,

nonspecific sites were blocked by incubating with 0.5% skim milk in TBS

(50 mM Tris-HCl [pH 7.4], 150 mMNaCl) for 10 min at room temperature under

gentle agitation. The membrane was washed with TBS (20 mL, three times)

and then incubated with HRP-pTf (1:2000) in TBS with 0.5% skim milk for

1 hr at room temperature under gentle agitation. The membrane was washed

with TBS followed by a 15 min incubation in a developing solution (20 ml TBS,

150 ml 3% H2O2, and 4 ml of 300 mg chloronaphthol [Bio-Rad HRP reagent] in

100 ml cold methanol). After sufficient time for the spots to develop, the

membrane was washed with water and dried at room temperature.

Small Batch Isolation of A. pleuropneumoniae TbpB
Using pTf-Sepharose
Sample protein (!0.05 mg/mL) was incubated with 50 ml iron-pTf-Sepharose

for 1 hr at room temperature under gentle agitation. After collecting the resin

by centrifugation, the resin was washed three times with 50 mM Tris/HCl (pH

8.0) containing 1 M NaCl to remove contaminants. The resin was boiled for

5 min in the presence of 23 sample buffer (4% SDS, 20% glycerol, 0.002%

bromophenol blue in 100 mM Tris/HCl buffer [pH 6.8]), and the bound TbpB

proteinwas visualized on 13.5%SDS-PAGEgels stainedwithCoomassie blue.

TEV Cleavage Method
Pure fusion protein was digested with TEV protease (4 mg /100 units) in TEV

buffer (50 mMTris-HCl [pH 8.0], 0.5 mMEDTA) at room temperature overnight.

After cleavage, the protein solution was dialyzed against 10 mM HEPES

(pH 7.0) at 4"C overnight and then applied in batch to 20 ml of Q-Sepharose

resin (equilibrated in 10 mM HEPES [pH 7.0]). The flowthrough and bound

protein were analyzed by SDS-PAGE, and pure protein was concentrated

and stored at 4"C or #20"C.

Protein Crystallization
Purified TbpB36-285 protein at 10, 20, and 30 mg/mL was initially screened

against QIAGENPEG suite commercial screenwith a 32-headHoneybee robot

at the University of Alberta. Initial crystals were observed in 150mMpotassium

thiocyanate and 30% PEG 2000 MME. The addition of 20% glycerol yielded

a C2 isoform. TbpB20-528 (intact TbpB) crystallized in similar conditions that

were optimized to 20%PEG3350, 0.1M Tris (pH 8.0), 150mMNaCl in P212121.
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Structure Determination
Data were gathered on crystals frozen at 105 K on beamline ID08-1 at the CLS.

The anomalous peak, high-energy remote, and inflection wavelengths for

selenomethionine-enriched TbpB36-285 crystals were determined by a fluores-

cence scan; subsequently, 360 images, 180 images, and 180 images with 1"

oscillations were collected at the corresponding energies (Table 1). The data

were processed with HKL2000 (Otwinowski and Minor, 1997) anomalous

flag to 2.3 Å resolution. The position of three Se atoms was determined and

refined by Sharp (Vonrhein et al., 2007) using Shelx for HA detection and

Solomon for density modification. ArpWarp (Morris et al., 2002) was used to

build an initial model consisting of 212 docked residues, providing 43% of

the model. Further rounds of model building and refinement were completed

by using Coot and Refmac5 (Murshudov et al., 1997) utilizing TLS (Winn

et al., 2001) parameters and the Phenix suite. TbpB20-528 crystals were soaked

in 30% PEG3350, 0.1 M Tris (pH 8.0), 150 mM NaCl and flash frozen in liquid

nitrogen. Data sets collected on beamline ID08-1 at the CLS were processed

with HKL2000. The 2.3 Å resolution TbpB36-285 N lobe structure was used as

a molecular replacement search model in MOLREP yielding an initial Rfac of

0.44 with 50% of the model for the TbpB20-528 structure. The first six amino-

terminal residues of TbpB20-528 are poorly defined in the electron density

maps and are not modeled. Residues are numbered initiating with the first

mature amino acid (Cys1) remaining after signal peptide cleavage. Weak

density was observed for several side chains of residues (366–371 and 474–

480). There were no disallowed residues in the Ramachandran plot (4.5%

allowed). Figures were made using PyMOL (DeLano, 2002). Electrostatic

potentials were calculated using APBS (Baker et al., 2001) under default

parameters (Protein Dielectric, 2.0; Solvent Dielectric, 80.0) at neutral pH (all

charged ion concentrations set to 0). No observable differences in potential

were observed at an ionic strength of 150 mM for the ±1 ion concentrations.

Maps were contoured at ±4 kT/e for isosurface display.

Isothermal Titration Calorimetry
ITC was performed using a VP ITC (MicroCal, Inc., Northampton, MA). All

samples were pH 7.0 in 10 mMHEPES. Titrations were performed by injecting

30 consecutive 10 ml aliquots of!200 mMTbpB (intact or N lobe) titrant into the

ITC cell (volume = 1.3528 mL) containing !15 mM holo-pTf (concentrations of

the proteins were specifically determined by absorbance at 280 nm). The ITC

data were corrected for the heat of dilution of the titrant by subtracting mixing

enthalpies for 10 ml injections of TbpB into protein-free buffer. Binding stoichi-

ometry, enthalpy, and equilibrium association constants were determined by

fitting the corrected data to a bimolecular interaction model.

Multiangle Light Scattering
Purified protein (0.5 mg) was loaded onto a Superdex 200 HR 10/30 gel filtra-

tion column (Amersham), equilibrated with buffer (10 mMHEPES, 50 mMNaCl

[pH 7.0]), and connected in line with miniDAWN MALS equipment coupled to

an interferometric refractometer (Wyatt Technologies). Data analysis was

carried out in real time using ASTRA (Wyatt Technologies), and molecular

masses were calculated using the Debye fit method.

Accession Codes
Coordinates for Ap-TbpB20-528 and Ap-TbpB35-285 have been deposited in the

Protein Data Bank under ID codes 3HOE and 3HOL.

SUPPLEMENTAL DATA

Supplemental Data include one table and seven figures and can be found

with this article online at http://www.cell.com/molecular-cell/supplemental/

S1097-2765(09)00467-5.
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