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TbpB results in a larger surface exposed area that is 69 Å in
length compared with that of ApH49 or ApH87 TbpB, whose
cap areas extend 38 and 44 Å, respectively (Fig. 3A).
ApH49TbpB-pTf Sites of Interaction—Based on our previous

model of the Tf-ApH49 TbpB recognition, we mapped the key
binding elements involved in the pTf-binding site onto the two
new TbpB structures. The first common characteristic shared
between the three putative binding pockets is the large positive
surface spread on the cap region, which was previously pro-

posed to interact with the Tf C-lobe. This positively charged
interface involved loops from both the �-barrel and the handle
domain but, in the case of AsH57 TbpB, the site is exclusively
localized on its large loop and �-strand (�4 and �5) insertions
extended from the handle domain (Fig. 3B).
Characterization ofApH49TbpBdemonstrated Phe-171 as a

crucial residue for Tf-binding function. Based on structure
overlapping, we detected an equivalent aromatic residue, Tyr-
174 in ApH87 at the similar position to ApH49 TbpB Phe171
(Fig. 3B), which is not apparent from sequence alignments (Fig.
1, upper panel). The cap region of AsH57 TbpB is more diver-
gent than the two other crystallized TbpBs and there were no
obvious residues in the binding interface that corresponded to
Phe-171 or other critical residues from ApH49 TbpB. These
variations are essentially due to major structural differences in
loop organization of the cap region (Fig. 3B).
Although the cap interface of AsH57 TbpB does not appear

to be conserved withApH49 andApH87, it still has a conserved
feature of two surface exposed hydrophobic residues (Phe-63
and Phe-152) located within the positively charged cap area
(Fig. 3B). However, these phenylalanines are localized on the
handle domain loop instead of �-barrel as in the ApH87 and
ApH49 TbpB structures.
Surface Plasmon Resonance Reveals the Binding Affinities of

TbpBswith pTf—Surface plasmon resonancewas used to quan-
tify binding affinity between different TbpB preparations and
covalently immobilized pTf on a BiacoreX (Table 2 and the
supplemental Fig. S3). ApH49 and ApH87 TbpB share closely
related cap areas, and an equally similar pTf affinity of 44 and 60
nM, respectively. The AsH57 TbpB has a lower binding affinity
of 120 nM. Our SPR data are in agreement with a previous char-
acterization of ApH49 TbpB by isothermal titration calorime-
try that revealed a dissociation constant of 55 nM (16).
SPR data from the TbpB receptors did not match to a 1:1

Langmuir bindingmodel. Difficulty in fitting our kinetic data to
a 1:1model could be a consequence of ligand/analyte heteroge-
neity, or two-step binding kinetics. To discriminate between
these models we monitored the effect of several saturation
times on the dissociation events of TbpBs (supplemental Fig. S3
and Table S1): in case of heterogeneous analyte or two-step
binding kinetics, the dissociationwill slow as the duration of the
injection is increased. Comparing the dissociation phase that
occurs after variation in the saturation time, we show that the
dissociation curves are not affected by the contact time (sup-
plemental Fig. S3) and that the “heterogeneous ligand” binding
model best fits the data.
Mutational Analysis of AsH57 and ApH87 TbpB—The

pTf-binding site determined for the previously character-
ized ApH49 TbpB has common features with the two homol-
ogous TbpB structures presented herein. They all share the
feature of a positively charged region in the N-lobe cap sur-

FIGURE 1. Structural alignment of three TbpBs from the swine pathogenic strains ApH49, AsH57, and ApH87. Background colors yellow, blue, green,
orange, and peach denote the domain architecture of the N-terminal anchoring peptide, then the handle and �-barrel domain from the N- and C-lobe,
respectively. The secondary structure elements and loops from the cap area are shown above the sequences according to the TbpB labeling nomenclature is
described in the supplementary Fig. S1. Identical residues and conserved residues are highlighted and boxed red. A, B, and C, respectively are cartoon
representations of ApH49 TbpB from residues 24 –528 (PDB code: 3HOL Moraes et al., 16) (A), ApH87 TbpB from residues 26 –528 (PDB code: 3PQS determined
in this study) (B), and AsH57 TbpB from residues 27–577(PDB code: 3PQU determined in this study). The N-lobe �-barrel and handle domain are, respectively,
colored in green and blue; the C-lobe �-barrel and handle domain are, respectively, colored in brown and sand. The cap area is labeled.

FIGURE 2. The flexible N terminus-anchoring region of TbpB. Clipped
schematic representation of superimposed AsH57 TbpB (colored in blue) and
ApH87 TbpB (colored in green). The N- and C-lobe are indicated, and the N
terminus of both TbpBs is labeled. The red curved arrow illustrates the 118°
rotation between N-terminal extremities of AsH57 and ApH87 TbpBs. This
angle is defined by the position of Thr-33 with respect to Lys-43 in the ApH87
and AsH57 TbpBs.

TABLE 1
Data collection and refinement statistics for AsH57 and ApH87 TbpB

AsH57 TbpB27–577 ApH87 TbpB26–528

Data collection
Space group P21 C2221

Cell dimensions
a, b, c (Å) 90.7, 74.5, 106.4 132.6, 151.3, 90.3
a, b, g (°) 90.0, 105.7, 90.0 90, 90, 90

Resolution (Å) 50-2.1 (2.17-2.1)a 50-2.1 (2.17-2.1)
Rsym or Rmerge 0.145 (0.50) 0.093 (0.45)
I/�I 15.7 (3.1) 28.6 (4.4)
Completeness (%) 99.7 (99.2) 99.9 (99.8)
Redundancy 3.9 (2.3) 13.7 (10.1)

Refinement
Resolution (Å) 44.76-2.1 47.14-2.1
No. reflections 75629 50535
Rwork/Rfree 0.17/0.21 0.16/0.20
No. atoms 9509 4595
Protein 8589 4033
Glycerol 30 90
Cacodylic acid 0 5
Water 890 498

B-factors 50.1 64.5
Protein 50.5 62.8
Ligand/ion 69.6 98.6
Water 44.8 71.3

R.m.s. deviations
Bond lengths (Å) 0.007 0.006
Bond angles (°) 1.071 1.062

a Highest resolution shell is shown in parenthesis.
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face and all contain surface exposed aromatic residues
within this region. In ApH49 TbpB this surface exposed aro-
matic was shown to be essential for binding pTf. Thus all
exposed aromatic amino acids from the putative binding
sites of AsH57 and ApH87 TbpBs were mutated to alanine
and the resulting mutant proteins tested for binding by SPR.
Table 2 displays the affinity constants from the wild type and
mutant TbpBs. The SPR experiments indicate that Tyr-174,
Tyr-121, and Tyr-95 from ApH87 TbpB are involved in pTf
recognition, with respective pTf affinities of 8.9 �M, 203 nM,
and 585 nM compared with 60 nM for the wild type ApH87

TbpB. Tyr-174 from ApH87 has the strongest impact on the
pTf interaction and is localized near to the essential Phe-171
from ApH49 TbpB (Fig. 4B) (16). In the case of AsH57 TbpB,
direct binding experiments identify two phenylalanines
involved in pTf recognition; Phe-63 and Phe-152 are located
in the large protruding loop L1 and the extended �5 strand
from the N-lobe handle domain with their side-chains sol-
vent exposed (Fig. 4C).
The loops protruding from the N-lobe �-barrel were also

proposed tomediate electrostatic interactions between pTf and
TbpB (16). To probe the role of the electropositive surface of
the TbpB N-lobe Cap region on pTf affinity, we mutated the
conserved, solvent-exposed Arg-179 to Glu within AsH87
TbpB, (equivalent to Arg-175 in ApH49 TbpB). The result-
ant mutant protein was purified and examined using direct
binding assays by SPR. The pTf-binding experiments indi-
cate a drastic lost in binding efficiency of the R179E mutant
compared with wild type (60 nM to 6.1 �M binding affinities)
(Table 2). The substitution of a single positively charged res-
idue in the cap area to glutamic acid is sufficient to abrogate
the pTf binding activity of the ApH87 TbpB.
Models of TbpB AsH57 and ApH87 Bound to pTf—Rosetta

docking was performed using the C-lobe of pTf (iron loaded)
and the structures of theN-lobes ofApH87 orAsH57TbpBs. In
these docking experiments the mutational data were used to
add constraints to the docking algorithm. For both TbpBs, the

FIGURE 3. A comparison of TbpB N-lobes. A, cartoon representation of TbpB N-lobe from ApH49, ApH87, and AsH57 TbpBs. The common secondary structure
elements are labeled on ApH49 TbpB, and additional secondary structural elements found in ApH87 or AsH57 are labeled. B, Cap Tf-binding region of the TbpB
N-lobe. Structures are all in the same orientation with a focus on the “cap” region and loops of N-lobe viewed from the top. The �-barrel domain and handle
domain are, respectively, colored in green and blue. The aromatic surface exposed amino acids from the cap area are highlighted in yellow and labeled.
C, cartoon and electrostatic surfaces are shown for each of ApH49, ApH87, and AsH57 TbpBs with blue and red denoting positive and negative potential.

TABLE 2
Rate and affinity constants for binding of ApH49, AsH57, and ApH87
TbpB wild types and mutants to pTf
The rate and affinity constants were determined from sensorgrams recorded for the
binding of wild type and mutant TbpBs to pTf according to the “heterogeneous
ligand” binding model.

Protein kon1 koff1 Kd

M�1 s�1 s�1

ApH49 TbpB 1.75 105 7.7 10�3 44 � 1 nM
ApH87 TbpB 2.12 105 1.28 10�2 60 � 2 nM
ApH87 TbpB Y121A 1.50 105 3.06 10�2 203 � 8 nM
ApH87 TbpB Y95A 2.94 104 1.17 10�2 585 � 11 nM
ApH87 TbpB Y174A 2.61 102 2.33 10�3 8.9 � 0.4 �M
ApH87 TbpB R179E nda nda 6.1 � 0.6 �M
AsH57 TbpB 2.52 105 3.06 10�2 120 � 4 nM
AsH57 TbpB F152A 6.10 104 2.43 10�2 405 � 8 nM
AsH57 TbpB F63A 3.29 105 1.07 10�1 326 � 11 nM

a nd, not determined.
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top 1% of the highest scoring docked models were examined
manually, and one heavily favored orientation was found for
each (supplemental Fig. S4). These predominant models were
homologous within 20 of the top 30 decoys for their respective
docking runs. The second most favored orientation had only 3
and 4 homologues each. ThoughApH87 andAsH57TbpB have

many major differing structural features, especially around the
proposed pTf binding site, the predicted docking orientations
of both structures were nearly identical (Fig. 5). Because of this
similarity, a newdockedmodelwas generated for the previously
reported ApH49 TbpB structure, incorporating important res-
idue data as constraints (described under “Experimental Proce-
dures”). Themajority of themodels (17 of the top 30) resulted in
a nearly identical orientation to those of AsH57 and ApH87
models.
In our three independently generated models, the TbpB-

binding interface on pTf is conserved. The C1 and C2 domains
of the transferrin C-lobe bind to the handle and �-barrel
domain of TbpBs, respectively (Fig. 5). Porcine transferrin
docks on TbpB with the �-helix H1 (residues 352–366) and the
loop elements L15 (residues 507–513 and 519–521), L18 (resi-
dues 555–559), and L23 (residues 624–627 and 633–636). A
conserved binding pattern emerges from the Rosetta docked
models, which suggests the helix and loop elements H1, L15,
L18, andL23 of pTf form theTbpBbinding interface on pTf (Fig.
5). The negatively charged �-helix H1 and loop23 (consisting of
the motif CSSS, residues 624–627) of pTf binds the positively
charged cap area of the TbpBs. Loop15 of pTf makes several
contacts with TbpBs, but one key residue contact that is central
to each model is the positively charged Arg-509, which is ori-
ented toward a negative pocket in the canyon formed between
the N-lobe �-barrel and handle domains.4 Loop18 (non uni-
formly charged) of pTf makes contact on the �-barrel domain
but we note that the electrochemical environment on TbpB is
not maintained between the three-studied TbpBs.
Porcine Transferrin Binds TbpB on the Cap Area—To local-

ize and confirm the Tf-binding site location, we performed
H/DX-MS. Results from experiments with TbpB from three
strains; A. pleuropneumoniae H49 and H87, and A. suis H57
alone, and upon complex formation with pTf, are presented in
Fig. 5. For the ApH49, AsH57, and ApH87 TbpBs, a total of 57,
58, and 54 pepsin-digested peptides, respectively, could be uti-
lized, covering 46, 45, and 43% of the protein sequences and 69,
60, 61% of the respective cap region (supplemental Fig. S5). The
isotopic mass shift due to deuterium incorporation in TbpB
fragments were detected using a QStar pulsar mass spectrom-
eter, and analyzed via Hydra software, as described under
“Experimental Procedures.” Despite incomplete sequence cov-
erage of the receptors with a pepsin digestion, the protected
sequences of the three-studied TbpBs are all located on the
N-lobe domain and more precisely localized along the cap area
of each of the porcine TbpBs studied (Fig. 4).

DISCUSSION

Structural Features of TbpBs—The two new structures
reported in this study demonstrate that the overall structural
features of TbpBs are conserved despite considerable sequence
variation and size differences. Each lobe is comprised of an
8-stranded �-barrel with a 5-stranded handle domain in the
N-lobe and a 6-stranded handle domain in the C-lobe (supple-
mental Fig. S2). The size and sequence differences are largely

4 L. P. Silva, R. Yu, C. Calmettes, X. Yang, T. F. Moraes, A. B. Schryvers, and D. C.
Schriemer, in preparation.

FIGURE 4. Rosetta-docked models of TbpBs bound to pTf, supported by
H/DX-MS. A–C, representation of H/DX-MS experiments (right panel) and
Rosetta-docked models (left panel) of ApH49 TbpB (A), ApH87 TbpB (B), and
AsH57 TbpB (C) bound to pTf. On the right is the schematic representation of
the TbpBs: colored in red are the regions protected in presence of transferrin,
in orange are indicated the unprotected sequence, and in light green are
regions where there is no information by mass spectrometry (sequence cov-
erage that are missing). At the left are shown the docking models with TbpB
electrostatic potential surface and carton-illustrated pTf C-lobe. The pTf
C-lobe is colored in blue and binding interface with TbpBs is in orange. All
TbpB structures from H/DX-MS and Rosetta-docked models are shown in the
same orientation. D, TbpB binding area on pTf is proposed on ApH49, ApH87,
and AsH57 TbpB the Rosetta-docked models. A top view of the electrostatic
potential surface of the putative TbpB-binding site on pTf is illustrated with
structural elements in the binding site (�-helix H1 and the loop elements L15,
L18, and L23) labeled.
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manifested by variation in the loops that constitute the Cap
region of the N-lobe. There is a conserved interaction
between the N-terminal lobe that contains the Tf binding
interface and the relatively conserved C-lobe, in an orthog-
onal orientation. Although the C-lobe is not directly
involved in Tf binding, its presence and conserved interac-
tion with the N-lobe could be important for the receptor
function in vivo. The lack of sequence variation in the C-lobe
compared with the N-lobe may infer a conserved interaction
with other surface components.
In the ApH49 and AsH57 proteins the extended N-terminal

anchoring peptide interacts through hydrogen bonds with the
C-lobe. In the ApH87 structure the anchoring peptide assumes
a different conformation that appears to be stabilized by inter-
chain contacts with the adjacent TbpB in the crystal lattice. The
complete N-terminal anchoring peptides consist of more than
43 residues that could equate to �100 Å in length if in an
extended conformation in solution. Thus the two observed
conformations (Fig. 2) suggest that the N-terminal membrane-
anchored peptide may allow the TbpB receptor to adopt an
extended orientation to more effectively capture host Tf in the
presence of the polysaccharide capsular layer.
TbpB Conservation of the pTf-binding Sites—Based on our

pTf-TbpB model, there are substantial variations in the TbpB
N-lobe Cap regions, however all strains studied permit high
affinity specific binding interactions with Tf. The cap region
involved in pTf recognition is directly exposed to the host envi-
ronment, including the immune defense elements. The
sequence and structural variation of this cap region likely is a
mechanism for immune evasion, providing decoy epitopes that

vary between strains so that a primarily strain-specific immune
response is induced (27). Because the different receptor pro-
teins need to retain the ability to bind to transferrin in a similar
fashion, there should be conserved features that could other-
wise induce a cross-reactive immune response. Thus there
would be selective pressure for directing the immune response
to variable regions or to accomplish a somewhat conserved Tf
interaction by variable means.
Based on the three solved structures of TbpB we can classify

the pTf-binding sites into at least two groups: ApH49 and
ApH87 TbpBs that share similarities in the loop’s cap area, and
AsH57 TbpB that has a large extended loop containing some
new secondary structural elements. The results from this study
suggest that AsH57 TbpB adopts a novel interaction pattern
with pTf, as the binding interface appears highlymodified com-
pared withApH87 andApH49 (Fig. 3A). The cap area ofAsH57
TbpB is also identified by H/DX-MS experiments as an interfa-
cial region with pTf. The two protruding loop regions ofAsH57
TbpB create a larger surface area buried in the model (�4400
Å2) with pTf (Fig. 4C). The strikingly different loop structure
whilemaintaining interactionswith the same regions of pTf has
important implications on how this diversity is created and on
potential barriers to horizontal exchange of antigenic diversity.
Using a structure-based approach, TbpBmutantswere selec-

tively designed to probe related effects on functionwith the goal
tomore precisely define the binding activity of these prokaryote
pTf receptors. Based on previous studies of ApH49 TbpB (16),
we first focused on the solvent exposed aromatic residues
accessible from the cap area of AsH57 and ApH87 TbpBs. SPR
binding experiments with all the alanine substitutions of phe-

FIGURE 5. The conserved elements of the TbpB-pTf Binding Interface. A–C, N-lobe Cap areas of ApH49, ApH87, and the AsH57 TbpBs are represented in A, B,
and C, respectively. An orange cartoon representation is the pTf predicted TbpB-binding elements from the Rosetta-docked TbpB-pTf models. In each model,
the arginine 509 from the loop 15 of pTf is shown in stick representation. D, top surface of the TbpB N-lobe demarking the barrel and handle domain in red-dotted
line. The negatively charged cap area is represented in dark blue, the �-barrel in green, and the handle domain in blue. Structural elements from the pTf C-lobe
localized at the interface with TbpBs are drawn in black (loop 15, 18, 23, and �-helix1). The loop 23 and the helix H1 (orange) dock on the TbpB positively charged
cap area, driven by electrostatic interaction. pTf loop 15 makes contact with TbpB at the between the �-barrel and handle domain, where the Arg-509 seats
deeply in the canyon formed by the two domains of the N-lobe.
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nylalanine and tyrosine residues within the putative binding
sites, revealed that similar amino acids to the ApH49 TbpB
Phe-171 are also required for the pTf binding of AsH57 and
ApH87 TbpBs. These binding experiments point to the impor-
tance of the Tyr-95 and Tyr-121 and the structurally conserved
Tyr-174 on ApH87 TbpB (Fig. 4B), and the non-conserved
Phe-63 and Phe-152 on AsH57 TbpB (Figs. 4C). Interestingly,
the phenylalanines 63 and 152 are localized on the protruding
loop L1 and the extended �5-strand from the handle domain
instead of the �-barrel as in the case of the essential aromatic
residues from ApH49 and ApH87 TbpBs (Fig. 4).
Despite the loop variation between the pTf-binding sites, the

swine pathogen TbpBs share similar characteristics for captur-
ing porcine Tf. In addition to the essential Phe and Tyr hydro-
phobic residues on the cap area, the pTf-TbpB recognition
seems to depend on a positively charged interface, which is
predicted at the pTf interface by computational Rosetta dock-
ing and by experimental HDX-MS data. Indeed the putative
pTf-binding sites from the three TbpB structures all maintain a
positively charged interface on the cap area, which matches to
the neighborhood of the essential Phe and Tyr (Fig. 3B). To test
the pTf binding dependence toward this positively charged
area, we prepared an ApH87 TbpB mutant in which the Arg-
179 has been substituted by a glutamic acid. This mutant
allowed us to measure the deficiency in pTf-binding caused by
a partial charge disruption in the putative binding site. The
mutation was sufficient to disrupt the pTf binding function by
insertion of a single negatively charged amino acid.
All three TbpB structures present similar characteristics

involving aromatic and positively charged residues, but they
show variability in localization. The binding contributors from
both ApH49 TbpB and ApH87 have partial similarity in
arrangement (Fig. 3B), but differ more drastically with the
structurally non-conserved AsH57 TbpB binding site (Fig. 3B).
The independent Rosetta dockedmodels fromApH49,ApH87,
and AsH57 predict the N-lobe Cap area as the pTf-binding
pocket of the swine-related TbpBs. The H/DX-MS experimen-
tal data validates our three Rosetta docked models, confirming
the Cap area as the TbpB/pTf interface. Although H/DX-MS
overall TbpB sequence coverage of the three TbpB strains was
low, coverage of the cap regionswas quite high, withmost of the
missing coverage being attributed to the rigid �-barrels in each
of the TbpB lobes. In agreement with our models, most of the
protruding loops from the cap area are protected in presence of
pTf (Fig. 4).
Despite the divergence in the TbpB interface, the conserved

physicochemical properties of the binding sites support idea
that these TbpB could target a common binding-site on pTf.
Based on our Rosetta docking experiments, TbpB receptors
bind to the same surface on pTf (Figs. 4 and 5). Our three inde-
pendently generated TbpB/pTf binding models suggest the
loop elements L15, L18, L23, and the �-helix H1 as the TbpB-
binding site on pTf.
Despite a high sequence homology between Tfs from different

species (70% between pTf and hTf C-lobes), the TbpB binding
function forTf ishost specific. Interestingly, amino-acids frompTf
that are predicted to contact the porcine pathogen TbpBs are not
conserved when compared with hTf (supplemental Fig. S6), sug-

gesting that pathogens have adapted to discriminate specific host
Tf with higher affinity; or a host evolution as defense mechanism
to avoid infection fromTf-based pathogens.
Implication in Vaccine Design—TbpBs have been targeted

for development of vaccines for a number of human and veter-
inary pathogens due to the critical role they mediate and their
resulting invariant presence in clinical disease isolates (14,
27–29). Although they are capable of inducing a protective
immune response, there is an insufficient cross-protective
response induced by individual intact receptor proteins to be
considered as suitable vaccine antigens. The fact that these pro-
teinsmediate a conserved interactionwith the host Tf provided
some optimism of ultimately targeting conserved regions of the
proteins for developing a more cross-protective antigen. Fur-
thermore, if common Tf-binding regions could be targeted by
the immune response, the bacteria would be unable to evade
the immune response by ongoing antigenic variation as this
could also compromise the critical functionmediated by TbpB.
The results from this study demonstrate that there is no obvi-

ous conserved Tf-binding region in the N-terminal lobe com-
mon to all the TbpBs from porcine pathogens that could simply
be used as vaccine antigen capable of inducing a cross-protec-
tive immune response. It seems evident that the divergent
TbpBs accomplish binding of porcine Tf with common, but not
identical, features and that further study will be needed to fully
appreciate the molecular details of this interaction. Clearly the
most informative approach would be determining structures of
pTf-TbpB complexes but these have been evasive to date, and a
combination of alternate approaches may need to be consid-
ered. A detailed appreciation of the pTf-TbpB interaction may
ultimately provide insights on how to develop one or more
receptor derivatives ormimics capable of inducing a cross-pro-
tective response against all porcine pathogens. Expanding this
approach to developing vaccines against human pathogens will
require gathering structural information on a large set of TbpB
homologues to develop broad-spectrum protection again mul-
tiple pathogenic species.
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