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ABSTRACT Blastomyces adhesin-1 (BAD-1) protein mediates the virulence of the yeast Blastomyces dermatitidis, in part by bind-
ing host lung tissue, the extracellular matrix, and cellular receptors via glycosaminoglycans (GAGs), such as heparan sulfate. The
tandem repeats that make up over 90% of BAD-1 appear in their native state to be tightly folded into an inactive conformation,
but recent work has shown that they become activated and adhesive upon reduction of a disulfide linkage. Here, atomic force
microscopy (AFM) of a single BAD-1 molecule interacting with immobilized heparin revealed that binding is enhanced upon
treatment with protein disulfide isomerase and dithiothreitol (PDI/DTT). PDI/DTT treatment of BAD-1 induced a plateau effect
in atomic force signatures that was consistent with sequential rupture of tandem binding domains. Inhibition of PDI in murine
macrophages blunted BAD-1 binding to heparin in vitro. Based on AFM, we found that a short Cardin-Weintraub sequence
paired with a WxxWxxW sequence in the first, degenerate repeat at the N terminus of BAD-1 was sufficient to initiate heparin
binding. Removal of half of the 41 BAD-1 tandem repeats led to weaker adhesion, illustrating their role in enhanced binding.
Mass spectroscopy of the tandem repeat revealed that the PDI-induced interaction with heparin is characterized by ruptured
disulfide bonds and that cysteine thiols remain reduced. Further binding studies showed direct involvement of thiols in heparin
ligation. Thus, we propose that the N-terminal domain of BAD-1 governs the initial association with host GAGs and that prox-
imity to GAG-associated host PDI catalyzes activation of additional binding motifs conserved within the tandem repeats, leading
to enhanced avidity and availability of reduced thiols.

IMPORTANCE Pathogenic fungi and other microbes must adhere to host tissue to initiate infection. Surface adhesins promote
this event and may be required for disease pathogenesis. We studied a fungal adhesin essential for virulence (BAD-1; Blastomyces
adhesin-1) and found that host products induce its structural reconfiguration and foster its optimal binding to tissue structures.
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The dimorphic fungus Blastomyces dermatitidis is the causative
agent of blastomycosis, one of the major systemic mycoses of

humans in areas where it is endemic. The seven dimorphic fungi
that cause systemic fungal disease collectively account for several
million new infections annually worldwide. The infections are ac-
quired when mold spores in soil are inhaled into the lung and
convert to pathogenic yeast in the tissue. Infections can lead to
pneumonia, dissemination, and death. Blastomyces adhesin-1
(BAD-1) protein is required for pathogenicity of Blastomyces der-
matitidis (1). It is a yeast-phase-specific protein and confers mul-
tiple functions for virulence: adherence to host lung tissue and
matrix (1, 2), binding of CR3 receptors leading to “stealth” entry
into phagocytes, suppression of tumor necrosis factor alpha in a
manner that requires transforming growth factor �, and
siderophore-like scavenging of divalent cations, including cal-
cium (3–5).

The 120-kDa BAD-1 adhesin contains 3 domains, the smallest

being an N-terminal domain just 18 amino acids long and the
largest comprising 41 copies of a 25-amino-acid tandem repeat.
Each tandem repeat contains two consistently conserved cysteines
linked via disulfide bonds. Deletion of even half of the tandem
repeats curtails virulence of the yeast, whereas deletion of the
next-largest domain, the C-terminal domain, does not affect vir-
ulence (2). The primary sequence of the tandem repeats shows
similarity to the type 1 repeat of thrombospondin-1 (TSP-1) and
the malaria thrombospondin-related adhesive protein (TRAP).
Like those proteins, BAD-1 mediates binding to glycosaminogly-
cans (GAGs), such as heparan sulfate (2). This may contribute to
its capacity to mediate entry into host cells, as heparan sulfate is a
known cell surface endocytosis receptor (6). BAD-1 binding of
heparan sulfate-modified CD47 on T cells impairs activation and
effector function, as does TSP-1, likely promoting immune eva-
sion and progressive disease (2).

There are many examples of microbial adhesins with repeat

RESEARCH ARTICLE crossmark

September/October 2015 Volume 6 Issue 5 e01403-15 ® mbio.asm.org 1

http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1128/mBio.01403-15&domain=pdf&date_stamp=2015-9-22
mbio.asm.org


domains in their primary sequence. Agglutination-like sequence
(Als) proteins in Candida albicans (7), YadA in Yersinia entero-
lytica (8), and Cna in Staphylococcus aureus (9) are examples. It is
plausible that the avidity of BAD-1 for GAGs is due to its numer-
ous repeats, especially given their conservation of heparin-
binding consensus sequences. In binding assays, however, pep-
tides containing four tandem repeats held in the native
conformation failed to bind immobilized heparin. It was only af-
ter the reduction of its disulfide linkages that this peptide ap-
proached the binding capability of full-length BAD-1 (2). This is
not the first example of an adhesin regulated by its disulfide struc-
ture. In integrin �IIb�3, failure to form disulfide bridges leaves its
fibrinogen-binding site constitutively active (10), and in the ma-
laria circumsporozoite protein, the disulfide arrangement can ei-
ther increase or decrease its binding affinity (11).

Nuclear magnetic resonance (NMR) structural studies of
BAD-1 have permitted new insights into the nature of its heparin-
binding mechanism (2). In both TSP-1 and TRAP repeats, the
heparin-binding cleft is formed as three tryptophans (Wxx-
WxxW) on an �-helix stack alternating with two basic residues
(BxB) that project from an antiparallel strand. In the native
BAD-1 repeat, however, a conformation was resolved in which
such intercalation was precluded, largely due to the constraint of
the disulfide linkage (2) (Fig. 1A). This structure would account
for the failure of the tandem repeat model peptide to bind heparin.
The evolution of heparin-binding structures could thus be con-
tingent upon a conformational switch, once scission of the disul-
fide bond alleviates this constraint. In this model, it follows that
either a novel pattern of disulfide bonds would develop in repeats
as heparin becomes engaged or that, alternatively, cysteines persist
as free thiols (Fig. 1B). In the first scenario, novel disulfide bonds
would be expected to afford the heparin-bound conformation ad-
ditional stability, while in the latter scenario, free thiol groups

could promote oligomerization of BAD-1 or cross-linking with
host cell surface proteins.

Herein, we use atomic force microscopy (AFM) (12, 13) to
investigate the role of distinct BAD-1 domains in binding to hep-
arin, and in particular, the role of disulfide bond reduction in
heparin-specific binding by BAD-1. In addition to the tandem
repeats, BAD-1 contains one additional predicted heparin-
binding motif (as described by Cardin-Weintraub [2]) within its
short N-terminal domain. We show here that (i) the Cardin-
Weintraub (C-W) motif, when paired with an initial degenerate
repeat, has the capacity to initiate a low-affinity association with
host GAGs, (ii) that the treatment of BAD-1 with protein disulfide
isomerase (PDI) enhances binding to heparin on solid surfaces,
(iii) that inhibition of PDI impairs binding mediated by BAD-1 to
heparin on the surface of macrophages, and (iv) that the confor-
mation of heparin-bound BAD-1 repeats favors the maintenance
of reduced cysteine thiols. Our findings suggest a model in which
an initial low-affinity binding, mediated via the N-terminal do-
main with its C-W motif, triggers host cell PDI-mediated scission
of disulfide bonds in BAD-1, thereby exposing multiple, neo-
adhesive domains—ligand-induced binding sites (LIBS) (14)—
that greatly augment the avidity of BAD-1 toward heparin on
selected host cell surfaces. Exposure of unpaired thiols in this
model may then cement stable adhesion with the host cell surface,
as has been shown to be the case in integrin-dependent adhesion
(15, 16).

RESULTS
BAD-1 binding to heparin by AFM. To probe single BAD-1– hep-
arin interaction forces, BAD-1 protein bearing a His tag at its
C-terminal end was attached in an oriented manner to gold-
coated AFM tips bearing Ni2�-nitrilotriacetate (NTA) groups,
and biotinylated heparin molecules were immobilized on flat gold

FIG 1 The BAD-1 adhesin. (A) The N-terminal region is only 18 amino acids long and contains a Cardin-Weintraub domain (BBxB). Immediately adjacent to
this region, the first tandem repeat is degenerate, lacking a span of nine residues typical of the consensus repeats. Residues with basic (positively charged) side
chains are displayed in blue, and conserved tryptophans are shown in red. The degenerate repeat is followed by the consensus sequence of the other 40 tandem
repeats. (B) Repeats in the native conformation (two repeats are depicted) are predicted to hold the elements of a heparin-binding motif apart (2). Blue and red
residues are as noted for panel A. Upon reduction of disulfide bonds, these elements would be able to interact freely and thus create a TSP-1-like heparin-binding
cleft (2). This motif could form in one of two possible ways: with cysteines joined in novel disulfides (above) or remaining free (below).
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substrates by using a biotin-streptavidin sandwich system previ-
ously described (Fig. 2A) (17). Topographic imaging revealed that
the heparin surface was homogeneous and stable upon repeated
scanning, indicating good stability of the heparin film. Scanning a
small area with strong applied forces revealed the thickness of the
biomolecular layer (2.8 � 0.9 nm [mean � standard deviation])
(Fig. 2B). We recorded force-distance curves at a pulling speed of
1,000 nm s�1 between BAD-1 tips and heparin-coated surfaces.
Many curves (61%; mean of 2,048 curves from 2 independent

experiments) showed well-defined, single adhesion forces, with a
magnitude ranging from 50 to 300 pN (Fig. 2C). The remaining
39% of the recorded force curves displayed no adhesive events, as
represented by the first bin of the adhesion histogram of Fig. 2C.
The observed adhesive signatures were attributed to the binding of
BAD-1 to heparin because (i) most force peaks were well-fitted by
the worm-like chain (WLC) model (using a persistence length of
0.4 nm) (Fig. 2C, red lines) (18, 19), suggesting they reflect the
force-induced unfolding of individual proteins, and (ii) the adhe-

FIG 2 Strength and dynamics of the BAD-1– heparin interaction. (A) Schematics of the strategy for measuring the interaction between BAD-1 protein and
heparin-coated surfaces. Histidine-tagged BAD-1 proteins were attached to the AFM tip terminated with Ni2�-NTA groups, and biotinylated heparin was bound
to a gold substrate via streptavidin and biotinylated bovine serum albumin (BBSA) layers. (B) AFM height image (z � 20 nm; a vertical cross-section from the
center of the image is shown beneath the image) was recorded with a silicon nitride tip, confirming the presence of a smooth, homogeneous heparin layer. (C)
Adhesion-force histogram, with representative force curves, recorded in HEPES buffer between the heparin-coated surface and BAD-1-functionalized tip. The
red lines on the force curves correspond to the fit using the WLC (worm-like chain) model with a persistence length of 0.4 nm. The first bin corresponds to
nonadhesive events (n.a.). The data correspond to results from 2,048 force curves pooled from two independent experiments (performed with different tips,
substrates, and batch of recombinant proteins). (D) Similar experiments after injection of a 100-�g ml�1 free heparin solution in the AFM setup. (E) Dependence
of the adhesion force on the loading rate applied during retraction (means � standard errors of 400 force curves for each data point; rates were measured with
a contact time of 250 ms). (F) Dependence of the adhesion frequency on the interaction time, measured at a constant retraction speed of 1,000 nm s�1.
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sion frequency was significantly reduced (39%) upon injection of
a 100-�g ml�1 heparin solution (Fig. 2D), confirming the speci-
ficity of the measured BAD-1– heparin interactions.

To assess the binding affinity, we explored the dynamics of the
BAD-1– heparin interaction. Consistent with other receptor-
ligand bonds (20, 21), the mean adhesion force (F) increased lin-
early with the logarithm of the loading rate [ln(r)] (Fig. 2E). The
length scale of the energy barrier, x�, was assessed from the slope f�
([1.70 � 0.15] � 10�11) of the plot of F versus ln(r) and found to
be 0.24 nm, which is in the range of values typically measured by
single-molecule AFM (20). Extrapolation to zero force yielded a
kinetic off-rate constant of dissociation at zero force, koff (koff �
rF�0 · x�/kBT, where kB is the Boltzmann constant), of 0.66 s�1,
indicating a rapid dissociation of BAD-1– heparin bonds. We then
measured the adhesion frequency while increasing the contact
time (Fig. 2F). The binding frequency increased exponentially and
reached a plateau after about 2 s. From this plot, we found that the
interaction time needed for half-maximal probability of binding,
t0.5, was 0.38 s. We estimated the association constant (kon) by
using the following equation: kon � t0.5

�1 NA Veff � 1,260.8 M�1

s�1, where Veff is the effective volume explored by the tip-tethered
BAD-1 (approximated here as a half-sphere of 10-nm radius) and
NA is the Avogadro constant. This allowed us to estimate the equi-
librium dissociation constant (KD) with the following equation:
KD � koff/kon � 0.52 mM, a value suggesting that a single molecule
of BAD-1 binds heparin with low affinity under these conditions.

Heparin-binding capacity is enhanced upon treatment with
PDI/DTT. NMR spectroscopy results reported previously pointed
to a mechanism requiring redox catalysis to trigger specific inter-
actions with the glycosaminoglycans that decorate host cell sur-
faces (2). We hypothesized that the high-frequency binding of
BAD-1 to heparin would be initiated by the Cardin-Weintraub
site located at the N-terminal end of the protein (Fig. 1A), in
concert with the first degenerate repeat. Thereafter, reduction of
the cysteine bonds in the next tandem repeat would lead to a
domino effect, with the exposure of neo-adhesive domains in each
repeat binding to heparin (Fig. 1B). Enhanced adhesion following
protein reconfiguration has been reported for the Candida albi-
cans adhesin Als5p, which is triggered by mechano-chemical stress
(22), and for the neutrophil adhesin Mac1 through sulfhydryl
cleavage by PDI (23). To test this hypothesis, we studied the effect
of PDI/DTT on the specific binding forces. To ensure that BAD-1
linkage to the AFM tip remained stable under reducing condi-
tions, we covalently grafted the BAD-1 adhesin via random
N-hydroxysuccinimide (NHS) chemistry. To do so, AFM tips
were coated with carboxylate-terminated thiols (COOH). The
carboxylates were then allowed to react with NHS in the presence
of carbodiimide (EDC), resulting in a semistable NHS-ester,
which was then reacted with the free primary amines of the pro-
teins to form amide cross-links (24).

Multiple force curves obtained between BAD-1 and heparin
(Fig. 3A) revealed adhesion events similar to those measured with
the His tag chemistry (Fig. 2C). However, the binding frequency
(26%; mean from 6,144 curves from 6 independent experiments)
(Fig. 3A) was lower, an effect that most likely arose from differ-
ences in the orientation of the attached proteins (oriented versus
random orientation). Notably, injection of a PDI/DTT solution
resulted in a substantial increase of the adhesion probability (from
26 to 45%) (Fig. 3B), indicating that reduction of the disulfide
bonds plays a key role in binding. In addition, plateau force pro-

files were observed after reduction (Fig. 3B). These remarkable
adhesion signatures likely represent the mechanical breakdown of
a molecular zipper-like association between heparin and tandem
repeat regions, i.e., the sequential rupture of tandem binding do-
mains. Such zipper-like adhesion has previously been reported for
Gram-positive bacteria pili (25) and microbial amyloids (26). In-
jection of free heparin into the reduced system decreased the ad-
hesion frequency (from 45% to 26%; n � 6,144 curves) (Fig. 3C)
and led to the disappearance of plateau signatures, indicating that
these features are specific to heparin binding.

The short N-terminal sequence of BAD-1 is sufficient for
low-affinity heparin binding, but tandem repeats confer avidity.
The Cardin-Weintraub BBxB motif has been shown to mediate
binding to heparin (27). Because the sequence within the
N-terminal domain of BAD-1 is HHPK, with conditionally pro-
tonated histidine residues rather than consistently protonated
lysine and arginine residues (Fig. 4A), we ascertained the binding
capacity of this motif. At biological pH, a peptide containing the
HHPK motif bound to heparin-agarose beads only slightly better
than the negative (Fluor-only) control (Fig. 4B). Likewise, neither
the basic half of the tandem repeat motif (BxB peptide) nor the
aromatic half (WxxWxxW peptide) mediated binding above con-
trol levels. In contrast, heparin binding was achieved when the
basic and aromatic motifs were combined on one peptide to du-
plicate the complete N-terminal domain. Heparin binding by this
peptide was similar to that mediated by full-length BAD-1.

To further dissect the role played by the different domains of
BAD-1 via AFM, we measured the binding forces of the short
peptide bearing the Cardin-Weintraub sequence at the N termi-
nus paired with the first adjacent tandem repeat of the protein
(“complete N-term peptide”). Forces ranging from 50 to 300 pN
were observed in 22% of the cases (mean from 4,096 curves from
4 independent experiments) (Fig. 4C), very similar to the forces of
the full protein (26%) (Fig. 3A). Blocking with free heparin con-
firmed the specificity of the interaction (Fig. 4D). Thus, the
N-terminal Cardin-Weintraub-containing domain can initiate
association with heparin. Finally, to further assess the role of the
tandem repeats, BAD-1 truncated by 20 of the 41 tandem repeats
(�TR20) normally present in the protein structure was tested for
adhesion. The frequency of initial adhesion was lower (17%, mean
from 4,096 curves from 4 independent experiments) (Fig. 4E)
than observed with the full protein (Fig. 3A), yet adhesion was
enhanced upon PDI/DTT treatment (Fig. 4F). Hence, removal of
half of the total 41 BAD-1 tandem repeats reduced the adhesive
properties of BAD-1.

Roles of heparin and PDI in BAD-1-mediated adherence to
macrophages. To explore the biological relevance of the BAD-1–
heparin interaction during adhesin-phagocyte interactions, we
performed binding assays with BAD-1-coated polystyrene beads
and RAW 264.7 macrophages. BAD-1-coated beads bound 2- to
5-fold more macrophages than did control beads coated with
polyvinylpyrrolidone (PVP) (Fig. 5A and B). Up to 80 BAD-1-
coated beads bound to 300 RAW 264.7 macrophages in a high-
power field, compared to about 18 PVP-coated beads. The addi-
tion of soluble heparin to the binding assay mixture blocked the
binding of BAD-1-coated beads to cells by up to 50% and did so in
a concentration-dependent manner (Fig. 5A). To test the role of
host PDI in this interaction, we preincubated cell monolayers with
5,5=-dithiobis(2-nitrobenzoic acid) (DTNB), a known inhibitor
of PDI. DTNB blocked binding of BAD-1-coated beads to macro-
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phages in a concentration-dependent manner, inhibiting binding
by up to 67%. In contrast, binding of PVP control beads was not
altered by DTNB, nor was the binding of nonspecific protein-
coated control beads (data not shown).

To further establish that the effect of PDI inhibitors was bio-
logically relevant, we repeated macrophage-binding studies with
BAD-1-sufficient and -deficient B. dermatitidis yeast cells (iso-
genic ATCC strains 26199 and 55, respectively). BAD-1-sufficient
yeast bound RAW macrophages avidly, whereas BAD-1-deficient

yeast bound poorly. Each of the four PDI inhibitors blunted yeast
adherence to RAW macrophages significantly, albeit to varied de-
grees (Fig. 5C). Thus, BAD-1 mediates adherence to the surface of
macrophages at least in part by interacting with heparin, and that
interaction is augmented significantly by PDI.

MS analysis of the redox state of cysteines in a heparin-
bound tandem repeat model peptide, TR4. In our recently re-
ported study of the BAD-1 tandem repeats, in which we used a
model containing four tandem repeat sequences (TR4), reduction

FIG 3 Mechanisms of BAD-1 binding to heparin via the tandem repeat region. (A) Adhesion-force histogram and representative force curves obtained in
HEPES buffer between the heparin-coated surfaces and BAD-1 protein covalently attached via NHS-EDC chemistry. The first bin corresponds to nonadhesive
events (n.a.). The histogram was created from 6,144 curves from 6 independent experiments using independent tips, substrates, and batches of recombinant
proteins. (B) Force curves and adhesion histogram obtained from 6,144 curves obtained after replacing the HEPES buffer with phosphate buffer containing DTT
and DPI. The increased adhesion frequency and presence of plateau force curves reveal that, in the presence of DPI, the protein binds to heparin through the
reduction of the tandem repeat disulfide bonds, in a zipper-like mechanism. (C) Forces curves and adhesion-force histogram (n � 6,144) obtained after injection
of free heparin (100 �g ml�1), confirming the specificity of the measured interaction by blocking of BAD-1 adhesion sites.
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of the disulfide bonds was requisite for heparin association (2).
Here, to ascertain the postbinding state of the cysteines released
from these bonds, we incubated heparin-bound TR4 with iodo-
acetic acid (IAA) to carboxymethylate free sulfhydryls. After re-
moval of this reagent, we released TR4 from heparin-agarose
beads by boiling in SDS-PAGE buffer. TR4 was applied to a PAGE
gel, and a solitary band visualized by using Coomassie blue stain
was excised. After gel destaining, trypsin-digested peptides were

reduced and treated with N-ethylmaleimide (NEM) to differen-
tially label any cysteines that were paired via a novel disulfide bond
in the heparin-bound conformation. Labeled peptides were ana-
lyzed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Major peaks corresponding to the mass of each expected
tryptic peptide were thus identified, but in every case peptides that
included a cysteine residue were detected exclusively in the
carboxymethyl-modified form (Fig. 6A). Controls verified that all

FIG 4 Functional role of the different BAD-1 domains. (A) Synthetic peptides of the BAD-1 N terminus were tested for binding to heparin-agarose. The N
terminus of BAD-1 contains a Cardin-Weintraub BBxB heparin-binding motif, in which two of the basic residues (B, shown in blue) are histidines and are
adjacent to a truncated, degenerate first tandem repeat (containing only WxxWxxW [red]) that lacks the BxB basic residue motif present in the subsequent
tandem repeats. Sequences of the four synthetic peptides used in the binding assay are shown. (B) Fluorescence assay of binding to heparin-agarose by labeled
synthetic peptides, BAD-1, and Fluor alone. (C) Adhesion-force histogram and representative force curves obtained with HEPES buffer between the heparin-
coated surfaces and a peptide made of the N-terminal C-W domain and the first degenerate tandem repeat domain of BAD-1 (“Complete N-term peptide”). The
significant adhesion frequency revealed that the N-terminal part of the protein initiates binding to heparin. The first bin corresponds to nonadhesive events
(n.a.). The histogram was created from results of 4 independent experiments (n � 4,096 force curves). (D) Forces curves and adhesion-force histogram (n �
4,096) obtained after injection of free heparin (100 �g ml�1) in the AFM setup. (E) Force curves and the adhesion histogram of the binding of BAD-1 protein
from which 20 of the 42 tandem repeat regions were deleted (�TR20; n � 4,096 force curves). (F) Results for the same experiment as shown in panel E, except
phosphate buffer containing DTT and PDI was used (n � 4,096 curves). The increased adhesion and presence of plateau force curves are mediated by the
remaining tandem repeats after reduction of their disulfide bonds by PDI.
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disulfides were cleavable via DTT and that reduced thiols were
accessible to modification. The thoroughness of carboxymethyla-
tion in the heparin-bound TR4 peptide was confirmed by com-
parison to a fully carboxymethylated control (data not shown).
This result established that the heparin-binding motifs that evolve
in response to disulfide reduction are not only stable in the ab-
sence of new disulfide linkages but also that they actually seem to
stabilize the cysteine thiols in their reduced form.

To determine whether the free cysteine residues themselves
contribute to heparin binding, we compared the binding capacity
of a synthetic peptide containing two tandem repeats versus a
mutant peptide in which the four cysteines residues were replaced
by alanines (Fig. 6B). If the cysteines only constrain repeats to a
nonbinding configuration, both peptides would be expected to
bind equally well following DTT reduction. The mutant peptide
bound heparin poorly, as did the unreduced form of the wild-type
peptide. The wild-type peptide bound heparin significantly upon
reduction of its cysteine residues by 10 mM DTT, whereas the
mutant peptide failed to bind heparin under these conditions. An
additional finding in these experiments was that DTT itself inhib-
ited binding unless the reduced samples were diluted to �1 mM
DTT. This inhibition by a dithiol may be supportive evidence that
the reduced thiols of the tandem repeats are directly involved in
adhesion to GAGs.

DISCUSSION

Herein, we report that the N-terminal region of BAD-1 is suffi-
cient to initiate binding to immobilized heparin. We have ascer-
tained that an N-terminal Cardin-Weintraub motif (BBXB), in
which the first two basic residues are normally replaced with his-
tidines, is not sufficient to mediate this binding, and neither is a
cysteine-flanked WxxWxxW motif in the first repeat, but that to-
gether these motifs comprise a functional, low-affinity, heparin-
binding domain. This may be ascribed to the strong affinity be-
tween histidines and tryptophans (28) and the capacity of these
interactions to stabilize the protonated form of histidine (29). In
contrast, similar motifs replicated within every repeat appear qui-
escent until activated by disulfide reduction (2). PDI-dependent
activation fostered BAD-1 adherence to heparin and association
with macrophages, and it may promote yeast entry into host cells
during the early stages of infection.

It is not uncommon for disulfide bonds to frame and stabilize
ligand-binding repeats in microbial adhesins (30), and reconfigu-
ration of these bonds can be a prerequisite for adherence (30–32)
and entry into host cells (33). Ideally, for a microbe such reactions
would be contingent upon the proximity of the host ligand. In
interactions between cell surfaces, cysteine-rich proteins are com-
monplace (34), but not as ubiquitous as mechano-chemical stress.

FIG 5 Interaction of BAD-1 coated beads with RAW macrophages. (A)
Binding of 5-�m-diameter polystyrene beads coated with BAD-1 or PVP (con-
trol) after 20 min of incubation with RAW macrophages. The y axis shows the
number of beads bound per high-power field, which contained 	300 macro-
phages. Assay results shown are representative of three separate experiments.
Soluble heparin was added during coincubation with beads. Binding in the
presence of 10 �g ml�1 heparin was not significantly different from that for the
negative control (PVP). (B) RAW macrophages were preincubated for 5 min
with the PDI inhibitor DTNB. (C) RAW macrophages were preincubated for
5 min with the PDI inhibitors Rutin, DTNB, bisphenol, or PACMA31 before
the addition of yeast. Strain 26199 is BAD-1 sufficient; strain 55 is BAD-1
deficient.
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With Candida Als5p, when a single adhesin molecule binds to its
host ligand, it unfolds under the mechano-chemical stress of
stretching, exposing neo-domains that promote protein cluster-
ing. Protein clustering stabilizes the extended conformation of
adjacent adhesin molecules (22), potentially bringing more bind-
ing sites to bear. Thus, the forces to which adhesins are universally
subject at the advent of target ligation may constitute a situational
trigger, spurring reorganizations in the secondary structure that
facilitate uptake. This could be through promotion of oligomer-
ization, as with Als5p (22), catalysis of cross-linking, as with the
circumsporozoite protein of P. falciparum (11), or elaboration of
additional binding structures, as with the heparin-binding
growth-associated protein (35).

Mechano-chemical stress is pertinent to disulfide bond chem-
istry in that it renders such bonds labile to reduction (36, 37). The
notion that repeats under mechano-chemical stress may become
reorganized structurally in the presence of reducing/isomerizing
agents has been demonstrated by biophysicists but remains poorly
appreciated as a mechanism of adhesive function in pathogenesis.
A trigger mechanism requiring both stress and disulfide reorgani-
zation would derive significant tissue specificity from the fact that
both GAGs and molecules mediating extracellular PDI activity are
enriched on the surfaces of host immune cells (38, 39) and within
damaged matrix (40). A mechanism in which heparin binding
requires disulfide reduction may be relevant in the context of re-
cent reports that B. dermatitidis can grow intracellularly after en-
try into host macrophages (41). Heparan sulfate GAGs and PDI
are both exploited by numerous intracellular pathogens to effect
macrophage-specific binding and promote their own phagocytic

uptake (6, 42, 43). It is likely that various tissue-specific triggering
mechanisms evolved to prevent deleterious off-target binding. If
high-affinity GAG-binding motifs were constitutively active upon
the surface of a pathogen, they might engender nonspecific adher-
ence and/or enhance host immune response.

The structure of the BAD-1 adhesin appears to be rod-like, but
not rigid (2), and anchored by its C-terminal domain to the sur-
face of B. dermatitidis yeast (44). While its N-terminal domain is
sufficient to initiate binding, the low affinity we calculated here
based on AFM differs from the affinity estimated previously based
on surface plasmon resonance (SPR) (2). This discrepancy may
relate to the difficulty we had in achieving binding equilibria in
our SPR work, which we attributed to the tendency of BAD-1 to
self-associate. We have shown that BAD-1 coordinates calcium
cations (~27 per monomer), is released in quantity from yeast cell
surfaces by a lowered calcium concentration, and undergoes
C-terminal domain-dependent calcium precipitation (3), sug-
gesting a potential to aggregate under biological conditions.
Whereas AFM measurements investigate interactions of a solitary
molecule of the adhesin, SPR characterizes the binding behavior
of many molecules as the mobile phase passes over a heparinized
surface. If BAD-1 were to oligomerize in the SPR buffer, the re-
sulting polyvalency of binding domains might explain both the
elevation of the calculated affinity constant and the incapacity to
achieve a stable plateau in binding versus time (45–47). A second
possibility is that BAD-1 may oligomerize in response to ligand
binding, as described for C. albicans Als5p (22). A last possibility is
that the low affinity observed here reflects the absence of PDI, and
thus represents only the binding of the short N-terminal domain.

FIG 6 Analysis of the redox state of cysteine thiols in tandem repeat peptide models bound to heparin. (A) LC-MS/MS was used to determine whether the thiols
that are reduced to permit TR4 repeats to engage heparin remain free (reduced) in the binding conformation, or if this conformation favors the formation of
novel disulfide pairings. In the bound conformation, free thiols were carboxymethylated with IAA. After PAGE separation, reduction, and tryptic digestion, all
other cysteines were labeled with NEM. Detected tryptic peptides are shown in red and underlined (inset). Corresponding peptide masses appear in the boxes,
and modified cysteines are shown in red. (B) Peptide binding to heparin-agarose. Wild-type TR2 synthetic peptide comprises two tandem repeats flanked by two
respective pairs of cysteines, while the mutant (C¡A) TR2 peptide is two tandem repeats in which the cysteines have been replaced with alanines. Peptides were
treated with 10 mM DTT before analysis of binding to heparin-agarose.
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If the conditions used in SPR were to somehow permit disulfide
reorganization (via contaminating PDI, reductive interactions
with the gold surface, or an uncharacterized PDI capacity of CxxC
and CxC motifs [40] present in the C-terminal domain of BAD-1),
the higher affinity measured via SPR could be attributed to the
development of additional binding motifs.

In addition to proven interactions between the BAD-1 repeats
and calcium, heparin, and its own C-terminal domain, we have
shown here that following PDI-catalyzed ligation to heparin, the
cysteine thiols of TR4 become stabilized in their reduced form
rather than forming a new pattern of disulfide bonds. Considering
that there are 82 cysteines in the tandem repeat domain of BAD-1,
this constitutes an exceptional number of thiols with potential to
cross-link with host proteins, cement BAD-1 oligomers into ex-
tended, highly polyvalent complexes, or contribute directly to
heparin ligation through coordination of surface-associated cat-
ions (like zinc [48, 49]). In addition to the assay and experimental
design differences noted above, the capacity to form oligomers
could also explain the differences between affinity values for trun-
cated BAD-1 for heparin determined via AFM versus those via
SPR (2).

In summary, we propose a model in which the BAD-1 adhesin
mediates initial ligation of heparan sulfate on host cell surfaces,
thus bringing it proximal to host PDI. This event, in concert with
mechano-chemical stress, triggers the evolution of additional
heparin-binding domains. These magnify the avidity of the BAD-
1– heparin association and, in the process, expose reactive cysteine
thiols capable of reacting with host thiols or cross-linking with
other molecules of BAD-1. The resultant, high-avidity bond be-
tween yeast and host cells may promote retention in the lung and,
possibly, uptake of yeast into the host cell itself, promoting the
pathogenesis of infection.

MATERIALS AND METHODS
BAD-1 production and purification and growth of yeast. American Type
Culture Collection strain 26199 of B. dermatitidis and the BAD-1-null,
isogenic strain 55, were propagated as yeast on 7H10 slants as described
previously (1). BAD-1, BAD-1– 6H (with His6 tag), and tandem repeat
�20 (�TR20) proteins and TR4 peptide were expressed and purified as
previously described (2, 3). Synthetic peptides were purchased from Gen-
Script (Piscataway, NJ).

Heparin-agarose-binding experiments. Heparin-agarose beads were
obtained from Sigma-Aldrich (St. Louis, MO). Biotinylated peptides
(100 �g ml�1) were allowed to interact with beads in a 96-well plate for
30 min at 25°C in binding buffer (20 mM Tricine [pH 7.6], 50 mM NaCl)
and washed with binding buffer. Then, 1.0 �l of Efluor 605-streptavidin
(eBioscience, San Diego, CA) was added to each well in binding buffer,
incubated at 25°C for 20 min, and washed three times in binding buffer
before fluorescence was determined on a FilterMax F5 multimode micro-
plate reader (Molecular Devices, Sunnyvale, CA). In assays with unlabeled
tandem repeat peptide, binding to heparin-agarose beads was quantified
by measurement of the A280 as described elsewhere (2).

Preparation of heparin surfaces and BAD-1 tips. For AFM, heparin-
coated surfaces were prepared via a sandwich layer chemistry (17). Silicon
wafers (Siltronix, Archamps, France) were coated using electron beam
evaporation with a 5-nm-thick chromium layer followed by a 30-nm-
thick gold layer. The gold-coated surfaces were cleaned for 15 min with
UV-ozone, rinsed with ethanol, and dried with N2. The surfaces were then
immersed overnight at room temperature in a 25-�g ml�1 solution of
biotinylated bovine serum albumin (BBSA; Sigma) in HEPES buffer
(40 mM HEPES, 100 mM NaCl; pH 7). After rinsing with buffer, the BBSA
surfaces were exposed to a 10-�g ml�1 solution of streptavidin (Sigma) in

HEPES for 2 h, followed by thorough rinsing with buffer. Then, the BBSA-
streptavidin surfaces were immersed for 2 h in a buffer solution contain-
ing 10 �g ml�1 biotinylated heparin (Sigma), rinsed in buffer, and
mounted to the AFM setup without dewetting.

His-tagged BAD-1 proteins were attached in an oriented manner onto
Ni-NTA-terminated AFM tips. For this step, gold-coated cantilevers
(Olympus; nominal spring constant, 0.02 N m�1) were cleaned for 10 min
by UV-ozone treatment, rinsed with ethanol, dried with N2, and im-
mersed overnight in ethanol containing 0.05 mM NTA-terminated (10%
of mixture) and triethylene glycol-terminated (90% of mixture) alkane
thiols. After rinsing with ethanol and drying, the tips coated with alkane
thiols were immersed in a 40 mM aqueous solution of NiSO4 (pH 7.2) for
30 min, rinsed with buffer, immersed in protein solution at 0.2 mg ml�1

for 2 h, rinsed in buffer, and immediately used for measurements.
BAD-1 proteins and peptides were also covalently attached to tips via

N-hydroxysuccinimide (NHS) surface chemistry. Gold-coated cantile-
vers were immersed overnight in ethanol solutions containing 1 mM 16-
mercaptohexadecanoic acid (10% of mixture; Sigma) and 11-mercapto-
1-undecanol (90% of mixture; Sigma) and then rinsed with ethanol.
Cantilevers were immersed for 30 min in a solution containing 10 mg
ml�1 NHS (Sigma) and 25 mg ml�1 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC; Sigma) and rinsed with water. The activated tips
were incubated with protein solution at 0.2 mg ml�1 for 1 h, followed by
rinsing with buffer.

AFM measurements. AFM images and force-distance curves were ob-
tained in HEPES buffer (40 mM HEPES, 100 mM NaCl; pH 7) at room
temperature by using a Nanoscope VIII Multimode AFM instrument
(Bruker, Santa Barbara, CA). To verify the homogeneity and quality of the
heparin-coated surfaces, a small square (1 �m by 1 �m) was first scanned
using a bare silicon nitride tip (MSCT cantilever; Bruker) under high
applied force, followed by a larger image (5 �m by 5 �m) taken under low
force. Bare tips were then exchanged with BAD-1-functionalized tips.
Multiple (32 � 32) force-distance curves were recorded on areas of 5 �m
by 5 �m, and the adhesion force was calculated for each curve. Adhesion
force histograms were then constructed from the adhesion values of the
rupture peaks using the Origin software (version 7.5). Unless otherwise
stated, all force curves were obtained using a contact time of 1.1 s, a
maximum applied force of 250 pN, and approach and retraction speeds
both at 1,000 nm s�1. The loading rates (in pico-Newtons per second)
were estimated by multiplying the tip retraction velocity by the spring
constant of the cantilever. Reduction experiments were done by replacing
HEPES buffer with 100 mM sodium phosphate buffer (pH 7.0) contain-
ing 1 mM sodium EDTA, 4 mM DTT, and 1 �g ml�1 PDI (Sigma) in the
AFM setup, 30 min prior to the force measurements. Blocking experi-
ments were carried out by injecting HEPES buffer containing 100 �g ml�1

of free heparin 30 min prior to force measurements.
Binding of BAD-1-coated beads to macrophages. Five-micrometer-

diameter fluorescent polystyrene beads were obtained from Phosphorex,
Inc. (Hopkinton, MA). Beads were coated with purified BAD-1 by incu-
bating 1 � 108/ml beads in 100 mM sodium carbonate buffer, pH 9.6, with
200 �g ml�1 BAD-1 for 1 h with agitation at 25°C and overnight at 4°C.
Control beads were coated with 200 �g ml�1 polyvinyl pyrrolidone (PVP)
in the same buffer. Beads were washed once with carbonate buffer and
once with phosphate-buffered saline (PBS). RAW 264.7 macrophages
were propagated in 3 ml Dulbecco’s modieifed Eagle’s medium (DMEM)
plus 10% fetal bovine serum (FBS) on 6-well tissue culture plates (Cell-
treat Scientific Products, Shirley, MA). RAW macrophages were washed
twice with 2 ml DMEM (no FBS) before addition of beads. Beads (5 � 106)
were allowed to interact with macrophages for 20 min at 25°C before
unattached beads were washed away with three 2-ml washes with DMEM.
Microscope fields were evaluated on an Olympus IX50 inverted fluores-
cence microscope with a Zeiss LD Plan-NeoFluar 40� (no immersion)
objective. The PDI inhibitor DTNB (Sigma) was dissolved in dimethyl
sulfoxide (DMSO). DMSO alone was added to controls.
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Adhesion of yeast to macrophages. Yeast cells were washed once in
PBS prior to introduction into wells with RAW 264.7 macrophages in
DMEM (no FBS). Binding was allowed to proceed and was evaluated and
quantified as described above for BAD-1-coated beads, except that prior
to the last DMEM wash, yeast cells were briefly stained with Uvitex 3BSA
(CIBA-Geigy, Basel, Switzerland) diluted 1:2,000 for contrast. The PDI
inhibitors DTNB, Rutin, bisphenol, and PACMA31 were obtained from
Sigma and dissolved at 100 mM in DMSO to make working stocks.

MS analysis of the heparin-binding conformation of BAD-1 tandem
repeats. The peptide TR4 contains four copies of the conserved consensus
for the tandem repeats of BAD-1, and it fails to bind to heparin unless its
disulfide bonds are first reduced (2). Upon reduction with 10 mM DTT
and mild heating (55°C for 45 min), TR4 binds avidly to heparin-agarose,
once the concentration of DTT is diluted to �1 mM (2). We assessed
which, if any, cysteines were free in the heparin-binding conformation
and whether any of them formed novel disulfide bonds. To accomplish
this, we incubated reduced TR4 with heparin-agarose beads, removed the
DTT, and incubated the bead mixture at 4°C overnight to allow favorable
oxidation reactions to proceed. Heparin-associated peptides were treated
with IAA, to label free cysteines with a carboxymethyl group. IAA was
removed and TR4 was extracted from heparin-agarose beads by heating in
SDS-PAGE loading buffer for 5 min at 95°C. TR4 was subjected to PAGE
through a 15% acrylamide gel, visualized as a solitary band with Coomas-
sie blue stain, and excised with a clean razor blade.

Enzymatic in-gel digestion. In-gel digestion and mass spectrometric
analysis were done at the Mass Spectrometry Facility (Biotechnology Cen-
ter, University of Wisconsin—Madison). The digestion was performed as
outlined on the Biotechnology Center website (http://www.biotech
.wisc.edu/ServicesResearch/MassSpec). In short, Coomassie R-250-
stained gel pieces were destained completely in 50/50 (vol/vol) methanol-
H2O–100 mM NH4HCO3, dehydrated for 2 min in 50/50 (vol/vol) ACN-
H2O–25 mM NH4HCO3, and then once more for 30 s in 100% ACN. The
gel pieces were dried in a SpeedVac for 1 min, reduced in 25 mM DTT (in
NH4HCO3) for 30 min at 56°C, alkylated with 20 mM N-ethylmaleimide
in 25 mM Tris-HCl (pH 7.5) at room temperature for 30 min, washed
once in H2O, dehydrated for 2 min in 50/50 (vol/vol) ACN-H2O–25 mM
NH4HCO3, and then once more for 30 s in 100% ACN. The gel pieces
were dried again, rehydrated with 20 �l of trypsin solution with 0.01%
ProteaseMAX surfactant (10 ng/�l trypsin [Trypsin Gold; Promega
Corp.]) in 25 mM NH4HCO3– 0.01% (wt/vol) ProteaseMAX (Promega
Corp.), and let stand for 2 min at room temperature. An additional 35 �l
of overlay solution (25 mM NH4HCO3– 0.01% [wt/vol] ProteaseMAX)
was added to keep gel pieces immersed throughout the digestion. The
digestion was conducted for 3 h at 42°C, peptides generated from diges-
tion were transferred to a new Protein LoBind tube (~50-�l volume;
Eppendorf), and digestion was terminated by acidification with 2.5% tri-
fluoroacetic acid (TFA) to a 0.3% final concentration (7.5 �l added).
Degraded ProteaseMAX was removed via centrifugation (at maximum
speed, 10 min), and the peptide solid phase was extracted (ZipTip C18

pipette tips; Millipore, Billerica, MA). Peptides were eluted off the C18

column with 1 �l of 60/40 (vol/vol) acetonitrile-H2O– 0.1% TFA, a 0.5-�l
aliquot of eluent was deposited onto an Opti-TOF 384-well plate (Applied
Biosystems, Foster City, CA), and proteins were recrystallized with 0.40 �l
of matrix for matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) analysis (the matrix was 10-mg ml�1 60/40 [vol/vol]
�-cyano-4-hydroxycinnamic acid in 60/40 [vol/vol] acetonitrile-H2O–
0.2% TFA). The rest of the eluent was diluted to a 25-�l total volume with
0.1% formic acid, and 3 �l was loaded on an Orbitrap instrument for
nano-LC-MS/MS.

MALDI-TOF MS analysis. Peptide mass fingerprint analysis was per-
formed on a 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosys-
tems, Foster City, CA). In short, the peptide fingerprint was generated by
scanning the 700- to 4,000-Da mass range using 1,000 shots acquired from
20 randomized regions of the sample spot at a 3,200-eV intensity with an
OptiBeam on-axis Nd:YAG laser with a 200-Hz firing rate and 3- to 7-ns

pulse width in positive reflectron mode. Raw data were deconvoluted with
GPS Explorer software.

Nano-LC-MS/MS. Peptides were analyzed by nano-LC-MS/MS with
the Agilent 1100 nanoflow system (Agilent, Palo Alto, CA) connected to a
new-generation hybrid linear ion Trap-Orbitrap mass spectrometer
(LTQ-Orbitrap Elite; Thermo, Fisher Scientific) equipped with an Easy-
Spray electrospray source. Chromatography of peptides prior to mass
spectral analysis was accomplished with a capillary emitter column (Pep-
Map C18; 3 �M, 100 Å, 150 by 0.075 mm; Thermo, Fisher Scientific) onto
which extracted peptides were automatically loaded. The nano-HPLC sys-
tem delivered solvents A (0.1% [vol/vol] formic acid) and B (99.8% [vol/
vol] acetonitrile, 0.2% [vol/vol] formic acid) at 0.60 �l/min to load the
peptides and 0.3 �l/min to elute peptides directly into the nano-
electrospray apparatus over a 35-min 0% (vol/vol) solvent B to 40% (vol/
vol) solvent B gradient, followed by 5 min over a 40% (vol/vol) solvent B
to 100% (vol/vol) solvent B gradient. As peptides eluted from the HPLC/
electrospray source, survey MS scans were acquired in the Orbitrap with a
resolution of 120,000 followed by MS2 fragmentation of the 20 most
intense peptides detected in the MS1 scan from 300 to 2,000 m/z; redun-
dancy was limited by dynamic exclusion. Raw MS/MS data were con-
verted to an mgf format by using MSConvert (ProteoWizard open source
software for rapid proteomics tools development). Resulting mgf files
were used to search against the sequence database containing expressed
TR4 protein sequences plus common lab contaminants, using an in-
house Mascot search engine 2.2.07 (Matrix Science, London, United
Kingdom) with cysteine glutathionation, carbamidomethylation, dithio-
threitolation or NEM modification, methionine oxidation, and aspara-
gine/glutamine deamidation as variable modifications. Peptide mass tol-
erance was set at 15 ppm and fragment mass was 0.6 Da.

Statistical analysis. Statistical analysis of data was done with the
graphing program Prism 5 (GraphPad Software). Tabulated data were
subjected to a one-way analysis of variance with Dunnett’s multiple-
comparison posttest.
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