THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 35, pp. 25229-25243, August 30, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

BBA70 of Borrelia burgdorferi ls a Novel Plasminogen-binding

Protein®

Received for publication, February 11,2013, and in revised form, July 12, 2013 Published, JBC Papers in Press, July 16, 2013, DOI 10.1074/jbc.M 112413872

Arno Koenigs®, Claudia Hammerschmidt, Brandon L. Jutras®, Denys Pogoryelov'', Diana Barthel',
Christine Skerkal, Dominik Kugelstadt**, Reinhard Wallich**, Brian Stevenson®, Peter F. Zipfel'*,

and Peter Kraiczy™

From the *Institute of Medical Microbiology and Infection Control, University Hospital of Frankfurt, Paul-Ehrlich-Strasse 40,
D-60596 Frankfurt, Germany, the SDepartment of Microbiology, Inmunology, and Molecular Genetics, University of Kentucky
College of Medicine, Lexington, Kentucky 40506, the Yinstitute of Biochemistry, Goethe University of Frankfurt, Max-von-Laue-
Strasse 9, D-60438 Frankfurt, Germany, the HDepartment of Infection Biology, Leibniz Institute for Natural Product Research and
Infection Biology, Beutenbergstrasse 11a, D-07745 Jena, Germany, **Sekisui Virotech GmbH, Lé6wenplatz 5, D-65428 Rtisselsheim,
Germany, the Institute for Immunology, University of Heidelberg, Im Neuenheimer Feld 305, D-69120 Heidelberg, Germany, and

SSFriedrich Schiller University, D-07743 Jena, Germany

tivate the key complement components C3b and C5.
Conclusion: BBA70 is a potent plasminogen-binding protein.

effects of the host complement system.
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(Background: Recruitment of plasminogen is important for efficient dissemination of Borrelia burgdorferi.
Results: BBA70 of B. burgdorferi binds plasminogen, and following activation, bound plasmin can cleave fibrinogen and inac-

Significance: Investigation suggests that binding of plasminogen may aid in pathogen dissemination and inhibit bacteriolytic
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The Lyme disease spirochete Borrelia burgdorferi lacks endoge-
nous, surface-exposed proteases. In order to efficiently dissemi-
nate throughout the host and penetrate tissue barriers, borreliae
rely on recruitment of host proteases, such as plasmin(ogen).
Here we report the identification of a novel plasminogen-
binding protein, BBA70. Binding of plasminogen is dose-de-
pendent and is affected by ionic strength. The BBA70-plasmin-
ogen interaction is mediated by lysine residues, primarily
located in a putative C-terminal a-helix of BBA70. These lysine
residues appear to interact with the lysine-binding sites in plas-
minogen kringle domain 4 because a deletion mutant of plas-
minogen lacking that domain was unable to bind to BBA70.
Bound to BBA70, plasminogen activated by urokinase-type
plasminogen activator was able to degrade both a synthetic
chromogenic substrate and the natural substrate fibrinogen.
Furthermore, BBA70-bound plasmin was able to degrade the
central complement proteins C3b and C5 and inhibited the bac-
teriolytic effects of complement. Consistent with these func-
tional activities, BBA70 is located on the borrelial outer surface.
Additionally, serological evidence demonstrated that BBA70
is produced during mammalian infection. Taken together,
recruitment and activation of plasminogen could play a benefi-
cial role in dissemination of B. burgdorferi in the human host
and may possibly aid the spirochete in escaping the defense
mechanisms of innate immunity.
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Lyme borreliosis is the most prevalent vector-borne
anthropozoonosis in the United States and Europe and is
caused by spirochetes belonging to the Borrelia burgdorferi
sensu lato complex. B. burgdorferi is transmitted to a variety of
hosts through the bite of an infected Ixodes tick. Once depos-
ited during tick feeding, spirochetes begin to spread outward
from the bite site, with one of the early symptoms of infection
being the characteristic bull’s eye-shaped rash, termed ery-
thema migrans. As a multisystemic disease, Lyme borreliosis
may afflict various organs and, if left untreated, can result in a
number of severe clinical manifestations, including arthritis,
neuroborreliosis, acrodermatitis chronica atrophicans, and
carditis. Key to its ability to affect multiple organs is the spiro-
chete’s remarkable ability to penetrate solid tissues and dissem-
inate throughout the host (1-4).

Efficient dissemination requires that the spirochetes degrade
components of the host extracellular matrix (ECM)? and base-
ment membranes surrounding blood vessels. These consist of
various fibrous proteins, such as collagens, elastin, laminin,
fibronectin, and proteoglycans. Whereas surface-bound or
secreted bacterial proteases are used by other bacterial species
for dissemination through the host (5), the Lyme disease spiro-
chete is not known to produce any extracytoplasmic proteases.
Instead, the spirochetes disseminate by hijacking the host pro-
tease plasmin(ogen) (1).

Plasmin is an important component of the human fibrino-
lytic system. The inactive proenzyme plasminogen is a 92-kDa
glycoprotein consisting of an N-terminal preactivation peptide;
five lysine-binding, disulfide-bonded kringle domains; and a

3 The abbreviations used are: ECM, extracellular matrix; uPA, urokinase-
type plasminogen activator; NHS, normal human serum; Fg, fibrinogen;
ANOVA, analysis of variance; Tricine, N-[2-hydroxy-1,1-bis(hydroxy-
methyl)ethyllglycine.
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serine protease domain (6, 7). The active serine protease, plas-
min, is generated through proteolytic cleavage of plasminogen
by activators such as urokinase-type (uPA) or tissue-type plas-
minogen activators (8). Bacterial activators, such as staphyloki-
nase from Staphylococcus aureus and streptokinase, secreted by
group A, C, and G streptococci, can also activate plasminogen
(9-11). Plasmin has a relatively broad substrate spectrum, and
in addition to fibrin(ogen), plasmin can cleave components of
the host ECM, such as laminin (12), fibronectin (13), vitronec-
tin (14, 15), and heparan sulfate proteoglycans (16).

Upon transmission through the bite of an infected tick, spi-
rochetes encounter the human complement system, which
plays a crucial role in recognition and clearance of invading
pathogens (17). A triggered enzyme cascade, complement can
be activated by the classical pathway, lectin pathway, or alter-
native pathway. Classical pathway activation is initiated by spe-
cificantibodies, whereas the lectin pathway is activated through
recognition of carbohydrates (e.g mannan). By contrast, alter-
native pathway activation occurs spontaneously. Activation of
either pathway results in cleavage of the central protein C3 and
deposition of the highly reactive C3b molecule on the surface of
invading microorganisms. This, in turn, leads to opsonization
(18) and the formation of the lytic membrane attack complex
and resultant complement-mediated killing of the intruders.

Plasmin negatively regulates the complement system on sev-
eral levels. Early evidence suggested that active plasmin can
cleave various complement components (19). Recently, it has
been demonstrated that plasmin efficiently degrades the cen-
tral complement component C3b as well as C5. In addition to
the alternative pathway, active plasmin inhibits the classical
and lectin pathways. The proteolytically inactive proenzyme
plasminogen also enhances complement factor I-mediated
inactivation of C3b in the presence of factor H (20).

Several invasive human pathogens bind plasminogen, including
Streptococcus pneumoniae (21), S. aureus (22), Pseudomonas
aeruginosa (23), Haemophilus influenzae (24), Helicobacter
pylori (25), and the yeast Candida albicans (26, 27). Several
B. burgdorferi plasminogen-binding proteins have been identi-
fied, such as the infection-associated surface proteins CspA
(complement regulator-acquiring surface protein 1; CRASP-1)
and CspZ (CRASP-2) (28), ErpP (CRASP-3), ErpC (CRASP-4),
ErpA (CRASP-5) (29), the 70-kDa surface protein BPBP (30),
OspA (31), and OspC, which a recent study, employing live cell
binding assays, has shown to be a plasminogen receptor on the
surface of B. burgdorferi (32, 33). Additionally, B. burgdorferi
enolase has recently been demonstrated to moonlight on the
bacterial outer surface and serve as a plasminogen-binding pro-
tein (34-36).

Plasminogen-coated spirochetes, when exposed to or
treated with activators, generate plasmin, which proteolyti-
cally degrades fibronectin, vitronectin, and laminin (37) and
can penetrate endothelial cell monolayers (38). Although plas-
min is not very efficient at degrading collagens (37), borreliae
up-regulate expression and induce secretion of host matrix
metalloproteinase MMP-1 (collagenase 1) and MMP-9 (gela-
tinase B) and stimulate activation of pro-MMP-9 (39). Acquisi-
tion of plasminogen by the spirochetes is required for transfer
from ticks, and plasminogen-deficient mice show decreased
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spirochetemia (40). Taken together, these data indicate that
acquisition of plasminogen by borreliae plays a significant role
in virulence. Here we describe B. burgdorferi BBA70, a novel
borrelial plasminogen-binding protein with a strong binding
capacity, belonging to the paralog family 54 (PFam54) protein
family.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—B. burgdorferi strain
B31 was grown at 33 °C until mid-exponential phase (5 X 10”
cells/ml) in Barbour-Stoenner-Kelly medium (Bio & SELL)
supplemented with 6% heat-inactivated rabbit serum (Sigma-
Aldrich). Density of spirochetes was assessed employing dark
field microscopy and a Kova counting chamber (Hycor Bio-
medical). Escherichia coli J]M109 cells (Promega) used for clon-
ing experiments and protein expression were grown at 37 °C in
yeast tryptone broth, supplemented with the appropriate anti-
biotics. For complement inactivation assays, E. coli DH5« cells
grown at 37 °C in yeast tryptone broth were employed.

Proteins and Antisera—Plasminogen from Hematologic Tech-
nologies Inc. was used for all experiments. Activation to plasmin
was accomplished using uPA from Chemicon. Fibrinogen was
purchased from Sigma-Aldrich, as was the chromogenic sub-
strate S-2251 (p-Val-Leu-Lys-p-nitroanilide dihydrochloride).
Purified C3b, factor H, and factor I were all purchased from
Complement Technology. Polyclonal antisera for plasminogen
and fibrinogen from Acris Antibodies were used. Polyclonal C3
antiserum was purchased from Calbiochem. The polyclonal
goat antiserum raised against C5 was obtained from Quidel.
Monoclonal anti-hexahistidine antiserum from GE Health-
care was used. Horseradish peroxidase (HRP)-conjugated
immunoglobulins were purchased from Dako. mAb LA22.1
(41) was used to detect the periplasmic FlaB protein, and for
detection of the surface-exposed OspC protein, mAb 93-193/
0246 was employed (42).

Generation of Recombinant, Polyhistidine-tagged Proteins—
The BBA70-encoding gene (ORF ZSA70 of strain ZS7, which is
100% identical with BBA70 of strain B31) was amplified by PCR
from plasmid pGEX-ZSA70 (43), using primers pGEX(+) and
pGEX 2T Sall (Table 1). The PCR product was subsequently
cloned into pQE-30 Xa (Qiagen). The resulting plasmid, pQE-
A70ZS7, was sequenced to exclude the possible introduction of
mutations during the cloning process. In order to generate
C-terminally truncated BBA70 constructs, plasmid pQE-A70
757 was used as a template for PCR with primer pQE-FP-30
and either BBA70-166(—), BBA70-131(—), or BBA70-46(—).
The respective PCR products were cloned into pQE-30 Xa.
Both strands of the resulting plasmids were sequenced to
ensure no mutations had been introduced during PCR and
cloning procedures. In one case, a spontaneous mutation had
been introduced, resulting in the generation of a stop codon at
position 68. This truncated construct was also included in fur-
ther studies. For recombinant BBA66, primers pGEX(+) and
pGEX 2T Sall (Table 1) were used to amplify the encoding gene
from plasmid pGEX-ZSA66 (43) (ZSA66 is 100% identical with
BBAG66). The resulting PCR product was then cloned into
vector pQE-30 Xa (Qiagen). To rule out the possible intro-
duction of mutations during cloning, the resulting plasmid
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termed pQE-A66 ZS7 was sequenced. Similarly, for recombi-
nant ZQA70 primers, ZQ1 A70 SphI(+) and pGEX 2T Sall
were used to amplify the encoding gene from plasmid pGEX
ZQ1 A70 and cloned into pQE-30 Xa (Qiagen). The resulting
plasmid was termed pQE-A70 ZQ1 and sequenced to verify
that no mutations had been introduced during the cloning
process. Production of purified ErpP and CspA has been
described previously (29, 44). Recombinant proteins were
expressed in E. coli JM109 cells (Promega). Following induction
with isopropyl-B-p-thiogalactopyranoside, cells were har-
vested and lysed using a MICCRA D-9 dispersion device (Art
Prozess- & Labortechnik GmbH) in buffer containing 10 mm
imidazole, 300 mm NaCl, 50 mm NaH,PO,, and 1 mg/ml
lysozyme. Cell debris was cleared by centrifugation, and pro-
teins were purified using nickel-nitrilotriacetic acid-agarose
resin (Qiagen). Purity of recombinant proteins was determined
by SDS-PAGE followed by silver staining. A bicinchoninic acid
protein assay (Pierce) was used to measure concentrations of
purified proteins.

Generation of Monoclonal BBA70 Antiserum—Monoclonal
antibody 70-11/10.17 directed against BBA70 was generated by
immunization of BALB/c mice with recombinant ZSA70 pro-
tein according to a method described elsewhere (45). Animal
research was approved in advance by the Laboratory Animal
Committee of the University of Heidelberg (RP Karlsruhe
35-9185.82/A-25/07). The animals were kept in a filter cabinet
and given food and water ad libitum, with all maintenance per-
formed according to German animal welfare guidelines.

Ligand Affinity Blotting—Recombinant polyhistidine-tagged
BBA70, BBA66, ErpP, or BSA (250 ng each) were subjected to
reducing 10% Tris/Tricine SDS-PAGE. After separation, pro-
teins were transferred to a nitrocellulose membrane using
Western blotting. Membranes were blocked using 1.5% nonfat
dry milk powder in TBS containing 0.1% Tween 20 (TBS-T).
After washing three times with TBS-T, membranes were incu-
bated with 20 ug/ml plasminogen at room temperature for
1 h. Following three wash steps with TBS containing 0.2%
Tween 20, bound plasminogen was detected using a goat
polyclonal plasminogen antiserum and HRP-conjugated
anti-goat immunoglobulins.

Protein Binding Assays—For ELISA, 500 ng of recombinant
polyhistidine-tagged ErpP, BBA66, or BBA70 or equimolar
amounts of C-terminally truncated BBA70 constructs in 100 ul
of sodium carbonate buffer were immobilized onto 96-well
microtiter plates (MaxiSorp, Nunc) at 4 °C overnight with gen-
tle agitation. After washing three times with 0.05% PBS-T (PBS-
T), wells were blocked with Blocking Buffer III (AppliChem).
Following three wash steps, for each well 500 ng of plasminogen
was added in 100 ul of PBS. Where indicated, tranexamic acid
or varying concentrations of NaCl or NaBr were added. After
incubation for 1 h at room temperature, unbound protein was
removed by washing three times with PBS-T. Bound proteins
were identified, employing a polyclonal plasminogen antiserum
followed by anti-goat polyclonal HRP-conjugated immuno-
globulins. Following three more wash steps, detection was
performed utilizing ortho-phenylenediamide dihydrochloride
(Sigma- Aldrich) as a substrate. Reactions were stopped by the
addition of 2.6 m H,SO,, and absorbance was measured at 490
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nm in a microtiter plate reader (PowerWave HT, BioTek). For
ELISA with plasminogen constructs, 50 ul of 5 ug/ml polyhis-
tidine-tagged BBA70 was immobilized onto microtiter plates at
4 °C overnight. After washing with PBS-T, wells were blocked
with 0.2% gelatin in PBS. Following three wash steps, 1 ug of
plasminogen or equimolar amounts of the plasminogen con-
structs were added. Bound constructs or full-length plasmino-
gen was detected using a polyclonal plasminogen antiserum
and HRP-conjugated anti-goat immunoglobulins. Tetramethy-
Ibenzidine was used as a substrate for HRP, and absorbance was
measured at 450 nm. To investigate dose dependence of plasmin-
ogen binding to BBA70, 0.175 um BBA70 was immobilized at 4 °C
overnight and, after blocking, was incubated with varying amounts
of plasminogen ranging from 0.002 to 2.174 um. Detection of
bound plasminogen was performed as described above.

Surface Plasmon Resonance (SPR) Protein Binding Analysis—
Binding of plasminogen to immobilized His-tagged BBA70 was
studied quantitatively using a BIAcore X100 and Sensor Chip
NTA (GE Healthcare). The surface was Ni>"-coated with a
1-min injection of 2 mm NiCl, at a flow rate of 10 ul'min™".
About 2000 response units of ligand (BBA70) were immobilized
on the sensor chip. All measurements were carried out in the
running buffer (5 mm KH,PO,, 77.5 mm NaCl, and 15 mm
Na,HPO,, pH 7.4) at 25°C. Binding kinetic traces were
recorded when different concentrations of analyte (plasmino-
gen) were passed over the loaded chip surface. The measured
kinetics were not determined by diffusion limitations because
higher flow rates (e.g. 30 ul'min~') and lower analyte immobi-
lization levels had no obvious effect on the kinetic traces. Injec-
tion of analyte in running buffer was accomplished in 3 min
(association or contact phase), followed by a 4-min injection of
running buffer (dissociation phase). The sensor chip surface
was regenerated with a 3-min injection of strip buffer (0.5%
SDS, 50 mm Na,EDTA, pH 8.0) and rinsed prior to the next
binding experiment. The kinetic traces were corrected by tak-
ing into account the background dissociation of immobilized
ligand from the sensor chip surface and nonspecific binding of
analyte to the sensor chip surface during a blank run (no ligand
added) prior to each binding experiment. The binding experi-
ments at each concentration of analyte were performed at least
in triplicate.

The sensograms were analyzed by curve-fitting with BIA-
evaluation software (version 4.1; Biacore AB, Uppsala, Sweden),
where models were fitted for the single concentrations of ana-
lyte and fitted globally for the concentration series of analyte.
Various reaction models, including the classical Langmuir 1:1
binding between analyte (A) and ligand (B), and a two-state
reaction model, based on a 1:1 binding of analyte to an immo-
bilized ligand followed by a conformational change (A + B <
AB <> AB*) were considered. For the determination of k_,, only
the middle portion (10 —120 s) of the association curve was used
for fitting. For determination of kg, all data, except the first
10's, encompassing the dissociation phase, were used for fitting.
All of our kinetic data were fit most adequately by assuming a
two-state reaction (conformational change) model for interac-
tion between soluble analyte and immobilized ligand.

Plasminogen Activation Assay—The plasminogen activation
assay was performed as described previously (28). 96-Well
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microtiter plates (Maxisorb, Nunc) were coated with 500 ng of
recombinant polyhistidine-tagged BBA70, BBA66, ErpP, or
BSA in 100 ul of sodium carbonate buffer at 4 °C overnight with
gentle agitation. Following three wash steps with 0.05% PBS-T,
wells were blocked with Blocking Buffer III (AppliChem). After
three wash steps, 500 ng of plasminogen was added in 100 ul of
50 mm Tris/HCI, pH 7.5, for each well. Where indicated, wells
were supplemented with 50 mm tranexamic acid as a negative
control. Plates were incubated for 3 h at room temperature.
After washing three times, 96 ul of reaction buffer was added,
containing 50 mm Tris/HCI, pH 7.5, 300 mm NacCl, 0.003% Tri-
ton X-100, and 0.3 mg/ml S-2251 (p-Val-Leu-Lys-p-nitro-
anilide dihydrochloride). Finally, 4 ul of 2.5 ug/ml uPA was
used to activate plasminogen to plasmin. Microtiter plates were
then incubated at room temperature, measuring absorbance at
405 nm in a microtiter plate reader (PowerWave HT, BioTek)
every 30 min over a time period of 24 h.

Fibrinogen Degradation Assay—Recombinant polyhistidine-
tagged BBA70, BBA66, ErpP, or BSA (500 ng each) were immo-
bilized onto 96-well microtiter plates (Maxisorb, Nunc) at 4 °C
overnight in 100 pl of sodium carbonate buffer. After three
wash steps with 0.05% PBS-T, wells were blocked with Blocking
Buffer III (AppliChem). Three wash steps were performed, and
then 500 ng of plasminogen was added for each well in 100 ul of
50 mm Tris/HCl, pH 7.5. For negative controls, 50 mwm
tranexamic acid was added to plasminogen. Incubation for 1 h
at room temperature was followed by washing. Finally, a reac-
tion mix containing 20 ug/ml fibrinogen and 0.16 pg/ml uPA in
50 mm Tris/HCI, pH 7.5, was added. Reactions were incubated
at room temperature, and aliquots were taken at the indicated
times. Reactions were stopped by the addition of SDS-PAGE
sample buffer. Samples were then separated by 10% Tris/Tri-
cine SDS-PAGE under reducing conditions and transferred to a
nitrocellulose membrane by Western blotting. Fibrinogen and
its degradation products were visualized using a polyclonal
fibrinogen antiserum and corresponding HRP-conjugated anti-
goat immunoglobulins.

C3b/C5 Degradation Assay—Degradation of C3b and C5 was
assayed as described previously (20). Briefly, microtiter plates
(Maxisorb, Nunc) were coated with 1 ug (for C3b degradation)
or 2 pg (for C5 degradation) of recombinant BBA70, ErpP,
BBAG66, or BSA in 100 ul of sodium carbonate buffer at 4 °C
overnight with gentle agitation. After washing with PBS-T and
blocking with Blocking Buffer III (AppliChem), 1 ug (for C3b
degradation) or 2 ug (for C5 degradation) of plasminogen in 50
mwm Tris/HCl, pH 7.5, was added, and plates were incubated at
room temperature for 1 h. Where indicated, 50 mMm tranexamic
acid was added as a negative control. Wells were washed three
times with PBS-T, and a reaction mixture containing 5 ug/ml
either C3b or C5 as well as 0.16 ug/ml uPA in 50 mm Tris/HCI,
pH 7.5, was added. Microtiter plates were incubated at 37 °C for
24 h. Aliquots were taken at the indicated times, and reactions
were stopped by the addition of SDS-PAGE sample buffer. The
samples were separated by 12.5% glycine SDS-PAGE under
reducing conditions, transferred to a nitrocellulose membrane,
and assayed for C3b or C5 degradation products using poly-
clonal goat antisera raised against C3 or C5, respectively, and
corresponding anti-goat, HRP-conjugated immunoglobulins.
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Complement Inactivation Assay—Recombinant BBA70, ErpP,
or ZQA70 (10 pg each) was allowed to bind to Dynabeads
(Invitrogen). Following several wash steps, borrelial proteins
coated to magnetic beads were incubated with 10 ug of plas-
minogen. After further washing, 200 ul of 2.5% normal human
serum (NHS) in GVB™ ™ buffer (Complement Technology) was
added, together with 0.16 ug/ml uPA to activate bound plas-
minogen to plasmin for 1 h at 37 °C. Controls included omis-
sion of plasminogen and uPA, respectively, and the addition of
50 mM tranexamic acid. After 1 h, pretreated serum samples
were added to E. coli DH5a (1 X 107 cells) and incubated for
2 h at 37 °C. Serial dilutions were plated on Mueller-Hinton
agar and incubated overnight at 37 °C. Survival was deter-
mined by counting colony-forming units (cfu) on the follow-
ing day.

Mice Infections—Four Bl/6 mice (Jackson Laboratories) were
infected, under laboratory conditions, by vector tick bite
(Ixodes scapularis), as described previously (46). Prior to tick
feeding, a sample of 10 ticks was tested to ensure they were
harboring B. burgdorferi (47). Mice, which were culture- and
serology-positive for B. burgdorferi, were euthanized 1 year
after tick transmission. Serum was separated from collected
blood. In addition, control serum was collected from an unin-
fected animal, and all sera were stored at —20 °C until needed.

Line Blot Immunoassays and Serological Examination—Pu-
rified, nondenaturated borrelial proteins BBA70 (2-500 ng),
VISE (0.8 ng), and OspC (87.5 ng) as well as BSA (500 ng) in PBS
were transferred onto a nitrocellulose membrane by a microdis-
pensing method using a Desaga AS30 apparatus (Sarstedt). Immu-
nogenicity of BBA70 was tested using control and infected
mouse serum as described previously (48). Briefly, 1:800 dilu-
tions of mouse serum were incubated with protein-coated
nitrocellulose strips at room temperature for 2 h. Antibodies
directed against BBA70 were detected by secondary incubation
with donkey anti-mouse IgG/HRP diluted 1:25,000 (Santa Cruz
Biotechnology, Inc.). Reactivity was determined via chemilumi-
nescence (Thermo Scientific, Waltham, MA) and autoradiog-
raphy. Experiments were repeated once to confirm reproduc-
ibility. Cross-reactivity with control serum was tested at 1:200,
1:400, and 1:800.

Reverse Transcription-PCR—Spirochetes were grown to mid-
exponential phase and sedimented by centrifugation. After three
wash steps with PBS, total RNA was isolated with the TRIzol
Max bacterial RNA isolation kit (Invitrogen). Removal of con-
taminating genomic DNA was accomplished using TURBO
DNA-free (Ambion). Concentrations of RNA samples were
determined photometrically. 1 ug of RNA was subsequently
used as a template to generate complementary DNA (cDNA)
utilizing the avian myeloblastosis virus first strand cDNA syn-
thesis kit for RT-PCR (Roche Applied Science) with random
hexamer primers in accordance with the manufacturer’s
instructions. The obtained cDNA was employed as a template
for PCR analysis. Primers BBA70-F and BBA70-R (Table 1)
were used to generate amplicons corresponding to part of the
bba70 gene. As controls, amplicons specific for the flaB and
ospA gene were also generated, using primes Fla6 and Fla7 as
well as OspAl and OspA2, respectively (Table 1).
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TABLE 1
Oligonucleotides used in the course of this study

Oligonucleotide  5'-3' Sequence Use in this study

PGEX(+) GGGCTGGCAAGCCACGTTTGGTG Amplification of
zsa70 and
zsa66, cloning
pGEX 2T Sall CAGAGGTTTTCACCGTCGACACCGAAACGCGCGAGGC into pQE-30 Xa
Amplification of
(Z+Q)1 AT0 Sphl CGGATCTGGTTCCGCGTGCATGCCCGGGCGCTGTTG zqa70, cloning
into pQE-30 Xa
pQE-FP-30 TTTGCTTTGTGAGCGGATAAC .
Generation of
BBA70-166(-) GTGTATTAGTAGTTCTTTTAAGTCGACTTAGCTTAGAGTGTTTAAATT C-terminally
truncated
BBA70-131(-)  GCTTTGCCATAGAGTAGATCTATAGTCGACTATTAGCCCTCATC BBA70
constructs
BBA70-46(-) CTTCATTTTTTTGAGCGTCGACTTAATTGCCAAATTCTTTTAATTTTGC
BBA70-F GGATTACGATAAAGGGGAAATAAAG Amplification of
bba70 gene
BBA70-R GAATTTCTTGGGGAACTTCTCCAACAG from cDNA
Fla6 AACACACCAGCATCACTTTCAGGGTCT Amplification of
flaB gene from
Fla7 TATAGATTCAAGTCTATTTTGGAAAGCACCTA cDNA
OspAl GGGAATAGGTCTAATATTAGC Amplification of
ospA gene from
OspA2 CTAGTGTTTTGCCATCTTCTTT cDNA

Triton X-114 Phase Separation—Phase separation was per-
formed as described previously (49, 50). Briefly, a 300-ml cul-
ture of B. burgdorferi B31 was grown to mid-exponential phase.
Spirochetes were pelleted by centrifugation and washed twice
with PBS. 5 X 10 cells were resuspended in 1 ml of a solution
containing 2% Triton X-114 in 5 mm EDTA, 10 mm Tris/HCl,
pH 7.5. Following incubation with gentle agitation at 4 °C over-
night, samples were centrifuged at 50,000 X g for 1 h at 4 °C.
The supernatant was then incubated in a 37 °C water bath for 30
min, followed by centrifugation at 50,000 X g for 1 h at 25 °C.
The hydrophilic phase was then separated from the hydropho-
bic phase. The hydrophobic phase was reextracted twice by
washing with 20% (v/v) 10 mm Tris, 5 mm EDTA, followed by
centrifugation at 20,000 X g at 25 °C. Protein fractions were
then precipitated by the addition of 10-fold (v/v) ice cold ace-
tone. Following centrifugation at 12,500 X g at 4 °C, precipi-
tated protein was resolubilized in PBS. Protein concentrations
were assayed utilizing a bicinchoninic acid protein assay
(Pierce). 10 pg of the fractions corresponding to the periplas-
mic cylinder and the detergent phase were subjected to reduc-
ing 10% Tris/Tricine SDS-PAGE. Following separation, pro-
teins were blotted onto a nitrocellulose membrane. BBA70 was
visualized using mAb 70-11/10.17 and HRP-conjugated anti-
mouse immunoglobulins.

Prediction of Secondary Structure—NetSurfP version 1.1 from
the Center for Biological Sequence Analysis/Technical Uni-
versity of Denmark was used for prediction of the BBA70
secondary structure based on sequence information from
GenBank™ CAH05016.1.

Statistical Analyses—A one-way ANOVA test with Bonfer-
roni’s multiple comparison post test was employed for statisti-
cal analysis of ELISA results using GraphPad Prism version 4.
Results were deemed statistically significant for the following p
values: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

RESULTS
BBA70 Is a Plasminogen-binding Protein—The B. burgdor-

feri CspA surface protein (also known as CRASP-1 or BBA68)
binds both complement factor H and plasminogen (28, 42).

AUGUST 30, 2013 +VOLUME 288+NUMBER 35

BBA70Is a Potent Plasminogen-binding Protein

Lyme disease spirochetes encode multiple, distinct proteins
paralogous to CspA, constituting PFam54 (51). Although CspA
is the only PFam54 member of strain B31 capable of binding
factor H (52), the abilities of other paralogs to bind plasmin-
(ogen) had yet to be determined. Of these proteins, BBA70 dis-
played a strong affinity for plasminogen in a pull-down screen-
ing assay (data not shown).

Affinity blots and ELISA were used for detailed analyses of
interactions between BBA70 and plasminogen. Recombinant
B. burgdorferi ErpP was used as a positive control protein (29).
The borrelial protein BBA66 and BSA served as negative con-
trols. Affinity blot analyses demonstrated binding of plasmino-
gen to BBA70 and ErpP but not to BBA66 or BSA (Fig. 1A4).
ELISA also demonstrated that BBA70 and ErpP bound plas-
minogen in a dose-dependent manner (Fig. 1, Band C). Surface
plasmon resonance analysis provided insight into the associa-
tion and dissociation kinetics of the interaction between BBA70
and plasminogen. Typical sensograms obtained for interaction
of BBA70 with different concentrations of plasminogen are
shown in Fig. 1D. In all cases, the sensograms could not be fitted
to a simple 1:1 binding model, and the best fits were attained
using a two-state reaction model (Fig. 1D and Table 2), suggest-
ing a conformational change after interaction of plasminogen
with BBA70. Using this model, a dissociation equilibrium con-
stant (K,) of 55.1 nm for the BBA70-plasminogen interaction
was calculated. Detailed binding parameters for the BBA70-
plasminogen interaction are reported in Table 2.

Roles of Lysine Residues and lonic Strength in BBA70-Plas-
minogen Interaction—The lysine-binding kringle domains of
plasminogen mediate binding to fibrin, components of the
ECM, or lysine-containing host and bacterial binding proteins
(6,11, 53). To determine whether lysine residues in BBA70 are
involved with binding of plasminogen, increasing concentra-
tions of the lysine analog tranexamic acid were included in
ELISA. Tranexamic acid, when added at 0.1 mwm, decreased the
BBA70-plasminogen interaction by more than 60%, whereas
the addition of 1 mm tranexamic acid reduced the signal to
background levels (Fig. 24).

Additionally, the effect of ionic strength on the BBA70-plas-
minogen interaction was investigated. Binding of plasminogen
to BBA70 was measured in the presence of increasing concen-
trations of NaCl. Even at 6 times the physiological concentra-
tion of NaCl, the affinity of BBA70 for plasminogen remained
unaffected (Fig. 2B). Because plasminogen is known to bind
chloride anions, it is conceivable that changing the ionic
strength with NacCl is insufficient. We thus also studied the
effect of NaBr on plasminogen binding (Fig. 2C). Starting at a
concentration of 0.25 M, a statistically significant reduction in
plasminogen binding was detected. These data suggest that
ionic strength does have an impact on the BBA70-plasminogen
interaction.

The Putative C-terminal a-Helix of BBA70 Is Required for
Binding of Plasminogen—Having demonstrated the involve-
ment of lysine residues for the interaction of BBA70 with plas-
minogen, we sought to identify the plasminogen-binding
regions within this borrelial protein. The predicted secondary
structure for BBA70 included a number of putative a-helices
(designated A—G), which contain a total of 36 lysine residues
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FIGURE 1. B. burgdorferi BBA70 binds human plasminogen. A, recombinant, hexahistidine-tagged borrelial proteins or BSA (1 ug each) were separated via
SDS-PAGE for Coomassie staining in order to ensure sufficient purity of the recombinant proteins (left). For Western blotting, 250 ng of the respective borrelial
proteins and BSA were subjected to SDS-PAGE and subsequently transferred to nitrocellulose. Detection of hexahistidine tag was performed as loading control
(center), and ligand affinity blotting was employed to test for plasminogen binding. The membrane was incubated with 20 ug/ml purified human plasminogen,
and bound plasminogen was detected using a polyclonal plasminogen antiserum (a-Plg) and HRP-conjugated secondary antibody (right). B, binding of
plasminogen was verified for recombinant proteins using ELISA. Hexahistidine-tagged recombinant proteins or BSA (5 ng/ml each) was immobilized onto
microtiter plates and incubated with 10 ug/ml purified human plasminogen. Bound plasminogen was detected using a polyclonal plasminogen antiserum and
HRP-conjugated anti-goatimmunoglobulins. Absorbance was measured at 490/560 nm. Experiments were each performed in triplicate, and graphs represent
means from at least three independent experiments. Error bars, S.E. ***, p < 0.001 (one-way ANOVA with Bonferroni’s multiple-comparison test). C, ELISA was
performed to determine dose dependence. BBA70 (M), ErpP (A), and BSA (@) (5 ng/ml each) were immobilized onto microtiter plates and incubated with
increasing concentrations of purified human plasminogen. Detection was performed as described previously, and absorbance was measured at 490 nm. Data
points represent means from three independent experiments, each performed in triplicate. Error bars, S.E. D, representative SPR binding and dissociation
kinetics of human plasminogen to BBA70 immobilized on a Ni?*-nitrilotriacetic acid surface. Sensograms (solid lines) obtained when plasminogen solutions at
the indicated concentrations were flowed across the sensor chip and the experimental data were fitted (dashed lines) with the two-state binding model, where
A + B <> AB <> AB* (see “Experimental Procedures”). The resulting rate and affinity constants are given in Table 2 (mean =+ S.D.). Plasminogen concentrations
are 3410 nm (1), 2270 nm (2), 1136 nm (3), 620 nm (4), 324 nm (5), 133 nm (6), 67 nm (7), and 33 nm (8). RU, response units.

(Fig. 34). To investigate the role of these structural elements of
BBA70 in the interaction with plasminogen, we created a num-
TABLE 2 ber of carboxyl-terminally truncated BBA70 constructs that

Rate and affinity constants for BBA70-plasminogen interaction lacked putative lysine-containing a-helices (Fig. 3A?‘ Th.e ‘tr un-
BBA70 was immobilized on a Ni**-nitrilotriacetic acid surface, and varying con- cated constructs were then ELISA-tested for their ability to

centrations of plasminogen were flowed over the sensor chip. bind plasminogen. BBA70 or equimolar amounts of the carboxyl-

Koy X 10" Kopey X 1072 Kypp X 1072 kogep, X 1072 Ka terminally truncated constructs were immobilized on microti-

m i s w s s n ter plates and incubated with plasminogen. Deletion of the
92+25  15%01 39+03 19+05 551+ 10.3

putative C-terminal a-helix (G), containing 9 lysine residues
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FIGURE 2. BBA70-plasminogen interaction is mediated by lysine residues
and independent of ionic strength. A, recombinant, hexahistidine-tagged
BBA70 (5 wg/ml) was immobilized onto microtiter plates and incubated with
10 pg/ml purified plasminogen in the presence of increasing concentrations
of the lysine analog tranexamic acid. Plasminogen bound to BBA70 was
detected with a polyclonal plasminogen antiserum and HRP-conjugated anti-
goatimmunoglobulins. Absorbance was measured at 490 nm, and binding of
plasminogen by BBA70 in the absence of tranexamic acid was set to 100%.
Values represent the means of three separate experiments conducted in trip-
licate, and error bars show S.E. ***, p < 0.001 (one-way ANOVA with post hoc
Bonferroni’s correction). B and C, microtiter plates were coated with 5 ug/ml
recombinant BBA70 and subsequently incubated with human plasminogen
and increasing concentrations of NaCl or NaBr. Bound plasminogen was
detected using a specific antiserum. Absorbance was measured at 490 nm.
Data represent means and S.E. of three separate experiments with three rep-
licates per condition. Error bars, S.E. ***, p < 0.001 (one-way ANOVA with post
hoc Bonferroni’s correction).
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FIGURE 3. Further characterization of the BBA70-plasminogen interac-
tion. A, schematic representation of the BBA70 molecule. Putative a-helices
are shaded gray, with black vertical lines indicating lysine residues within the
helices. Helices are designated A-G. Arrowheads indicate positions for
the generation of C-terminally truncated BBA70 constructs and specify the
lengths of the respective polypeptide chains. B, binding of purified plasmin-
ogen to C-terminally truncated BBA70 constructs was analyzed by ELISA. Full-
length BBA70 (5 wg/ml) or equimolar amounts of C-terminally truncated con-
structs were immobilized onto microtiter plates and incubated with
plasminogen (10 wg/ml). Bound plasminogen was detected using a poly-
clonal plasminogen antiserum and HRP-conjugated anti-goat immunoglob-
ulins. Binding of plasminogen to full-length BBA70 was set to 100%. Lengths
of BBA70 constructs are represented by the length of the area shaded gray,
whereas the black vertical line indicates the N-terminal hexahistidine tag. C,
microtiter plates were coated with 5 ug/ml recombinant, hexahistidine-
tagged BBA70 and incubated with purified plasminogen (10 pg/ml) or
equimolar amounts of various plasminogen fragments. K4-5-P, kringle
domains 4 and 5 and the protease domain; K5-P, kringle 5 and the protease
domain; K7-5, all five kringle domains but lacking the protease domain of
plasminogen. Gelatin (10 ng/ml) was used as a nonspecific negative control.
Plasminogen or the respective fragments bound to BBA70 were detected
using a specific antiserum. Absorbance was measured at 450 nm. Three inde-
pendent experiments were conducted in triplicate, and graphs represent
means = S.E. (error bars). ***, p < 0.001; **, p < 0.01 (one-way ANOVA with
Bonferroni’s multiple-comparison test).

(BBA70(1-166)), eliminated plasminogen binding (Fig. 3B),
indicating that this predicted a-helix (G) of BBA70 is crucial for
the interaction with plasminogen.

BBA70-Plasminogen Interaction Depends on Kringle 4 Do-
main—Binding of plasminogen to host receptors and various
bacterial proteins is mediated by plasminogen’s five kringle
domains (11, 54, 55). In order to narrow down the domain(s) of
plasminogen required for the interaction with BBA70, plasmin-
ogen fragments comprising various lysine-binding kringle
domains as well as the protease domain were assayed for their
abilities to bind BBA70. Whereas a construct consisting of krin-
gles 4 and 5 and the protease domain bound to BBA70, another
protein containing only kringle 5 and the protease domain did
not bind to BBA70 (Fig. 3C). Thus, kringle domain 4 plays an
important role in BBA70-plasminogen interactions.

JOURNAL OF BIOLOGICAL CHEMISTRY 25235



BBA70Is a Potent Plasminogen-binding Protein

A o7

0.61
0.51
0.41
0.31

0.24

0.14

0000 e I i e

Absorbance at 405nm

00 25 50 7.5 100 125 150 175 200 225 250 27.5

time [h]
0.79
0.6

0.54

0.39
0.29

0.19

Absorbance at 405nm ©

S

PRSPPI ST
|- Ly o

0.0 T T T T T T T T T T 1
00 25 50 75 100 125 150 175 20.0 225 250 27.5

time [h]

o
N
N

Absorbance at 405nm

. P TP D OO B W DO DOy
I = T e e S s i e e e e e

0.0 T T T T T T
00 25 50 75 100 125 15.0

time [h]

175 200 225 250 27.5

0.79
0.6

0.5

Absorbance at 405nm O

B R I e e b e s s s s sas s 'S

0.0 T T

00 25 50 7.5 100 125 15.0

time [h]

17'.5 26.0 22l.5 25'.0 27l.5

FIGURE 4. BBA70-bound plasminogen is converted to plasmin by uPA. Microtiter plate wells coated with 5 pg/ml recombinant BBA70 (A), ErpP (B), BBA66
(O), or BSA (D) were incubated with 10 ug/ml plasminogen. Upon washing, the plasminogen activator uPA was added (2.5 ng/ml) together with the chromo-
genic substrate S-2251 (p-Val-Leu-Lys-p-nitroanilide dihydrochloride) (H). As negative controls, either uPA (A) or plasminogen (®) was omitted, or the
plasminogen inhibitor tranexamic acid (50 mm) was added to plasminogen (®). For clarity, graphs of negative controls are shaded gray. Microtiter plates were
incubated for ~26 h, and absorbance at 405 nm was measured at 30-min intervals. Three separate experiments were performed; data shown are from a

representative experiment.

BBA70-bound Plasminogen Can Be Activated to Plasmin—
Plasminogen is converted to the serine protease plasmin by
human activators, such as uPA or tissue-type plasminogen
activator (56), and by bacterial activators like staphylokinase
(57). In order for these activators to function, the appropri-
ate domain of plasminogen needs to be accessible. Through
use of the chromogenic substrate p-Val-Leu-Lys-p-nitroani-
lide dihydrochloride, we demonstrated that BBA70-bound
plasminogen is accessible to human uPA and activated to
proteolytically active plasmin. The positive control protein
ErpP also bound activatable plasminogen (Fig. 4B). No cleav-
age of the chromogenic substrate was observed when using
negative controls BBA66 or BSA (Figs. 4, C and D). Addi-
tional control reactions with the plasminogen inhibitor
tranexamic acid, omitting plasminogen or plasminogen acti-
vator uPA, did not result in degradation of the chromogenic
substrate.

Plasmin Bound to BBA70 Degrades Fibrinogen—As a central
component of the fibrinolytic system, active plasmin cleaves
fibrin(ogen) (58). To determine if BBA70-bound active plasmin
can degrade its natural substrate fibrinogen, we immobilized
BBA70 on microtiter plates, incubated with plasminogen, and
activated with uPA. Time course incubation with fibrinogen
yielded almost complete substrate degradation within 60 min
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(Fig. 5A, left). In an identical experiment, using ErpP as a posi-
tive control, the fibrinogen a-chain was completely degraded
after 90 min (Fig. 5A, right). By contrast, significant degradation
was not observed for the negative controls BSA or BBA66 (Fig.
5B). Further controls were performed by the addition of the
lysine analog tranexamic acid or by omission of plasminogen
from the reaction mixture, with no significant degradation of
fibrinogen occurring in either control.

Plasmin Bound to BBA70 Degrades Complement Components
C3b and C5—Active plasmin also degrades the key comple-
ment components C3b and C5 (20). Therefore, we examined
the ability of BBA70-bound plasmin to degrade C3b and C5.
Recombinant BBA70, ErpP, BBA66, or BSA was immobilized
onto microtiter plates and incubated with plasminogen and
then with uPA. Plasmin bound to BBA70 and ErpP cleaved C3b,
as indicated by the appearance of degradation products with
molecular masses of ~30 and 40 kDa (Fig. 6A, arrowheads).
These cleavage products were absent in experiments that omit-
ted plasminogen or upon the inclusion of tranexamic acid. In
addition, no prominent degradation of C3b was observed with
the negative controls BBA66 and BSA (Fig. 65). When BBA70-
or ErpP-bound plasmin was incubated with C5, a cleavage
product of ~87 kDa appeared below the C5 a-chain (Fig. 74,
arrowhead). Degradation products were not observed in the

VOLUME 288+NUMBER 35+AUGUST 30, 2013
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FIGURE 5. Plasmin bound to BBA70 can degrade the natural substrate fibrinogen. Recombinant, hexahistidine-tagged BBA70, ErpP, BBA66, and BSA were
immobilized onto microtiter plates and incubated with 10 wg/ml plasminogen. After washing, the activator uPA (0.16 wg/ml) and fibrinogen (20 wg/ml) were
added. As controls, either plasminogen was omitted from the reaction mixture or plasminogen was added together with the inhibitor tranexamic acid (50 mm).
Microtiter plates were incubated at 37 °C, and aliquots were taken at various time intervals. Reactions were then separated by SDS-PAGE, and proteins were
transferred to nitrocellulose. Fibrinogen or its degradation products were visualized using a polyclonal fibrinogen antiserum and appropriate HRP-conjugated
secondary antibody. Fg, purified human fibrinogen with characteristic a-chain (63.5 kDa), B-chain (56 kDa), and y-chain (48 kDa). —Plg, plasminogen was
omitted; + T, the addition of 50 mm tranexamic acid. Two independent experiments were performed; Western blots show representative results. A, degradation

of fibrinogen after 20, 40, 60, 90, and 120 min for BBA70 (left) and ErpP (right). Results of BBA66 (left) and BSA (right) after 0.5, 1, 2, 4, and 6 h shown in B.

negative controls with tranexamic acid, without plasminogen,
or with BBA66 or BSA protein (Fig. 7B).

BBA70-bound Plasmin Inhibits Bactericidal Activity of Com-
plement—To further investigate the relevance of the observed
degradation of purified C3b and C5, we employed an assay
using NHS instead of purified complement proteins. Because
borreliae produce a number of plasminogen-binding proteins,
and a strain lacking all of these proteins is not available, we
opted to use E. coli DH5« for these experiments. NHS was pre-
incubated with BBA70-bound, activated plasmin. Following
preincubation, serum-sensitive E. coli DH5a cells were incu-
bated with the serum samples for 2 h at 37 °C, and cfu were
determined. Plasmin bound to BBA70 and ErpP inhibited the
bactericidal activity of complement, as shown by the survival
rates of the sensitive E. coli DH5« cells of nearly 100% (Fig. 8, A
and B) compared with the control incubated without NHS. By
contrast, no statistically significant survival was observed for
E. coli DH5a when NHS was preincubated with ZQA70 (Fig.
8C), which does not bind plasminogen (data not shown).

Cellular Localization of BBA70—Many B. burgdorferi genes
are not expressed by cultured bacteria, so we investigated
whether the BBA70-encoding gene is expressed in culture.
Total RNA was isolated from cultured spirochetes and sub-
jected to RT-PCR. When using primers specific for the bba70
gene, an appropriately sized amplicon was produced (Fig. 94).
The flaB and ospA genes served as positive controls.

Localization of the BBA70 protein in B.burgdorferi was
addressed by Triton X-114 extraction (49, 50). Samples from the
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detergent phase containing the outer membrane protein-en-
riched fraction and the periplasmic cylinder as well as whole
cell lysate from in vitro cultured spirochetes were separated by
SDS-PAGE and stained with colloidal Coomassie (Fig. 9B). Pro-
teins were also blotted onto a nitrocellulose membrane, and the
presence of BBA70 in each fraction was detected using mono-
clonal antibody 70-11/10.17 (Fig. 9C). In addition, control blots
were performed using monoclonal antibodies specific for the
inner membrane-anchored FlaB or the outer membrane pro-
tein OspC. As expected, FlaB could only be detected in the
fraction corresponding to the protoplasmic cylinder, whereas
the outer surface protein OspC partitioned almost exclusively
to the detergent phase. The BBA70 protein was detected only in
the detergent fraction, indicating that this molecule is a com-
ponent of the spirochetal outer membrane.

BBA?70 Is Produced during Mammalian Infection—Line blot
immunoassays were performed with sera from mice that
had been infected with B. burgdorferi B31 via tick bite. Using
a microdispersion device, nitrocellulose membranes were
sprayed with various amounts of recombinant BBA70 protein
(2-500 ng) to allow for optimization of both sensitivity and
specificity. In addition, the known serological markers OspC
and VIsSE were included as positive control antigens, whereas
BSA was used as a negative control. Sera from infected mice
showed reactivity against the OspC and VIsE antigens but not
BSA. Sera from the infected mice showed visible signals at 4 ng
of recombinant BBA70, and 63 ng of recombinant BBA70
yielded strong signals, indicating that mice produced a robust
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FIGURE 6. BBA70-bound plasmin degrades complement component C3b. Microtiter plates were coated with recombinant, hexahistidine-tagged BBA70,
ErpP, BBA66, and BSA (10 ng/ml). Following incubation with 10 wg/ml plasminogen, uPA (2.5 ug/ml) and purified C3b (5 ng/ml) were added. Microtiter plates
were incubated at 37 °C for 24 h, and aliquots were taken at different time intervals. Following separation by SDS-PAGE, proteins were blotted onto nitrocel-
lulose membranes, and C3b and its degradation products were detected, employing a polyclonal goat antiserum raised against C3b and a corresponding
HRP-conjugated secondary antibody. Representative results of two independent experiments are shown. A, degradation of C3b by plasmin bound to BBA70
(left) and ErpP (right) after 0.5, 1, 5, and 24 h. Arrows, C3b a- and B-chain; arrowheads, C3b degradation products with a molecular mass of ~30 and 40 kDa. B,
results for BBA66 (left) and BSA (right). C3b, purified human C3b. Negative controls include the addition of 50 mm tranexamic acid (+7) as well as omission of

plasminogen (—PIg).

antibody response directed against BBA70 (Fig. 10). In contrast,
control serum obtained from an uninfected mouse did not
exhibit activity against any of the borrelial antigens.

DISCUSSION

In the present study, we show that the PFam54 protein BBA701is
aplasminogen-binding protein. Binding of plasminogen is dose-
dependent and mediated by lysine residues, primarily located in
a putative C-terminal a-helix of the BBA70 protein. The inter-
action between plasminogen and BBA70 requires kringle
domain 4 of plasminogen. We also demonstrated that BBA70-
bound plasminogen is accessible to human uPA, can be acti-
vated to plasmin, and will cleave the natural substrate fibrino-
gen. BBA70 might also play a role in complement inactivation
because BBA70-bound plasmin cleaved complement compo-
nents C3b and C5. Furthermore, the bactericidal activity of
complement was inhibited when NHS was preincubated with
plasmin bound to BBA70. Consistent with these biochemical
functions, the BBA70 protein is located in the borrelial outer
membrane and is produced by B. burgdorferi during mamma-
lian infection.

Binding of plasminogen represents an important virulence
mechanism for a number of human pathogenic microbes. Sev-
eral plasminogen-binding proteins have been characterized,
including Tuf from P. aeruginosa (23), the PE protein of Hae-
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mophilus influenzae (59), Lsa20 from Leptospira interrogans
(60), enolases from S. pneumoniae and Neisseria meningitidis
(61, 62), and Gpmlp as well as Pral from the invasive yeast
C. albicans (26, 27). For B. burgdorferi, a number of plasmino-
gen-binding proteins have been reported, including OspA (31)
and OspC (32), BPBP (30), and more recently B. burgdorferi
enolase (34-36). Of note, the functionally related but geneti-
cally heterologous complement regulator-acquiring surface
proteins CspA, CspZ, ErpP, ErpC, and ErpA all bind plasmino-
gen in addition to binding various host-derived complement
regulators (28, 29, 63— 66). Other pathogenic microorganisms
have proteins that also bind both plasminogen and comple-
ment regulators, such as factor H, factor H-like protein 1, factor
H-related protein-1, or C4b-binding protein (23, 26, 27,
67—-69). Notably, although BBA70 is orthologous to the borre-
lial factor H- and plasminogen-binding CspA protein, BBA70 is
unable to bind any tested complement regulators (52).
Analysis of plasminogen binding to BBA70 indicates a high
affinity interaction in the nanomolar range of K, following a
complex model with fast and slow components of k_, and k_
rate constants. Thus, kinetics data suggest that BBA70 binds to
Glu-plasminogen in a two-stage process. Presumably, in the
first stage, BBA70 interacts with the accessible kringle domain
1 of Glu-plasminogen (70) and promotes conformational

VOLUME 288+NUMBER 35+AUGUST 30, 2013



BBA70Is a Potent Plasminogen-binding Protein

A
= BBA70 ErpP
Q
o= 0 05 1 5 24 +T -Plg 0 05 1 5 24 +T -Plg C5
150 — '.-—q-—.—..—— ——--:«--—-ﬂ, g=s{ «— a-chain
100—| o - 4 5 B <
75— —%-—--— w”“ oy <« [3-chain
! 11 ¢ =y : P i v
3 X ' 1 J
50—
37—
B
= BBA66 BSA
Q
X 0 05 1 5 24 +T -Plg 0 05 1 5 24 +T-Plg Cc5
150 —
100 — — ———— ey et | | i q— q == e | | | a-chain
75— ——--—-—--—-—— — e w—— S <z S | |« | <— B-Chain
50—
37—

FIGURE 7. Degradation of C5 by plasmin bound to BBA70. Recombinant BBA70, ErpP, BBA66, and BSA (20 ng/ml) were immobilized onto microtiter
plates and incubated with 20 wg/ml plasminogen. After washing, a reaction mixture containing 0.16 wg/ml activator uPA and 5 ug/ml C5 was added.
Microtiter plates were incubated at 37 °C, and aliquots were taken at various time intervals. The mixtures were then separated via SDS-PAGE, and C5 as
well as its degradation products were detected with a polyclonal goat anti-C5 antiserum and a corresponding anti-goat HRP-conjugated secondary
antibody. Representative results of two separate experiments are shown. Arrows, a- and B-chain of C5; arrowhead, degradation product of C5 a-chain
of ~87 kDa. A, a visible degradation product appears after 24 h of incubation for plasmin bound to both BBA70 (left) and ErpP (right). B, no degradation
products could be observed for BBA66 (left) or BSA (right). C5, purified human C5. Negative controls include the addition of 50 mm tranexamic acid (+7)
as well as omission of plasminogen (—Plg).
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FIGURE 8. BBA70-bound plasmin inhibits bacteriolytic effects of complement. 10 ug recombinant BBA70, ErpP, or ZQA70 was bound to magnetic beads
and incubated with plasminogen (Plg). After washing, 2.5% NHS was added together with a final concentration of 0.16 wg/ml uPA, and the serum was
preincubated with the beads at 37 °C. After 1 h, the treated serum samples were incubated with 1 X 107 complement-sensitive E. coli DH5« cells. Following
incubation at 37 °C for 2 h, serial dilutions were plated on agar plates, and cfu were determined the following day. DH5« cells incubated in GVB™* * (growth
control) without serum were presumed to have a survival rate of 100%. As a negative control, E. coli DH5« cells were incubated in the presence of 2.5% NHS,
resulting in complete killing of the cells. A, for serum preincubated with BBA70-bound plasmin, E. coli show nearly 100% survival, whereas no statistically
significant survival is seen for controls omitting either uPA or plasminogen or when adding 50 mm tranexamic acid to plasminogen (+7). B, when serum was
preincubated with ErpP-bound plasmin, E. coli show 100% survival. C, no statistically significant survival was observed for E. coli when we used ZQA70, which
does not bind plasminogen. Error bars, S.E.

changes resulting in unmasking of kringle domain 4 of Glu-
plasminogen. In the second stage, the binding of BBA70 is sta-

such as B. burgdorferi enolase with a K, of 125 nm (34), staphy-
lokinase from S. aureus with a reported K, of 9.3 nm (9), and

bilized via high affinity contacts with kringle domain 4 of
plasminogen.

Changes in the conformational state of plasminogen as a
result of interaction with other molecules, such as fibrin, have
already been described previously (71, 72) and by analogy can
be suggested for the BBA70 binding mechanism to plasmino-
gen. The binding constant for BBA70 lies in a similar range of
affinities reported for other plasminogen-binding proteins,
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DnaK and enolase from Bifidobacterium animalis with K, val-
ues of 11 and 42 nwm, respectively (73, 74).

Plasminogen interacts with a number of components of the
fibrinolytic system via lysine binding sites, located within the
kringle domains of the plasminogen molecule (7, 9). Numerous
borrelial plasminogen-binding proteins bind plasminogen
through lysine residues (11, 28, 29, 75), and the addition of the
lysine analog tranexamic acid significantly reduced binding of
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FIGURE 9. bba70 gene expression and membrane localization of BBA70in
vitro. A, total genomic RNA from a B. burgdorferiB31 culture in mid-exponen-
tial growth was isolated and reverse transcribed into cDNA. PCR was per-
formed using cDNA as template to amplify products corresponding to the
BBA70-encoding bba70 gene as well as the constitutively expressed flaB gene
and the temperature-regulated ospA gene. The left panel shows PCR ampli-
cons generated from B. burgdorferi B31 genomic DNA. Amplicons generated
from cDNA are shown in the right panel. +, reverse transcriptase has been
added to RT-PCR; —, omission of reverse transcriptase. B, Triton X-114 phase
separation was performed with B. burgdorferiB31 cells grown to mid-exponential
phase. Following phase separation, 10 g of total protein from the fraction cor-
responding to the protoplasmic cylinder, 10 ug of protein from the detergent
phase, and 10 ug of whole cell lysate of B. burgdorferi B31 were subjected to
SDS-PAGE and stained with colloidal Coomassie. C, 10 g of total protein from
the fraction corresponding to the protoplasmic cylinder, the detergent phase, as
well as 250 ng of recombinant, hexahistidine-tagged BBA70 (positive control)
were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The
membrane was then probed with mAb LA22.1 to detect periplasmic FlaB. mAb
93-193/0246 was used to detect the outer surface protein OspC, and mAb 70-11/
10.17 was employed for the detection of BBA70.

plasminogen. Interestingly, although lysine residues play a role
in the BBA70-plasminogen interaction, altering ionic strength
with NaCl does not appear to affect plasminogen binding. By
contrast, when NaBr is used to alter the ionic strength, a signif-
icant reduction of plasminogen binding by BBA70 is observed.
Although it has been previously shown for other borrelial plas-
minogen-binding proteins (29) that changes in ionic strength
using NaCl do not impact plasminogen binding, the literature
also has numerous examples where the opposite is seen, and
alterations in ionic strength using NaCl do affect plasminogen
binding (20, 59). It is possible that changing ionic strength with
NaCl in our experiments is not rigorous enough, due to the fact
that plasminogen specifically binds chloride anions. NaBr thus
seems more suited to alter ionic strength, and taken together,
the results suggest that the BBA70-plasminogen interaction is
dependent on ionic strength. Binding studies with recombinant
plasminogen fragments determined that the kringle 4 domain
has an essential role in the plasminogen-BBA70 interaction.
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FIGURE 10. Immune sera from B. burgdorferi-infected mice show reactiv-
ity to BBA70. Varying amounts of recombinant, hexahistidine-tagged BBA70
as well as 87.5 ng of the control antigen OspC and 0.8 ng of VISE were trans-
ferred onto a nitrocellulose membrane via microdispersion. 500 ng of BSA
was used as a nonspecific negative control. Membranes were incubated with
immune sera from two experimentally infected mice as well as serum from a
control mouse. Reactivity of mouse immune sera to BBA70 and control anti-
gens was detected using HRP-conjugated donkey anti-mouse immunoglob-
ulins. Sera of infected mice show reactivity to both control antigens OspC and
VIsSE as well as to BBA70.

Notably, this particular domain was shown to be important for
the interaction with streptokinase (76). Prediction of the pro-
tein’s secondary structure revealed that BBA70 consists of
seven a-helices (designated A—G in Fig. 34), and 17% of the
total amino acids of BBA70 are lysine residues. Truncation of
the putative C-terminal a-helix (G) resulted in abrogation of
plasminogen binding, a finding that is consistent with the
observation that C-terminal lysine residues also play a role in
other bacterial plasminogen-binding proteins, such as a-eno-
lase of S. pneumoniae (77).

BBA70-bound active plasmin degraded the physiological sub-
strate fibrinogen. Recruitment of plasmin(ogen) to the borrelial
surface is an important step in the pathogenesis of Lyme disease
because thus far, no predicted endogenous, extracytoplasmic
proteases have been reported for B. burgdorferi (78), and immo-
bilization of plasmin(ogen) facilitates dissemination and pene-
tration of endothelial cell monolayers (38, 40). In addition to
degradation of ECM constituents, active plasmin degrades the
central complement components C3b and C5 (20). BBA70-
bound plasmin degraded C3b. This observation is similar to the
activity of plasmin bound to the PE protein of H. influenzae (59).
Similarly, plasmin-coated L. interrogans interferes with C3b and
IgG, potentially decreasing opsonization of that pathogen (79).
Furthermore, BBA70-bound plasmin cleaved the a-chain of C5. In
addition to the degradation of purified complement components
C3b and C5, BBA70-bound plasmin was able to inhibit the bacte-
riolytic activity of complement. Thus, binding of plasmin(ogen)
might not be solely a means of invasion and dissemination but may
also be a strategy for immune evasion by B. burgdorferi and other
pathogenic microorganisms.

At least nine plasminogen-binding proteins have been de-
scribed for B. burgdorferi, providing a large degree of functional
redundancy. Because borreliae lack surface-exposed proteases of
their own, they have to rely on coopting host proteases like
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FIGURE 11. Possible roles of plasminogen binding by BBA70. Hypothetical
model of the mechanisms by which human plasminogen bound to BBA70
might contribute to pathogen dissemination by degradation of components
of the ECM and contribute to complement inactivation. BBA70 associated
with the outer membrane (OM) of B. burgdorferi B31 is able to interact with
plasminogen. BBA70-bound plasminogen is accessible to plasminogen acti-
vators, such as uPA, and converted to the active serine protease plasmin.
Plasmin bound to BBA70 can cleave fibrinogen (Fg) and may thus contribute
to efficient dissemination of borreliae within the host. In addition, BBA70-
bound plasmin was able to cleave complement components C3b and C5 and
inhibit bacteriolytic activity of complement. Based on our investigation, we
suggest the BBA70-plasmin(ogen) interaction might also contribute to the
spirochetes’ evasion of innate immunity.

plasminogen. Having multiple plasminogen-binding proteins
provides a number of advantages. Given the complex enzootic
life cycle of the Lyme disease spirochete, the various plasmino-
gen-binding proteins may be produced at distinct stages of
infection. For example, OspA is expressed primarily within the
tick, whereas OspC expression is transient as the spirochetes
are transmitted from the tick to the vertebrate host (80— 85). In
addition, various plasminogen-binding proteins may be
expressed at different time periods during the infection. CspA
is expressed during the initial stages of mammalian infection. By
contrast, CspZ, ErpP, ErpC, and ErpA are expressed during estab-
lished mammalian infection (86). A previous study investigating
expression of the BBA70-encoding gene during persistent infec-
tion of mice reported no detectable bba70 transcripts in ear tis-
sues, although specific antibody responses to BBA70 were demon-
strated at late stages of murine infection (87). Similarly, the present
study demonstrated that sera from infected mice contain robust
levels of BBA70-targeting antibodies. Another advantage of having
multiple plasminogen-binding proteins in a single mircroorgan-
ism could be explained by differences in affinity. While in the
blood stream, at plasminogen concentrations of 200 pg/ml, low
affinity binding proteins may be sufficient for recruitment of plas-
minogen to the spirochetal surface, whereas high affinity binding
proteins may be required in compartments where the concentra-
tion of plasminogen is very low. In conclusion, our data suggest a
dual role for binding of plasmin(ogen) by borreliae (Fig. 11), ena-
bling efficient dissemination of the pathogens and possibly sup-
porting evasion of the host innate immune response via cleavage of
complement components.
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