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The spirochete Leptospira interrogans is a highly invasive pathogen of worldwide public health importance.
Studies from our laboratories and another have demonstrated that L. inferrogans can acquire host plasminogen
on its surface. Exogenous plasminogen activators can then convert bound plasminogen into the functionally
active protease plasmin. In this study, we extend upon those observations and report that leptospiral endosta-
tin-like protein A (LenA) binds human plasminogen in a dose-dependent manner. LenA-plasminogen inter-
actions were significantly inhibited by the lysine analog £&-aminocaproic acid, suggesting that the lysine-binding
sites on the amino-terminal kringle portion of the plasminogen molecule play a role in the binding. Previous
studies have shown that LenA also binds complement regulator factor H and the extracellular matrix com-
ponent laminin. Plasminogen competed with both factor H and laminin for binding to LenA, which suggests
overlapping ligand-binding sites on the bacterial receptor. Finally, LenA-bound plasminogen could be con-
verted to plasmin, which in turn degraded fibrinogen, suggesting that acquisition of host-derived plasmin by
LenA may aid bacterial dissemination throughout host tissues.

Leptospirosis is a highly prevalent zoonotic disease of humans
throughout many parts of the world and is an important emerging
disease within the United States and other temperate regions.
Leptospira interrogans and other pathogenic members of the Lep-
tospira genus are the causative agents of leptospirosis. The prev-
alence of leptospirosis in many parts of the world is due to chronic
kidney infections in a wide variety of domestic, peridomestic, and
wild reservoir mammals, including dogs, cattle, horses, pigs, ro-
dents, raccoons, and skunks. Colonization of the renal tubules of
carrier animals results in the urinary shedding of virulent lepto-
spires, which persist in freshwater until infection of a new host
occurs (7, 15-17, 22, 29, 30, 33, 48).

Leptospires are capable of infecting a variety of hosts by
penetrating intact mucous membranes or abraded skin. Once
inside the body, leptospires disseminate via the bloodstream
and invade internal organs. The spirochete must overcome
barriers imposed by epithelial tissues and extracellular matri-
ces in order to spread and colonize host organs. To do so,
leptospires require either endogenous proteases or acquisition
of host proteolytic enzymes for degrading components of ex-
tracellular matrices.

Plasminogen, a single-chain, 92-kDa glycoprotein, is the key
component of the host fibrinolytic system. This proenzyme is
found in plasma and extracellular fluids at concentrations of
approximately 2 uM or 180 to 200 wg/ml (14). Host plasmin-
ogen activators, such as tissue-type plasminogen activator
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(tPA) and urokinase-type plasminogen activator (uPA), cleave
plasminogen at Arg’*’-Val®®! into its two-chain active form,
plasmin, which has a serine protease-active site in the C-ter-
minal region (35). Plasmin has the ability to degrade a broad
spectrum of substrates, including fibrin clots, connective tissue,
components of extracellular matrices, precursors of matrix
metalloproteases, and immunoglobulins (10, 14, 35).

Several pathogens of medical importance, including Strepto-
coccus pyogenes (5, 9, 32, 37), Staphylococcus aureus (25, 26),
Yersinia pestis (28), Neisseria meningitidis, Neisseria gonorrhoeae
(44), Pseudomonas aeruginosa (24), Candida albicans (34), Bor-
relia burgdorferi (8, 11, 12, 21, 23), Borrelia hermsii (39), and
Borrelia recurrentis (19), acquire plasminogen on their surfaces
and utilize the proteolytic activity of plasmin to disseminate to
various host tissues/organs. Some pathogens have an endoge-
nous mechanism for activating surface-bound plasminogen,
while others utilize host-derived plasminogen activators (5, 9,
32, 37). To address the question of whether leptospires may
also be capable of a similar mechanism to invade host tissues,
we examined their ability to bind plasminogen and in the
process also identified a leptospiral surface receptor for plas-
minogen. During the preparation of this report, another re-
search group published results that also indicated that L. in-
terrogans binds and activates plasminogen on its surface (47).
In this report, we further present data on the identification and
biophysical characterization of a plasminogen-binding surface
protein of Leptospira interrogans.

MATERIALS AND METHODS

Leptospira. Leptospira interrogans serovar Pomona type kennewicki (strain JEN4)
was grown in Johnson-Harris bovine serum albumin (BSA)-Tween 80 medium
(Bovuminar PLM-5 microbiological medium; Intergen, Purchase, NY) at 30°C, and
genomic DNA was isolated from 5-ml JEN4 cultures, as previously described (1).
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Recombinant LenA. Production of recombinant LenA (also known as LthA and
Lsa24) has been described previously (2, 44, 46). Recombinant protein was purified
from cleared lysates using MagneHis nickel-conjugated magnetic beads (Promega,
Madison, WI). The purity of recombinant protein was assessed by SDS-PAGE,
followed by staining with Coomassie brilliant blue. Recombinant protein was dia-
lyzed overnight against phosphate-buffered saline (PBS) by using 7,000-molecular-
weight-cutoff Slide-A-Lyzer cassettes (Pierce, Rockford, IL) at 4°C. Concentrations
of protein preparations were determined by the bicinchoninic acid assay (Pierce,
Rockford, IL) and, if required, concentrated using a centrifugal filter device, Amicon
Ultra (Millipore, Billerica, MA). Polyclonal antiserum was produced in two New
Zealand White rabbits against a synthetic peptide specific for LenA in a commercial
facility (Proteintech Group, Inc., Chicago, IL).

Plasminogen binding assays. For studies of interactions between intact lepto-
spires and plasminogen, approximately 10% L. interrogans JEN4 bacteria from mid-
exponential-phase cultures were washed with PBS. Bacteria were incubated with 10
pg/ml plasminogen in the presence or absence of 100 mM trans-4-(aminomethyl-
)cyclohexanecarboxylic acid (tranexamic acid; Sigma-Aldrich, St. Louis, MO) for 2 h
at 30°C. As a control, intact leptospires were also incubated with 10 pg/ml of BSA.
Leptospires were washed twice with PBS and then subjected to 12.5% SDS-PAGE
and electrotransferred to nitrocellulose membranes. Membranes were blocked and
probed with a monoclonal antiplasminogen antibody (Santa Cruz Biotechnology,
Santa Cruz, CA; catalog no. sc-73708), diluted 1:500 in Tris-buffered saline-Tween
20 (TBS-T; 20 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20). Membranes
were washed with TBS-T and incubated for 1 h at room temperature with goat
anti-mouse IgG-horseradish peroxidase (HRP; Santa Cruz Biotechnology), diluted
1:20,000 in TBS-T. Membranes were then developed with SuperSignal West Pico
enhanced chemiluminescence substrate (Pierce), and bands were visualized with
BioMax Light film (Kodak).

For enzyme-linked immunosorbent assay (ELISA)-based binding assays, wells of
Maxisorp 96-well plates (Nalge Nunc, Rochester, NY) were coated overnight with 10
pg/ml human plasminogen (Sigma-Aldrich), 10 wg/ml recombinant LenA, or 10
pg/ml BSA in 50 mM NaCOj; (pH 9.6) at 4°C. Plates were brought to room
temperature and washed thrice with PBS supplemented with 0.5% Tween 20 (PBS-
T). Wells were blocked for 2 h at room temperature with 2% BSA in PBS-T and
washed three times with PBS-T. Afterwards, wells were incubated with 100 pl/well
of either recombinant LenA (10 pg/ml), plasminogen (10 pg/ml; Sigma-Aldrich),
factor H (Sigma-Aldrich), or Engelbreth-Holm-Swarm (EHS) mouse sarcoma lami-
nin (Sigma-Aldrich) for 2 h at 37°C. Wells were washed three times with PBS-T and
then incubated for 1 h at room temperature with either LenA-specific rabbit anti-
serum (diluted 1:250 in PBS-T), goat anti-human plasminogen (Novus Biologicals,
Littleton, CO; catalog no. NB600-930), goat anti-human factor H (Calbiochem, San
Diego, CA; catalog no. 341276), or an affinity-isolated rabbit anti-EHS laminin
polyclonal antiserum (Sigma-Aldrich; catalog no. 1.9393). Plates were washed three
times with PBS-T and incubated for 1 h at room temperature with horseradish
peroxidase-conjugated protein G (HRP-ProG; Invitrogen), diluted 1:5,000. Wells
were washed five times with PBS-T, and 100 pl/well of ready-to-use 3,3',5,5'-tetra-
methyl benzidine (TMB) substrate solution (1-Step Turbo TMB-ELISA; Thermo
Scientific, Rockford, IL) was added. Reactions were stopped by the addition of 2 N
H,SO,, 50 pl/well. Absorbance was read at 450 nm using a SpectraMax plate reader
and SoftMax Pro (Molecular Devices, Sunnyvale, CA). Statistical analyses were
performed using analysis of variance or Student’s ¢ test, assuming unequal variances.

Role of lysine in LenA-plasminogen interactions. Essentially the same ELISA
protocol as that described above was followed for determining the role of lysines
in plasminogen-LenA interactions, except that the lysine analog &-aminocaproic
acid (final concentration, 1 mM; Sigma-Aldrich) was added with LenA (10
pg/ml) to plasminogen-coated wells (10 wg/ml).

The role of kringle domains of plasminogen in binding with LenA was assessed
using plasminogen lysine-binding site I (LBS I)-coated wells (10 wg/ml; Sigma-
Aldrich). After blocking, graded molar concentrations of LenA (0.125 pM, 0.25
M, and 0.5 uM) were added and incubated for 1 h at 37°C. Bound LenA was
detected by LenA-specific antiserum as described above.

Effects of salt and heparin on LenA-plasminogen interactions. For experi-
ments examining the role of ionic interactions in LenA binding to plasminogen,
increasing concentrations of NaCl (62.5 mM, 125 mM, 250 mM, and 500 mM)
were added to the buffer with LenA. For experiments analyzing the role of
heparin-binding domains in the LenA-plasminogen interaction, porcine heparin
(0 to 50 wM; Sigma-Aldrich) was added to the plasminogen-coated wells in the
binding buffer, along with the recombinant LenA. Bound LenA was detected by
LenA-specific antiserum as described above.

Plasminogen activation assay. To assay the processing of plasminogen on the
surfaces of intact leptospires, approximately 10°® L. interrogans JEN4 bacteria were
washed with PBS and incubated with 10 pg/ml plasminogen in the presence or
absence of 100 mM trans-4-(aminomethyl)cyclohexanecarboxylic acid (tranexamic

INFECT. IMMUN.

acid; Sigma-Aldrich) for 2 h at 30°C. Controls included intact leptospires incubated
with 10 wg/ml of BSA. Leptospires were washed twice with PBS and resuspended in
the reaction buffer containing 64 mM Tris, 350 mM NaCl, and 0.15% Triton X-100
(pH 7.5). Fifty microliters of resuspended bacteria was transferred to each assay well
of a microtiter plate, and 4 ng/well uPA (Chemicon, Temecula, CA) as well as the
plasmin-specific substrate p-valyl-leucyl-lysine-p-nitroanilide dihydrochloride (final
concentration, 0.3 mM; Sigma-Aldrich) was added. Plates were incubated at 37°C,
and absorbance was read at 405 nm.

Similarly, Maxisorp 96-well plates (Nalge Nunc) were coated overnight with 10
pg/ml recombinant LenA or 10 pg/ml BSA at 4°C. After three washings with
PBS-T, wells were blocked for 1 h at 37°C with PBS with 2% (mass/vol) BSA and
then washed three times with PBS-T. Afterwards, 100 pl/well of human plas-
minogen (10 pg/ml) was added and incubated for 2 h at 37°C. Unbound plas-
minogen was removed by washing wells three times with PBS-T, and then 4
ng/well of human uPA (Chemicon) was added. Afterwards, the plasmin-specific
substrate Dp-valyl-leucyl-lysine-p-nitroanilide dihydrochloride (Sigma-Aldrich)
was added at a final concentration of 0.3 mM in the reaction buffer containing 64
mM Tris, 350 mM NaCl, and 0.15% Triton X-100 (pH 7.5). The plates were
incubated at 37°C, and absorbance was read at 405 nm after 24 h.

Fibrinogen degradation assay. Microtiter plate wells were coated with recom-
binant LenA (10 pg/ml) and incubated with 10 wg/ml plasminogen for 2 h at
37°C. After the wells were washed thrice with PBS-T, 500 ng fibrinogen (Cabio-
chem) and 10 ng uPA were added and incubated at 37°C for 24 h. Reaction
mixtures were then separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and probed with a polyclonal antifibrinogen serum (1:500). Bound
antibodies were detected with horseradish peroxidase-conjugated protein G (In-
vitrogen; diluted 1:20,000), and membranes were developed with SuperSignal
West Pico enhanced chemiluminescence substrate (Pierce) using BioMax Light
film (Kodak).

RESULTS

Leptospira interrogans binds human plasminogen. Several
invasive bacteria, including the related spirochete B. burgdor-
feri, utilize their hosts’ plasminogen activation system for dis-
semination. To test if a similar mechanism might be used by
the pathogenic leptospires, we assayed binding of plasminogen
to intact L. interrogans. Leptospires were incubated with plas-
minogen, washed and separated by SDS-PAGE, electrotrans-
ferred to a nitrocellulose membrane, and probed with a mono-
clonal antibody. Intact leptospires bound plasminogen (Fig.
1A, lane 1), while addition of tranexamic acid, a lysine analog,
resulted in a complete inhibition of binding.

Next, we examined if plasminogen bound to L. interrogans
can be processed to its active form, plasmin, by exogenously
provided plasminogen activators. In the presence of uroki-
nase-type plasminogen activator (uPA), bound plasminogen
on the surfaces of leptospires was processed to plasmin, as
measured by conversion of the chromogenic substrate (Fig.
1B). While this report was being prepared, another research
group reported similar findings for another serovar of L.
interrogans (47).

LenA is a receptor for human plasminogen. Some factor
H-binding proteins of other pathogens also interact with plas-
minogen (8, 19, 24, 34, 37, 39). LenA, a leptospiral outer
membrane protein known to bind factor H, was therefore
tested for its ability to bind plasminogen. Recombinant LenA
and gelatin were individually immobilized onto microwell
plates and incubated with human plasminogen, and their in-
teractions were assessed. Significant binding of plasminogen
was detected for LenA relative to that for the control gelatin
(Fig. 2A). To test the plasminogen-binding ability of LenA in
solution, immobilized plasminogen was incubated with graded
molar concentrations of LenA (Fig. 2B). LenA bound immo-
bilized plasminogen in a dose-dependent manner (Fig. 2B),
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FIG. 1. Leptospira interrogans serovar Pomona strain JEN4 binds and processes plasminogen on its surface. (A) Intact leptospires preincubated
with either plasminogen (PLG; 10 pg/ml), plasminogen (10 pg/ml) plus tranexamic acid (TA; 100 mM), or BSA alone were subjected to
SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was probed with a monoclonal antibody to plasminogen (1:500; catalog
no. sc-73708). (B) Intact leptospires were incubated with plasminogen (10 pg/ml) in the absence or presence of 100 mM tranexamic acid for 2 h
at 30°C and washed twice, and the pellet was reconstituted in the reaction buffer. Fifty microliters of resuspended leptospires was transferred to
each microwell, and plasminogen activator (uPA; 4 ng/well) was added. The plasmin activity was measured using a chromogenic substrate,
D-valyl-leucyl-lysine-p-nitroanilide dihydrochloride (Sub), and the optical density (OD) was measured at 405 nm. Plasmin conversion was inhibited
by tranexamic acid or when uPA was not added to the reaction buffer.

which is in agreement with the reported dose-dependent bind- minogen decreased significantly in the presence of a lysine

ing of plasminogen with intact leptospires (47).

Role of lysines in LenA-plasminogen interactions. The role
of plasminogen kringle domains in interactions with lysine
residues of receptors on the surface of host cells is well char-

analog, indicating a role for lysines in plasminogen binding
(47). Several plasminogen binding bacterial proteins interact
through their lysine residues (8, 19, 49). LenA has several
lysine residues, mostly spread on its amino-terminal two-thirds

acterized (35). The ability of intact leptospires to bind plas- (42). The addition of a synthetic lysine analog &-aminocaproic
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FIG. 2. LenA binds plasminogen. (A) ELISA results showing binding of immobilized LenA (10 pg/ml) to soluble plasminogen (10 pg/ml).
Bound plasminogen was detected by sequential addition of an antiplasminogen (1:2,500; catalog no. NB600-930), HRP-conjugated protein G
(1:5,000), and 3,3',5,5'-tetramethyl benzidine substrate solution. The optical density was measured at 450 nm. Gelatin was used as a negative
control. (B) ELISA results showing binding of increasing concentrations of LenA to immobilized plasminogen (10 pg/ml). Bound LenA was
detected by a LenA-specific antiserum (1:250), followed by HRP-conjugated protein G and the substrate, as described for panel A. Results are
representative of at least two independent experiments with 3 or more repeats. P values were calculated by Student’s ¢ test, assuming unequal
variances.
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FIG. 3. Role of lysine residues in LenA-plasminogen interactions. (A) Binding of LenA (10 pg/ml) to immobilized plasminogen (10 wg/ml) in
the absence or presence of &-aminocaproic acid (EACA; 10 mM) was analyzed by ELISA. (B) ELISA results showing binding of graded
concentrations of LenA to the immobilized lysine binding domain of plasminogen. In both panels A and B, bound LenA was detected by sequential
addition of a LenA-specific antiserum (1:250), HRP-conjugated protein G (1:5,000), and 3,3',5,5'-tetramethyl benzidine substrate solution. The
optical density was measured at 450 nm. BSA was used as a negative control. Results are representative of at least two independent experiments
with 3 or more repeats. P values were calculated by Student’s ¢ test, assuming unequal variances.

acid significantly reduced the LenA-plasminogen binding, in-
dicating a role for lysines in this interaction (Fig. 3A).

To further assess the ability of LenA to interact with the
lysine-binding sites of plasminogen, a microwell plate was
coated with a fragment of plasminogen which contains the
lysine-binding domain and incubated with different molar
concentrations of LenA. LenA bound this fragment of plas-
minogen in a dose-dependent manner, further supporting a
role for the lysines of LenA in its interactions with plasmin-
ogen (Fig. 3B).

Effects of salt and heparin on LenA binding to plasminogen.
To assess the role of ionic interactions in LenA-plasminogen
interactions, assays were performed in the presence of various
concentrations of sodium chloride or the polyanion heparin.
Intriguingly, the addition of sodium chloride (62.5 mM, 125
mM, 250 mM, and 500 mM) to PBS increased binding of LenA
to plasminogen (Fig. 4A). Heparin did not significantly affect
LenA binding to plasminogen (Fig. 4B).
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Plasminogen competes with factor H and laminin for bind-
ing to LenA. LenA also binds host complement regulator fac-
tor H and host laminin (2, 46). To assess if factor H and
plasminogen share binding sites on LenA, the binding of plas-
minogen to LenA was assayed in the presence of increasing
concentrations of factor H. In normal human sera, the molar
ratio of plasminogen to factor H is 1:1.4. At experimental
ratios of 1:1.5, 1:2, and 1:4, a significant decrease in factor H
binding to LenA was observed (Fig. 5B). These data suggest
that these two host proteins bind to overlapping sites of LenA.
LenA appears to preferentially bind plasminogen, as binding
of that ligand was not significantly affected by the addition of
factor H (Fig. SA).

The effects of laminin on plasminogen-LenA interactions were
similarly studied. Binding of plasminogen to LenA was assayed in
the presence of increasing concentrations of laminin. At ratios of
1:1, 1:2, and 1:4, a significant decrease in the binding of plasmin-
ogen (Fig. 6A) and laminin (Fig. 6B) to LenA was observed.
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FIG. 4. Ionic interactions in LenA binding to plasminogen. Role of ionic interactions in LenA binding to plasminogen was analyzed by ELISA.
ELISA plate wells were coated with plasminogen (10 wg/ml) and incubated with LenA (10 pg/ml) in the presence of increasing concentrations of
NacCl (A) or heparin (B). In both panels A and B, bound LenA was detected using a LenA-specific antiserum (1:250), followed by incubation with
HRP-conjugated protein G (1:5,000). Plates were developed using 3,3',5,5'-tetramethyl benzidine substrate solution, and the optical density was
measured at 450 nm. Results are representative of at least two independent experiments with 3 or more repeats. BSA was used as a negative

control.
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FIG. 5. Plasminogen competes with factor H for binding to LenA.
ELISA plate wells were coated with LenA (10 pg/ml) and incubated
with plasminogen (0.125 uM) in the absence or presence of 0.185 uM
(1:1.5), 0.25 pM (1:2), or 0.5 pM (1:4) factor H. (A) Plasminogen
binding to LenA was detected by antiplasminogen (1:2,500; catalog no.
NB600-930). (B) Factor H binding to immobilized LenA was detected
using anti-factor H (1:2,500; catalog no. 341276). In both panels A and
B, HRP-conjugated protein G (1:5,000) was used as the secondary
antibody. Plates were developed with 3,3',5,5'-tetramethyl benzidine
substrate solution. The optical density was measured at 450 nm. An
asterisk indicates a P value of less than 0.05.

Activation of LenA-bound plasminogen to functionally ac-
tive plasmin. Leptospira spp. acquire and convert plasminogen
to its active form, plasmin, on their surfaces (47). To assess
whether LenA-bound plasminogen can similarly be processed
to plasmin, recombinant LenA-coated plates were incubated
with plasminogen. Subsequently, unbound plasminogen was
washed off and wells were incubated with the exogenous hu-
man plasminogen activator uPA and a chromogenic substrate
specific for plasmin. Plasminogen bound to LenA was pro-
cessed to its active form, plasmin (Fig. 7A). Significantly lower
plasmin activity was observed when plasminogen was incu-
bated in the presence of the lysine analog &-aminocaproic acid.
These results indicate that LenA-bound plasminogen can be
processed to plasmin.

The proteolytic activity of LenA-bound plasmin was further
analyzed by its ability to cleave fibrinogen, one of its physio-
logical substrates. When incubated with LenA-bound plasmin,
fibrinogen was degraded to low-molecular-mass fragments, as
assessed by Western blotting (Fig. 7B). In the absence of plas-
minogen or uPA, no fibrinogen degradation was observed.

DISCUSSION

Invasive pathogens must overcome host tissue barriers to
reach circulation and disseminate to various organs. Proteo-
lytic activity is therefore key to enhancing bacterial spread
within a host. Some bacterial pathogens secrete proteases (18,
20, 43). Other bacteria express receptors that bind host plas-
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FIG. 6. Plasminogen and laminin compete for binding to LenA.
ELISA plate wells were coated with LenA (10 pg/ml) and incubated
with plasminogen (0.125 uM) in the absence or presence of 10 pg/ml,
20 pg/ml, or 40 pg/ml of laminin. (A) Plasminogen binding to LenA
was detected by antiplasminogen (1:2,500; catalog no. NB600-930).
(B) Laminin binding to immobilized LenA was detected using anti-
laminin (1:2,500; L9393). In both panels A and B, HRP-conjugated
protein G (1:5,000) was used as the secondary antibody. Plates were
developed with 3,3",5,5'-tetramethyl benzidine substrate solution. The
optical density was measured at 450 nm. An asterisk indicates a P value
of less than 0.05.

minogen onto their outer surfaces and then activate it to the
broad-spectrum serine protease, plasmin, through endogenous
or host plasminogen activators (12, 23, 36, 37, 47). The bacte-
rial plasminogen activators streptokinase and staphylokinase
form a complex with plasminogen, leading to changes in con-
formation and specificity of plasminogen, and then act as plas-
minogen activators (6, 13, 36). In contrast, the Pla surface
protease of Yersinia pestis acts like mammalian plasminogen
activators by demonstrating limited proteolysis at Arg>®°-
Val®®! (28, 40). Many other bacterial pathogens, including the
Lyme disease spirochete Borrelia burgdorferi, require host plas-
minogen activators to activate plasminogen on their surfaces
(23). Irrespective of the activation mechanism, plasminogen
receptors and activators provide bacteria a host-derived pro-
teolytic system for their translocation and dissemination within
the host.

L. interrogans serovar Pomona bound plasminogen and pro-
cessed the proenzyme to its active form in the presence of an
exogenous plasminogen activator. During the preparation of
this report, another group published work drawing the same
conclusions (47). Although Vieira and colleagues showed that
outer-membrane-rich detergent-phase and aqueous-phase
fractions of L. interrogans contributed to plasminogen acquisi-
tion, no specific receptor was identified in that study (47).
Here, we present results showing that the leptospiral outer
surface protein LenA is a receptor for plasminogen and binds
plasminogen in a dose-dependent manner. LenA is expressed
during mammalian infection and has previously been shown to
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FIG. 7. LenA-bound plasminogen is processed to functionally ac-
tive plasmin. (A) LenA (10 pg/ml), immobilized to microtiter plate
wells, was incubated with plasminogen. After extensive washing, uPA
was added and the plasmin activity was measured using a chromogenic
substrate, D-valyl-leucyl-lysine-p-nitroanilide dihydrochloride. The op-
tical density was measured at 405 nm. Presented data are representa-
tive of at least two independent experiments with 3 or more repeats.
(B) LenA (10 pg/ml), immobilized to microtiter plate wells, was incu-
bated with plasminogen (10 wg/ml). Subsequently, fibrinogen and uPA
were added and incubated at 37°C for 24 h. The reaction mixtures were
separated by SDS-PAGE, transferred to a nitrocellulose membrane,
and probed with a rabbit polyclonal fibrinogen antibody.

bind complement regulator factor H and the extracellular ma-
trix component laminin (2, 42, 46). There are several examples
of plasminogen-binding bacterial proteins that play important
roles in immune evasion, adhesion, and dissemination of bac-
teria. For example, the M protein of Streptococcus pyogenes
(37), ErpA, ErpC, and ErpP of B. burgdorferi (8), FhbA of B.
hermsii (39), and HepA of B. recurrentis (19) bind complement
regulator factor H as well as plasminogen. However, unlike
ErpP, FhbA, and HcpA, which bind factor H and plasminogen
through discrete regions, LenA appears to bind plasminogen
and factor H through overlapping domains, since factor H and
plasminogen competed for binding to LenA. Pla, a plasmino-

INFECT. IMMUN.

gen binding protein of Y. pestis, also binds laminin and collagen
type IV. Pla-mediated adhesion of Y. pestis to the extracellular
matrix proteins has been shown to promote the focusing of the
acquired proteolytic activity to regions of bacterial coloniza-
tion and help in subsequent dissemination (3, 4, 31).

Lysine analogs &-aminocaproic acid and tranexamic acid in-
hibited plasminogen binding to intact leptospires, indicating
the importance of lysines in plasminogen binding to leptospires
(Fig. 1A) (47). LenA has 13 lysine residues positioned in the
amino-terminal two-thirds of the protein. Our results show
that lysine residues in LenA are involved in its interaction with
plasminogen, as lysine analogs significantly decreased LenA-
plasminogen binding. In addition, LenA also bound in a dose-
dependent manner to the lysine-binding domain (kringles 1, 2,
and 3) of plasminogen. Lysine residues of several bacterial
receptors of plasminogen are involved in those interactions.
Plasminogen binding of group A streptococcal M protein is
localized to its amino terminus, where replacing a single lysine
residue, Lys®, with Ala specifically abolished plasminogen
binding (49). Similar mutagenesis studies of LenA are under
way.

The roles of ionic interactions in the LenA-plasminogen
binding were studied by measuring LenA-plasminogen binding
in the presence of polyanionic heparin or sodium chloride. The
addition of heparin or sodium chloride did not have any in-
hibitory effect on the binding. On the contrary, the addition of
salt increased the binding, presumably by stabilizing interac-
tions between the receptor and the ligand.

Recombinant LenA binds plasminogen, and upon process-
ing to enzymatically active plasmin by human uPA, the bound
protease degrades physiological substrate fibrinogen. Although
plasmin generated on or activated by several medically impor-
tant pathogens has been shown to degrade mammalian extra-
cellular matrices and aid in bacterial migration (27), plasmin/
plasminogen acquisition has also been shown to interfere with
a proper functioning of the components of the immune system.
Staphylococcus aureus utilizes host plasmin to degrade surface-
bound IgG and C3b (38). Likewise, Pla of Y. pestis degrades
complement proteins C3, C3b, and C4b, resulting in reduced
opsonophagocytosis and chemotaxis (41). Another plasmino-
gen-binding protein, enolase, expressed by Streptococcus sob-
rinus, increases interleukin-10 production, leading to immuno-
suppression in mice (45).

In conclusion, we identified LenA as a leptospiral receptor
for plasminogen and characterized receptor-ligand interac-
tions. We also showed that bound plasminogen can be pro-
cessed to a functionally active form that is capable of degrading
host fibrinogen. Results from this and our previous studies
suggest that LenA is a multifunctional bacterial surface protein
and a virulence factor that is involved in adhesion, immune
evasion, and invasion by pathogenic leptospires. Hence, fur-
ther characterization of LenA and its interactions with host
ligands will provide important insights into the pathogenic
mechanisms of L. interrogans.
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