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The first evidence of the interaction of Mycobacterium tuberculosis with the plasminogen system is herein
reported. By FACScan analysis and affinity blotting, lysine-dependent binding of plasminogen to M. fuberculosis
was demonstrated. The binding molecules were 30-, 60-, and 66-kDa proteins present in cell wall and soluble
protein extracts. The activation of plasminogen, which occurred only in presence of fibrin and was not inhibited
by the host serpin, a,-antiplasmin, was also demonstrated.

In humans, plasminogen is converted to plasmin by tissue
type plasminogen activator and urokinase (20). Plasmin, a
serine protease, plays an essential role in dissolving fibrin clots
by degrading extracellular matrices, directly or indirectly, by
activation of procollagenases. After the pioneer observations
of Lottenberg et al. (17), the interaction of bacteria with the
plasminogen system has been acknowledged as a mechanism
possibly involved in bacterial pathogenesis (1, 3, 14, 18). Re-
ceptors for plasminogen have been identified on the surface of
a variety of gram-positive and gram-negative bacteria, includ-
ing group A streptococci (17), Staphylococcus aureus (12),
Neisseria meningitidis and Neisseria gonorrhoeae (23), Haemo-
philus influenzae, Branhamella catarrhalis, Proteus mirabilis,
Pseudomonas aeruginosa and Pseudomonas catarrhalis (22),
Escherichia coli (10, 15), Salmonella enterica (10), and Borrelia
burgdorferi (7).

It has been shown that plasminogen molecules captured by
bacteria can be activated to plasmin by host or bacterial acti-
vators (18). Streptokinase and staphylokinase, activators pro-
duced by group A streptococci and S. aureus respectively, form
1:1 stoichiometric complexes with plasminogen; this complex,
devoid of proteolytic activity, is capable of activating other
plasminogen molecules to plasmin (4, 24). Surface proteases of
E. coli and Yersinia pestis are further examples of plasminogen
activators (14, 16). Host-derived plasmin activity, which might
not be blocked by the major physiological plasmin inhibitor
a,-antiplasmin (1), provides bacteria with the capacity to dis-
solve fibrin meshes and extracellular matrices, favoring host
tissue invasion (18). In view of the above findings and knowing
that Mycobacterium tuberculosis, a facultative intracellular
pathogen, has the capacity to grow extracellularly, to invade
host tissues, and to disseminate systematically (5), we investi-
gated whether M. tuberculosis strain H37Rv interacts with the
plasminogen system.

First, we investigated the presence of plasminogen receptors
on the surface of whole intact bacilli by fluorescence micros-
copy and FACScan analysis as follows. M. tuberculosis H37Rv
cells from 5-week-old cultures grown in Proskauer and Beck
medium as modified by Youmans were treated with 2% so-
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dium azide for 24 h at 37°C and harvested by centrifugation.
After rinsing with phosphate-buffered saline (PBS), bacilli
were passed repeatedly through a 25-gauge syringe to elimi-
nate aggregates. Thereafter, 10° bacilli were incubated in 1 ml
of PBS-3% bovine serum albumin (BSA) for 2 h at 4°C or at
room temperature (22°C) with 1 or 5 pg of plasminogen from
human plasma (Boehringer, Mannheim, Germany) labeled
with fluorescein isothiocyanate (FITC) (Sigma Chemical Co.,
St. Louis, Mo.). To assess the specificity of binding and the
participation of lysine residues, incubation was also done in the
presence of 0.1, 1, and 2 M e-aminocaproic acid (EACA;
Merck, Darmstadt, Germany), a lysine analog. After extensive
rinsing with PBS, bacilli were fixed in 3% cold paraformalde-
hyde. Fluorescence microscopy showed bacilli with a diffuse,
homogeneous, fluorescent pattern (not shown). Controls which
were not incubated with plasminogen were negative. The re-
sults of the FACScan (Beckton Dickinson, Palo Alto, Calif.)
analysis are shown in Fig. 1. Binding of plasminogen to bacilli
was better accomplished at 4°C using 5 ng of plasminogen-
FITC, which resulted in the labeling of 94.7% of the bacilli. As
shown for other microbes (3, 23), binding of plasminogen to
M. tuberculosis receptors takes place via lysine residues. In-
deed, the number of labeled bacilli was drastically reduced by
EACA; the magnitude of this reduction was related to the
concentration of the lysine analog in the incubation solution.
The FACScan experiments were carried out several times with
similar results. However, there were variations in the extent of
binding and inhibition, perhaps due to different degrees of
bacillus aggregation.

We tried next to identify M. tuberculosis plasminogen recep-
tors by affinity blotting using soluble protein extracts (SEs) and
cell wall proteins (CWPs) obtained by following the method of
Hirschfield et al. (8). Bacilli were sonicated in an ice bath for
10 min and centrifuged at 27,000 X g for 20 min to obtain a
supernatant representing an SE. The pellet representing the
cell wall was treated with 2% sodium dodecyl sulfate for 2 h at
60°C to obtain the soluble CWPs. Ten micrograms of CWP or
SE separated by sodium dodecyl sulfate-12% polyacrylamide
gel electrophoresis under reducing conditions was transferred
to Immobilon-P membranes (Millipore, Co., Bedford, Mass.)
and incubated with human plasminogen (0.5 pg/ml; Boehr-
inger) in PBS containing 0.3% Tween 20 and 1.5% BSA. After
1 h of incubation membranes were rinsed and incubated for 1 h
with a rabbit anti-human plasminogen polyclonal antibody
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FIG. 1. FACScan analysis to demonstrate plasminogen receptors on M. tuberculosis H37Rv. (a) Control bacilli incubated without plasminogen; (b) bacilli incubated
at 4°C with 5 pg of plasminogen labeled with FITC; (¢ and d) bacilli incubated at 4°C with 5 ug of FITC-plasminogen in the presence of 2 M (c) or 1 M (d) EACA.

Results of a representative experiment are presented.

(Zymed Laboratories, Inc.) diluted 1/1,000 in PBS-Tween 20-
BSA. Thereafter, the membranes were incubated 30 min with
protein A labeled with peroxidase (Sigma) which was devel-
oped with 3,3-diaminobenzidine and hydrogen peroxide. This
assay, repeated five times, allowed the demonstration of four
plasminogen binding bands of 66, 60, 55, and 30 kDa (Fig. 2).
The bands of 66 and 60 kDa were more prominent in the SE
(lane 2). Control strips in which the anti-human plasminogen
antibody was omitted showed no band reactivity (not shown).
Incubation of membranes with plasminogen in the presence of
1 M EACA, abolished the binding of plasminogen to the my-
cobacterial proteins (Fig. 2, lanes 3 and 4). These results are in
keeping with observations done in studies of mammalian and
bacterial plasminogen receptors. It has been shown that the
lysine binding site of plasminogen preferentially recognizes
carboxy-terminal lysine residues; this binding can be blocked
both by lysine analogues such as EACA and by treatment with
carboxipeptidase B (7, 19). To date, only a few plasminogen
receptor molecules of bacteria have been characterized. Ex-
amples are the glyceraldehyde-3-phosphate dehydrogenase of
group A streptococci (25) and the cell surface lipoprotein of
B. burgdorferi (3). Moreover, site-directed mutagenesis of the
streptococus plasminogen receptor confirmed that C-terminal
lysyl residues are required for binding (26). In this regard it is
worth pointing out that the M. tuberculosis genome database
(2) documents the existence of an a-enolase (Rv1023) and a
glyceraldehyde-3-phosphate dehydrogenase (Rv2982c) with C-
terminal lysyl residues.

Finally, we examined the capacity of M. tuberculosis to acti-

vate plasminogen in an assay using fibrin matrices (6) and a
chromogenic plasmin substrate (11). Fibrin matrix assays were
done as follows. Tissue culture plates (96-well; Costar, Broad-
way/Cambridge, Mass.) were blocked overnight with 0.2%
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FIG. 2. Binding of human plasminogen to M. tuberculosis soluble CWP and
SE by affinity blotting. Lanes 1 and 2, CWP and SE, respectively; lanes 3 and 4,
CWP and SE incubated with plasminogen in the presence of 1 M EACA.
Positions of molecular mass markers are shown on the left.
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FIG. 3. (a) Activation of plasminogen by M. tuberculosis SE (A) and WSS (A)
in fibrin matrices and by fibrin in the absence of mycobacterial extracts (). Also
shown are assays with WSS carried out in wells devoid of fibrin matrices (O).
Results are expressed as the percent of the maximal activation induced by
streptokinase (@). (b) Assays carried out in wells covered with fibrin matrices
with WSS (O), with WSS plus a,-antiplasmin (@), and with WSS after boiling ().
Results are expressed as the percent of activation induced by WSS. Results of a
representative experiment are presented. Experiments (n = 3) were carried out
in triplicate, and the data are presented as means = standard deviations (error
bars).

BSA in 50 mM sodium carbonate (pH 9.4). Wells were rinsed
with PBS containing 0.05% Tween 20-0.1% BSA. Then, 100 .l
of fibrinogen (1 mg/ml; Sigma) was converted to fibrin with 25
pl (3 U/ml) of human thrombin (Sigma). The fibrin matrices
were dried at 37°C for 16 h. For these experiments whole
sonicated suspension (WSS) and soluble proteins were used.
WSS is made up of bacilli broken by sonication and the re-
leased soluble proteins. SE contained only soluble proteins
released by sonication and separated by centrifugation. Five
micrograms of WSS or SE, 3 pl of plasminogen (7 U/ml), and
50 pl (1.5 pM) of Chromozym (Boehringer) plasmin substrate
were placed in each well. As a positive control, 5 pl of strep-
tokinase (25 IU/ml) was placed in some wells instead of my-
cobacterial extracts. Wells were incubated at 37°C in a humid
chamber, and absorbance was read at 405 nm every 10 min for
1 h. Results are shown in Fig. 3. Both SE and WSS could
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activate plasminogen only when the assay was carried out in
wells covered with fibrin matrices (Fig. 3a). In wells devoid of
such matrices, mycobacterial extracts were inactive. These
findings suggest that plasminogen activation by M. tuberculosis
requires attachment of plasminogen to a surface, in this case to
the fibrin matrix. In this regard, it is worth mentioning that
activation of plasminogen by tissue type plasminogen activator
proceeds poorly in solution but is markedly enhanced by im-
mobilization of plasminogen on fibrin (9, 10, 12). In this work
we have not identified a plasminogen activator molecule, but
we have shown that it is a heat-labile component whose activity
is markedly reduced by boiling (Fig. 3a). It is also worth men-
tioning that recent data document the existence of proteases
among M. tuberculosis molecules with the potential to behave
as plasminogen activators (2, 21).

We observed that the addition of a,-antiplasmin (3 pl;
0.5 mg/ml) did not significantly decrease activation of plasmin-
ogen by mycobacterial extracts (Fig. 3b), in keeping with stud-
ies showing that pathogen-associated plasmin activity is not
blocked efficiently by host serpins (1). It has been shown that
cell-bound plasmin is protected from inactivation because the
plasminogen binding site is identical or in close proximity to
the site targeted by a,-antiplasmin (8, 18).

Our results show that M. tuberculosis possesses plasminogen
binding and activating molecules which can be solubilized by
sonication and are present in the SE. It remains to be studied
if binding and activation of plasminogen reside in the same
molecules as those seen in group A streptococci (24). These
findings could have a bearing on the pathogenesis of tuber-
culosis. In most individuals tuberculosis remains localized to
the lungs. However, in some individuals, particularly in those
with debilitating conditions or immunodeficiencies, including
AIDS, the tubercle bacillus may invade blood vessels to dis-
seminate systematically. This dissemination process could be
facilitated by the interaction of M. fuberculosis with the plas-
minogen system herein described. Host-acquired plasmin ac-
tivity might endow bacilli with the ability to break down fibrin
meshes resulting from inflammatory processes and blood ves-
sel basement membranes, thus facilitating host invasion and
systemic dissemination.
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