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Plasminogen Activator Inhibitor Is Associated with the Extracellular
Matrix of Cultured Bovine Smooth Muscle Cells
Beatrice S. Knudsen, Peter C. Harpel, and Ralph L. Nachman
Division of Hematology-Oncology and the Specialized Center of Research in Thrombosis,
Cornell University Medical College, New York 10021

Abstract

The extracellular matrix secreted by cultured bovine smooth
muscle cells (BSMC) contains an endothelial type plasmino-
gen activator (PA) inhibitor. When PA is incubated with the
matrix, a high molecular weight complex containing a trun-
cated PA inhibitor is released into the supernatant. The inhibi-
tor also dissociates from the matrix by treatment with glycine,
pH 2.7, in its intact, functionally active, 45-kD form, whereas
treatment of the matrix with thrombin results in the release of
a cleaved, inactive, 41 kD PA inhibitor. Bowes melanoma cells
but not smooth muscle cells cultured on BSMCmatrices de-
crease available matrix associated PA inhibitor. PA inhibitor
incorporated into the extracellular matrix may serve an impor-
tant role in the regulation of plasminogen activator mediated
matrix degradation.

Introduction

The serine proteases tissue plasminogen activator (t-PA)' (1)
and urinary plasminogen activator (u-PA) (2) convert the zy-
mogen plasminogen into the serine protease plasmin and
thereby have been implied in various physiological and patho-
logical processes including fibrinolysis (3), cellular migration
(4), neuronal outgrowth (5), ovulation (6), activation of latent
collagenase (7), and tumor metastasis (8). Whereas plasmino-
gen activators (PAs) possess greatly restricted substrate speci-
ficity, plasmin cleaves a wide range of proteins. A complex
regulatory system exists to ensure the localized and controlled
generation of plasmin that involves the regulation of PA pro-
duction and plasminogen activation. A variety of serine pro-
tease inhibitors limit t-PA, u-PA and plasmin activity (9).
Most cells synthesize both PAand their inhibitors and thereby
determine the level of PA activity in the cellular microenvir-
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1. Abbreviations used in this paper: BSMC, bovine smooth muscle
cells; PA, plasminogen activator; PAI- l, endothelial plasminogen acti-
vator inhibitor; PAI-2, placental plasminogen activator inhibitor;
PPACK; D-phenyl-d-alanyl-l-propyl-arginine; RFU, relative fluores-
cent units; t-PA, tissue-PA; u-PA, urokinase.

onment. This equilibrium is shifted toward an excess produc-
tion of inhibitors by a number of cellular stimuli including
thrombin (10), endotoxin (1 1), lymphokines (12-14), and glu-
cocorticoids (15, 16). Four distinct PA inhibitors, an endothe-
lial PA inhibitor (PAI-1) (17-20), a placental PA inhibitor
(PAI-2) (21), protease nexin (22), and a recently described
urinary inhibitor (23) possess different substrate specificities,
kinetic properties, and tissue distribution. PAI-l and PAI-2
exhibit great specificity for t-PA and u-PA (24, 25). Whereas
PAI-l is acid stable and inactivates t-PA and u-PA with similar
efficiency (26), PAI-2 reacts more rapidly with u-PA and is
acid sensitive (27). Protease nexin (28) and the urinary inhibi-
tor in the presence of heparin react rapidly with u-PA and
thrombin but much slower with t-PA.

The extracellular matrix is composed of a complex array of
collagens, glycoproteins, and proteoglycans (29). This tight
network of adhesive proteins functions as a barrier to cellular
migration. Activated nonmalignant cells as well as tumor cells
secrete enzymes that degrade matrix constituents and facilitate
cellular movement (30). The extracellular matrix contains in-
hibitors of collagenases and stromolysin (31) that may play a
role in preventing matrix destruction by invasive cells. In ad-
dition plasmin and u-PA affect matrix glycoproteins (32, 33).
Wehave recently shown that plasminogen binds to the surface
of the extracellular matrix where its activation by t-PA is en-
hanced as compared with the fluid phase. In addition, the
newly generated matrix-associated plasmin is protected from
its fast acting inhibitor a2-plasmin inhibitor (34). To effectively
reduce plasmin-mediated matrix destruction, plasminogen ac-
tivation rather than plasmin activity must be inhibited. We
now present evidence that vascular extracellular matrix pro-
duced by cells in tissue culture contains a PA inhibitor. The
localization and properties of this inhibitor suggest that it may
play a regulatory role in the penetration of cells through the
vessel wall.

Methods

Materials. [35SjMethionine and '25I-Na were purchased from NewEn-
gland Nuclear (Boston, MA), D-phenyl-d-alanyl-l-prolyl-l-arginine
chloromethylketone (PPACK) from Calbiochem-Behring, La Jolla,
CA, bovine serum albumin (BSA) from Miles Laboratories (Elkhart,
IN), Litex agarose from Accurate Chemical & Scientific Corp. (West-
bury, NY), tissue culture plasticware from Nunc (Roskilde, Denmark),
cell culture media from Mallinckrodt Bioproducts (St. Louis, MO)and
Gibco Laboratories (Grand Island, NY), immunobeads (goat-anti rab-
bit coupled to beads) from Bio-Rad Laboratories (Richmond, CA) and
Protein-A Sepharose from Pharmacia Fine Chemicals (Piscataway,
NJ). The fluorogenic u-PA substrate, D-gly-gly-arg-7-amino-4-trifluor-
omethyl coumarin was obtained from Enzyme Systems Products (Li-
vermore,,CA). Para-nitrophenyl-p'-guanidino benzoate (p-NPGB) was
obtained from Vega Fox Biochemicals (Tucson, AZ).

Purified proteins. Plasminogen was prepared by affinity chroma-
tography on lysine agarose as described (34). Recombinant t-PA was
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generously provided by Genentech, Inc. (San Francisco, CA); human
high molecular weight two-chain urokinase (Winkinase) by the Ster-
ling Winthrop Research Institute (New York) and bovine thrombin
(4,300 U/mg) by Dr. John W. Fenton II (New York State Department
of Health, Albany, NY). The urokinase was further purified by ad-
sorption with Cibachrom-blue (Pharmacia Fine Chemicals) to remove
the albumin and migrated as major bands between 30 and 35 kD on
reduced SDS-PAGE.

Antisera. Endothelial type plasminogen activator inhibitor anti-
serum was kindly provided by Dr. David Loskutoff (Scripps Research
Foundation, La Jolla, CA) (35). Rabbit antiserum to u-PA was ob-
tained from Alpha Therapeutic Corp., (Los Angeles, CA) rabbit anti-
serum to fibronectin was kindly provided by Dr. D. Falcone (Cornell
University Medical College, New York). Fluoresceinated goat-anti
rabbit (gar-FITC) and goat immunoglobulin were purchased from
Cappel Laboratories (Cochranville, PA).

Cell culture. Bovine smooth muscle cells, a generous gift from Dr.
D. Hajar (Cornell University Medical College) or Bowes human mela-
noma cells kindly supplied by Dr. D. Rifkin (New York University
School of Medicine) were grown in minimal essential medium (MA
Bioproducts, Walkersville, MD), 10% fetal calf serum, 10 mMHepes,
pH 7.2, 2 mML-glutamine, 100 U/ml penicillin, 100 Mg/ml strepto-
mycin (all Gibco) and maintained in T75 flasks or 24-well plates at
370C in a humidified 95% air-5% CO2atmosphere until passage 15.

Preparation of extracellular matrices, acid extraction, thrombin
treatment and exposure of matrices to cells. BSMCmatrices were pre-
pared according to the method of Gospodarowicz from confluent cell
layers (36). Cells were first removed with 0.5% Triton in phosphate-
buffered saline (pH 7.4) followed by a 10-min incubation with 25 mM
NH4OHto remove cytoskeletal elements. No cells remained on the
plates as detected by light microscopy. After three washes in Tris-
Tween buffer (20 mMTris-HCI pH 7.4, 150 mMNaCI, 0.05%
Tween-20) matrices were incubated with 20 mMglycine-HCI pH 2.7,
the supernatants removed after 1 h and immediately neutralized with 1
MNaOH. Alternatively matrices were incubated with thrombin (10 U,
2.17 ug). After an hour incubation, the thrombin was inhibited by 1O-6
MPPACK. To study the effects of cells on BSMCmatrices, cells were
trypsinized and the trypsin was inhibited with 10% fetal calf serum.
After intensive washing in serum-free medium 3 X 105 cells per well
were plated on the BSMCmatrix. After a 4-h culture in serum-free
medium, adherent cells were removed by a 5-min incubation with 25
mMNH40H, the matrices were washed three times with Tris-Tween
buffer and extracted with acid for 1 h.

Production of labeled matrices. BSMCwere grown to confluency in
24 well plates. The cells were incubated for I h with methionine free
minimal essential medium containing 2% fetal calf serum, 25 mM
Hepes pH 7.2, 2 mML-glutamine, penicillin, and streptomycin and
labeled with 10 MCi [35S]methionine/ml for 8-12 h. Matrices were
prepared as described and contained 6,000-8,000 cpm/well. Matrices
were solubilized in sample buffer (0.625 MTris/HCI, pH 6.8, 0.1%
sodium dodecyl sulfate [SDS], 25% glycerol, bromphenol blue, 100
mMdithiothreitol) and analyzed by SDS-polyacrylamide gel electro-
phoresis (PAGE) and autoradiography.

Protein iodination. u-PA was labeled with '25I by the modified
chloramine T method as previously described (37) in the presence of
benzamidine and the benzamidine subsequently removed by chroma-
tography on a PD10 column (Pharmacia Fine Chemicals). Labeled
u-PA contained 50-100 X 103 cpm/Plough unit. Active site titrated
'251-a-thrombin was kindly provided by Dr. Mark Brower (Cornell
University Medical College).

Complexformation between PA and matrix proteins. u-PA (100 Mll)
was added either to BSMCmatrices in 24-well plates directly or added
to acid extracted matrix proteins. After a 30-tin incubation, samples
containing u-PA-protein complexes were either analyzed by SDS-
PAGEor used to quantify remaining u-PA activity after addition of the
fluorometric u-PA substrate.

Quantitativefluorometric u-PA assay. u-PA enzymatic activity was
determined upon addition of the specific fluorometric u-PA substrate

(5 MMfinal concentration in 300 Ml), D-Gly-Gly-Arg-7-amino-4-tri-
fluoromethyl coumanin. Substrate hydrolysis was measured in a spec-
trofluorometer (650-lOS; Perkin-Elmer Corp., Norwalk, CT) at an
excitation of 400 nmand an emission of 505 nm (slit width = 2 nm)
and was proportional to the amount of functionally active u-PA. u-PA
activity was then obtained by plotting relative fluorescent units (RFU)
versus time and the slope of each straight line used to quantify the
amount of u-PA activity. The percentage of remaining u-PA activity
after incubation with matrix proteins was expressed as the ratio of each
slope to the slope obtained with an equal amount free u-PA. The rate
constant of complex formation was calculated using the equation k
= l/t[Et-' - EO-I] where Et and Eo (1.33 nM) represent the free u-PA
(relative molecular weight = 53, 000) concentrations at time 0 and 4
min (38).

SDS-PAGE. 9% Polyacrylamide gels were used, all samples ana-
lyzed under reduced conditions (sample buffer: 2% SDS and 5 mM
f3-mercaptoethanol) except for zymography. To visualize 3IS-labeled
protein gels were fluorographed before autoradiography. Prestained
molecular weight markers (Bethesda Research Laboratories, Gaithers-
burg, MD) were used for molecular weight determination on all gels.

Immunoprecipitation. 10 Ml aPAI immune or preimmune serum
was adsorbed with gar beads and the immobilized Ig was incubated
with proteins released from 3IS-labeled matrices by acid or thrombin
for 3-4 h at 22°C in the presence of 0.1% Tween 20. The beads were
washed six times at 4°C (washing buffer 20 mMTris-HCI, pH 8.3,0.3
MNaCI, 0.1% NP-40, 0.1% SDS) and once with Tris-buffered saline
before solubilization in gel sample buffer. For functional studies aPAI
immune or preimmnune serum was adsorbed with protein A beads and
incubated with acid extracted proteins in the presence of 0.1% Tween
20 and 0.1% acid-treated BSA for 2 h at 22°C; (BSA was treated with
acid, pH 2.5, neutralized, stored in the presence of phenylmethylsul-
fonylfluoride, and extensively dialyzed before use). 0.1 U u-PA was
then added for 1 h and the u-PA activity quantified by fluorometric
measurements. To investigate the inhibitor in u-PA-PA inhibitor
complexes [35S]methionine-labeled u-PA-PA inhibitor complexes were
isolated with a u-PA antiserum (10 Ml) coupled to protein A beads and
incubated for 16 h with 1 MTris, pH 1 1. The beads were removed by
centrifugation and supernatants were directly analyzed by SDS-PAGE
and autoradiography.

Reverse zymography. Reverse zymography was carried out using
the procedure for reverse fibrin autography ( 19) but casein was substi-
tuted for fibrinogen and thrombin. Briefly, SDS-PAGEgel pieces were
first soaked in 2.5% Triton and H20 for 30 min each and then layed
onto casein indicator gels (1.25% agarose, 2% Carnation dry milk;
Carnation Co., Los Angeles, CA, 0.2 U/ml u-PA and 30 Mug/ml plas-
minogen). The gels were developed for 4.5 h at 37°C in a humidified
chamber and stained with amido black.

Results

Complex formation between an extracellular matrix protein
and plasminogen activators. Bovine smooth muscle cells syn-
thesize an extracellular matrix that remains tightly adherent to
the culture plate after removal of cells by treatment with 0.5%
Triton X-100 and 25 mMNH40H. Whensuch matrices were
incubated with 1251 u-PA in Tris-Tween buffer, pH 7.4, a spe-
cific complex formed between u-PA and a matrix component
that dissociated from the matrix and appeared in the superna-
tant (Fig. 1 A). Whereas reduced two-chain u-PA migrated
with an apparent molecular weight of 30-35 kD (Fig. 1 A, lane
1), SDS-PAGE autoradiographic analysis of reduced matrix
supernatants showed a second band at 78 kD that contained
1251 u-PA. The association between the 1251 u-PA and the unla-
beled matrix protein was stable to boiling in SDS under re-
ducing conditions, a finding consistent with covalent bond
formation between u-PA and the matrix component. To show
that the matrix-associated u-PA binding protein was synthe-
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Figure 1. SDS-PAGEautoradiography showing complex formation
between PA and a matrix-associated protein. (A) Lane 1 contains
'251-u-PA (0.2 U) incubated with Tris-Tween buffer, whereas lane 2
shows '25I-u-PA after a 30-min incubation with the matrix. The
arrow (>") indicates the complex formed between '251-u-PA and an
unlabeled matrix protein. (B) Matrices were metabolically labeled
with L35S]methionine and incubated for 30 min with buffer (lane 1),
0.5 U unlabeled u-PA (lane 2) or 0.5 U unlabeled t-PA (lane 3). In
all cases matrix supernatants were analyzed. The arrows point to the
complexes formed between u-PA (P.) or t-PA (>.) and an 35I-labeled
matrix protein.

sized by BSMCs, PAs were incubated with biosynthetically
labeled BSMCmatrices and the supernatants analyzed by
SDS-PAGE(Fig. 1 B). Supernatants from matrices incubated
with Tris-Tween buffer contained a major band with an appar-
ent molecular weight of 45 kD (Fig. 1 B, lane 1). In contrast
when unlabeled u-PA was added to [35S]methionine-labeled
matrices three major bands were obtained; a 78-kD band that
comigrated with the complex formed by 1251I u-PA and two
bands at 45 and 41 kD. A similar pattern was also observed
when proteins released from the matrix by t-PA were analyzed,
but the t-PA matrix protein complex migrated with an appar-
ent molecular weight of 83 kD (Fig. 1 B, lane 3). SDS-PAGE
analysis of solubilized matrix proteins showed that a 45-kD
protein band was greatly diminished in intensity after treat-
ment with u-PA (Fig. 2, arrow). The incorporation of [35S]-
methionine into matrix proteins depended on the labeling
time and the cellular passage number. Wetherefore optimized
the system to preferentially label the protein that complexed
with u-PA. Matrix constituents that were released by t-PA or
u-PA comprised as much as 10-1 5%of total counts incorpo-
rated into matrix protein. Furthermore, preincubation of ma-
trices with t-PA abolished complex formation of subsequently
added u-PA and vice versa, indicating that u-PA and t-PA
form soluble complexes with the same matrix component.

Figure 2. SDS-PAGEautoradi-
ography of [35S]methionine la-
beled BSMCextraceiltllar ma-
trix after treatment with u-PA.
Matrices were incubated with
buffer (lane 1) or with 5 U
u-PA per well for 30 min.
After washing matrices were
solubilized in sample buffer
and directly loaded on the gel.

Diisopropyl fluorophosphate inactivated plasminogen activa-
tors did not show any complex formation.

Complex formation was accompanied by loss of u-PA en-
zymatic activity (Fig. 3). u-PA (0.62 U) was incubated with
matrices for increasing amounts of time and the u-PA-asso-
ciated amidolytic activity in the supernatant was quantified
fluorometrically at each timepoint. Maximal inhibition of
u-PA occurred after 20 min while the amount of u-PA in the
supernatant remained unchanged and no matrix bound u-PA
was detectable by radiometric measurements. The overall rate
constant for the bimolecular complex formation was
3.13±0.26 X 106 s-' M-'. As shown in Fig. 4 the amount of
complex formed was proportional to the amount of u-PA
added to [35S]methionine-labeled matrices. Matrices produced
by 5 X I04 BSMCsinhibited 1-1.5 Uu-PA. With the dose-de-
pendent increase in complex formation the bands at 41 and 45
kD also increased in intensity.

Characterization of the matrix associated PA inhibitor.
The specificity of the inhibitor for u-PA and t-PA was investi-
gated by competitive inhibition studies. When 1251-u-PA was
added to matrices with an equal amount of unlabeled u-PA or
t-PA a 50% reduction of complexes containing 1251 u-PA was
achieved (Fig. 5 B). While an excess unlabeled u-PA or t-PA
prevented complex formation of 1251 u-PA with equal effi-
ciency, an 80-fold molar excess of thrombin (1.6 U/well) did
not diminish complex formation. The small amount of
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thrombin used did not inactivate the matrix bound inhibitor
during the 30-min incubation although higher thrombin con-
centrations (10 U/well) caused a decrease in 1251I u-PA com-
plexes formed. Furthermore, I251-thrombin (0.1-10 U) did not
complex with any matrix component in the presence or ab-
sence of heparin, nor was the amidolytic activity of thrombin
inhibited upon incubation with the matrix (data not shown).
In addition to its specific affinity for u-PA and t-PA, the ma-
trix-associated inhibitor was also stable under acidic condi-
tions. All inhibitory activity was released from the matrix dur-
ing a 1-h treatment at pH 2.7 (Table I) and was detectable in
supernatants from acid-treated matrices.

SDS-PAGEanalysis of biosynthetically labeled acid ex-
tracted proteins showed an intense band at 45 kD and a second
56-kD band. In addition two bands of 45 and 56 kD were
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Figure 5. Specificity of complex formation between PAs and matrix-
associated PA inhibitor. (A) Autoradiograph of complexes formed
after a 30-min incubation of 1.6 U '251-u-PA with the matrix in the
presence of unlabeled u-PA, t-PA, or thrombin. Lane a shows the
amount of complex generated in the absence of any unlabeled com-
petitor. Lanes b-f and g-l represent complex formation after addi-
tion of unlabeled u-PA or t-PA to 2.7 nM 1251-u-PA at a concentra-
tion of 2.7 nM (lanes b and g), 5.4 nM (lanes c and h), 13.8 nM
(lanes d and i), 27.9 nM (lanes e and k) and 139 nM (lanesfand 1).
Lanes m-p show the addition of 1251I u-PA to the matrix together
with thrombin at a concentration of 16 nM (lane m), 32 nM (lane n),
80 nM (lane o) and 160 nM (lane p). (B) Scan of the autoradiograph
shown in (A) to determine the relative amount '251-u-PA in com-
plexes formed in the presence of the competitors u-PA (-o-), t-PA
(-*-), and thrombin (-o-).

Figure 4. Dependence
of u-PA-PA inhibitor
complex formation on
the concentration of
u-PA added to matrix.
35-labeled matrices
were incubated for 30
min with increasing
amounts of u-PA; (0.08
U, lane 1; 0.16 U, lane
2; 0.31 U, lane 3; 0.64
U, lane 4; 1.28 U u-PA,
lane 5). The superna-
tants containing "S-la-
beled u-PA-PA inhibi-
tor complexes (>b) were
then analyzed by SDS-
PAGEand autoradiog-
raphy.

greatly diminished when the residual matrix proteins were sol-
ubilized and analyzed by SDS-PAGEand autoradiography
(data not shown). As shown in Fig. 6 A (lanes 1-3) the lower
45-kD band was specifically recognized by the PAI-1 anti-
serum (lane 2), but not by preimmune rabbit Ig (lane 3). In
addition the immobilized PA inhibitor antibodies removed all
functional u-PA inhibitory activity from the matrix acid su-
pernatant (Fig. 6 B) so that the presence of a second acid stable
u-PA inhibitor species can be excluded. Thrombin also re-
moved all inhibitory activity from the matrix. When crude
supernatants from thrombin-treated matrices where analyzed
by SDS-PAGE, they contained a 200-kD band and a 41-kD
band (Fig. 6 A, lane 4). The lower molecular weight species
specifically reacted with the PAI-1 antiserum. Similarly when
acid extracted 45-kD inhibitor was incubated with thrombin
(10 U), a 41 -kD proteolytic fragment was generated.

Intact and modified PAI-1. To compare the functional
properties of the intact acid extracted 45-kD PAI-l and the
cleaved 4 1-kD PAI-1, both PAI-1 species were analyzed by
SDS-PAGEafter incubation with u-PA or t-PA and by reverse
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Table L Removal of Matrix-associated u-PA Inhibitory Activity

%u-PA
Matrix treatment inhibition

TBS 85.7±6.8
TBS/0.5% tween 86.1±3.8
25 mMEDTA 95.0±4.1
2 MNaCl 92.0±4.8
100 U/ml heparin 90.8±4.8

0.1% SDS 4.3±4.2
5 Murea 5.0±3.8
5 MGuCi pH 7.0 5.8±5.5
Glycine/HCI pH 2.7 7.3±6.2

BSMCmatrices were treated for 1 h at 250C as indicated, washed
and the remaining matrix-associated PA inhibitor quantified by the
addition of 1.5 U u-PA for 30 min. u-PA activity in the supernatant
was measured by the fluorometric assay and the percent inhibition
expressed relative to the activity of 1.5 U free u-PA. Values represent
the mean of six individual experiments with the standard error of the
mean.

zymography. As shown in Fig. 7 A (lanes 2 and 3), the acid
extracted PAI-I formed high molecular weight complexes with
both u-PA and t-PA and was also functionally active when
subjected to reverse zymography (Fig. 7 B, lane 1). On the
other hand PAI-l released from the matrix by thrombin nei-
ther formed high molecular weight complexes (Fig. 7 A, lanes 5
and 6) nor prevented the lysis of the casein in the underlying
indicator gel (Fig. 7 B, lane 2). u-PA and t-PA also cleaved the
56-kD protein but since this protein was neither recognized by
the PA inhibitor antiserum nor showed activity on the zymo-
grams, it was not further characterized. It is interesting that
incubation of matrices or matrix acid extracts with u-PA and
t-PA also resulted in the generation of the two forms of PA
inhibitor. The upper band comigrated with PA inhibitor ob-
tained from acid extracts, whereas the lower band showed the
same mobility as the thrombin-treated PA inhibitor. Both
forms specifically reacted with the PA inhibitor antiserum
(Fig. 8, lane 4). To investigate the origin of the 45- and 41-kD
PA inhibitors, u-PA-PA inhibitor complexes were isolated.
Only minimal dissociation of the purified protease-inhibitor
complex during the electrophoretic analysis was noticed (Fig.
8, lane 2), suggesting that the two uncomplexed PA inhibitor
species were not generated by dissociation of unstable u-PA-
PA inhibitor complexes upon SDS-PAGE. However, when the
isolated u-PA-[35S]PA inhibitor complexes were incubated
with 1 MTris, pH 11, the liberated labeled inhibitor comi-
grated with the 41-kD inhibitor species on SDS-PAGE(Fig. 8,
lane 3). u-PA must therefore have cleaved the inhibitor during
the generation of the covalent u-PA-inhibitor bond.

To further characterize the interaction of PAI-1 with the
matrix the effects 0.05% Tween, high salt (2 MNaCl), heparin
(100 U/well) or EDTA (25 mM) on the release of matrix
bound PA inhibitor were tested (Table I). None of these agents
removed significant amounts of inhibitor. In contrast harsher
reagents such as urea (5 M), guanidinium chloride (4 M), 0.1%
SDSor glycine-HCl (pH 2.7) completely removed PAI- I from
the matrix.

A
1 2 3 4 5 6
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Figure 6. Immunoiden-
tification of matrix-as-
sociated PA inhibitor.
(A) Immunoprecipita-
tion of PA inhibitor
after release from the
matrix by acid (lanes
1-3) or thrombin (lanes
4-6). Lane I and 4
show the crude acid or
thrombin extract, re-
spectively. Lanes 2 and
S contain protein im-
munoprecipitated with
the PA inhibitor anti-
serum, whereas lanes 3
and 6 show immutno-
precipitates with preim-
mune serum. (B) Im-
munodepletion of PA
inhibitor from acid ex-
tracts. 0.1 U u-PA was
incubated with buffer
(-o-), crude matrix
acid extract (-0-) or
acid extract adsorbed
with either immune
(-*-) or preimmune
(-*-) serum. After 1 h
incubation the remain-
ing u-PA activity was
determined by addition
of the fluorometric
u-PA substrate as the
time dependent increase
in RFIJ. The amounts
of u-PA amidolytic ac-
tivity correspond to the
slopes of the curves.

Interaction of normal and malignant cells with matrix as-
sociated PAI-i. Since PAs have been implicated in the invasive
behavior of various tumors, matrix-associated PAI might pro-
vide a major obstacle to the PA-mediated tumor cell migration
and metastasis. The effects of Bowes human melanoma cells
and BSMCson matrix-associated PAI were compared. After a
4-h culture on the matrix the cells were removed and matrix
acid extracts analyzed by SDS-PAGEautoradiography (Fig. 9
A), zymography (Fig. 9 B) and by immunoprecipitation (Fig. 9
C). Whereas acid extracts from matrices exposed to BSMCs
contained a 45-kD band with functional and antigenic proper-
ties of PAI-1, such a protein was lacking in acid extracts from
matrices exposed to Bowes melanoma cells. A higher molecu-
lar weight protein (Fig. 9 A) as well as other matrix proteins
(data not shown) were not significantly affected.

Discussion

Wehave shown that BSMCssynthesize a functionally active
PAI of both u-PA and t-PA that is incorporated into the extra-
cellular matrix. When cells were removed under conditions
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Figure 7. SDS-PAGEautoradiography showing complex formation
between PA and PA inhibitor in the fluid phase. (A) Proteins were
released from 35S-labeled matrices by acid treatment (lanes 1-3) or
enzymatically by thrombin (10 U/well; lanes 4-6). The supernatants
were then incubated with buffer (lanes I and 4), 5 U u-PA (lane 2
and 5) or 5 U t-PA (lane 3 and 6). The thrombin was completely in-
hibited by PPACKbefore addition of PAs. (B) Reverse zymography
of acid extract (lane 1) and thrombin extract (lane 2).

that did not involve cell lysis (with EDTAor collagenase, data
not shown) instead of the routinely used 0.5% Triton X-100,
25 mMNH40H treatment, similar results were obtained.
Therefore PAI was not adsorbed onto the matrix after cell
lysis. The interaction of PAs with the matrix resulted in rapid
and complete enzyme inhibition and the appearance of bimo-
lecular PA-PAI complexes in the supernatant (Fig. 1). Com-
plexes with identical electrophoretic mobility were also ob-
served when t-PA and u-PA were incubated with matrices
from human and bovine endothelial cells and human foreskin
or lung fibroblasts thereby demonstrating the ubiquitous na-
ture of this matrix constituent (data not shown). The specific
reactivity of the matrix associated PAI for t-PA and u-PA, the

1 2 3 4 Figure 8. Dissociation of

u-PA-PA inhibitor complexes.
Supernatants from [35S]-
methionine labeled, u-PA
treated matrices (lane 1) were
incubated with immobilized
anti-u-PA antibodies and the
isolated u-PA-PA inhibitor
complexes (>) (lane 2) ana-
lyzed by SDS-PAGEand auto-
radiography. Lane 3 shows the
dissociated [35SJPA inhibitor

_l after incubation of the isolated
u-PA-PA inhibitor complex
with 1 MTris, pH 11. Lane 4
contains uncomplexed PA in-
hibitor ().) immunoprecipi-
tated with an immobilized PA
inhibitor antiserum.

Figure 9. Removal of PA inhibitor from the matrix by Bowes mela-
noma cells. BSMCsor Bowes melanoma cells were seeded on ["S]-
methionine-labeled BSMCmatrices. After 4 h adherent cells were re-
moved and acid extracted proteins were compared by SDS-PAGE
and autoradiography (A) or reverse zymography (B). (C) shows an
immunoprecipitation with immobilized PA inhibitor antibodies of
acid extracted proteins from BSMCor Bowes exposed matrices. Par-
allel immunoprecipitations with preimmune serum did not show any
bands on autoradiography. The arrow indicates 43 kD.

fast rate of association with both u-PA and t-PA and the acid
stability strongly suggested that the inhibitor was not of the
protease nexin type. Wewere not able to detect protease nexin
in the BSMCextracellular matrix by reactivity with a throm-
bin probe even though the extracellular matrix enhances the
activity of this inhibitor (39).

Two antigenically distinct PAIs have been reported, an
endothelial PAI (PAIT-) (35, 40) and a placental (41) PAI
(PAI-2), that are best distinguished by monospecific, non-
cross-reactive antisera. Reactivity of the PAinhibitor in BSMC
matrix with a well characterized antiserum raised against the
PAI-1 (35) identified the BSMCinhibitor as of endothelial
type (Fig. 6). Furthermore no functional PAI was detectable in
acid extracts from BSMCmatrices after immunodepletion
with the anti-PAI-I antiserum suggesting the absence of a
PAI-2 from BSMCextracellular matrix. PAI- I, the major form
of circulating PA inhibitor (40) has previously been implicated
in the intravascular control of t-PA activity during fibrinolysis
(42). The molecular weight of the matrix associated PAI- I was
45 kD, whereas other published reports range from 47.5 to 54
kD. The reason for this difference remains to be determined.
The presence of PAI- I in the extracellular matrix of cells in the
vessel wall extends the biological role of PAI- I to the control of
PA-mediated events in the extravascular space.

The complex formed between u-PA and the matrix-asso-
ciated PAI-I was resistant to treatment with SDSand fl-mer-
captoethanol. The PAI-I-PA complex demonstrated unusual
stability on SDS-PAGEsince dissociation did not occur during
electrophoresis in the Laemmli gel system but required pro-
longed incubation in 1 MTris at pH 1 1. Therefore, the mecha-
nism involved in complex formation of serine proteinase in-
hibitors with their corresponding proteinases (43) most likely
also applies to the complex formed between PAI and u-PA or
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t-PA. The formation of the enzyme inhibitor complex was
accompanied by the loss of a 4-5-kD polypeptide so that
PAI- 1 recovered from the u-PA-PAI- 1 complex consisted en-
tirely of the 4 1-kD modified PAI-l species and not the 45-kD
intact PAI-l (Fig. 8). In addition to the active 45-kD PAM-i
species that rapidly complexed with u-PA, substantial
amounts of an uncomplexed 45-kD PAI- 1 were detectable on
SDS-PAGE(Fig. 7). The reason for the presence of this inac-
tive molecular species remains to be determined. Nevertheless,
the inactive 45-kD species remained a good substrate for u-PA
since it was cleaved by u-PA in a dose dependent fashion into
the 41-kD PAI-I (Fig. 4) (44). In addition to u-PA and t-PA
high concentrations (10 U) of thrombin (Fig. 6) or plasmin
(data not shown) also cleaved PAI- I into the 4 l-kD function-
ally inactive species without the formation of SDSstable com-
plexes.

Dissociation of PAI-I from the matrix occurred either
during acid treatment that released the intact 45-kD species or
by the loss of the 4-5-kD polypeptide during the incubation
with u-PA, t-PA, or thrombin. Since cleavage of PAI- I was not
required for its release from the matrix, the disruption of the
matrix-PAI-1 bond appears to be mediated through a confor-
mational change in the inhibitor. Furthermore the association
of PAI-1 with the matrix could not be disrupted by incubation
with 2 MNaCl, EDTAor heparin (Table I) suggesting that the
binding was not simply ionic or divalent cation dependent.
After its dissociation from the matrix the 45-kD PAI- I quickly
lost up to 90% of its activity upon storage at 4°C or freeze-
thawing (data not shown). Therefore the association with the
extracellular matrix appears to stabilize the functional activity
of PAI- 1.

Plasminogen activators have been implicated in the inva-
sive behavior of certain tumor cells. Quigley first demon-
strated that PMA-treated Rous sarcoma virus transformed
chick embryo fibroblasts when cultured on extracellular matri-
ces undergo a PA-mediated morphological change in the com-
plete absence of plasminogen (45, 46). Addition of low molec-
ular weight inhibitors of PAs as well as a specific monoclonal
antibody that blocked functional PA activity prevented cluster
formation of Rous sarcoma virus transformed chick embryo
fibroblasts. These experiments strongly suggest that PA has a
direct effect on cell matrix interactions. The increased secre-
tion of PAs as a result of cellular transformation facilitates
matrix destruction by some tumor cells during their migration
through the vessel wall (47) and the establishment of metas-
tasis (48). Ossowski and Reich (49) first showed that antibodies
to u-PA considerably diminished the generation of lung me-
tastasis by HEp2 human carcinoma cells seeded onto the chick
chorioallantoic membrane, suggesting that u-PA was involved
at a crucial step during the formation of metastasis. Further-
more a rat smooth muscle cell extracellular matrix was used to
demonstrate inhibition of invasion and cell proliferation by
protease nexin of the u-PA producing fibrosarcoma cell line,
HT 1080 (50). Since protease nexin blocks both u-PA and
plasmin activity, the exact mechanism of tumor cell invasion
in this system remains unknown.

The PA-mediated degradation of chick embryo fibroblast
extracellular matrices was characterized by an initial lag period
(51), suggesting that matrix-associated PA inhibitor initially
neutralized tumor cell PA. In the present study, matrix acid
extracts contained no PAI- 1 after exposure of matrices to t-PA
producing Bowes melanoma cells (Fig. 9). In addition a strain

of HT 1080 cells that elaborates copious amounts of u-PA also
caused a loss of acid extracted matrix associated PAI-l (data
not shown). On the other hand BSMCs, fibroblasts, and an
other human melanoma cell line, C32, did not affect matrix-
associated PAI- 1. The apparent specificity of this effect by
certain PA-secreting tumor cells suggests that PAI-l might be
removed from the matrix by complex formation with PAs.
Alternatively, PAI- 1 could be released from the matrix or
cross-linked to the matrix by other tumor-associated enzymes.
Since the role of PA in matrix remodeling and degradation has
clearly been established, the presence of a matrix-associated
PA inhibitor may provide an important regulatory component
for a number of physiological and pathological processes.
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