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Abstract

Lysine-plasminogen (Lys-PLG), the plasmin-modified form of
native glutamic acid-plasminogen (Glu-PLG), displays en-
hanced binding affinity for fibrin and also enhanced activation
by urokinase and tissue plasminogen activator. Wepreviously
demonstrated high-affinity, specific, and functional binding of
Glu-PLG as well as tissue plasminogen activator to cultured
human umbilical vein endothelial cells (HUVEC). In the
present study, we demonstrate binding of Lys-PLG to
HUVEC,as well as conversion of Glu-PLG to Lys-PLG at the
cell surface. Binding of Lys-PLG to HUVECwas saturable,
reversible, eaminocaproic acid-sensitive, and involved two sat-
urable sites with Kd's of 142 pM and 120 nM, respectively.
Upon incubation with Glu-PLG, HUVEC, as well as endothe-
lium in situ, partially converted the ligand to a Lys-PLG-like
species. Conversion by HUVECwas blocked by diisopropyl-
fluorophosphate, but not by other serine protease inhibitors,
including a2-plasmin inhibitor. Eluates of intact umbilical cord
vessels contained Lys-PLG by immunoblot analysis. Lys-PLG
was also identified immunohistochemically on the endothelial
surface of vessels from a variety of normal and inflamed tis-
sues. Thus, endothelial cells appear to actively modify circu-
lating Glu-PLG, bind Lys-PLG to their surface, and thus en-
hance the fibrinolytic potential of the blood vessel wall.

Introduction

Lysine-plasminogen (Lys-PLG)' is the 85,000-kD plasmin-
modified form of native, circulating glutamic acid-plasmino-
gen (Glu-PLG). Plasmin cleaves the Lys 76-Lys 77 bond re-
sulting in the release of a 76-amino acid "preactivation pep-
tide" and formation of Lys-PLG (1-3). Although it does not
circulate in the plasma (4), Lys-PLG displays enhanced bind-
ing affinity for fibrin (5), and is activated more readily than
Glu-PLG by both tissue plasminogen activator (6) and uroki-
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1. Abbreviations used in this paper: a2-PI, a2-plasmin inhibitor; DFP,
diisopropylfluorophosphate; EACA, e-aminocaproic acid; Glu-PLG,
N-terminal glutamic acid plasminogen; HUVEC, human umbilical
vein endothelial cells; Lys-PLG, N-terminal lysine plasminogen; PAT,
plasminogen activator inhibitor; PPACK, D-phenylalanyl-L-prolyl-L-
arginine chloromethylketone.

nase (7, 8). In the presence of tissue plasminogen activator,
Lys-PLG is activated with 10 to 20 times greater catalytic effi-
ciency (k,.jKm) than Glu-PLG (6). This increase in activat-
ability reflects a decrease in the Kmof the reaction with little
corresponding change in the catalytic rate constant (k,) (6).

We have previously demonstrated that native Glu-PLG
(9), and its activators (10), bind with high specificity and affin-
ity to the surface of cultured human umbilical vein endothelial
cells (HUVEC). Binding of Glu-PLG, which was dose depen-
dent, saturable, reversible, and lysine binding site dependent,
resulted in a 12-fold increase in zymogen activatability on the
cell surface due to a log-order decrease in the Kmof the activa-
tion reaction (9). Wetherefore examined whether this increase
in catalytic efficiency at the endothelial cell surface might re-
flect the formation of a more efficiently activated plasminogen
species.

In this report we demonstrate dose-dependent, and lysine-
binding site-dependent interaction of authentic Lys-PLG to
two saturable binding sites on cultured HUVEC. Unlabeled
Lys-PLG was a more effective competitor of 1251-Lys-PLG
binding than unlabeled Glu-PLG, whereas either one com-
peted effectively with '251-Glu-PLG for cell surface binding
sites. Upon association with cultured HUVECor endothelial
cells in situ, _251-Glu-PLG was partially converted to a species
which comigrated with '25I-Lys-PLG, through a reaction
which was completely inhibited by the serine protease inhibi-
tor diisopropylfluorophosphate (DFP). Lys-PLG cross-reac-
tive material was also detected by immunoblot analysis of
eluates of intact umbilical cord veins, and by immunohisto-
chemical staining of vascular endothelium in a variety of tis-
sues. Therefore, Lys-PLG may represent a form unique to the
cell surface, and endothelial cell-mediated conversion of Glu-
PLGto Lys-PLG may contribute to the nonthrombogenic na-
ture of the endothelium.

Methods
Materials. 96- (Falcon Labware, Oxnard, CA) and 24- (Costar, Cam-
bridge, MA) well tissue culture plates were employed. L-Glutamine,
penicillin-streptomycin, fungizone, porcine intestinal mucosal hepa-
rin, BSA (essentially fatty acid- and globulin-free), lactoperoxidase,
tissue culture grade EDTA, DFP, phenylmethylsulfonyl fluoride, leu-
peptin, and p-nitrophenylphosphate were from Sigma Chemical Co.,
St. Louis, MO. lodoacetic acid was purchased from Eastman Organic
Chemicals, Rochester, NY; pancreatic trypsin inhibitor from Cooper
Biomedical, Inc., Malvern, PA; and D-phenylalanyl-L-prolyl-L-argi-
nine chloromethylketone (PPACK) from Calbiochem-Behring Corp.,
La Jolla, CA. Collagenase (type I) was obtained from Worthington
Diagnostics, Bedford, MA. Immobilon (polyvinylidene difluoride)
transfer membranes were purchased from Millipore Corp., Bedford,
MA. P-Nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-
indolylphosphate p-toluidine were obtained from Bio-Rad Laborato-
ries, Richmond, CA.

Purified proteins. Authentic human Glu-PLG, form I was kindly
provided by Dr. Francis J. Castellino, University of Notre Dame,

Endothelial Cell Conversion of Glutamic Acid- to Lysine-Plasminogen 1769

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/88/1 1/1769/10 $2.00
Volume 82, November 1988, 1769-1778



Notre Dame, IN, and authentic human Lys-PLG by Dr. J. Eibl, Im-
muno, Vienna, Austria. In most experiments, these proteins were
treated with DFPbefore use to inactivate any contaminating plasmin.
Human Glu-PLG was also purchased from IMCO, Stockholm, Swe-
den. All preparations were tested for plasmin activity using a fluoro-
metric assay as previously described (9). a2-plasmin inhibitor (a2-PI)
was kindly provided by Dr. Peter Harpel, Cornell University Medical
College, New York. "Working standard" plasminogen activator in-
hibitor (PAI), type I was provided by Dr. Patrick Gaffney, National
Institute for Biological Standards and Controls, Hertfordshire, En-
gland.

Antibodies. Monoclonal antibody to Lys-PLG (LPml) was gener-
ously provided by Dr. Paul Holvoet, Katholieke Universiteit, Leuven,
Belgium. The specificity and characterization of this antibody have
been previously described (4). Monoclonal antibody to human plas-
minogen (3641) reactive with both Lys-PLG and Glu-PLG was pur-
chased from American Diagnostica, New York. Monoclonal anti-
human light chain was purchased from Dako Corp., Santa Barbara,
CA. Monoclonal anti-human albumin was purchased from Chemicon
International, El Segunda, CA. Mouse monoclonal antibody to human
prothrombin was obtained from Cappel Biochemicals, Malvern, PA.
Alkaline phosphatase-conjugated polyclonal antibody to human plas-
minogen was kindly provided by Dr. Peter Harpel.

Cell culture. HUVECwere cultured and quantified as previously
described (9, 10). Where indicated, HUVECwere grown in plasmino-
gen-depleted medium (< 1%).

Cell monolayer ELISAs. Cell monolayer ELISAs were carried out
as previously described (9, 10) utilizing alkaline phosphatase-conju-
gated polyclonal rabbit antibody directed against human plasminogen
in a one-step detection system.

Radioisotope labeling and radioligand binding studies. Purified
human Glu-PLG and Lys-PLG were radiolabeled by the lactoperoxi-
dase method (11) as previously described (9). Radioligand binding
studies with '251I-Lys-PLG were carried exactly as described for 125i-
Glu-PLG (9), and analyzed according to the LIGAND computer pro-
gram (12).

SDS-PAGE. Samples were dissolved in 5% SDS, 50 mMTris, 5
mMEDTA, 25% sucrose (wt/vol), and 50 Ag/ml bromphenol blue.
Samples were applied to 7.5% or 9.0% Laemmli (13) slab gels (3.9%
stacking gels), and electrophoresed under nonreducing conditions
overnight with cooling at constant power. Gels for autoradiography
were fixed in 10% methanol/7% acetic acid, dried, and autoradio-
graphed. In some experiments, autoradiograms were scanned using a
Model 2202 Ultroscan laser densitometer (LKB Instruments, Inc.,
Gaithersburg, MD).

Immunoblotting. Protein bands in SDS-polyacrylamide gels were
electrophoretically blotted onto transfer membranes in a tank system
using a buffer containing 25 mMTris, 190 mMglycine, and 20%
(vol/vol) methanol for 90 min, 800 mA, 21 0C (14, 15). Nontransferred
strips from the same gel were stained in Coomassie Blue (0.1% [wt/vol]
in 50% methanol/l0% acetic acid) and destained in 10% methanol/7%
acetic acid. The membranes were then incubated with blocking buffer
consisting of TBS (Tris-buffered saline: 150 mMNaC1, 20 mMTris,
pH 7.4) containing 50 mg/ml BSA, 60 min, 370C. The membranes
were washed three times in TBS containing 1 mg/ml BSA, and incu-
bated either with alkaline phosphatase-conjugated rabbit anti-human
plasminogen at a 1:1,000 dilution in TBS containing 10 mg/ml BSA,
60 min, 21 'C or with mouse monoclonal anti-Lys-PLG (1:500, 60
min, 21 IC), followed by three washes and incubation with goat anti-
mouse immunoglobulin (1:500, 60 min, 21°£C) in the same buffer
system. Finally, the membranes were washed again three times as
described, and developed in carbonate buffer (100 mMNaHCO3, 1
mMMgC12, pH 9.8) containing p-nitroblue tetrazolium chloride (180
,gg/ml) and 5-bromo-4-chloro-3-indolylphosphate p-toluidine (90
,ug/ml), 5-10 min, 21 0C (16).

Immunohistology. Fresh tissue was snap frozen in optimum cutting
temperature medium (Miles Laboratories, Naperville, IL). 5-,sm sec-
tions were made on a cryostat, mounted on gelatinized glass slides, and

stained using an avidin-biotin complex immunoperoxidase kit (Vec-
tor Laboratories, Burlingame, CA). The sections were counterstained
with hematoxylin.

Results

Binding of Lys-PLG to HUVEC. Upon exposure of HUVEC
to authentic Lys-PLG or Glu-PLG, binding occurred in a
dose-dependent and apparently saturable fashion (Fig. 1). As
previously described (9), Glu-PLG binding to HUVECwas
half-maximal at an input concentration of 0.54 MMand
approached saturation at concentrations of 1.5-2.5 gM. Lys-
PLG, on the other hand, although approaching saturation in
the same concentration range, achieved half-maximal binding
at an input dose of , 0.27 AM, suggesting at least a twofold
higher-affinity interaction as compared with Glu-PLG. As ap-
parent saturation was approached, the rate of change in absor-
bance (AA405 nm) in this assay increased several times more
rapidly for Lys-PLG than for Glu-PLG. This observation most
likely reflected more efficient detection of cell surface Lys-
PLG by this polyclonal antibody, since, as noted below (see
Fig. 3 and text), binding sites for Glu-PLG were two to three
times more prevalent than binding sites for Lys-PLG.

As demonstrated in Fig. 2, Lys-PLG bound rapidly to cul-
tured HUVEC, reaching a steady state at 20-30 min. Binding
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Figure 1. Interaction of Glu-PLG and Lys-PLG with HUVEC.
HUVECwere grown to confluency in plasminogen depleted medium
in 96-well plates, equilibrated to 40C, and washed three times in
IB(2) (11 mMHepes, 137 mMNaCl, 4 mMKC1, 3 mMCaC12, I
mMMgCl2, 11 mMglucose, 2 mg/ml BSA). HUVECwere then in-
cubated for 30 min with various concentrations (24 nM to 2.2 MUMin
IB[2]) of purified human Glu-PLG (o) or Lys-PLG (.). The mono-
layers were washed three times with IB(2), and fixed with 0.02%
glutaraldehyde. After three additional washes with PBS/Tween/BSA,
rabbit anti-human plasminogen conjugated to alkaline phosphatase
was added at a dilution of 1:500, and the plates incubated at 370C, 3
h. The monojayers were washed again, and binding estimated as a re-
flection of change in absorbance at 405 nmdue to hydrolysis of the p-
nitrophenylphosphate substrate. Average values for duplicate sam-
ples are shown.
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Figure 2. Time course and reversibility of Lys-PLG binding to
HUVEC. HUVEC, prepared as described in Fig. 1, were incubated at
40C with Lys-PLG, 100 jg/ml IB(2) (e) or IB(2) containing 10 mM
EACA(o). At various time points (1-60 min), wells were emptied,
washed five times rapidly (total wash time, 50 s), and fixed with di-
lute glutaraldehyde. Parallel wells (X) were washed five times and
filled with 300 ,ul of IB(2) starting at 20 min to approximate "infinite
dilution" as previously described (9). These wells were subsequently
washed three times and fixed at the indicated time points. Bound
Lys-PLG was assayed at antibody dilution 1:1,000 as described in the
legend to Fig. 1. Average values for duplicate samples are shown.

in the presence of e-aminocaproic acid (EACA) was signifi-
cantly lower than in its absence, and represented - 30% of
total binding at the input concentrations tested. Thus, - 70%
of binding could be inhibited by this lysine analogue, indicat-
ing that this proportion of binding was lysine-binding site de-
pendent. As binding approached a steady state, reversibility
was demonstrated by "infinite dilution" of the unbound li-
gand at 20 min. At this time point, - 70% of total bound
ligand dissociated over the next 40 min. In addition, isotherms
for Lys-PLG binding studies performed at 4°C and at 37°C
over a 30-min incubation were superimposable, suggesting

that little internalization of the ligand occurred over the time
frame of this experiment (not shown).

In order to more precisely determine the binding affinity
and capacity for the interaction of Lys-PLG with cultured
HUVEC, radioligand studies were performed (Fig. 3). '25I-
Lys-PLG, in a manner similar to the unlabeled ligand, inter-
acted with HUVECin a dose-dependent manner (Fig. 3 A).
Binding approached saturation at total ligand concentrations
of 1.7-2.4 1M. Scatchard analysis of the data (Fig. 3 B), indi-
cated a two-site binding system (P = 0.003) consisting of both
high4-Kd 142 pM; B. 20,000 sites per cell) and low- (Kd 120
nM; Bm. 390,000 sites per cell) affinity binding sites. Given
the expected error for this type of measurement, the Kd estab-
lished for the lower-affinity binding site (124 nM) was in good
agreement with that estimated from ELISA experiments (270
nM) depicted in Fig. 1. When radiobinding studies were re-
peated with '25I-Glu-PLG as the ligand, a single saturable site
with a Kd of 268 nM and Bm. of 854,000 sites per cell was
found. These values agree reasonably well with those obtained
previously (9), demonstrating that the binding properties of
the cells employed have not changed substantially with respect
to plasminogen binding.

To determine whether Glu-PLG and Lys-PLG might share
a common binding site on the endothelial cell surface, we
conducted "cold competition" experiments in which we com-
pared inhibition of '251-Lys-PLG binding to HUVECby excess
quantities of unlabeled Lys-PLG or unlabeled Glu-PLG (Fig. 4
A). 50% inhibition (I") of specific (EACA-inhibitable) 125j.-
Lys-PLG binding, was achieved at a molar ratio of unlabeled
Lys-PLG to labeled Lys-PLG of 1:1. In addition, maximum
inhibition (98.8%) of specific 125I-Lys-PLG binding was
achieved at 150-200-fold molar excesses of unlabeled ligand.
In this experiment, nonspecific binding (that proportion not
competed by excess cold Lys-PLG) was 26% of the total. This
indicated that essentially all EACA-inhibitable binding could
also be competed by "cold" ligand. In addition, since the I"
for this competition represented a 1:1 molar ratio, labeled and
unlabeled ligands have essentially equal affinity for Lys-PLG
binding sites on the cell surface. When unlabeled Glu-PLG

Kd1 142pM Bmaxl 20,000 sites/cell
Kd2 l2OnM Bmax2 390,000 sites/cell

0.57 1.15 1.72

Bound, ng/well

Figure 3. Binding of '25I-Lys-PLG to
HUVEC. (A) Binding isotherm. HUVEC
grown to confluency in 24-well plates in
plasminogen-depleted medium were
washed twice with IB(5) (11 mMHepes,
137 mMNaCI, 4 mMKCl, 3 mM
CaCI2, 1 mMMgCl2, 11 mMglucose, 5
mg/ml BSA). 1251-Lys-PLG (sp act 22,780
cpm/pmol), diluted in various ratios with
unlabeled Lys-PLG, was added to dupli-
cate wells (450 Al/well) and incubated,
4°C, 30 min. Unbound radioactivity
from a 100-,l aliquot was sampled before
emptying and washing each well rapidly
five times (total wash time 45 s). Bound
radioactivity was recovered in the washed
cell fraction solubilized in 500 ,l of 1%
SDS/0.5 MNaOH/0.01 MEDTA, and
counted as a 100lO aliquot. (B) Scat-
chard plot. Data were analyzed according
to the Ligand program of Munson and
Rodbard (12).

Endothelial Cell Conversion of Glutamic Acid- to Lysine-Plasminogen 1771

A
2.21

3:
N 1.87
C3

-0
n 1.49

-o
1.12

(9
-J

0.75
cn(I
>1

0.37

N

0.0178 8

0.0152 _

0.0127 -

0.0101 _

0.0076

a1)

W-

m

0.0051

0.0025

0

0



100 1251-Iys-PLG A Figure 4. Co-competition
studies for Glu-PLG and

75 0--C glu-PLG Lys-PLG binding to

*-0 lys-PLG HUVEC. (A) Inhibition of
50 '`1-Lys-PLG binding.

-> 0 HUVECin 24-well tissue
(' 25- culture dishes were pre-

._ *_ . pared as described in the
-D ,legend to Fig. 3. The cells

100o 1251-glu-PLG B were incubated at 40C with
'251-Lys-PLG (sp act

S 75-h 800,265 cpm/pmol; 23.3
nM) containing increasing

50' molar excesses (0-200) of
unlabeled Glu-PLG or Lys-

25- % _ A PLGas indicated. (B) Inhi-
bition of 125I-Glu-PLG
binding. HUVECwere in-

50 100 150 200 cubated at 40C with 1251_
Fold molar excess competitor Glu-PLG (sp act 1,008,000

cpm/pmol; 21.5 nM) con-
taining increasing molar excesses (0-200) of unlabeled Glu-PLG or
Lys-PLG. Bound '25_-lu- or '25I-Lys-PLG was quantified as de-
scribed in Fig. 3. Average values for duplicate samples are shown.

was used as the competing ligand, 50%o inhibition of specific
1251-Lys-PLG binding was achieved at a molar ratio of - 48:1
unlabeled Glu-PLG/labeled Lys-PLG. In addition, only 65%
of specific 125I-Lys-PLG binding could be inhibited by a
100-200-fold molar excess of unlabeled Glu-PLG, suggesting
that Glu-PLG represented a less effective competitor.

Fig. 4 B illustrates an analogous experiment in which un-
labeled Glu-PLG and Lys-PLG were evaluated as competitors
against '25I-Glu-PLG in its binding reaction with HUVEC.
The two forms competed equally well for specific binding sites
occupied by '25I-Glu-PLG. The competition curve for Lys-
PLGin this experiment, moreover, shows an I50 of 1.5-fold vs.
20-fold molar excess for Glu-PLG as previously reported (9),
suggesting a higher affinity of the relevant binding site for
Lys-PLG. These results suggest that Lys-PLG may be the pre-
ferred ligand for at least a proportion of plasminogen binding
sites on HUVEC.

Endothelial cell surface-mediated conversion of Glu-PLG to
Lys-PLG. When HUVECin monolayer or suspension were
incubated with authentic '25I-Glu-PLG, a new, more rapidly
migrating molecular species of - 87,000 kD was detected by
electrophoresis in 7.5 or 9.0% nonreducing SDSLaemmli gels
followed by autoradiography (Fig. 5). In a previous study (9),
we reported that '25I-Glu-PLG, upon binding to HUVEC,was
recoverable in a form which comigrated with the input mate-
rial. However, the SDS-PAGEsystem employed in those ear-
lier experiments (3.5-17% Fairbanks system under reducing
conditions) did not separate Glu- and Lys- forms. The new
protein detected in the current study comigrated with authen-
tic I25-Lys-PLG (lanes 1, 3, and 4), and also reacted with a
Lys-PLG-specific monoclonal antibody (LPm1) (4) in im-
munoblot analyses (not shown). It did not appear when 125i-
Glu-PLG was self-incubated (lane 2). The new band accounted
for 38.6±2.2% (SD, n = 3) of the recovered material by
densitometry when the experiment was performed at 4VC.
At an incubation temperature of 21'C, a larger proportion
(58.4±2.0%, SD, n = 3) of the labeled ligand was recovered as
the lower molecular mass species, suggesting that appearance

GLU-
LYS-

Figure 5. Recovery of
'251-Glu-PLG from cul-
tured HUVEC.
HUVEC,grown in 96-
well plates, were washed

1 2 3 4 5 6 twicewith 1B(2) (see
Fig. 1) and incubated
with '25I-Glu-PLG,
form 1 (sp act 266,000
cpm/pmol; 4.5 ug/well),
30 min, 4C. The cells
were then washed three
times with IB(2), and
either solubilized in 1%
SDS/0.5 MNaOH/0.0l
MEDTAor surface-
eluted with IB(2)/ I0
mMEACA. Authentic
125I-Lys-PLG (lane 1),
authentic self-incubated
125I..Glu.PLG (lane 2),
whole cell extracts
(lanes 3 and 4), and
EACAeluates (lanes S
and 6) were run on a
7.5% nonreducing
Laemmli SDSpoly-
acrylamide gel, fixed,
dried, and exposed. A
small amount of inac-
tive plasmin was
present in the authentic
Glu-PLG sample (lane
2, lower band).

of the new band was relatively temperature dependent. In time
course studies performed at 40C or at 370C, the lower molecu-
lar mass species appeared within 10 min, plateaued at - 30
min, and persisted for up to 4 h (data not shown). Neither
empty wells, nor wells coated with postculture medium pro-
duced the same effect when incubated with the ligand, demon-
strating that the reaction was not due to a soluble substance in
the medium or contaminant on the well. Regardless of
whether cells were studied in monolayer or in suspension, the
appearance of a new 87,000-kD species was consistently
noted, thus ruling out a major contribution by subendothelial
matrix, and implicating the cell surface. In addition, as shown
in Fig. 5 (lanes 5 and 6), 95% of both molecular species could
be eluted from the HUVECsurface with incubation buffer
containing 10 mMEACA. This indicated that the bulk of the
ligand was not internalized during the time frame of the ex-
periment, and that the cell-ligand interaction was lysine-bind-
ing site dependent (Fig. 5).

To determine whether binding of Glu-PLG to endothelial
cells in situ could also be associated with conversion to a Lys-
PLG-like species, umbilical vein perfusion experiments were
carried out (Fig. 6). Veins of intact, fresh umbilical cords were
cannulated, washed to remove plasma proteins, and incubated
with authentic '25I-Glu-PLG, form 1. The eluates were then
collected, and the vessels washed to remove residual protein.
In a final step, the vessels were eluted with an EACA-contain-
ing buffer. Samples were run on SDS gels and autoradio-
graphed. While the final wash material contained only Glu-
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1 2 3 4 Figure 6. Recovery of '251-Glu-PLG
from umbilical cord veins. The vein
of a segment of fresh intact umbilical
cord was rinsed with Hepes-buffered
saline (HBS; 11 mMHepes, 137 mM
NaCI, 4 mMKCI, 11 mMglucose)

with - 10 ml/cm cord length (eluant A280 < 0.005). The vessel was
filled with HBScontaining 1251I-Glu-PLG, form 1 (I69 500 cpm/
pmol; 31 nM), and incubated at 4VC, 30 min. The vein was emptied,
and washed with HBSuntil the resulting A280 reached < 0.005 (5
ml/cm). The vessel was filled with HBScontaining 10 mMEACA(1
ml/cm), and incubated at 21 'C, 10 min. The EACAeluate was col-
lected and concentrated 45-fold by ultrafiltration (Centricon-10
filter). Samples including the EACAeluate (lane 1), final HBSwash
(lane 2), standard Lys-PLG (lane 3), and standard Glu-PLG (lane 4)
were applied to a 7.5% nonreducing Laemmli gel, and processed as
described in the legend to Fig. 5.

PLG (lane 2), the EACAeluate (lane 1) contained material
which comigrated with both authentic Lys-PLG (lane 3) and
authentic Glu-PLG (lane 4). The lower molecular mass, Lys-

PLG-like species represented 34.9±1.0% (SD, n = 3) of the
total recoverable labeled material by laser densitometry. This
experiment suggests that endothelial cells in situ, like cultured
HUVEC, possess the ability to convert Glu-PLG to the lower
molecular mass form.

Since the serine protease plasmin is the major enzyme
known to convert Glu-PLG to Lys-PLG (1-3), we examined
the effect of various plasmin inhibitors on the ability of
HUVECto carry out this reaction. HUVEC, either in mono-
layer (Fig. 7 A and C) or in suspension (Fig. 7 B), were incu-
bated with 125I-Glu-PLG in the presence or absence of a variety
of inhibitors. As shown in Fig. 7 A, a variety of protease inhib-
itors including PAI (lane 3), the rapidly acting physiologic
inhibitor of both urokinase-like and tissue-type plasminogen
activators, a2-PI (lane 6), and the general serine protease in-
hibitors pancreatic trypsin inhibitor (lane 4) and i-phenylal-
anyl-L-prolyl-L-arginine chloromethylketone (PPACK) (lane
5), all failed to impede the formation of the lower molecular
weight species (lane 7). In data not shown, phenylmethylsul-
fonyl fluoride also failed to inhibit this effect. Only DFP (2.5
mM) (Fig. 7 C) blocked formation of the 87,000-kD form.

A B
1 2 3 4 5 6 7

C
12 3 4 5 1 2 3

4_~~~~w .`
RW ig ..*, iw... ...

,..^~~~~~... . ~ ~ ~ U2

Figure 7. Effect of various protease inhibitors on ligand recovery. (A)
Serine protease inhibitors. HUVECwere prepared as described in the
legend to Fig. 5, and incubated with '25I-Glu-PLG (sp act 95,790
cpm/pmol; 5.4 gg/well) in IB(5) (see Fig. 3), 30 min, 4C in the pres-
ence of the following inhibitors: PAI-1 0.44 nM (lane 3), pancreatic
trysin inhibitor 200 nM (lane 4), PPACK100 nM (lane 5), a2-PI 80
nM (lane 6), or no inhibitor (lane 7). Cells were then washed three
times with IB(5), and eluted with IB(5)/10 mMEACA. Cell surface
eluates (lanes 3-7) as well as standard 1251-Glu-PLG (lane 1) or stan-
dard '251-Lys-PLG (lane 2), were run on a 7.5% nonreducing SDS
gel, fixed, dried, and exposed. A small amount of inactive plasmin
was present in the authentic Glu-PLG sample (lane 1, lower band).
(B) Calpain inhibitors. HUVECin monolayer (- 1 X 106) were har-

vested, resuspended in four aliquots (0.25 ml), and incubated 21 °C,
30 min with 25I-Glu-PLG (1.8 Mg) alone (lane 5), or with 251I-Glu-
PLGin the presence of 1 mMiodoacetic acid (lane 3), 1 mMleupep-
tin (lane 4). Starting '251-Lys-PLG and '251I-Glu-PLG are shown in
lanes I and 2, respectively. After incubation, HUVECwere centri-
fuged at 15,000 g, 5 min, washed twice, and eluted with IB(5)/10
mMEACA(60 Ml per pellet). Samples for 9%SDSgels were pro-
cessed as described in A. (C) DFP. Monolayers of HUVEC, prepared
as in A, were incubated with '251I-Glu-PLG (1.8 Mg) in IB(5) alone
(lane 1), in the presence of DFP (2.5 mMin 1%2-propanol/IB[5J)
(lane 2), or in the presence of IB(5) containing 1% 2-propanol alone
(lane 3). HUVECeluates were prepared as described in A, and run
on 7.5% SDSgels.
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In controlling specialized cellular functions, calcium-acti-
vated proteases may be plasma membrane associated (17). We
therefore tested "calpain" inhibitors in the same experiment
(Fig. 7 B). Neither leupeptin (lane 3) nor iodoacetic acid (lane
4) demonstrated any effect on the appearance of the lower
molecular mass form, demonstrating that sulfhydryl proteases
were most likely not involved in the Glu-PLG to Lys-PLG
conversion.

Identification of Lys-PLG on endothelial surface of intact
blood vessels. Immunoblot analysis was utilized to identify
forms of plasminogen elutable with EACAfrom intact human
umbilical veins. As demonstrated in Fig. 8, PBS/EACAeluates
(lane 5) from umbilical cord veins contained two molecular
species migrating at - 87,000 and - 85,000 kD, respectively,
and comigrating with authentic '25I-Lys-PLG (lane 2). Both
species reacted with monoclonal antibody to human Lys-PLG
(LPm 1). In additional experiments in which blots were devel-
oped with polyclonal antibody (not shown), a third band of
93,000 kD and representing, by densitometry, 15-29% of the
total cross-reacting material was noted. The specificity of the
monoclonal probe is further demonstrated in this experiment
by the fact that it failed to react with either BSA(50 ng, lane 1)
or with authentic Glu-PLG (50 ng, lane 3). Non-EACA eluates
contained only a trace of immunoreactive material. It appears,
therefore, that EACAeluates of umbilical cord veins clearly
contained immunodetectable Lys-PLG which accounted for

- 71-85% of recoverable plasminogen species, the remainder
representing Glu-PLG.

In addition, frozen sections of intact vessels from a variety
of human tissues were evaluated immunohistochemically.
Lys-PLG was detected on the surface of histologically normal
human umbilical vein using the monoclonal antibody LPm1
(Fig. 9 A). The staining was localized to a rim on the endothe-
lial cell surface. Similar but less intense staining was observed

1 2 3 4 5 Figure 8. Identification of Lys-
PLGeluted from intact umbilical
veins using monoclonal LPm1. A
7.5% Laemmli SDSpolyacryla-
mide gel was loaded with 50 ng
each of the following standard
proteins: BSA, lane 1; authentic
Lys-PLG, lane 2; authentic Glu-
PLG, lane 3. Eluates were pre-
pared from fresh (< 2-h-old) in-
tact umbilical veins by washing
the vessels at 4°C with PBScon-
taining 2.5 mMDFP, and 1 mM
PMSF(PBS/DFP/PMSF) until
the A280 of the washing buffer
reached 0 (- 10 ml/cm of cord
length). Umbilical veins were then
filled with PBS/DFP/PMSF (1
ml/cm) with or without 10 mM
EACA, and incubated at 4°C, 30
min. Eluates were collected, con-
centrated (Amicon filters), and ali-

quots (90 ug of total protein per lane) applied to the gel (PBS eluate,
lane 4; PBS/EACA eluate, lane 5). Resolved proteins were blotted
onto transfer membranes which were then blocked, washed, and de-
veloped with monoclonal antibody directed against Lys-PLG (1:500),
followed by alkaline phosphatase-conjugated goat anti-mouse immu-
noglobulin (1:500).

on the endothelial cell surface of umbilical arteries. No stain-
ing was detected when the primary antibodies used were
monoclonals to human X light chains, human prothrombin, or
human albumin (not shown), or when monoclonal antibody
LPm1 was omitted (Fig. 9 B). Similar specific staining for
Lys-PLG was detected in vessels in other tissues including
renal glomeruli during rejection, inflamed tonsil, dermal capil-
laries from patients with active systemic lupus erythematosus,
and normal brain (Fig. 10 A-D), as well as other tissues. These
results suggest that Lys-PLG may be a widespread component
of the endothelial surface. Without benefit of a monoclonal
antibody specific for Glu-PLG, it was impossible to determine
whether this protein had a similar distribution on the endothe-
lium. Results from polyclonal blotting experiments referred to
above suggest that Glu-PLG may represent 15-29% of total
elutable plasminogen on normal umbilical veins.

Discussion

This study demonstrates for the first time that the human
endothelial cell surface has the capacity to convert the circu-
lating, native form of plasminogen (Glu-PLG) to its modified,
more activatable form (Lys-PLG). In addition, we have shown
that cultured HUVECcan bind Lys-PLG with high affinity
and in a saturable, reversible, and lysine-binding site-depen-
dent fashion, and that Lys-PLG is a preferred ligand for a
proportion of plasminogen-binding sites on the cell surface.
Lys-PLG has also been demonstrated on the surface of endo-
thelial cells in tissue sections stained with a specific mono-
clonal antibody (LPm 1), and Lys-PLG was also recovered in
EACAeluates from intact umbilical vessels. Thus, whereas
Glu-PLG circulates in the plasma, Lys-PLG may represent a
specialized, "preactivation" form of this zymogen which is
confined to cell surfaces.

Historically, the role of preactivation intermediates in
plasminogen activation has been controversial. Based on elec-
trophoretic and circular dichroism analyses of activation of
Glu-PLG in vitro, it was originally proposed that activation in
vivo might involve the formation of N-terminal lysyl or methi-
onyl forms of the molecule (1, 18, 19). More recently, how-
ever, with the availability of a Lys-PLG specific monoclonal
antibody, neither Lys-PLG nor Lys-plasmin-antiplasmin
complexes could be detected in the plasma of normal subjects,
although three of seven patients undergoing thrombolytic ther-
apy with tissue plasminogen activator had circulating Lys-
plasmin-antiplasmin (4). Our data suggest that formation of
the preactivation intermediate Lys-PLG may be physiologic in
a compartment confined to the vessel wall, and we hypothesize
that an endothelial cell serine protease may mediate this event.

Previous studies have shown that human Glu-PLG, the
native, circulating form, binds specifically and with high affin-
ity to cultured HUVEC(9), at a site possibly related to cell-
surface gangliosides (20). The present study now indicates by
both ELISA (Fig. 1) and radioligand experiments (Fig. 3) that
Lys-PLG also binds to these cells in a dose-dependent and
saturable fashion. Binding reached a steady state at 20-30 min
at which time 70% of binding, the same proportion inhibit-
able in the presence of the lysine analogue EACA, was revers-
ible by "infinite dilution" of unbound ligand. Binding was
therefore subject to a dynamic equilibrium, and thus suitable
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Figure 9. Immunohistochemical identification of Lys-PLG in frozen tissue sections of human umbilical cord veins using monoclonal LPm1.
(A) Dense staining of the endothelial surface. (B) No primary antibody control. No staining is observed. X 530.

for Scatchard analysis, which demonstrated the presence of
two discrete saturable sites.

The present data indicate, furthermore, that Lys-PLG may

represent a preferred ligand for a proportion of plasminogen
binding sites on the cell surface. In cold competition studies,
Lys-PLG proved to be a far better competitor of '251I-Lys-PLG
binding than Glu-PLG (Fig. 4 A). The I50 for Glu-PLG (48-fold
excess) was -1/2 log orders higher than that for Lys-PLG

(equimolar), suggesting much higher affinity of these sites for
Lys-PLG as opposed to Glu-PLG. Lys-PLG was also at least as

effective a competitor as Glu-PLG for 125I-Glu-PLG binding
sites with 150 values suggesting a higher affinity for these sites
(Fig. 4 B). Formal binding data (Fig. 3) corroborate this find-
ing since the dissociation constant for the major Lys-PLG site
(120 nM) is two- to threefold lower than that previously deter-
mined for Glu-PLG (310 nM) (9).

Our studies clearly demonstrate that cultured endothelial
cells (Fig. 5) and endothelial cells in situ (Fig. 6) have the
capacity to convert Glu-PLG to Lys-PLG. This effect was

rapid and temperature dependent, suggesting a discrete cata-
lytic event. Since the formation of Lys-PLG from Glu-PLG
could be inhibited by the serine protease inhibitor DFP, we

have postulated that this reaction is carried out by a serine
protease with Lys-Lys specificity. Although plasmin remains a

possible contender, we have been unable to inhibit the con-

version with several agents known to inhibit fluid phase plas-

min, including a2-PI, PPACK, and leupeptin (Fig. 7). Al-
though plasmin associated with group A streptococci was in-
sensitive to a2-PI, it was inhibited by aprotinin or PPACK
(21). Similar active site protection from physiologic inhibitors
has also been reported for sperm-associated ram seminal acro-

sin (22), macrophage-associated urokinase (23, 24), fibrin-as-
sociated plasmin (25), and HUVEC-bound tissue plasminogen
activator (10), thus raising the question of whether a protected
form of plasmin could be the catalytic agent.

Cell surface binding sites for fibrinolytic proteins are ubiq-
uitous in nature (26, 27). Urokinase is found in association
with fibroblasts (28, 29), the monocytoid cell line U937 (30,
31), the epidermoid cell line A431 (32, 33), mouse spermato-
zoa (34), and mouse erythroleukemia cells (35). Tissue plas-
minogen activator binds to HUVEC(10), and plasmin has
been reported to bind to cultured mini-pig aortic endothelial
cells (36), and has also been found by immunofluorescence on

various tumor cells (37, 38). Glu-PLG interacts with platelets
(39, 40), U937 cells and fibroblasts (41), and monocytes, gran-
ulocytes, and lymphocytes, but not erythrocytes (42). Plas-
minogen has also been found by immunofluorescence in asso-

ciation with capillary endothelium (37).
Nonfibrinolytic cell surface serine proteases may also serve

to regulate specialized cellular functions in a variety of sys-
tems. Trypsinlike proteases present in rat liver plasma mem-

branes (43) and human erythrocyte membranes (44) may be
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involved in membrane processing. "Memsin" in plasma
membranes of Walker 256 carcinosarcoma cells promotes
their invasiveness (45). Membrane-bound acrosin on capaci-
tated spermatozoa permits penetration of the zona pellucida
during fertilization (22).

In addition to showing that HUVECcan convert Glu-PLG
to a species that comigrates with Lys-PLG, we have also dem-
onstrated Lys-PLG on the surface of intact umbilical veins and
on the endothelium from vessels in a variety of tissues. Im-
munoblot analyses of EACAeluates from umbilical veins
show a doublet that comigrates with authentic Lys-PLG
(forms 1 and 2) and which reacts with a monoclonal antibody
(LPm 1) specific for Lys-PLG (Fig. 8). Similar experiments
with polyclonal antibody showed a third cross-reacting band
that comigrated with Glu-PLG, suggesting that a small per-

Figure 10. Immunohistochemical identifica-
tion of Lys-PLG in frozen tissue sections
using monoclonal antibody LPm1. (A) Glo-
merulus from chronically rejected kidney.

# (B) Blood vessel in tonsillar capsule. (C)
Capillary in skin from patient with systemic
lupus erythematosus. (D) Blood vessel in
biopsy specimen of normal brain. X 875.

centage (15-29%) of elutable plasminogen exists in the Glu-
form as well. These data were corroborated by immunohisto-
chemical studies which unequivically show Lys-PLG confined
to the vascular endothelium in a variety of normal and in-
flamed tissues (Figs. 9 and 10). Relatively small amounts of
Glu-PLG were also detected in umbilical cord eluates, but
without benefit of a monoclonal antibody specific for Glu-
PLG, we cannot yet delineate the exact tissue distribution of
this form of the zymogen.

Taken together, these as well as previous (9) data support
the hypothesis that HUVECcan bind circulating Glu-PLG
and convert it to Lys-PLG by virtue of a serine protease
present on the cell surface. Once Lys-PLG is formed, it appears
to become a preferred ligand for plasminogen binding sites.
Since Lys-PLG is the more activatable form of plasminogen,
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the net effect would be to enhance the fibrinolytic potential of
the endothelial cell surface. Plasminogen activators, especially
tissue plasminogen activator, also bind to the surface of
HUVEC, retaining their catalytic activity (10). Since tissue
plasminogen activator is synthesized and secreted by endothe-
lial cells (46-48), local concentrations of tissue plasminogen
activator may be sufficient to saturate high-affinity tissue plas-
minogen activator receptors and perhaps lower-affinity recep-
tors as well. Thus, the potential to generate catalytic quantities
of plasmin, would exist. Plasmin could then serve a dual role,
promoting formation of Lys-PLG as binding occurs, and
guarding against vessel occlusion during thrombogenic states.
Such a mechanism would be even more important during in-
flammatory states where thrombosis is a frequent event. A
similar mechanism might also apply in extravascular systems
since recent data from this laboratory demonstrate binding
and activation of Lys-PLG on macrophages (49). The endothe-
lium, thus, by virtue of its immense surface area (50), repre-
sents a vast reservoir of localized fibrinolytic proteins, and the
assembly of these proteins on the cell surface most likely pro-
vides a key protective mechanism against abnormal clotting.
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