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Abstract

The urokinase receptor (uPAR) binds urokinase-type plas-
minogen activator (u-PA) through specific interactions with
uPAR domain 1, and vitronectin through interactions with
a site within uPAR domains 2 and 3. These interactions pro-
mote the expression of cell surface plasminogen activator
activity and cellular adhesion to vitronectin, respectively.
High molecular weight kininogen (HK) also stimulates the
expression of cell surface plasminogen activator activity
through its ability to serve as an acquired receptor for
prekallikrein, which, after its activation, may directly acti-
vate prourokinase. Here, we report that binding of the
cleaved form of HK (HKa) to human umbilical vein endo-
thelial cells (HUVEC) is mediated through zinc-dependent
interactions with uPAR. These occur through a site within
uPAR domains 2 and 3, since the binding of *’I-HKa to
HUVEC is inhibited by vitronectin, anti-uPAR domain 2
and 3 antibodies and soluble, recombinant uPAR (suPAR),
but not by antibody 7E3, which recognizes the 3 chain of the
endothelial cell vitronectin receptor (integrin o,B;), or fi-
brinogen, another «,(3; ligand. We also demonstrate the for-
mation of a zinc-dependent complex between suPAR and
HKa. Interactions of HKa with endothelial cell uPAR may
underlie its ability to promote kallikrein-dependent cell sur-
face plasmin generation, and also explain, in part, its anti-
adhesive properties. (J. Clin. Invest. 1997. 100:1481-1487.)
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Introduction

In the presence of zinc ions, high molecular weight kininogen
(HK)'! binds to endothelial cells specifically, saturably, and re-
versibly, with a K, of 28-35 nM and B, of 0.9-3.2 X 10° sites
per endothelial cell (1-4). Cell-associated HK, or its cleaved,
two-chain form, HKa, can serve as an acquired endothelial cell
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receptor for plasma prekallikrein or Factor XI (5-7), the latter
of which is converted to Factor XIa by Factor XIla, allowing
the assembly and expression of an intrinsic Factor IX activator
complex on endothelial cells (5). Prekallikrein bound to HK is
converted to kallikrein on the endothelial surface (8), subse-
quently liberating bradykinin from HK and resulting in the
generation of HKa (9). Bradykinin binds to endothelial B2 re-
ceptors (10), and may stimulate endothelial cell hyperpolariza-
tion (11), as well as the synthesis and release of prostacyclin
(12), superoxide anion (13), tissue plasminogen activator (14),
and nitric oxide (15). In comparison to HK, relatively little at-
tention has been devoted to characterization of the binding of
HKa to cells, though data from one report suggested that only
~ 25% as much HKa as HK specifically bound to endothelial
cells (16). Whether these differences result from different af-
finities of these species for a single receptor, or binding to dif-
ferent receptors, has not been determined.

Structural determinants on HK which mediate its binding
to endothelial cells have been described. HK is composed of
six defined domains, denoted D1-D6 (17). The release of
bradykinin (D4) results in the generation of HKa, which con-
sists of an NH,-terminal 65-kD heavy chain composed of three
cystatin-like domains (D1, D2, and D3), and a COOH-termi-
nal 56-kD light chain containing a histidine-glycine-lysine-rich
domain (DS) and a prekallikrein and Factor XI binding do-
main (D6). Endothelial cell binding sites reside on both the
heavy and light chains (18). One site on D3 (19), near the car-
boxy terminus of the heavy chain, has been localized to a 13—
amino acid sequence containing a disulfide loop (20), while a
second high-affinity binding site, located on D5 of the light
chain (21), is essentially identical to one of the two sites which
mediate the binding of HK to anionic artificial surfaces (22,
23). Additionally, a low-affinity site on D4 overlaps with the
bradykinin sequence (16). The absence of this region in HKa
has been suggested as a potential explanation for the differ-
ences in binding of HK and HKa to endothelial cells (16).

Through its ability to bind urokinase and focus the expres-
sion of cell surface plasminogen activator activity to discrete
sites on the cell surface, the urokinase-type plasminogen acti-
vator receptor (UPAR) facilitates the generation of cell surface
plasminogen activator activity (24, 25). This receptor plays a
central role in diverse processes involving cellular migration,
including angiogenesis (26, 27), formation of the placental vas-
culature after embryo implantation (28), tumor metastasis
(29), and the migration of leukocytes into inflammatory foci.

1. Abbreviations used in this paper: HK, high molecular weight kinin-
ogen; HKa, cleaved, bradykinin-free HK; HUVEC, human umbilical
vein endothelial cells; GPI, glycosylphosphatidylinositol; PA, plasmin-
ogen activator; PI-PLC, phosphatidylinositol-specific phospholipase
C; suPAR, a soluble recombinant form of uPAR; uPAR, urokinase-
type plasminogen activator receptor.
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The uPAR is a glycosylphosphatidylinositol (GPI)-linked pro-
tein consisting of three domains (30, 31). The NH,-terminal
domain, D1, at least when contained within the intact receptor,
mediates high-affinity binding of pro- or two-chain urokinase
(32-34), while domains 2 and 3 contain a binding site for, and
mediate cellular adhesion to, vitronectin (35, 36).

In this report we demonstrate that the urokinase receptor
mediates the binding of HKa to cultured human umbilical vein
endothelial cells (HUVEC). HKa binds to a site within do-
mains 2 and 3 of uPAR which is identical to or nearby that
which mediates the binding of vitronectin. We also demon-
strate that endothelial cell o,B; is not a receptor for HKa.
These observations provide a potential explanation for the dif-
ferent binding properties of HKa and HK to endothelial cells
(16), as well as the ability of HK to inhibit endothelial cell ad-
hesion to vitronectin (37) and promote the expression of plas-
minogen activator activity on the endothelial cell surface (8).

Methods

Human fibrinogen, HK, and HKa were purchased from Enzyme Re-
search Laboratories (South Bend, IN). Fibrinogen was homogeneous
as judged by SDS-PAGE, and was plasminogen-free and > 95% clot-
table. HKa and prourokinase were radiolabeled with '»I-Na (ICN
Pharmaceuticals, Irvine, CA) using Iodogen or ITodobeads, respec-
tively (Pierce Chemical Co., Rockford, IL) (38). The specific radioac-
tivity of HKa, which retained > 95% of its procoagulant activity, var-
ied from 0.5 to 1.5 mCi/pg. Vitronectin was obtained from GIBCO
BRL (Gaithersburg, MD). A monoclonal antibody to the integrin 3,
chain, which inhibits vitronectin binding to «,B;, the primary endo-
thelial cell vitronectin receptor, as well as the binding of fibrinogen to
its receptor on platelets (ouy,B3), was kindly supplied as purified IgG
by Dr. Barry Coller (Mt. Sinai Medical School, New York).

Expression of soluble recombinant uPAR (suPAR). Human suPAR
cDNA (encoding aa 1-281 with the signal peptide) was prepared
from U937 cells by RT-PCR and cloned into pDEMp, an expression
vector for murine hybridoma cells. This vector was transfected into
the murine hybridoma cell line Sp2/0 and the clones were selected by
growing the cells in DMEM containing 10% FBS and increasing con-
centrations of methotrexate (150 nM to 1 uM). The concentration of
suPAR secreted into the medium was determined by ELISA (Ameri-
can Diagnostica, Greenwich, CT). Large scale expression was accom-
plished by growing the stably transfected cells in spinner flasks con-
taining serum-free medium (Gibco Laboratories, Grand Island, NY).
Media from large scale cultures (100 liters, 2040 mg suPAR/liter)
were obtained on day 8 after seeding, stabilized with protease inhibi-
tors (5 mM EDTA, 100 pM PMSF, 5 uM aprotinin, 5 uM leupeptin),
concentrated, and stored at —70°C until purified.

To isolate suPAR, pro-uPA (500 mg) was immobilized on CNBr-
agarose, and equilibrated with PBS containing 10 uM EDTA. Con-
centrated medium (200 ml) was applied to the column, which was
then sequentially washed with PBS, PBS containing 1 M KCl, and
PBS alone until the Ay, of the flow-through returned to 0. suPAR
was then eluted using 0.2 M glycine, pH 3.0. The eluted protein was
gel-filtered on Sephacryl S-300 (Pharmacia, Piscataway, NJ), and mi-
grated as a single band between 35 and 45 kD on SDS-PAGE.

Production of uPAR domain 2 and 3—specific polyclonal antibod-
ies. suPAR was cleaved using chymotrypsin (5,000:1 molar ratio) for
24 h at 4°C, as previously described (32). The uPAR domain 1 was
separated from domains 2 and 3 (aa 88-281) using Sephadex-G50
equilibrated with PBS. Further purification of each domain was
achieved using C8 reverse-phase chromatography, with a linear gradi-
ent of 0-70% acetonitrile/0.1% TFA over 60 min. Purified uPAR do-
mains 1, 2, and 3 were then used to generate domain-specific poly-
clonal antibodies in rabbits. Immunoglobulins were isolated from the
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serum of immunized rabbits by ammonium sulfate precipitation, fol-
lowed by affinity chromatography on a suPAR-Sepharose column.

Isolation and culture of endothelial cells. HUVEC were isolated
as described (39, 40), and cultured in medium 199 containing 10%
FBS, 100 pg/ml endothelial cell growth factor [purified as described
by Maciag (41)], 2 mM glutamine, and penicillin-streptomycin (Me-
diatech, Herndon, VA). All studies were performed using HUVEC
of passage 3 or less. Before binding studies, cells were released from
culture dishes using trypsin-EDTA (Mediatech), then replated and
cultured until confluent in fibronectin-coated 96-well Immulon II
plates (Dynatech, McLean, VA), which caused less nonspecific bind-
ing of '»I-HKa than standard 96-well polystyrene tissue culture
plates. At confluence, each well of the 96-well plate contained a mean
of 35,000£5,000 cells per well. In selected experiments, HUVEC
were preincubated at 37°C with 1 U/ml phosphatidylinositol-specific
phospholipase C (PI-PLC; Sigma, St. Louis, MO) which cleaves the
glycophosphatidylinositol linkage of uPAR to the cell membrane, for
2 h before binding experiments. The efficacy of uPAR release after
PI-PLC treatment was confirmed by measuring the specific binding
of »I-prourokinase to control and PI-PLC-treated cells.

Binding of '*I-HKa and '*I-prourokinase to endothelial cells.
After achieving confluence, HUVEC were chilled to 4°C. Condi-
tioned medium was then removed, and the cells were preincubated
for 20 min in cold Hepes buffer (10 mM Hepes, 137 mM NaCl, 4 mM
KCl, 11 mM glucose, 0.5 mg/ml fatty acid—free BSA, and 1 mM CaCl,,
pH 7.35) containing (for total binding) or lacking (for nonspecific
binding) 50 uM ZnCl,. The binding of '*I-HKa, diluted in 100 ul of
Hepes buffer (in the absence or presence of 50 pM ZnCl,), to individ-
ual wells of HUVEC was then determined. After a 60-min incubation
period, the concentration of “free” ligand in each well was deter-
mined by measuring the radioactivity in a 10-ul aliquot of the binding
solution, and the cell-associated radioactivity by solubilizing the cells
in 150 pl of 1% SDS after washing twice with Hepes buffer. Specific
binding was defined as the difference between total and nonspecific
(no added ZnCl,) binding. Data obtained in preliminary studies
agreed with those of previous reports (1-4), in which it was observed
that the binding of '»I-HKa in the absence of ZnCl, and in the pres-
ence of a 50-fold molar excess of HKa, was equivalent, and hence
representative of nonspecific binding. In selected studies, the effects
of specific antibodies or other putative inhibitors of '>I-HKa binding
to cells were assessed by preincubating cells for 60 min with the test
reagent before addition of '*I-HKa. Specific inhibitors which were
tested included fibrinogen (0-3,500 nM), vitronectin (0-180 nM),
mADb 7E3 (0-2,000 nM), prourokinase (0-500 nM), and soluble uroki-
nase receptor (0-600 nM). Total or specific binding for each experi-
ment is expressed as picomoles of HKa bound, normalized per 10°
cells. For studies in which the effects of competitors on the binding of
a fixed concentration of 'I-HKa were assessed, the data are ex-
pressed as percentage of the original ligand bound in the absence of
competitor.

The binding of '»I-prourokinase to endothelial cells was deter-
mined in a similar manner, though these studies were performed in
PBS containing 1% BSA, with nonspecific binding determined in the
presence of a 100-fold molar excess of unlabeled prourokinase, as
previously described (42).

Demonstration of a '*I-HKa-suPAR complex by gel filtration.
G-200 Superfine Sepharose (Pharmacia) was packed in a 0.9 X 60 cm
polystyrene column. The gel was equilibrated in a buffer consisting of
0.01 M Hepes, 0.137 M NaCl, 0.004 M KCl, 0.011 M glucose, 0.001 M
CaCl,, and 50 pM ZnCl,, pH 7.35 (equilibration buffer). Mixtures of
125T-labeled HKa or HK (65-75 nM) and unlabeled suPAR or suPAR
domains 2 and 3 (1 wM) were incubated for 60 min at room tempera-
ture in the equilibration buffer containing 500 pwg/ml BSA, used as a
carrier protein. To determine whether complex formation between
test proteins was zinc dependent, control experiments were per-
formed in an identical manner, but with ZnCl, omitted from the
equilibration buffer. To confirm that complex formation was not due
to the association of '*I-HKa with BSA, control experiments were



performed in which prourokinase (550 pg/ml) was substituted for
BSA as a carrier protein. After the 1-h incubation, chromatography
was performed at room temperature with a stable upward flow rate of
4 ml/h, maintained using a P-1 peristaltic pump (Pharmacia). 0.5-ml
fractions were collected in an LKB 2112 Redirack fraction collector
and analyzed for radioactivity after their collection.

The elution volume of '»I-labeled HKa or HK is expressed as the
Kav, which represents the fraction of the stationary gel volume avail-
able for diffusion of a given solute species. As defined by Ackers (43),
Kav = Ve — Vo/Vt — Vo, where Ve is the elution volume of the sam-
ple, Vt is the total volume of the packed bed, and Vo is the void vol-
ume of the column, determined by measuring the elution volume of
125T-labeled fibrinogen in independent experiments. The significance
of differences in the Kav for '*I-HKa or 'I-HK under differing ex-
perimental conditions was determined using the Student’s ¢ test for
paired samples.

Results

Evaluation of the endothelial cell vitronectin/fibrinogen re-
ceptor (a,B3) as an HKa binding site. Under our experimen-
tal conditions, the binding of HKa was linear over a concentra-
tion range of 10-80 nM, with nonspecific binding (determined
in the absence of ZnCl,) constituting < 20% of total binding.
Therefore, we selected an HKa concentration of 70 nM to use
in competitive binding studies in order to detect concentra-
tion-dependent inhibition of binding. Since HK had been
shown previously to bind to a3, (Mac-1), a neutrophil integ-
rin receptor which binds fibrinogen (5), we initially postulated
that a related receptor on endothelial cells, o,; (44), might
also function as a receptor for HKa. To address this hypoth-
esis, we assessed the ability of vitronectin to compete with
I2I-HKa for binding to HUVEC. We observed that over a
concentration range of 20-175 nM, vitronectin competitively
inhibited the binding of 70 nM »I-HKa (Fig. 1), with complete
inhibition obtained at a concentration of 150 nM. These results
were consistent with inhibition of binding of '*I-HKa to o,
by vitronectin. To further investigate this hypothesis, we deter-
mined whether fibrinogen, another «,; ligand, also inhibited
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Figure 1. '"»I-HKa binding to HUVEC in the presence of increasing
concentrations of vitronectin. Mixtures of '*I-HKa (70 nM) and vari-
ous concentrations of vitronectin (0-175 nM) were incubated with
HUVEC for 60 min at 4°C and binding was measured as described in
Methods. Total (open circles), nonspecific (open squares), and spe-
cific (filled circles) binding are depicted. Each data point represents
the mean=SD of triplicate determinations. This figure is representa-
tive of three experiments performed.

Table I. Effect of Fibrinogen, mAb 7E3, and Prourokinase on
Binding of '"*I-HKa to HUVEC

mAb 7E3 (A) and

Fibrinogen control mouse IgG (B) Prourokinase
Conc Conc % control % control Conc
(nM) % control (nM) (A) (B) (nM) % control
0 100£17 0 100£19 100£25 0 10020
140 84+15 133 10617 10427 50 136x13
420 90+16 533 10121 10725 100 104+14
560 919 933 9821 117+£35 200 119+6
910 88*6 1333 11625 91+£25 300 123+11
1400 9611 1600 11920 85+24 500 88+9
3500 107£30 2000 60x10 97+12

Data represent the mean=SEM of triplicate points of at least two exper-
iments, and are depicted as the percent binding relative to that in the ab-
sence of the test protein. Conc, concentration.

the binding of HKa to HUVEC. Despite the fact that '>I-fibrin-
ogen bound to endothelial cells saturably over a range of 50—
400 nM (not shown), unlabeled fibrinogen did not inhibit the
binding of 70 nM »I-HKa to HUVEC, even at concentrations
up to 3,500 nM, a 50-fold molar excess relative to the concen-
tration of '>I-HKa (Table I).

Since these results did not support the hypothesis that '>I-
HKa bound to «,f;, we further investigated the potential in-
teractions of HKa with this receptor by determining whether
mAb 7E3, which is directed to the B;integrin chain and inhib-
its the binding of fibrinogen and vitronectin to o,f;, inhibited
the binding of '»I-HKa to HUVEC. We observed that 7E3 did
not significantly inhibit the binding of '*I-HKa to HUVEC,
even at concentrations up to 2,000 nM (a 29-fold molar excess)
(Table I). Thus, the results of these latter experiments sug-
gested that the observed inhibition of '»I-HK binding to
HUVEC was mediated through interactions with a receptor
distinct from o, 3;.

Binding of HKa to the endothelial cell urokinase receptor.
Previous studies have demonstrated that in addition to «,f3;,
vitronectin binds to the urokinase receptor at a site contained
within domains 2 and/or 3 of uPAR (35, 36). This site is func-
tionally distinct from uPAR domain 1, which binds pro- and
two-chain urokinase (32, 33). Since uPAR are expressed by
HUVEC (45-47), we hypothesized that the observed inhibi-
tion of HKa binding to these cells might involve interactions
with this alternative vitronectin binding site. To address this is-
sue, we first determined whether prourokinase affected the
binding of I-HKa to endothelial cells. Consistent with our
hypothesis that HKa did not interact with domain 1 of uPAR,
we observed no inhibition of its binding to endothelial cells by
prourokinase, even at prourokinase concentrations of up to
500 nM (Table I). Next, we determined whether the binding of
12I.-HKa to HUVEC was inhibited by affinity-purified poly-
clonal antibodies raised against domains 2 and 3 of uPAR.
These antibodies blocked the binding of 70 nM '»I-HKa to
HUVEC in a concentration-dependent manner (IGy, = 180
nM), with essentially complete inhibition achieved at an anti-
body concentration of 700 nM (~ 100 pg/ml) (Fig. 2). No inhi-
bition of *I-HKa binding to HUVEC was caused by similar
concentrations of nonimmune rabbit IgG. These observations
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Figure 2. '®I-HKa binding to HUVEC in the presence of increasing
concentrations of rabbit polyclonal antibody specific to domains 2
and 3 of uPAR. HUVEC were incubated with various concentrations
of anti-D2+D3 antibody (0-1,500 nM) or control rabbit IgG for 30
min at 4°C before the addition of 70 nM '*I-HKa. Incubation was
continued for an additional 60 min, and binding measured as de-
scribed in Methods. Total binding in the presence of 50 uM ZnCl,
(filled circles); nonspecific binding in the absence of ZnCl, (open cir-
cle); total binding in the presence of control antibody and 50 uM
ZnCl, (triangle pointing down); nonspecific binding in the presence of
control antibody, in the absence of ZnCl, (triangle pointing up). The
data represent the mean*SD of triplicate points from a single experi-
ment representative of two performed.

suggested that HKa bound to a site within domains 2 and 3 of
uPAR which was identical or closely apposed to the site which
mediates the binding of vitronectin (35, 36).

To further address this possibility, we determined whether
suPAR, containing amino acids 1-281 of the native receptor
(truncated 2 amino acids NH,-terminal to the GPI linkage
site), inhibited the binding of '»I-HKa to HUVEC. We ob-
served that preincubation of 70 nM '»I-HKa with suPAR, in
the presence of 50 uM ZnCl, reduced its subsequent binding
to HUVEC by 85% (Fig. 3). The IC, for this interaction was
80 nM. These observations further support the hypothesis that
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Figure 3. '»I-HKa binding to HUVEC in the presence of increasing
concentrations of suPAR. Mixtures of '*I-HKa (70 nM) and various
concentrations of suPAR (0-600 nM) were preincubated at room
temperature for 60 min, then chilled to 4°C. The mixtures were then
added to HUVEC and incubated for 60 min at 4°C. Binding was mea-
sured as described in Methods. Total binding in the presence of 50 pM
ZnCl, (filled circles); nonspecific binding in the absence of ZnCl,
(open circle).
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HKa interacts directly with uPAR, probably with 1:1 stoichi-
ometry.

Effect of preincubation of endothelial cells with PI-PLC on
binding of '*I-HKa. The urokinase receptor is a GPI-linked
protein, and previous studies have demonstrated that this re-
ceptor can be released from cell surfaces by treatment with PI-
PLC (31). Therefore, to further assess the role of uPAR in
binding of '»I-HKa, we measured binding after preincubation
of HUVEC with PI-PLC. The specific binding of '>*I-prouroki-
nase was measured in parallel to determine the efficiency of
uPAR release.

Pretreatment of HUVEC with PI-PLC caused an 87% re-
duction in the specific binding of '»I-prourokinase, as ex-
pected. A parallel reduction was observed in the specific bind-
ing of 1»I-HKa to the treated cells, although its magnitude was
slightly less than that observed for '®I-prourokinase binding
(Fig. 4).

Demonstration of complex formation between HKa and
uPAR domains 2 and 3. To this point, our studies suggested
that HKa bound directly to a site within domains 2 and 3 of
endothelial cell uPAR. To further confirm this hypothesis,
we determined whether HKa and suPAR interacted directly in
a cell-free system. Gel-sieving chromatography, a method pre-
viously used to demonstrate the complexation of HK with
kallikrein (1478), was used to illustrate the formation of com-
plexes between HKa and suPAR. Incubation of 65 nM »I-
HKa (M, ~ 120,000) with 1 pM suPAR (M, ~ 55,000), in the
presence of 50 uM ZnCl,, led to the formation of a high molec-
ular weight complex which eluted near the void volume of the
column (Table II). The Kav for this complex was 0.167=0.008,
and was significantly different from that of HKa alone,
whether measured in the absence (0.218+0.013) or presence
(0.232+0.006) of ZnCl,. The zinc dependence of this complex
was confirmed by the observation that the formation of a high
molecular weight complex between 'I-HKa and suPAR did
not occur in the absence of ZnCl, (Kav 0.218+0.013). Further-
more, formation of the complex was not due to nonspecific as-
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Figure 4. Effect of PI-PLC treatment on the binding of '*I-HKa and
125I-proUK to HUVEC. Cells were preincubated with 1 U/ml of PI-
PLC as described in Methods. The total and nonspecific binding of
each of the radiolabeled ligands to control and PI-PLC-treated cells
was then determined, and the specific binding, displayed in the figure,
was calculated. These data represent the mean=SEM of quadrupli-
cate points from a single experiment representative of three per-
formed.



Table II. Analysis of HK (a)-uPAR Complex Formation by
Gel Filtration

Condition Kav* n Pt
1 HKa + Zn** 0.232+0.006 5
2 HKa + Zn?' + suPAR 0.167+0.008 6 < 0.001 (vs. 1)
3 HKa — Zn>* 0.218*0.013 4
4 HKa — Zn>* — suPAR 0.212+0.001 3 0.695 (vs. 3)
0.007 (vs.2)
5 HKa + Zn?* (proUK)* 0.223 1
6 HKa + Zn>* + suPAR (proUK) 0.170 2 0.829 (vs.2)
7 HK + Zn** 0.266 1
8 HK + Zn?>' + suPAR 0.271 2
9 HK — Zn** 0.234 2
10 HK — Zn?* + suPAR 0.223+0.006 3

*Kav (defined in Methods) is depicted as the mean=SEM of n experi-
ments. $ProUK depicts experiments in which prourokinase (550 p.g/ml)
was substituted for BSA as a carrier protein. ¥ P values were derived us-
ing the Student’s ¢ test for paired samples.

sociation of HKa with the BSA carrier protein, since complex
formation was not observed in the absence of suPAR and
ZnCl,, regardless of whether BSA or prourokinase was used as
the carrier protein. Complex formation also did not occur
when uncleaved '®I-HK was substituted for '*I-HKa, further
demonstrating the specificity of the interaction between suPAR
and HKa (Table II). Finally, a high molecular weight complex
with a Kav similar to that of the HKa—suPAR complex was ob-
served after incubation of '*I-HKa with isolated uPAR do-
mains 2 and 3, demonstrating that the structural information
necessary for HKa binding is contained within this region of
the receptor (Fig. 5).
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Figure 5. Gelfiltration chromatography of HKa and suPAR domains
2 and 3. G-200 Sepharose Superfine was packed into a 0.9 X 60 cm
polystyrene column and equilibrated with a buffer containing 50 pM
ZnCl, (see Methods). A stable flow rate of 4 ml/h was maintained in
an upward direction using a P-1 peristaltic pump (Pharmacia). A
150-p1 volume of each sample was injected, and 0.5-ml fractions were
collected from the time of injection. Symbols are as follows: open
squares, 340 nM '®I-suPAR; open circles, 18 nM '»I-HKa; and filled
circles, 18 nM 'I-HKa + 7.2 uM suPAR domains 2 and 3. The void
volume was determined using '*I-labeled fibrinogen.

Discussion

The binding of HK and HKa to endothelial cells has been ap-
preciated for many years, although the cellular binding sites
which mediate these interactions have not been identified. The
studies described above suggest that at least one such binding
site for the latter is the urokinase receptor. This conclusion is
based on several observations. First, the binding of 'I-HKa to
endothelial cells was inhibited by vitronectin, suggesting that
HKa and vitronectin compete for the same binding site on the
endothelial cell surface. One site to which both of these ligands
might bind is the vitronectin receptor «,3;. However, the bind-
ing of HKa to endothelial cells was not inhibited by either a
known «,; ligand, fibrinogen, or a specific anti-3; integrin
monoclonal antibody known to inhibit vitronectin binding to
o, 33, suggesting that the vitronectin receptor does not mediate
the binding of HKa to endothelial cells. In contrast, the bind-
ing of 'I-HKa to endothelial cells was inhibited by both poly-
clonal antibodies raised against domains 2 and 3 of the uroki-
nase receptor, as well as the recombinant, soluble receptor
itself. Furthermore, the binding of HKa to HUVEC was re-
duced after pretreatment of cells with PI-PLC, which releases
the GPI-linked uPAR from the cell surface. These observa-
tions suggest a direct interaction of HKa with a binding site
within domains 2 and 3 of uPAR, which is likely identical to
that previously shown to mediate the binding of vitronectin
(35, 36). This hypothesis is strengthened by the demonstration
of a zinc-dependent interaction between '¥I-HKa and both
suPAR and uPAR domains 2 and 3 in a cell-free system, as ev-
idenced by an increase in molecular size (decreased Kav) on
gel filtration (Table II). Of interest is the fact that we were un-
able to demonstrate the formation of a complex between '>I-
labeled HK and suPAR. This observation suggests that un-
cleaved HK does not bind to uPAR, or does so less avidly than
HKa, with the lower affinity complex dissociating during gel
filtration. Consistent with the results of previous studies that
demonstrated, using circular dichroism (48) and electron mi-
croscopy (49), that HK undergoes extensive conformational
change upon its activation to HKa, it is notable that the appar-
ent molecular size of HK, as assessed by gel filtration, differed
from that of HKa (Table II). Such considerations make it plau-
sible that the primary endothelial receptor for HK may be a
protein other than uPAR. After the activation of cell bound
HK to HKa, the latter might then bind with greater affinity to
the urokinase receptor.

Recently, Herwald et al. (50) isolated a protein from
EAHY cells, identified as the gClq receptor, which bound to
immobilized HK (51). Joseph et al. (52) have also demon-
strated that this protein serves as a binding site for HK on
HUVEC. The latter, but not the former, group reported that
the binding of HK to the gC1g-R was zinc dependent (52), and
also that the binding of »I-labeled HK to HUVEC could be
inhibited by selected antibodies raised against this protein, al-
though Clq itself did not compete for binding. The relation-
ship between this binding site and uPAR is uncertain. HK ap-
pears to have different receptors on different cell types; for
example, it binds in a zinc-dependent manner to Mac-1
(CD11b/CD18) on neutrophils (53) and glycoprotein Ib on un-
activated platelets (54). On activated platelets, HK binds to
cell-associated thrombospondin, released from a-granules af-
ter platelet activation, although zinc dependence of this inter-
action has not been demonstrated (55).
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The inability of pretreatment of HUVEC with PI-PLC to
reduce the binding of HKa to the same extent as prourokinase
suggests that an additional endothelial binding site for HKa, in
addition to uPAR, may exist. However, the essentially com-
plete inhibition of specific HKa binding by antibodies directed
against UPAR domains 2 and 3 or soluble recombinant uPAR
suggests that such a site might, under normal conditions, either
exist in a complex, or at least in close spatial proximity to
uPAR, and therefore be sterically hindered by reagents which
bind to uPAR domains 2 and 3. Such a site might thus appear
more prominent after PI-PLC treatment of cells. A precedent
for such an association is the Mac-1-uPAR complex on mono-
cytes (56), and direct associations of uPAR with other cellular
integrins have also been demonstrated (57). Regardless, our
studies expand knowledge concerning cellular kininogen bind-
ing sites by suggesting that different species of HK, specifically
the uncleaved and cleaved forms, might bind to different pri-
mary sites on the same cell.

The potential physiological implications of interactions be-
tween HKa and uPAR are numerous. One implication con-
cerns the capacity of the contact activation system to facilitate
the expression of cell surface plasminogen activator activity. A
major role of uPAR is to focus the expression of cell surface
plasminogen activator activity to discrete areas on the cell
surface (25, 29, 58). Ellis et al. have shown that the u-PA-
mediated activation of plasminogen is greatly facilitated in the
presence of uPAR-expressing U937 cells, the effect of which is
primarily to increase the catalytic efficiency (k. /K,,) of the
reciprocal reaction involving plasmin-mediated activation of
prourokinase (59). However, receptor-bound prourokinase
may also be directly activated by kallikrein, which binds with
high affinity to endothelial cells via interactions with cell-
bound HK or HKa. We have shown recently that preincuba-
tion of HUVEC with HK and kallikrein enhances the ability of
these cells to promote the generation of cell surface plasmin,
and that this enhancement may be blocked by peptides which
inhibit the binding of kallikrein to cell-bound HK(a) (60).
Based on these results, as well as the studies presented in this
report, we hypothesize that promotion of cell surface plasmin-
ogen activator activity by HK and kallikrein results from the
formation of a multiprotein complex which includes these two
proteins, as well as uPAR and proUK. The formation of this
complex may be initiated by binding of HKa, perhaps gener-
ated from cell-bound HK by the actions of either an endothe-
lial-derived cysteine protease (8), or Factor XIla (61), to
uPAR domains 2 and 3. HKa may then function as an acquired
receptor for kallikrein, which, as a consequence of its favor-
able spatial localization relative to uPAR domain 1, may di-
rectly activate uPAR-bound prourokinase.

Yet another process which may be influenced by the bind-
ing of HK to uPAR is that of cell adhesion. In addition to its
role in facilitating the expression of cell surface plasminogen
activator activity, the urokinase receptor may promote cellular
adhesion by mediating the binding of cells to vitronectin (35,
36). Asakura et al. (37) have demonstrated the ability of HKa,
but not uncleaved HK, to inhibit the adhesion and spreading
of endothelial, osteosarcoma or melanoma cells on vitronectin,
as well as other substrates. However, the mechanisms account-
able for these effects were not defined, and we propose that
the ability of HKa to compete for vitronectin binding sites on
uPAR domains 2 and 3 may be involved in inhibition of cellu-
lar adhesion to vitronectin. This hypothesis, if confirmed,

1486  Colman et al.

would suggest that through its ability to promote kallikrein-
mediated prourokinase activation and inhibit cellular adhesion
to matrix-associated vitronectin, HK may play a prominent
role in processes involving cellular migration and/or invasion,
such as angiogenesis, tumor metastasis, placentation, and the
migration of leukocytes into inflammatory foci. Our model
also suggests that the antiadhesive effects of HKa and plasmin-
ogen activator inhibitor type 1 (PAI-1), which has been shown
recently to inhibit uPAR-dependent cellular adhesion by com-
peting with uPAR for binding to the same region of the vit-
ronectin somatomedin B domain (62), may be mediated
through a similar pathway.
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