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Single-Chain Urokinase-Type Plasminogen Activator Bound To Its Receptor 
Is Relatively Resistant To Plasminogen Activator Inhibitor Type 1 
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Urokinase-type plasminogen activator (uPA) is synthesized 
as single-chain protein (scuPA) with little intrinsic activity. 
scuPA is activated when it is converted to two-chain uroki- 
nase (tcuPA) by plasmin or when i t  binds as a single-chain 
molecule to -tS cellular receptor (uPAR). Previous data indi- 
cate that complexes between scuPA and its receptor have 
somewhat higher affmity for plasminogen than does tcuPA. 
The current study indicates that plasminogen activator ac- 
tivity of SCUPA bound to recombinant, soluble uPAR (suPAR) 
is also fivefold less sensitive to inhibition by plasminogen 
activator type 1 (PAI-1) than is soluble or receptor-bound 
tcuPA. Binding of PAL1 to suPARIscuPA complexes is totally 

ROKINASE-TYPE plasminogen activator (uPA) has U been implicated in the remodeling of extracellular ma- 
trix and in cell migration.’ uPA is synthesized as single- 
chain molecule (scuPA) with little intrinsic activity.’ scuPA 
is activated when it is converted to two-chain urokinase 
(tcuPA) by plasmin3 or when it binds as a single-chain mole- 
cule to its cellular receptor (uPAR): Although the catalytic 
efficacy (kJKm) of both active forms of uPA are compara- 
ble, their kinetic parameters differ: suggesting each may 
serve a distinct physiologic function. Another difference may 
lie in their susceptibility to inactivation by plasminogen acti- 
vator inhibitors. 

Plasminogen activator inhibitor type-1 (PAI-1) is the ma- 
jor inhibitor of urokinase activity in plasma and in most 
tissues. Binding of the serpin, PAI-1, to tcuPA proceeds by a 
two-step process. tcuPA and PAL1 rapidly form an inactive, 
reversible complex that is followed by the formation of a 
noncovalently linked stable intermediate.’ Increasing the 
concentration of plasminogen competitively inhibits the ini- 
tial reaction.6 The bound serpin is then cleaved slowly, re- 
leasing active enzyme.’,’ In contrast, scuPA is relatively re- 
sistant to inhibition by PAL1 and other ~erpins.~.” However, 
because scuPA bound to its receptor acquires plasminogen 
activator activity that is comparable to tcuPA, we asked 
whether this complex also becomes comparably susceptible 
to inhibition by PAI-1. In this present study we report that 
scuPA bound to its receptor is less susceptible to inhibition 
by PAI-1 than is tcuPA and that binding of scuPA to its 
receptor retards its conversion to tcuPA by plasmin. These 
results are consistent with a physiologic role for receptor- 
bound single-chain urokinase as a cellular plasminogen acti- 
vator. 

EXPERIMENTAL PROCEDURES 

Human scuPA was prepared and isolated as de- 
scribed.’3 High-molecular-weight two-chain urokinase (tcuPA; spe- 
cific activity 100,OOO IU/mg), PAI-1 (specific activity 750,000 IU/ 
mg), glu-plasminogen, and the chromogenic substrate of plasmin 
(Spectrozyme PL; H-D-norleucyl-hexahydrotyrosyl-lysine-p-nitro- 
anilide diacetate salt) and the chromogenic substrate of urokinase 
(Spectrozyme UK, carbobenzoxy-L-g-glutamyl-(a-t-butoxy1)-gly- 
cyl-arginine-p-nitroanilide di-acetate salt) were provided by Ameri- 
can Diagnostica (Greenwich, CT). 

Materials. 

reversible and can be overcome by increasing the concentra- 
tion of plasminogen, suggesting a competitive mechanism 
of inhibition (Ki = 18 nmol/L). Binding of scuPA to suPAR 
also retards its cleavage by plasmin. These results indicates 
that binding of single-chain urokinase to its receptor pro- 
motes its activity, retards its inhibition, and protects it from 
conversion to a two-chain form of the enzyme, a step that 
may precede its inactivation and clearance from cell sur- 
faces. These results are consistent with a physiologic role 
for receptor-bound single-chain urokinase as a cellular plas- 
minogen activator. 
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Soluble, recombinant urokinase receptor. Human uPAR cDNA 
(amino acids 1 through 281 with its signal peptide sequence) was 
prepared from U937 cells by reverse transcription-polymerase chain 
reaction (RT-PCR) and cloned into pDEMp, an expression vector 
for murine hybridoma cells, as de~cribed.’~ The murine hybridoma 
line Sp2/0 was grown in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 10% fetal bovine serum and the cells were 
transfected by electtoporation. Clones were selected by growing the 
cells in DMEM containing increasing concentrations of methotrexate 
(150 nmoUL to 1 pmol/L). The concentration of suPAR secreted 
into the culture medium was determined by enzyme-linked immuno- 
sorbent assay (ELISA; American Diagnostica). Large-scale expres- 
sion was accomplished by growing the stably transfected cells in 
spinner ff asks in serum-free hybridoma medium. Media from three 
large scale cultures (total of 100 L, each containing 20 to 40 mg/L) 
was obtained on day 8 after seeding. A protease inhibitor cocktail 
(5 mmom disodium ethylenediamine tetracetate, 100 pmoK phe- 
nylmethylsulfonyl fluoride, 5 p m o a  aprotinin, and 5 pmoUL leu- 
peptin, final concentrations) was added to the media. The media was 
concentrated 10-fold, aliquoted, and stored at -20°C until use. 

To isolate uPAR, scuPA (500 mg) was immobilized on CNBr- 
Sepharose (Sigma, St Louis, MO) and equilibrated with phosphate- 
buffered saline (PBS). Concentrated media was applied to the col- 
umn at a flow rate of 3 mL/min using a peristaltic pump. The column 
was washed sequentially with PBS, PBS containing 1 mol/L KCI, 
and finally with PBS alone until the flow through contained no 
detectable protein by UV adsorption. Soluble uPAR was eluted with 
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RESULTS AND DISCUSSION 

We first compared the plasminogen activator activity of 
complexes between suPAR and the two principal forms of 
intact urokinase, scuPA and tcuPA, after 15 minutes of incu- 
bation. suPAWscuPA complexes expressed approximately 
46% more plasminogen activator activity than did soluble 
tcuPA alone at a plasminogen concentration of 5 nmol/L (Fig 
1). suPAR caused a minimal or no increase in the activity of 
tcuPA under these conditions, whereas the activity of soluble 
scuPA was essentially unmeasurable. This stimulatory effect 
of suPAR on scuPA was maintained at plasma concentra- 
tions of plasminogen, as shown previously," while suPAR 
had no effect on the activity of tcuPA under these conditions 
(not shown). 

We then compared the susceptibility of suPAWscuPA, 
suPAWtcuPA, and soluble tcuPA to inhibition by equimolar 
concentrations of PAL 1. PAI- 1 almost totally inhibited the 
plasminogen activator activity of tcuPA and preincubation 
with suPAR afforded little or no protection (Fig 2). In con- 
trast, the activity of suPAWscuPA was essentially unaffected 
(Fig 2). The protection of receptor-bound scuPA from PAI- 
1 was relative. The activity of suPAWscuPA was almost 
totally inhibited at fivefold molar excess PAI-1 (Fig 3). The 
same pattern was seen when the susceptibility of cell-associ- 
ated scuPA or tcuPA to inhibition by PAI-I was studied. 
Binding of scuPA to cells expressing uPAR increased the 
amidolytic activity fivefold, consistent with previously re- 
ported  result^.^ Addition of equimolar concentrations PAI- 1 
almost totally inhibited the enzymatic activity of cell-associ- 
ated tcuPA, but had no effect on the activity of cell-associ- 
ated scuPA (not shown). 

We then compared the mechanism of inhibition of tcuPA 
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Fig 1. The effect of soluble urokinase receptor on the plasminogen 
activator activity of single-chain and two-chain uPA. Single-chain 
urokinase (+  ), two-chain urokinase (9, and preformed complexes 
of soluble uPAR with scuPA (*scuPA, El) or with tcuPA (*tcuPA, 0)  
were incubated with plasminogen (5 nmol/L) and the plasmin chro- 
mogenic substrate (1.000 pmol/L) for the indicated periods of time. 
In this, and in each figure below, the OD at 405 nm was measured. 
The mean f SD of three separate experiments is shown. 

0.2 m o m  glycine, pH 2.8. The eluted protein was concentrated and 
gel filtered on Sephacryl S-300 (Pharmacia, Piscataway, NJ) in PBS. 
The protein was concentrated and stored at -20°C until analysis. 
The protein migrated as a single broad band between 35 and 45 kD 
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE). 

Cells. First-trimester human placental trophoblastic cells were 
obtained from transabdominal chorionic villous samplings, main- 
tained in culture and characterized as previously described."," By 
the fifth passage, a uniform population of epithelioid cells was ob- 
tained that express an extensive number of microvilli on their apical 
surface characteristic of syncytiotrophoblasts, synthesize both estra- 
diol and progesterone, and stain positive for both a- and P-human 
choriogonadotrophic hormone and cytokeratin-peptide 8, but not for 
vimentin and von Willebrand factor. 

Plasminogen 
activator activity was measured in PBS, pH 7.4. scuPA or tcuPA 
(50 nmolL) were preincubated or coincubated in the presence or 
absence of an equimolar concentration of suPAR in PBS at 4°C 
for 15 minutes. The samples were diluted 1/10 in PBS containing 
the plasmin substrate (1,000 pmollL) and plasminogen (5 to 30 
nmol/L), and the optical density (OD) at 405 nm was measured 
at various times. 

PAI-1 was added to the 
reaction mixture containing plasminogen and the plasmin chromogenic 
substrate immediately before addmg a source of urokinase (scuPA, 
tcuPA, or prefomed complexes between suPAR and scuPA or tcuPA). 
In one set of experiments PAI-I was incubated with these enzymes for 
various periods of time before adding plasminogen and chromogenic 
substrate. In a second set of experiments, trophoblastic cells were incu- 
bated with scuPA or tcuPA (10 nmovL), the chromogenic substrate of 
urokinase Spectrozyme UK (60 @mol&) was added alone or in the 
presence of PAL1 (20 nmom) at 37°C as described4 and the OD at 
405 nm was measured. 

Measurement of plasminogen activator activity. 

Measurement of PAL1 inhibitor activity. 
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Fig 2. The effect of PAL1 and soluble uPAR on the plasminogen 
activator activity of single-chain and two-chain uPA. Preformed com- 
plexes of suPAR and KUPA (*scuPA, El), suPAR and tcuPA (*tcuPA 
LI), or tcuPA alone (0) were incubated alone or in the presence of 
equimolar concentrations of PAL1 (*scuPA/PAl-1 e ,  *tcuPA/PAl-1. 
tcuPA/PAl-1 6, plasminogen (5 nmoJ/L) and plasmin chromogenic 
substrate (1.000 pmol/L) for the indicated times. The mean 2 SD of 
three separate experiments is shown. 
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Fig 3. Effect of increasing PAL1 concentration on  the  activity  of 
suPAR/scuPA. Preformed suPAR/scuPA complexes (5 nmol/L  final 
concentration)  were  incubated with  the indicated  concentrations  of 
PAI-1, plasminogen  (5  nmol/L)  and  plasmin chromogenic substrate 
(1,000 pmol/L)  for 1 hour. The mean 2 SD of  three separate experi- 
ments  is shown. 

and scuPNsuPAR complex by PAI-I. Equal amounts of 
scuPA/suPAR or tcuPA (S0 nmol/L) were  incubated in the 
presence and absence of 250 nmol/L PAI-l (a concentration 
that almost totally inhibits the activity of both entities) for 
various lengths of time up to 3 hours. The reaction mixtures 
were then diluted fivefold  and the residual plasminogen acti- 
vator activity was measured. The enzymatic activity of 
tcuPA remained unmeasurable at each time point  tested in 
the presence of PAI-I. whereas the activity of the complex 
was restored (Fig 4A).  The results suggest that the interaction 
of PAI-I with receptor bound scuPA is reversible, as has 
been reported for soluble SCUPAI' and for the initial step in 
the interaction between PAI-I and tcuPA.IX Further, this re- 
sult also indicates that PAI-I eluted from suPAR/scuPA lost 
activity, consistent with conversion to the latent state.'" The 
reversibility enables the ki of the reaction to be calculated. 
A Dixon  plot of the inhibition data indicated that the ki of 
PAL 1 for suPAR/scuPA is 18 nmol/L under these conditions 
(Fig 4B). Further, the addition of plasminogen (S to 30 nmol/ 
L) attenuates the inhibitory effect of PAI-I (20 nmol/L) on 
the suPAR/scuPA complex (5 nmol/L) in a dose-dependent 
manner (Fig S), consistent with a competitive pattern of 
inhibition. 

Lastly, we examined the susceptibility of receptor bound 
scuPA to proteolytic cleavage by the end-product, plasmin, 
to determine whether any of the observed activity was due to 
its conversion to receptor-bound tcuPA. scuPA and suPAR/ 
scuPA complexes were incubated with plasminogen and 
plasmin substrate in the absence or in the presence of equi- 
molar concentrations of PAI- I for I8 hours. As before, the 
activity of suPAR/scuPA complex became apparent well be- 
fore the activity of scuPA alone (Fig 6). However, by 4 
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hours plasmin activity was clearly measurable in the  mixture 
of scuPA and  plasminogen in the absence of added suPAR. 
We  then  asked whether this activity was attributable solely 
to scuPA itself or primarily to scuPA converted to tcuPA by 
the small amount of plasmin  that had  been generated. To 
distinguish between these possibilities, the experiment was 
repeated in the presence of equimolar concentration of PAI- 
1 which inhibits tcuPA  but  not  scuPA"-" or suPAR/scuPA, 
as shown above. PAI-I  totally suppressed the plasminogen 
activator activity of scuPA  at 4 hours  and by 57% at 18 
hours. This result suggests that the activity attributed to 
scuPA was actually due primarily to  trace amounts of tcuPA 
generated by plasmin, although the possibility  that scuPA 

A 
7 0  

60 

50 
A 
0 
0 

2 40 : 
v 

B 30 
0 

20 

10 

0 
0 1 2 3 

Time  (hours) 

B 
120-  

c 

- 4  - 2  

[PAI-l ] Mdar Excess 

Fig 4. Inhibition  of suPAR/scuPA by PAI-l:  (A) The effect of  time. 
Preformed complexes between suPAR and scuPA  (+scuPA; El) or su- 
PAR and tcuPA ("tcuPA; C 3  were preincubated alone or with fivefold 
molar excess PAL1 ('scuPA/PAl-l, FA; *tcuPA/PAl-l, R) for  the  indi- 
cated times. Each sample was  diluted 1:5 and  incubated with plas- 
minogen (10 nmol/L  final  concentration) and plasmin chromogenic 
substrate (1.000 pmol/L). The mean ? SD of  three separate experi- 
ments  is shown. (B) The effect of concentration. Preformed suPAR/ 
scuPA complexes 15 nmol/L  final  concentration)  were incubated with 
the  indicated concentrations of PAI-1, plasminogen (10 nmol/L) and 
the  plasmin chromogenic substrate (1.000 pmol/L)  for  1 hour. The 
results  were analyzed using  a  Dixon  plot. 
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assumes a novel conformation during prolonged incubation 
that renders it susceptible to PAI-1 cannot be formally ex- 
cluded. What is clear is that the plasminogen activator activ- 
ity of suPAWscuPA in the presence of plasminogen was 
inhibited minimally by PAI-1 under the same conditions (Fig 
6). This result suggests that the enzymatic activity of the 
complex did not result from the conversion of receptor- 
bound scuPA to receptor-bound tcuPA. These results also 
provide support for the concept that scuPA bounds to its 
receptor is less susceptible to cleavage by plasmin than is 
soluble scuPA.*' 

These data, taken together with those reported previously 
by others," suggest that the suPAWscuPA complex ex- 
presses several of the important biochemical prerequisites 
for it to be biologically active at the sites of cell-cell and 
cell-matrix contact where plasminogen concentrations are 
low: (1) Receptor-bound scuPA expresses comparable or 
greater plasminogen activator activity than does receptor- 
bound or soluble tcuPA; (2) this activity is less susceptible 
to inhibition by PAI-I than is receptor-bound tcuPA; (3) 
inhibition of the activity of receptor bound scuPA by PAI- 
1 is reversed more rapidly than is receptor-bound tcuPA; and 
(4) receptor-bound scuPA is less susceptible to conversion to 
tcuPA than is soluble scuPA. The uPA receptor may thereby 
retard the rate with which complexes between tcuPA and 
PAI-I form and are cleared from the cell surface. Additional 
experiments will be needed to determine whether scuPA 
bound to its native, glycosyl phosphatidyl inositol-anchored 
receptor subserves this proposed function. The data also sug- 
gest that a major biologic activity of PAI-I on cell surfaces 
may be to facilitate the clearance of tcuPA rather than solely 
to inhibit urokinase activity directly. Finally, the fact that 
suPAWscuPA complexes are less susceptible to PAL 1 may 
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Fig 5. PAL1 inhibition of suPAR/scuPA The effect of increasing 
plasminogen concentration. Plasminogen 15 to 30 nmol/LI was added 
to a fixed concentration of suPAR/scuPA (5 nmollL) in the absence 
or in the presence of PAL1 (20 nmollL) and the plasmin chromogenic 
substrate. The data are expressed relative to plasmin activity gener- 
ated in the absence of PAI-1. The mean r SD of two separate experi- 
ments performed in triplicate is shown. 
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Fig 6. Inhibition of suPARlscuPA by PAI-1: The effect of prolonged 
incubation. suPARlscuPA (*scuPA), scuPA, suPARltcuPA ("tcuPA), 
and tcuPA were incubated in absence or in the presence of equimolar 
concentrations of PAI-1, plasminogen (5 nmol/L) and plasmin chro- 
mogenic substrate (1.000 pmol/L) for the indicated times. Column 1, 
*scuPA (W); column 2, *scuPA/PAI-1 (a); column 3, scuPA (n); col- 
umn 4, scuPAlPAI-1 ( E ) ;  column 5, *tcuPA (11, column 6, *tcuPA/ 
PAL1 (W); column 7, tcuPA (W; column 8, tcuPA/PACl (01. The mean 
? SD of three separate experiments is shown. 

be relevant to the future design of inhibitors of cell-associ- 
ated urokinase activity. 
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