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Urokinase Has Direct Catalytic Activity against Fibrinogen
and Renders It Less Clottable by Thrombin
Jeffrey 1. Weitz and Beverly Leslie
Department of Medicine, McMaster University and Hamilton Civic Hospitals Research Centre, Hamilton, Ontario L8V I C3, Canada

Abstract

Recently, we demonstrated that tissue plasminogen activator
directly releases fibrinopeptides A and B (FPA and FPB) from
fibrinogen. The purpose of this study was to determine whether
urokinase has similar activity. Incubation of urokinase with
fibrinogen or heparinized plasma results in concentration-de-
pendent FPB release unaccompanied by FPA cleavage. For
equivalent amidolytic activity, high molecular weight uroki-
nase releases twofold more FPB than the low molecular weight
species. In contrast, prourokinase does not release FPB until
activated to urokinase. Contaminating thrombin or plasmin is
not responsible for urokinase-mediated FPB release because
this activity is unaccompanied by FPAor BB1-42 cleavage, and
is unaffected by heparin, hirudin, a monospecific antibody
against thrombin, aprotinin, or a2-antiplasmin. FPB release
reflects a direct action of urokinase on fibrinogen because re-
lease is completely inhibited by a monospecific antibody
against the enzyme. Further, urokinase releases FPB from the
FPB-containing substrate B,1-42, thus confirming its specific-
ity for the B#14 (Arg)-B,815 (Gly) bond. In addition to FPB
release, SDS-PAGEanalysis of the time course of urokinase-
mediated fibrinogenolysis indicates progressive proteolysis of
both the Aa- and B#t-chains of fibrinogen that occurs after
FPB release is completed. As a consequence of urokinase-me-
diated fibrinogenolysis, there is progressive prolongation of the
thrombin clotting time. These studies indicate that urokinase
has direct catalytic activity against fibrinogen. By releasing
FPB, a potent chemoattractant, and by rendering fibrinogen
less clottable by thrombin, urokinase may participate in pro-
cesses extending beyond fibrinolysis. (J. Clin. Invest. 1990.
86:203-212.) Key words: fibrinogenolysis - fibrinopeptide B -

urokinase-type plasminogen activator

Introduction

The plasminogen activators catalyze the conversion of plas-
minogen into the enzyme plasmin. Two distinct plasminogen
activators have been identified: urokinase-type plasminogen
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activator (u-PA)' and tissue-type plasminogen activator
(t-PA). u-PA and t-PA are serine proteinases that have similar
structural and catalytic properties. There are important func-
tional differences however, between the two enzymes.
Whereas t-PA binds to fibrin, an interaction that dramatically
increases its catalytic activity against clot-bound plasminogen
(1, 2), u-PA binds to specific receptors found on the plasma
membrane of a variety of benign and malignant cell types
(3-1 1). The activity of u-PA is thus localized to the cell surface
while that of t-PA is mainly directed against fibrin. Accord-
ingly, the two plasminogen activators may have distinct physi-
ologic roles.

Both u-PA and t-PA are synthesized as single-chain poly-
peptides that are readily hydrolyzed into two-chain species
held together by single disulfide bonds (12-14). Although sin-
gle-chain t-PA is enzymatically active (15), single-chain u-PA
or prourokinase is a zymogen with little or no intrinsic enzy-
matic activity (16-18). Cleavage of the Lys 158-Ile 159 bond
of prourokinase generates an active two-chain molecule
(54,000 mol wt) referred to as high molecular weight (HMW)
urokinase (13). Subsequent hydrolysis of the Lys 135-Lys 136
bond on the amino-terminal region of HMWurokinase yields
another enzymatically active, two-chain form of the enzyme,
known as low molecular weight (LMW) urokinase (19). This
species (33,000 mol wt) is the predominant form of urokinase
found in commercial preparations of enzyme.

The traditional view is that the plasminogen activators ef-
fect fibrinogen proteolysis by activating plasminogen to plas-
min. Recently however, we have demonstrated that t-PA can
produce limited degradation of fibrinogen under plasmino-
gen-free conditions (20). Thus, t-PA has a thrombinlike effect
on fibrinogen and releases fibrinopeptides A and B (FPA,
FPB). The purpose of this study was to determine whether
u-PA also has direct catalytic activity against fibrinogen.

Methods

Reagents. Human a-thrombin (sp act, 2,850 U/mg) was generously
provided by Dr. J. Fenton II, NewYork State Department of Health,
Albany, NY. Predominantly single-chain recombinant t-PA (lot
K905 1A6) was from Genentech, Inc., South San Francisco, CA; strep-
tokinase was obtained from Hoechst Pharmaceuticals, Inc., Summer-
ville, NJ. Human plasmin (sp act 15 casein units [CU]/mg) and the
synthetic substrate for urokinase, L-pyroglutamyl-glycyl-L-arginine-p-
nitroanilide (S2444), were obtained from Kabi Vitrum, Stockholm,
Sweden. Human a2-antiplasmin, plasminogen with an amino-termi-

1. Abbreviations used in this paper: FPA, fibrinopeptide A (AaCY-16);
FPB, fibrinopeptide B (B#,B-14); HMW,high molecular weight; LMW,
low molecular weight; t-PA, tissue-type plasminogen activator; u-PA,
urokinase-type plasminogen activator.
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nal Glu residue (Glu-plasminogen), and a monospecific polyclonal
goat IgG against human urokinase were from American Diagnostica
Inc., New York, NY. A monospecific polyclonal sheep IgG against
human thrombin was provided by Dr. F. Ofosu, McMaster University
Medical Centre, Hamilton, Ont. Previous studies with this antibody
(20) demonstrated that at a concentration of 5 ,ug/ml it inhibited
> 98% of the FPA and FPB released from fibrinogen (0.6 mg/ml) by
human a-thrombin (at concentrations in a range of 0.01-0.2 U/ml).
Hirudin and PMSFwere purchased from Sigma Chemical Co., St.
Louis, MO; aprotinin was from FBA Pharmaceuticals, NewYork. The
FPB-containing fragment, Bj1-42, was isolated from a limited plasmin
digest of fibrinogen using reverse-phase high-performance liquid chro-
matography techniques described elsewhere (21). Synthetic human
FPA and FPB were purchased from Bachem, Inc., Torrance, CA.

Urokinase preparations. Prourokinase and LMWurokinase were
generously provided by Dr. J. Henkin, Abbott Laboratories, North
Chicago, IL. The urokinase preparations were further purified by chro-
matography on benzamidine-CH Sepharose 4B (Pharmacia Fine
Chemicals, Piscataway, NJ). In this way, contaminating two-chain
urokinase was removed from the prourokinase preparation, while en-
zymatically active LMWurokinase absorbed to the benzamidine-CH
Sepharose 4B was separated from inactive enzyme after elution with
0.4 MNaCl buffered with 0.1 Mammonium acetate to pH 4.0 (22).

HMWurokinase was generated by incubating prourokinase with
immobilized plasmin. Plasminogen was first coupled to cyanogen
bromide (CNBr)-activated Sepharose 4B (Pharmacia Fine Chemicals)
at a concentration of 4 mg/ml. The immobilized plasminogen (2 ml of
a 50% suspension) was then converted to plasmin by incubation with
20 gg of LMWurokinase for 30 min at 37°C. After removing the
urokinase by centrifugation and repeated washing, immobilized plas-
min (1 ml of a 50%suspension) was mixed with 2.5 mgof prourokinase
and agitated for 40 min at 4°C. After centrifugation, the supernatant
was further purified on benzamidine-CH Sepharose 4B as described
above. Electrophoresis of 10 ,g of reduced sample on a 10% polyacryl-
amide gel revealed over 98% conversion of prourokinase to two-chain
HMWurokinase.

The activity of the three urokinase preparations was determined by
comparing their hydrolysis of L-pyroglutamyl-glycyl-L-arginine-p-ni-
troanilide (S2444) with that produced by known concentrations of the
first International Reference Preparation for Human Urokinase
(66/46) obtained from Dr. P. J. Gaffney, National Institute for Biologi-
cal Standards and Control, Potters Bar, UK. The amidolytic activity of
prourokinase was measured before and after its conversion to two-
chain urokinase with plasmin. The activities of the prourokinase,
HMWurokinase, and LMWurokinase preparations were 63,329,
22,114, and 116,394 IU/mg, respectively.

Purification of fibrinogen. Human fibrinogen (grade L, Kabi Vi-
trum) was rendered plasminogen-free by lysine Sepharose 4B affinity
chromatography (23) in the presence of aprotinin (100 kallikrein in-
hibitory units [KIU]/ml). The fibrinogen was then concentrated by
precipitation at 23°C with 25% saturated ammonium sulfate, pH 7.4.
After the precipitated material was resuspended in 5 mMtrisodium
citrate, pH 7.4, the precipitation and resuspension procedure was re-
peated an additional two times. The fibrinogen was then dialyzed
against 5 mMtrisodium citrate for 48 h at 4°C. After removal of
cold-insoluble material by centrifugation, the fibrinogen was dialyzed
against 0.1 MNaCl buffered to pH 7.4 with 0.05 MTris-HCl (TBS) for
24 h at 4°C, and stored in aliquots at -70°C.

The clottability of the purified material was 96%. The absence of
plasminogen was confirmed by incubating the fibrinogen for 48 h at
37°C with streptokinase (3 U/mg fibrinogen) or recombinant t-PA (2
Mg/mg fibrinogen). Electrophoresis of 50 ,g of sample (under reducing
and nonreducing conditions) on a 7.5% polyacrylamide gel revealed no
evidence of degradation. Further, the absence of detectable BB1-42
release during the 48-h incubation period indicates that neither strep-
tokinase nor recombinant t-PA treatment generates plasmin.

Radioimmunoassays. FPA was assayed as previously described
(24) using antiserum R2 which is specific for this peptide (20, 25, 26).

FPB was quantified as described elsewhere (27) using antiserum R28.
In plasma, however, there is rapid loss of FPB immunoreactivity when
measured with R28 (28) as a result of carboxypeptidase-mediated
cleavage of Arg (B#134). Accordingly, FPBcannot be measured directly
but can be quantified by employing antiserum R30 to measure plasma
levels of desarginine FPB after (a) selective removal of crossreacting
FPB-containing fragments by bentonite adsorption, and (b) complete
conversion of FPB in the sample to desarginine FPB by incubation
with carboxypeptidase B as described in detail elsewhere (29). The
plasmin-derived fibrinogen fragment Bf1-42 was assayed as previously
described using a specific antiserum that does not crossreact with FPB
or B 15-42 (30).

Cleavage offibrinogen by urokinase. Fibrinogen, suspended at a
concentration of 1 mg/ml in TBS, was incubated with LMWurokinase
(at concentrations ranging from 6.5 nMto 2.6 MMwhich correspond to
25-10,000 IU/ml), HMWurokinase (at concentrations ranging from
7.3 nM to 0.3 MM; i.e., 25-1,000 IU/ml), or prourokinase (at concen-
trations ranging from 20.9 nMto 0.8 MM; i.e., 25-1,000 IU/ml) for 4 h
at 37°C. At intervals, 200-Al aliquots were removed, and the reaction
was terminated by the addition PMSF(5 mM, final concentration).
The unreacted fibrinogen in half of the sample was then precipitated by
the addition of 300 Ml of chilled ethanol followed by centrifugation at
15,000 g for 5 min. The ethanol supernatants were evaporated to
dryness in a Speed-Vac concentrator (Savant Instruments, Inc., Far-
mingdale, NY), reconstituted to original volume with distilled water,
and assayed for FPA and FPB immunoreactivity. The remaining 100
Ml was dissolved in an equal volume of 60 mMTris-HCl containing 2%
SDS, 5%glycerol, and 0.00 1%bromophenol blue, heated to 100°C for
5 min, and then stored at -70°C before analysis by SDS polyacryl-
amide gel electrophoresis (PAGE).

SDS-PAGEanalysis of urokinase-mediated fbrinogenolysis. The
time course of urokinase proteolysis of fibrinogen also was monitored
by SDS-PAGE. Samples were heated to 100°C for 5 min in the pres-
ence or absence of 5%2-mercaptoethanol, and then 8 Ml was applied to
each lane of a 10% polyacrylamide slab gel (3.9% stacking gel). Electro-
phoresis was performed using a modified Laemmli discontinuous
buffer system (31), and the gels were then fixed in 10% methanol/17%
acetic acid, and stained with Coomassie Blue.

High-performance liquid chromatography (HPLC) analysis of uro-
kinase-mediated fibrinogenolysis. Urokinase-mediated proteolysis of
fibrinogen also was monitored using reverse-phase HPLC. Fibrinogen
was suspended in TBS at a concentration of 1 mg/ml. The fibrinogen
was digested with LMWurokinase (0.5 MM) for 60 min at 37°C. At
various times, 200-Ml aliquots of the digestion mixture were removed
and proteolysis was stopped by the addition of PMSF(final concentra-
tion, 5 mM). Undigested fibrinogen was then removed by passage of
the samples over Sep-Pak C18 cartridges (Waters Associates, Milford,
MA). Adsorbed peptides were eluted with 3 ml of 50% acetonitrile,
evaporated to dryness, and dissolved in 0. 1%trifluoroacetic acid before
HPLCanalysis.

Analytic HPLC was performed using a liquid chromatograph
(Beckman Instruments, Inc., Palo Alto, CA) equipped with a model
421 A controller, two model 1 4 solvent delivery systems, an automatic
injector (model 504, Beckman Instruments, Inc.) and a data module
(model CR1A, Shimadzu Scientific Instruments, Inc., Columbia, MD)
plotter-integrator. Peptides were monitored using a fixed wave length
detector (model 160, Beckman Instruments, Inc.) with a 214-nm filter.
The column employed was an Ultrasphere ODSC18 (4.6 mmi.d.,
Beckman Instruments, Inc.). Solvents used in the chromatography
included 0.1% trifluoroacetic acid (buffer A) and 0.1% trifluoroacetic
acid containing 50% acetonitrile (buffer B). Peptide samples were
eluted from the column using gradients containing various concentra-
tions of buffer B in the mobile phase. 1 -ml fractions were collected,
evaporated to dryness, and then assayed for FPAand FPB immunore-
activity. The immunoreactive fractions were pooled, further purified
using reverse-phase HPLC, and then subjected to amino acid analysis.

Amino acid analysis. Samples were hydrolyzed in 6N HC1 con-
taining 0.3% phenol in vacuo for 2 h at 1 50'C and then analyzed using
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standard techniques on an amino acid analyzer (model 6300, Beck-
man Instruments, Inc.) (32).

Cleavage of B#1-42 by urokinase. Experiments were performed at
370C in TBS. The FPB-containing peptide B(31-42, diluted in TBSto a
final concentration of 1 mg/ml, was incubated with 5 usl of LMW
urokinase (1.5 uM) for 2 h at 370C. In a control experiment, the
B 1l-42 was incubated with buffer in place- of enzyme. At intervals,
aliquots were removed, the reaction was terminated by the addition of
PMSF(final concentration, 5 mM), and the samples were then assayed
for BP1-42 and FPB.

Urokinase-mediated proteolysis of BB1-42 also was monitored
using reverse-phase HPLC. 20 Mg of BB1-42 suspended in 200 Ml of
TBS was incubated with LMWurokinase (2 Mg) or with an equivalent
volume of buffer for 2 h at 370C. At the end of the incubation period,
proteolysis was stopped by passage of the sample over a Sep-Pak C18
cartridge. Adsorbed peptides were eluted with 3 ml of 50%acetonitrile,
evaporated to dryness, dissolved in 0.1% trifluoroacetic acid, and then
subjected to HPLCanalysis using native B(31 -42, BB15-42, and FPBas
internal standards. 1 -ml fractions were collected and assayed for
Bj1-42 and FPB.

Estimation of the kinetic parameters for urokinase-mediated cleav-
age of the B1(14 (Arg)-B3 15 (Gly) bond of fibrinogen. Experiments
were performed in TBS at 37°C. l-ml aliquots of fibrinogen (at con-
centrations in a range of 0.74-14.7 MM) were incubated with 500
IU/ml (130 nM) LMWurokinase for 120 min. At intervals, 100-Ml
aliquots were removed, the reaction was terminated by the addition of
PMSF(5 mM, final concentration), and the fibrinogen was precipi-
tated by the addition of 300 Ml of chilled ethanol followed by centrifu-
gation at 15,000 g for 5 min. The ethanol supernatants were then
evaporated to dryness, reconstituted to original volume with distilled
ethanol, and assayed for FPB.

At each fibrinogen concentration, the velocity of FPB release was
calculated by measuring the appearance of FPB immunoreactivity
during the initial 40 min of the reaction. Release was linear during this
interval, and < 10% of the substrate was consumed.

Thrombin clotting times of urokinase-treatedfibrinogen. Fibrino-
gen, suspended in TBSat a concentration of 1.2 mg/ml, was incubated
with LMWurokinase (at concentrations in a range of 0.1-0.3 WM)for
2 h at 37°C. In control experiments, the fibrinogen was incubated with
buffer in place of enzyme. At intervals, 250-Ml1 aliquots were taken and
the urokinase was removed by incubation with benzamidine-Sepha-
rose (100 Ml of a 50%suspension) for 20 min at room temperature with
constant agitation. After centrifugation at 15,000 g for 5 min, the
supernatants were removed and the fibrinogen concentration was de-
termined by measuring both the protein concentration according to
the method of Lowry et al. (33), and the absorbance at 280 nmusing an
extinction coefficient of 1.55. After adjusting the concentration of
fibrinogen to 0.5 mg/ml, thrombin clotting times were determined
using bovine thrombin (Parke-Davis and Co., Detroit, MI) at 10 U/ml
in TBS.

Thrombin-mediatedfibrinopeptide release from urokinase-treated
fibrinogen. Experiments were performed at 37°C in TBS. 1-ml samples
of fibrinogen (1.2 mg/ml) were incubated with LMWurokinase (at
concentrations in a range of 0.1-0.3 MM) for 2 h. Control samples were
incubated with buffer in place of enzyme. The urokinase was then
removed by incubation with benzamidine-Sepharose (400 M1 of a 50%
suspension) for 20 min at room temperature with constant agitation.
After centrifugation at 5,000 g for 5 min, the supernatants were exten-
sively dialyzed against TBS to remove released peptide fragments, and
the fibrinogen concentrations adjusted to 0.46 mg/ml.

Control and urokinase-treated fibrinogen preparations were incu-
bated with 0.02 U/ml human a-thrombin for 2 h at 37°C. At intervals,
100-Mi aliquots were removed, the reaction was terminated by the
addition of 0.1 Uof hirudin, and unreacted fibrinogen was precipitated
with 300 MI of chilled ethanol followed by centrifugation at 15,000 gfor
5 min. The ethanol supernatants were then evaporated to dryness,
reconstituted to original volume with distilled water, and assayed for
FPA and FPB.

Urokinase-mediated generation of FPB and B1(1-42 in plasma.
Using a 2 1-gauge butterfly needle, blood was collected from an ante-
cubital vein of healthy volunteers into 10-ml vacutainer tubes prefilled
with 143 U of sodium heparin (Becton, Dickinson & Co., Toronto,
Ont.). The red cells were sedimented by centrifugation at 1,700 g for 15
min at 4VC and the plasma was harvested. LMWurokinase (at con-
centrations in a range of 25-250 nM) was incubated with 250-M1 ali-
quots of heparinized plasma for 60 min at 370C in the absence or
presence of aprotinin (500 KIU/ml) or a2-antiplasmin (1 MM, final
concentration). The reaction was then terminated by the addition of
PMSF(5 mM, final concentration), and the fibrinogen was precipi-
tated by the addition of 750 Ml of chilled ethanol followed by centrifu-
gation at 15,000 g for 5 min. The ethanol supernatants were then
evaporated to dryness in a Speed-Vac concentrator, reconstituted to
original volume with water, and assayed for desarginine FPB and
B01-42.

Results

Urokinase-mediated FPB release from fibrinogen. The incu-
bation of LMWurokinase with fibrinogen results in time and
dose-dependent FPB release unaccompanied by FPA cleavage
(Fig. 1). This is in direct contrast to thrombin (27, 34) or t-PA
(20) which releases both fibrinopeptides. By plotting the
amount of FPB released from fibrinogen after 60 min of incu-
bation as a function of the urokinase concentration, a dose-
response curve was constructed (Fig. 2). At concentrations of 1
MMor higher, urokinase produces quantitative release of FPB
(2 mol/mol fibrinogen), and no FPA cleavage.

Comparison of the FPB-releasing activity of prourokinase,
HMWurokinase, and LMWurokinase. The FPB-releasing
activity of prourokinase and HMWurokinase was compared
with that of LMWurokinase (Fig. 3). For equivalent amidoly-
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Figure 1. Time course of urokinase-mediated FPB release from fi-
brinogen. Fibrinogen (1.8 MM) was incubated with varying concen-
trations of urokinase for 60 min at 37°C. At the times indicated, ali-
quots were removed, unreacted fibrinogen was precipitated with eth-
anol, and the ethanol supernatants were assayed for FPB. The results
shown are the mean of two separate experiments.
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Figure 2. Urokinase-mediated fibrinopeptide release from fibrinogen.
Aliquots of fibrinogen (1.8 MM) were incubated with increasing con-

centrations of urokinase for 60 min at 370C. The reaction was termi-
nated, unreacted fibrinogen was precipitated with ethanol, and the
ethanol supernatants were then assayed for FPA (dashed line) and
FPB (solid line). The results shown represent the mean of three sepa-
rate experiments.
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Figure 3. Comparison of the FPB releasing activity of prourokinase
(ProUK), HMWurokinase (HMWUK), and LMWurokinase
(LMWUK). Fibrinogen (1.8 AM) was incubated with prourokinase,
HMWurokinase, or LMWurokinase for 60 min at 370C. The reac-
tions were terminated, unreacted fibrinogen was precipitated with
ethanol, and the ethanol supernatants were then assayed for FPB.
The results illustrated represent the mean of three separate experi-
ments.

tic activity, HMWurokinase releases approximately twofold
more FPB than does the LMWform. In contrast, prouroki-
nase does not release FPB. When the prourokinase is con-
verted to urokinase however, there is FPB release similar in
amount to that produced by two-chain urokinase (data not
shown). These findings are consistent with the concept that
prourokinase is a zymogen and lacks intrinsic enzymatic activ-
ity (16-18).

HPLCseparation of the products of urokinase-mediated
fibrinogenolysis. To confirm that the increase in FPB immu-
noreactivity after urokinase incubation with fibrinogen repre-
sents release of the free peptide, the products of urokinase-me-
diated fibrinogenolysis were separated by reverse-phase HPLC
using synthetic FPA and FPB as internal standards. l-ml frac-
tions were collected and assayed for FPAand FPB immunore-
activity (Fig. 4). A single FPB immunoreactive peak that co-
eluted with synthetic FPB was identified. In contrast, no FPA
immunoreactivity was detected. The FPB immunoreactive
fractions were then pooled and subjected to amino acid analy-
sis. The fragment released by urokinase was further character-
ized as FPB by its amino acid composition (Table I).

Effect of inhibitors and an antibody against urokinase on
urokinase-mediated FPB release. To exclude the possibility
that urokinase-mediated FPB release is the result of a contami-
nating proteinase, the effect of a variety of inhibitors was in-
vestigated (Table II). FPB release is unaffected by hirudin or by
a monospecific antibody against thrombin, indicating that
thrombin is not responsible for this activity. In addition, a2-
antiplasmin and aprotinin have no effect, thereby excluding
plasmin as the mediator of urokinase-induced FPB release. In
contrast, peptide release is almost completely abolished by
PMSF, and by a monospecific antibody against urokinase.
These studies thus indicate that urokinase is the serine pro-
teinase responsible for FPB release.

Urokinase-mediated FPB releasefrom BP]-42. To further
explore the specificity of urokinase for the B(314 (Arg)-B,15
(Gly) bond on the NH2-terminal region of the BP-chain of
fibrinogen, the FPB-containing substrate B,31-42 was incu-
bated with urokinase. This results in time-dependent decrease
in BB1-42 immunoreactivity associated with a parallel increase
in FPB immunoreactivity (data not shown), indicating that
urokinase releases the FPB portion of the molecule. Confir-
mation of these findings comes from the results of HPLCanal-
ysis of this reaction using BP1-42, FPB, and BPI 5-42 as inter-
nal standards (Fig. 5). Separation of the products of uroki-
nase-mediated proteolysis of BA1-42 reveals a decrease in the
BB1-42 peak associated with the appearance of two new peaks
(Fig. 5 B). The single FPB immunoreactive peak coelutes with
FPB standard; the other peak represents B(31 5-42.

Kinetics of urokinase-mediated FPB release. The initial
rates of LMWurokinase cleavage of the BP14 (Arg)-B#1 5
(Gly) bond of fibrinogen were determined by quantifying re-
leased FPB. A double reciprocal plot (Fig. 6) obeys Michaelis-
Menten kinetics with a Michaelis constant (K.), of 15.6 MM,
and catalytic rate constant (kcat) of 0.016 s-'. The second-order
rate constant k,,t/Km, a measure of the catalytic efficiency of
the enzyme, is 0.0013 gM-'s-'. In comparison, the reported
Kmfor LMWurokinase activation of Glu-plasminogen is 2.65
MM, while the kcat and kcat/Km are 1.05 s-' and 0.398 AM-' s-',
respectively (35). The kaat for LMWurokinase activation of
Glu-plasminogen is thus 66-fold higher; the second-order rate
constant (kcat/Km) is more than 300-fold higher than the com-
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Figure 4. HPLCseparation of the products of urokinase digestion of
fibrinogen. (Top) - 5 ug of FPA and FPB standards were injected
onto the column using a flow rate of 1 ml/min. l-ml fractions were
collected, and assayed for FPA and FPB immunoreactivity. (Bottom)
Fibrinogen (2.9 MM)was incubated with urokinase (0.5 MM) for 60
min at 37°C. The reaction was terminated by the addition of 5 mM
PMSF, and undigested fibrinogen was removed by passage of the
sample over a C18 cartridge. Adsorbed peptides were eluted with 3
ml of 50% acetonitrile, evaporated to dryness, and dissolved in 0.1 %
trifluoroacetic acid. 50 ul of the digestion mixture was injected
onto the column using the same flow rate. l-ml fractions were col-
lected, evaporated to dryness, and then assayed for FPA and FPB
immunoreactivity.

parable constants for urokinase cleavage of the B#14-15 bond
of fibrinogen.

SDS-PAGEanalysis of urokinase-mediatedfibrinogenoly-
sis. To determine whether urokinase cleaves other sites on the
fibrinogen molecule, the time course of urokinase-mediated
fibrinogenolysis also was monitored using SDS-PAGE. As in-
dicated in Fig. 7, there is progressive proteolysis of both the
Aa-chains and BB-chains of fibrinogen which becomes appar-
ent at 60 min of incubation and continues for up to 4 h.
Concomitant assay of FPB indicates detectable peptide release
at 5 min of incubation. By 40 min, all of the available FPB (2
mol/mol fibrinogen) is released, indicating that cleavage of the

Table I. Amino Acid Composition of the Urokinase-derived
Fibrinopeptide

Amino acid Observed Expected

Asp 2.7 3
Ser 0.9 1
Glu* 3.0 3
Gly 2.1 2
Ala 1.1 I
Val 1.0 I
Phe 1.8 2
Arg 0.9 1

* One glutamic acid residue represents pyroglutamic acid

Bj314 (Arg)- B,31 5 (Gly) bond is completed before the subse-
quent proteolysis of the Aa- and BP-chains.

Fibrinogen proteolysis is not the result of contaminating
plasmin since degradation is unaffected by aprotinin, and is
unaccompanied by B 1-42 release. Further, this activity is
abolished by a monospecific antibody against urokinase. Fi-
nally, no cleavage of the Aa- or Bj3-chains is evident by SDS-
PAGEanalysis when the fibrinogen is incubated with strepto-
kinase or recombinant t-PA in place of urokinase (data not
shown), indicating that proteolysis at these sites is a property
unique to urokinase.

Thrombin clotting times of urokinase-treated fibrinogen.
Incubation of fibrinogen with LMWurokinase produces pro-
gressive prolongation of the thrombin clotting times so that the
fibrinogen is unclottable after 90 min (Fig. 8). To determine
whether this reflects impaired polymerization, control fibrino-
gen was mixed with either unclottable urokinase-treated fi-
brinogen or saline, and the thrombin clotting times of these
mixtures were then compared (Table III). Dilution with uroki-
nase-treated fibrinogen has the same effect on the thrombin
clotting time as the addition of an equivalent volume of saline,
indicating that the urokinase-treated material does not affect
the clottability of normal fibrinogen.

Table II. Effect of Inhibitors and Antibodies against Thrombin
and Urokinase on Urokinase-mediated FPB Release

Inhibitor FPB

nm

None 155.4±5.3
Hirudin (3 U/ml) 158.3±6.2
Antithrombin IgG (10 gg/ml) 161.2±9.4
Aprotinin (100 KIU/ml) 150.6±8.7
a2-antiplasmin (I MM) 148.8±11.8
PMSF(5 mM) 0.9±0.5
Anti-urokinase IgG (15 ug/ml) 1.2±1.0

Fibrinogen (1.8 MM)was incubated with LMWurokinase (26 nM)
for 60 min at 37°C in the presence or absence of the inhibitors or
antibodies listed above. At the end of the incubation period,
unreacted fibrinogen was precipitated with ethanol, and the ethanol
supernatants were assayed for FPB. The results shown represent the
meanSDof three separate experiments.
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Figure 5. HPLCanalysis of urokinase proteolysis of B[1i-42. (A) 5
jig of BP1-42 was injected onto the column using a flow rate of 1 ml/
min. 1-ml fractions were collected, evaporated to dryness, and then
assayed for B 1-42 and FPB immunoreactivity. (B) BB1-42 (20 jig)
was incubated with urokinase (2 jig) for 2 h at 370C. The reaction
was terminated by passage of the sample over a C18 cartridge. Ad-
sorbed peptides were eluted with 3 ml of 50% acetonitrile, evapo-

rated to dryness, and dissolved in 0.1% trifluoroacetic acid. - 25%
of the starting material was then injected onto the column using the
same flow rate. I-ml fractions were collected, evaporated to dryness,
and then assayed for BPl-42 and FPB immunoreactivity.

Thrombin-mediatedfibrinopeptide release from urokinase-
treated fibrinogen. To investigate whether the prolonged
thrombin clotting time reflects impaired thrombin-induced

21
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Figure 6. Lineweaver-Burk plot of urokinase-mediated FPB release
from fibrinogen. Fibrinogen (0.74-14.7 jAM) was incubated with
LMWurokinase (500 1U/mi) in Tris-buffered saline, pH 7.4. (Inset)
Analysis of the initial rate of urokinase-mediated FPB release from
fibrinogen as a function of the substrate concentration.
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Figure 7. SDS-PAGEanalysis of the time course of urokinase-me-
diated fibrinogenolysis. Fibrinogen (lane A) was incubated for the
times indicated with LMWurokinase (lanes B-G) or buffer (lane H)
at 370C before heating at 1000C for 5 min with an equal volume of
60 mMTris-HCl containing 2%SDS, 5%glycerol, 0.001% bromo-
phenol blue, and 5%2-mercaptoethanol. Samples were analyzed on a

SDS-polyacrylamide (7.5%) slab gel that was stained with Coomasie
blue. - 4 jg of fibrinogen was applied per sample.

FPA release, the time course of thrombin-mediated fibrino-
peptide release from urokinase-treated fibrinogen was com-

pared with that from control fibrinogen (Fig. 9). There is no

FPB release from the urokinase-treated material, confirming
the prior cleavage of this peptide by urokinase. Thrombin ef-
fects quantitative release (2 mol/mol fibrinogen) of FPA from
both urokinase-treated and control fibrinogen, indicating that
urokinase does not cleave the amino-terminal region of the
Aa-chains of fibrinogen. The rate of thrombin-mediated FPA
release from the urokinase-treated material is more rapid than
that from the control fibrinogen probably because the prior
release of FPB eliminates Bft-chain competition for thrombin
binding.

90-/

= 60- >

130

0

0 30 60 90 1 20
Incubation Time (min)

Figure 8. Thrombin clotting times of fibrinogen incubated with
LMWurokinase or buffer. Fibrinogen ( 1.2 mg/ml) was incubated at
370C with 0.1 yM (o) or 0.2 ,AM (-) LMWurokinase. In control ex-

periments, the fibrinogen was incubated with buffer (A) in place of
enzyme. At the times indicated, aliquots were taken, the samples
were incubated with benzamidine-Sepharose as described in
Methods, and the thrombin clotting times of the supernatants were
then measured. The results shown represent the mean of two sepa-
rate experiments each done in triplicate.
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Table III. Thrombin Clotting Times of Control Fibrinogen
Mixed with Varying Amounts of Urokinase-treated Fibrinogen
or Saline

Thrombin clotting times

Control fibrinogen Urokinase-fibrinogen Saline

% s S

75 25 24
50 41 39
25 >120 >120

Control fibrinogen with a thrombin clotting time of 19 s was mixed
with varying amounts of unclottable urokinase-treated fibrinogen
(thrombin clotting time > 120 s) or saline, and the thrombin clotting
time was then determined. The results represent the mean of two
separate experiments, each done in triplicate.

Urokinase-mediated generation of FPB and B#1-42 in
plasma. To determine whether urokinase-mediated release of
FPB occurs in the presence of physiologic concentrations of
antiproteinases, increasing concentrations of urokinase were
incubated with heparinized plasma (Fig. 10). The plasma
levels of BfB1-42 were monitored as an index of urokinase
activation of plasminogen and subsequent attack on fibrino-
gen by unopposed plasmin. At the same time, the direct cata-

3,000Z00--
0- 0~~~~~~~~

0 30 60 90 120
Thm(man)

Figure 9. Comparison of thrombin-mediated fibrinopeptide release
from urokinase-treated fibrinogen with that from control fibrinogen.
Thrombin (0.02 U/ml) was incubated with urokinase-treated (dashed
lines) or control fibrinogen (solid lines) for 2 h at 370C. At the times
indicated, aliquots were removed, unreacted fibrinogen was precipi-
tated with ethanol, and the ethanol supernatants were assayed for
FPA (o) and FPB (-).

C
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Figure 10. Urokinase-mediated generation of BjB1-42 and desargin-
ine FPB in heparinized plasma. LMWurokinase (26 nMto 0.7 AM)
was incubated with heparinized plasma for 60 min at 370C. The re-
action was terminated and unreacted fibrinogen was precipitated
with ethanol, and the ethanol supernatants were then assayed for
B 1-42 (o) and desarginine FPB (-). The experiment was then re-
peated in the presence of 1 AMa2-antiplasmin (dashed lines) and the
levels of Bj1-42 (o) and desarginine FPB (-) were again determined.
The results shown represent the mean of three separate experiments.

lytic activity of urokinase against fibrinogen was assessed by
measuring the levels of desarginine FPB, the stable carboxy-
peptidase-derived metabolite of FPB (28, 29).

In plasma, urokinase produces concentration-dependent
release of both BP1-42 and desarginine FPB (Fig. 10). At each
concentration of enzyme, the levels of Bj 1-42 are two- to
fourfold higher than those of desarginine FPB. With urokinase
concentrations of 0.16 MMor higher, the peptide values reach a
plateau representing complete cleavage of the amino-terminal
regions of the BPB-chains of fibrinogen with quantitative release
(2 mol peptide/mol fibrinogen) of either the B( 1-42 or the
desarginine FPB fragment.

The generation of desarginine FPB by urokinase could be
caused either by direct cleavage of FPB from fibrinogen or
FPB could be released from the plasmin-derived BB1-42 frag-
ment as illustrated in Fig. 5. To determine the relative contri-
bution of each of these pathways, B 1-42 release was blocked
by the addition of a2-antiplasmin (Fig. 10) or aprotinin (data
not shown) and desarginine FPB levels were measured. The
residual desarginine FPB reflects the direct action of urokinase
on fibrinogen, since these inhibitors have minimal effects on
urokinase-mediated FPB release from fibrinogen (Table II). In
the presence of a2-antiplasmin or aprotinin, there remains
concentration-dependent release of desarginine FPB, albeit to
a much lesser extent, despite almost complete inhibition of
BPI1-42 release. These data thus demonstrate that urokinase-
mediated generation of desarginine FPB in plasma is the result
of hydrolysis of both fibrinogen, and the plasmin-derived
BB1-42 fragment.
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Discussion

This study demonstrates that urokinase, like t-PA (20), also
has direct catalytic activity against fibrinogen. In contrast to
t-PA, however, urokinase only releases FPB, and also cleaves
the Aa-chains of fibrinogen. On a mole for mole basis, uroki-
nase releases considerably more FPB than does t-PA. Thus,
quantitative FPB release (2 mol FPB/mol fibrinogen) is ef-
fected by urokinase concentrations of 1 ,uM or more (Fig. 2),
whereas our previous studies demonstrated that similar con-
centrations of t-PA release < 10% of the available FPB (20).

Confirmation that the increase in FPB immunoreactivity
that occurs when urokinase is incubated with fibrinogen re-
flects release of the free peptide (Figs. 1 and 2) comes from the
HPLCdemonstration that the FPB immunoreactive peak in
the digestion mixture coelutes with native or synthetic FPB
(Fig. 3). This material was further characterized as FPB by its
amino acid composition (Table I).

The pattern of urokinase-mediated fibrinopeptide release
is different from that produced by thrombin, since thrombin
releases both FPA and FPB from fibrinogen (27, 34). Further-
more, release of FPBby urokinase occurs in the presence of the
thrombin inhibitors, heparin (Fig. 10) and hirudin (Table II),
and is unaffected by a monospecific antibody against throm-
bin (Table- II). Contaminating plasmin is not responsible for
FPB release by urokinase because a2-antiplasmin and apro-
tinin have no effect on this activity (Table II). In addition,
plasmin releases B# 1-42 from fibrinogen (30, 36), rather than
FPB, and no BlB142 was detected in the digestion mixture.

That FPB release is due to the direct catalytic activity of
urokinase is illustrated by the virtually complete inhibition of
this reaction with a monospecific antibody against urokinase
(Table II). Further, urokinase releases FPB from the FPB-con-
taining substrate B#31-42 (Fig. 5), thereby confirming its speci-
ficity for the B( 14-15 bond. Finally, FPB release is effected by
both HMWand LMWurokinase (Fig. 3), indicating that FPB
release is a property of both forms of two-chain urokinase. For
equivalent amidolytic activity, however, HMWurokinase has
approximately twofold greater FPB releasing activity than the
LMWspecies. In contrast, prourokinase does not release FPB
from fibrinogen, consistent with previous reports that prouro-
kinase is a zymogen that has little or no intrinsic enzymatic
activity until activated to urokinase (16-18).

To determine whether urokinase cleaves other sites on the
fibrinogen molecule, the time-course of urokinase-mediated
fibrinogenolysis also was monitored by SDS-PAGE (Fig. 7).
Urokinase produces progressive proteolysis of the Aa- and
Bfl-chains which becomes apparent at 60 min of incubation,
and continues over the subsequent 4 h. In contrast, the release
of FPB is completed by 40 min, indicating that the B, 14
(Arg)-B# 15 (Gly) bond is the preferred site of urokinase
cleavage.

Urokinase cleavage of fibrinogen results in progressive
prolongation of the thrombin clotting time (Fig. 8) so that the
fibrinogen becomes unclottable by 90 min. This is not the
result of impaired FPA release since thrombin induces quanti-
tative (2 mol/mol fibrinogen) release of FPA from urokinase-
treated fibrinogen (Fig. 9). The decrease in clottability appears
to coincide with the subsequent proteolysis of the Aa- and
Bfl-chains. The most likely explanation for the prolonged clot-
ting times, therefore, is that progressive urokinase-mediated

proteolysis either cleaves or alters the conformation of a criti-
cal polymerization domain on the fibrinogen molecule.

The finding that urokinase has direct catalytic activity
against fibrinogen is consistent with recent evidence that this
enzyme has specificity for substrates other than plasminogen.
Quigley et al. (37), demonstrated that urokinase degrades fi-
bronectin under plasminogen-free conditions and releases sev-
eral high molecular weight cleavage products. More recently,
urokinase also has been shown to cleave and activate diphthe-
ria toxin (38).

Comparison of the kinetic parameters for urokinase cleav-
age of the B#314 (Arg)-B 1 5 (Gly) bond of fibrinogen with
those reported for urokinase activation of Glu-plasminogen
indicate that Glu-plasminogen is the preferred substrate in
buffer systems. Despite these observations however, the incu-
bation of urokinase with heparinized plasma results in the
generation of both the plasmin-derived B31-42 fragment and
desarginine FPB (Fig. 10), and the levels of B#1-42 are only
two to fourfold higher than those of desarginine FPB. There
are two explanations for the higher than expected levels of
desarginine FPB in plasma. First, a2-antiplasmin inhibits plas-
min-mediated B31-42 release without affecting the direct ac-
tion of urokinase on fibrinogen (Table II). Secondly, the FPB
that is generated in plasma is not only derived from direct
urokinase cleavage of fibrinogen but also is a product of sec-
ondary urokinase-mediated attack on the plasmin-derived
B 1-42 fragment.

The present study indicates that urokinase has direct cata-
lytic activity against fibrinogen that results in release of FPB,
and cleavage of the carboxy terminals of the Aa-chains. Both
of these effects may be physiologically relevant. Recent evi-
dence indicates that a wide variety of mammalian cells synthe-
size u-PA (39-41). Secreted or circulating u-PA binds to re-
ceptors found on inflammatory cells (42, 43). With the accu-
mulation of these cells in thrombi or at extravascular sites of
inflammation or tissue repair, the local concentrations of u-PA
may reach those used in this study. Surface-bound enzyme is
protected from circulating inhibitors (41, 44). In addition, the
close apposition of u-PA bearing cells to fibrinogen may pre-
vent access of antiproteinases to enzymes released at the cell-
substrate interface (45-49), thereby producing a protected en-
vironment in which urokinase can degrade fibrinogen.
Through localized release of FPB, a potent chemoattractant
for neutrophils (50, 5 1) and fibroblasts (5 1), urokinase has the
potential to recruit more inflammatory and/or mesenchymal
cells which can then amplify the inflammatory process. In
addition, proteolysis of the Aa-chains of fibrinogen renders the
molecule less clottable by thrombin and so has the potential to
modulate thrombogenesis at sites of vessel injury.
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