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Abstract

In five patients with venous thromboembolic disease treated
with recombinant tissue-type plasminogen activator (rt-PA),
there was a marked increase in the mean concentrations of
fibrinopeptide A (from 0.6 to 5.9 nM; P < 0.0001) and desar-
ginine fibrinopeptide B (from 5.6 nM to 24.1 nM; P < 0.01) 30
min after a bolus of rt-PA (0.6 mg/kg). Thrombin was unlikely
to be responsible because the levels of desarginine fibrinopep-
tide B exceeded those of fibrinopeptide A and the changes
occurred despite concomitant heparin therapy. The purpose of
this study therefore, was to determine whether rt-PA directly
releases the fibrinopeptides from fibrinogen. Incubation of
rt-PA with heparinized plasma or purified fibrinogen resulted
in time and dose-dependent release of both fibrinopeptide A
and B. Contaminating thrombin was not responsible for this
activity by the following criteria: the rate of rt-PA mediated
fibrinopeptide B release was considerably faster than that of
fibrinopeptide A, and fibrinopeptide release was unaffected by
heparin, hirudin, or a monospecific antithrombin IgG. Apro-
tinin also had no effect on fibrinopeptide release, indicating
that this activity was not plasmin mediated. Fibrinopeptide
release was shown to be due to rt-PA because this activity was
completely blocked by a monoclonal antibody against the en-
zyme. Further, the specificity of rt-PA for the thrombin cleav-
age sites on fibrinogen was confirmed by the demonstration
that rt-PA released fibrinopeptide A or fibrinopeptide B from
fibrinopeptide A or B-containing substrates, respectively.
These studies thus demonstrate that (a) rt-PA releases fibrin-
opeptides A and B from fibrinogen thereby indicating that this
enzyme is not specific for plasminogen, and (b) plasma fibrino-
peptide A and desarginine fibrinopeptide B levels are not spe-
cific markers of thrombin action on fibrinogen in patients re-
ceiving rt-PA.

Introduction

Tissue-type plasminogen activator (t-PA)! is a trypsinlike ser-
ine proteinase that activates plasminogen to plasmin thereby
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initiating fibrinolysis. Amounts of t-PA sufficient for clinical
investigation have recently been produced in melanoma cell
culture and by recombinant DNA techniques (rt-PA). Despite
its affinity for fibrin (1, 2) and its enhanced enzymatic activity
in the presence of this substrate (3, 4), initial clinical studies in
patients with acute myocardial infarction have demonstrated
that t-PA administration is associated with a significant de-
crease in the plasma fibrinogen concentration (5-9). These
findings are not unexpected since theoretical calculations
based on the reported kinetic parameters for the interaction
between plasminogen and t-PA predicted that large doses of
t-PA would result in systemic fibrinogenolysis (10, 11).

In addition to fibrinogenolysis, a troublesome complica-
tion of thrombolytic therapy for acute myocardial infarction is
early rethrombosis (12-15) that can occur despite heparin (14,
15), aspirin, or dipyridamole administration (15). The etiology
of reocclusion is unclear although high grade residual stenosis
may be a contributing factor (16). To determine the role of
activation of the coagulation system in rethrombosis, investi-
gators have measured plasma levels of fibrinopeptide A (FPA)
after thrombolytic therapy as an index of in vivo thrombin
activity. Based on the observation that plasma FPA levels in-
crease after the administration of rt-PA or streptokinase, it has
been hypothesized that thrombolytic therapy is associated with
thrombin generation and that this contributes to the rethrom-
bosis (17, 18). Further, Owen et al. (18) concluded that
thrombin produced in association with lytic therapy is gener-
ated at a site where it is protected from fluid-phase inhibitors
since these investigators documented an increase in plasma
FPA levels despite heparin administration. An alternate (and
not mutually exclusive) explanation for these findings is that
thrombolytic agents exert a direct effect on fibrinogen that
results in fibrinopeptide release. This latter possibility is im-
portant not only because of its basic biochemical implications,
but also because, if correct, it would put in question the valid-
ity of employing plasma FPA levels during thrombolytic ther-
apy as a marker of thrombin activity.

In this study, patients with venous thromboembolic disease
were treated with rt-PA. Despite concomitant heparin admin-
istration, rt-PA infusion was associated with a marked eleva-
tion in the plasma levels of both FPA and desarginine fibrino-
peptide B (FPB). Further, at each time point the levels of
desarginine FPB exceeded those of FPA. Thrombin was un-
likely to be responsible for the increase in peptide levels be-
cause the pattern of changes is not characteristic of thrombin
action on fibrinogen (19, 20), and because the changes oc-
curred despite therapeutic doses of heparin. To explore the
mechanism responsible for the increase in fibrinopeptide
values, further experiments were performed to determine
whether rt-PA has a direct effect on fibrinogen that results in
fibrinopeptide release.

peptide A (Aal-16) or B (BB1-14); rt-PA, recombinant human tissue-
type plasminogen activator; t-PA, tissue-type plasminogen activator.
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Methods

Reagents. Two preparations of human rt-PA were employed. Both
consisted of predominantly single-chain material. The rt-PA adminis-
tered to patients and used in the majority of our experimental studies
was obtained from Genentech, Inc., San Francisco, CA (lot K9051A6),
and was cloned in a Chinese hamster ovarian cell line. The other rt-PA
preparation (lot 118) was a gift from CODON, Inc., San Francisco, CA
and was purified from a human melanoma cell line derived from
RPMI 7932 that had been genetically modified to contain several
copies of t-PA coding DNA. Unless otherwise stated, the rt-PA em-
ployed was the material produced by Genentech, Inc. Single-chain
human melanoma cell t-PA (lot 28-04) and ESP 2, a monoclonal
antibody against t-PA that has previously been shown to bind to t-PA
and to inhibit its amidolytic and fibrinogenolytic activity (21), were
from American Diagnostica, Greenwich, CT. PMSF and D-Phe-Pro-
ArgCH,Cl were from Sigma Chemical Co., St. Louis, MO, while apro-
tinin was from FBA Pharmaceuticals, New York. Human a-thrombin
was a generous gift of Dr. J. Fenton, II, NY State Department of
Health, Albany, NY.

A monospecific polyclonal sheep IgG against human thrombin was
provided by Dr. F. Ofosu, McMaster Medical Centre, Hamilton, On-
tario. Preliminary studies with this antibody 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 con-
centrations ranging from 0.01 to 0.2 U/ml). The synthetic peptide
analogues of FPA (Aal-15, Aal-14, Aal-13, and Aal-12) and of the
NH,-terminal region of the Aa-chain of fibrinogen (Aa1-18, Aal-19,
Aal-22, Aal-23, and Aal-28) were synthesized by R. Mumford of
Merck Sharp and Dohme Research Laboratories, Rahway, NJ, using
the solid-phase method of Merrifield (22). Aa1-20 and Aal-21 were
synthesized by Dr. G. Wilner, Washington University, St. Louis, as
previously described (23).

Patients. After informed signed consent was obtained, five patients
with angiographically documented pulmonary embolism and one pa-
tient with venographically confirmed axillary vein thrombosis were
entered into a study of bolus dose rt-PA infusion. This study was
approved by the Research Advisory Committees at the Hamilton Civic
Hospitals and McMaster University.

All patients received an intravenous bolus of heparin (5,000 U)
followed by a continuous heparin infusion at 1,200 U/h. The heparin
dose was adjusted to maintain the activated partial thromboplastin
time in the therapeutic range (1.5 to 2 times control). Once radio-
graphic confirmation of venous thromboembolic disease was obtained,
five of the six patients were given a single dose of rt-PA (0.6 mg/kg ideal
body wt reconstituted in 50 ml sterile water) by bolus injection over 2
min and were monitored closely for evidence of bleeding. An addi-
tional patient with angiographically documented pulmonary embo-
lism was treated with two bolus injections of rt-PA (25 mg/dose) given
2 h apart. In all patients, the heparin infusion was continued through-
out and was interrupted only for the 2-min interval(s) of rt-PA admin-
istration.

Blood collection and processing. Using a 2 1-gauge butterfly needle,
blood samples were collected from an antecubital vein immediately
before rt-PA injection and at 0.5, 1.5, and 3.0 h after the infusion. At
each time point, blood was drawn into S-ml vacutainer tubes (Becton
Dickinson Co., Toronto, Ontario) prefilled with 50 ul of D-Phe-Pro-
ArgCH,Cl (100 uM diluted in 1 mM HCI). After careful mixing, 4.5 ml
of blood was transferred into a second tube containing 0.5 ml of an
anticoagulant solution consisting of 1,000 U/ml aprotinin, 1,400 U/ml
heparin, 10 mM adenosine, and 20 mM theophylline in Hepes-buf-
fered saline, pH 7.4. The red cells were then sedimented by centrifuga-
tion at 1,700 g for 15 min at 4°C and the plasma was harvested. Within
30 min of blood collection the fibrinogen in 2 ml plasma was precipi-
tated by the addition of 6 ml ethanol followed by centrifugation at
4,000 g at 4°C for 20 min. The ethanol supernatants were evaporated
todryness in a Speed Vac Concentrator (Savant Instruments, Farming-
dale, NY), reconstituted to original volume with distilled water and
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assayed for FPA and desarginine FPB immunoreactivity, as described
below.

Radioimmunoassays. FPA was assayed as previously described
(24). Antiserum R2, employed throughout these studies, has pre-
viously been shown to be specific for FPA and to crossreact poorly with
fibrinogen or FPA-containing fragments from the NH,-terminal re-
gion of the Aa-chain of fibrinogen (25-27). FPB was quantified as
described elsewhere (20) 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 (B314).
Accordingly, FPB cannot be measured directly but can be quantified
by assaying plasma levels of desarginine FPB with antiserum R30 after
(a) selective removal of cross-reacting FPB-containing fragments by
bentonite adsorption, and (b) complete conversion of FPB in the sam-
ple to desarginine FPB by incubation with carboxypeptide B (29). The
plasmin-derived fibrinogen fragment, B31-42, was assayed as pre-
viously described (30) using an antiserum specific for B1-42 that does
not cross-react with FPB or B815-42.

Purification of fibrinogen. Human fibrinogen (grade L, Kabi Vi-
trum) was rendered plasminogen-free by lysine Sepharose 4B affinity
chromatography in the presence of aprotinin (100 Kallikrein inhibi-
tion units [KIU]/ml). The fibrinogen was then further purified as pre-
viously described (31, 32). The clottability of the purified material was
97%. The absence of plasminogen was confirmed by incubating the
material for 48 h at 37°C with streptokinase (3 U/mg fibrinogen).
Electrophoresis of 50 ug of reduced or unreduced sample on a 7.5%
polyacrylamide gel revealed no evidence of degradation. Further, the
absence of detectable B31-42 release from fibrinogen during the 48-h
incubation period indicates that streptokinase treatment did not result
in plasmin generation.

Cleavage of the NH r-terminal Aa- and BB-chain of fibrinogen by
plasminogen activators. Experiments were performed at 37°C. 1-ml
aliquots of heparinized plasma or purified fibrinogen (diluted to a
concentration of 0.6 mg/ml in 0.1 M NaCl buffered with 0.05 M
Tris-HCl and containing 0.02% Tween 80 at pH 7.4; TBS-Tween) were
incubated at intervals from 2 to 120 min with 20 ul of t-PA (rt-PA or
melanoma t-PA). The t-PA concentration ranged from 0.25 to 50
ug/ml. Control samples were incubated with buffer in place of enzyme.
At each time point, 100-ul aliquots were removed and the reaction was
stopped and the fibrinogen precipitated by the addition of 300 ul
ethanol followed by centrifugation at 4,000 g at 4°C for 20 min. The
ethanol supernatants were then evaporated to dryness in a Speed Vac
Concentrator, reconstituted to original volume with distilled water and
assayed for FPA and FPB immunoreactivity.

HPLC analysis of rt-PA proteolysis of fibrinogen. rt-PA mediated
proteolysis of fibrinogen also was monitored using reverse-phase
HPLC. 1 mg of fibrinogen was suspended in 1 ml of TBS. The fibrino-
gen was digested with 50 ug of rt-PA at 37°C for 2 h. At various times,
200-ul aliquots of the digestion mixture were removed and proteolysis
was stopped by the addition of PMSF (final concentration, 5 mM).
Undigested fibrinogen was then removed with 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 prior to HPLC analysis.

Analytic HPLC was performed using a liquid chromatograph
(Beckman Instruments Inc., Palo Alto, CA) equipped with a model
421A controller, two model 114 solvent delivery systems, a Beckman
automatic injector model 504 and a data module (model CR1A; Shi-
madzu Scientific Instruments, Inc., Columbia, MD) plotter integrator.
Peptides were monitored using a model 160 fixed wave length absor-
bance detector with a 214-nm filter. The column employed was an
Ultrasphere ODS C18 (4.6 mm i.d., Beckman Instruments). Peptide
samples were eluted from the column using gradients containing var-
ious concentrations of acetonitrile in the mobile phase. Solvents used
in the chromatography included 0.1% trifluoroacetic acid (buffer A)
and 0.1% trifluoroacetic acid containing 50% acetonitrile (buffer B).
1-ml fractions were collected, evaporated to dryness, and then assayed
for FPA and FPB immunoreactivity.
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Cleavage of FPA- and FPB-containing substrates by rt-PA. Experi-
ments were performed at 37°C in TBS. Four synthetic FPA-containing
analogues of the NH,-terminal region of the Aa-chain of fibrinogen
(Aal-21, Aal-22, Aal-23, and Aa1-28) and the FPB-containing pep-
tide BB1-42 were diluted in TBS to a final concentration of 10~¢ M.
100-x1 aliquots of each peptide were incubated with 5 ul rt-PA (50 ug)
for intervals ranging from 30 to 120 min. In control experiments, the
synthetic peptides were incubated with buffer in place of enzyme. At
each time point, the reaction was terminated by the addition of PMSF
(final concentration, 5 mM) and the samples were assayed for FPA or
FPB immunoreactivity.

Proteolysis of FPA and FPB-containing substrates also was moni-
tored using HPLC. 20 ug of Aa1-21 or B81-42 was suspended in 200 ul
of TBS. The peptides were incubated with 2 ug of rt-PA at 37°C for 2 h.
In control experiments, the peptides were incubated with buffer in
place of enzyme or with a mixture of enzyme and PMSF (final con-
centration, 5 mM). At the end of the incubation period, proteolysis was
stopped by the addition of PMSF (5 mM, final concentration) and by
passage of the sample over a C18 Sep-Pak cartridge. Adsorbed peptides
were eluted with 3 ml of 50% acetonitrile, evaporated to dryness,
dissolved in 0.1% trifluoroacetic acid, and then subjected to HPLC
analysis. 1-ml fractions were collected and assayed for FPA or FPB
immunoreactivity.

Results

Fibrinopeptide levels in patients receiving rt-PA. The mean
FPA level before rt-PA administration in five patients with
radiographically documented venous thromboembolic disease
was 0.6 nM (Fig. 1). This value is within the reported normal
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Figure 1. Plasma FPA levels (o) and desarginine FPB (0) in five pa-
tients treated with a single bolus of rt-PA given at the time indicated
by the arrow. The geometric mean values+SE are illustrated.

range for FPA of < 1.3 nM (24) and is consistent with previous
reports of rapid normalization of FPA levels after heparin ther-
apy for venous thromboembolic disease (33, 34). In contrast,
the mean plasma value for desarginine FPB before rt-PA infu-
sion was 5.6 nM, whereas normal levels are < 0.6 nM (29).

Despite the concomitant administration of therapeutic
doses of heparin, there was an increase in the mean levels of
FPA (from 0.6 to 5.9 nM) and desarginine FPB (from 5.6 to
24.1 nM) 30 min after rt-PA infusion. These differences are
highly significant (P < 0.001 and P < 0.01, respectively) as
determined by analysis of variance following log transforma-
tion of the data (35). Within 3 h of rt-PA administration the
FPA and desarginine FPB levels had returned to the baseline
values, although the mean desarginine FPB value remained
considerably higher than that of FPA. '

An additional patient with pulmonary embolism was
treated with two bolus injections of rt-PA (data not shown).
With each dose, there was a marked increase in the levels of
FPA (from 0.1 to 2.7 nM, and from 0.9 to 3.6 nM, after the
first and second dose, respectively) and desarginine FPB (from
1.7 t0 9.4 nM, and from 3.2 to 12.3 nM, respectively) 10 min
after the infusion. Thus, rt-PA infusion is associated with a
prompt and marked increase in plasma FPA and desarginine
FPB immunoreactivity that occurs despite concomitant hepa-
rin administration. Further, desarginine FPB levels are consis-
tently higher than those of FPA, both before and after rt-PA
infusion. These findings are not characteristic of thrombin
action on fibrinogen (19, 20) and suggest that a different pro-
teinase is responsible for fibrinopeptide release.

Plasma FPA and desarginine FPB immunoreactivity re-
flect free FPA and desarginine FPB, respectively. To prove that
the increase in FPA and desarginine FPB immunoreactivity
after rt-PA administration reflects free FPA and desarginine
FPB, respectively, 1-ml aliquots of plasma ethanol superna-
tants were further processed by passage over Sep-Pak C18 car-
tridges. Adsorbed peptides were eluted with 3 ml of 50% aceto-
nitrile, evaporated to dryness, dissolved in 0.1% trifluoroacetic
acid, and subjected to HPLC analysis. Fractions were then
collected and assayed for FPA and desarginine FPB immuno-
reactivity. Synthetic and native FPA and desarginine FPB
were used as internal standards. In each case, single peaks of
FPA and desarginine FPB immunoreactivity that coeluted
with their respective standards were detected. Thus, these stud-
ies demonstrate that the increase in FPA and desarginine FPB
immunoreactivity after rt-PA administration reflects the free
peptides.

Further evidence that increased FPA immunoreactivity re-
flects free FPA comes from studies of the immunochemical
reactivity of the anti-FPA antiserum R2 with a series of syn-
thetic peptide analogues of the NH,-terminal region of the
Aa-chain of fibrinogen (Table I). These investigations confirm
previous reports demonstrating the specificity of this anti-
serum (25-27) and indicate that Arg (Aa16) is an essential
component of the antigenic determinant of R2.

Plasminogen activator-mediated fibrinopeptide release
from fibrinogen. To determine whether rt-PA has a direct ef-
fect on fibrinogen resulting in fibrinopeptide release, rt-PA was
incubated with heparinized plasma (Fig. 2 4) or with purified
fibrinogen (Fig. 2 B). This resulted in dose-dependent FPA and
FPB release, and at each concentration of rt-PA used, the
amount of FPB released was considerably higher than that of
FPA. Thus, rt-PA cleaves both FPA and FPB from fibrinogen,
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Table I. Relative Molar Concentrations of FPA and Synthetic
Peptide Analogues of the NH>-Terminal Region of the
Aa-Chain of Fibrinogen Required for 50% Inhibition of Binding
of '"PI-Tyrosyl-FPA by Antiserum R2

Relative molar
Peptide concentration
FPA
Aal-16 (FPA) 1
FPA-analogues
Aal-15 ND
Aal-14 ND
Aal-13 ND
Aal-12 ND
FPA-containing analogues
Aal-18 5,861
Aal-19 1,021
Aal-20 978
Aal-21 1,266
Aal-22 4,782
Aal-23 3,681
Aal-28 ND

The 50% inhibitory concentration of FPA (0.07+0.02 nM) was as-
signed an arbitrary value of unity. ND, no inhibition of binding was
achieved with peptide concentrations of 1076 M.

All experiments were done in triplicate.

and in plasma this activity is unaffected by heparin. Further,
the pattern of rt-PA mediated fibrinopeptide release is differ-
ent from that produced by thrombin (19, 20), and is character-
ized by cleavage of considerably more FPB than FPA.

The time course of fibrinopeptide release from purified
fibrinogen illustrated in Fig. 3, demonstrates that the rate of

Figure 2. rt-PA-me-
diated fibrinopeptide re-
lease from fibrinogen in
heparinized plasma or
from purified fibrino-
gen. (4) rt-PA, at the
concentrations indi-
cated, was incubated
with heparinized
plasma for 2 h at 37°C,
unreacted fibrinogen
was precipitated with
ethanol, and the super-
natants were then as-
sayed for FPA (e) and
desarginine FPB (0) im-
munoreactivity. (B)
rt-PA, at the concentra-
tions indicated, was in-
cubated with purified fi-
brinogen for 2 h at
37°C, unreacted fibrin-
ogen was precipitated
with ethanol, and the
supernatants were then
assayed for FPA (e) and
FPB (0) immunoreac-
tivity.

FIBRINOPEPTIDE (pmol)

rt- PA (pg/ml )

Tissue Plasminogen Activator Releases Fibrinopeptides A and B

FIBRINOPEPTIDE (pmol)

Time (h)

Figure 3. Time course of rt-PA mediated fibrinopeptide release from
fibrinogen. Fibrinogen (0.6 mg/ml) was incubated with rt-PA (16
ug/ml) for the times indicated and the unreacted material was then
precipitated with ethanol. The ethanol supernatants were then as-
sayed for FPA (e) and FPB (0) immunoreactivity. At 2 h incubation,
additional rt-PA was added to a portion of the mixture. At the times
shown, the fibrinogen was then precipitated with ethanol and FPA
(@) and FPB (0) immunoreactivity was determined (broken lines).

FPB cleavage from fibrinogen is threefold faster than that of
FPA. The delayed addition of more rt-PA further increases the
rate of fibrinopeptide release, thereby confirming that these
reactions are dependent on the enzyme concentration. No visi-
ble clot formation was detected over the 4-h incubation period,
but during this time only 4.3% of the FPB and 1.4% of the FPA
content of fibrinogen was released. It is estimated that at least
12% of the FPA must be released for coagulation to occur,
while FPB cleavage is not a prerequisite for clot formation
(36). Finally, SDS PAGE analysis of the time course of rt-PA
mediated fibrinogenolysis did not show evidence of fibrinogen
degradation, indicating that the lack of clot formation was not
the result of progressive proteolysis of the fibrinogen molecule.

The pattern of fibrinopeptide release by rt-PA cloned in a
human melanoma cell line and by melanoma cell t-PA was
similar to that produced by the rt-PA cloned in a Chinese
hamster ovarian cell line. Once again, both FPA and FPB were
released but the rate of FPB release was faster than that of
FPA. Fibrinopeptide release from fibrinogen is thus a charac-
teristic of t-PA from a variety of sources.

HPLC analysis of rt-PA mediated proteolysis of fibrinogen.
To confirm that the increase in FPA and FPB immunoreactiv-
ity following rt-PA incubation with fibrinogen represented re-
lease of the free fibrinopeptides, proteolysis also was moni-
tored using HPLC. The products of rt-PA mediated proteolysis
were separated by reverse-phase HPLC (Fig. 4). Single immu-
noreactive peaks were observed that coeluted with synthetic or
native FPA and FPB, respectively.

Effect of inhibitors and antibodies against thrombin and
t-PA on rt-PA mediated fibrinopeptide release. To determine
whether fibrinopeptide release by rt-PA was the result of a
contaminating proteinase, the effect of a variety of inhibitors
was investigated (Table II). Peptide release was unaffected by
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was removed by passage
over a C18 cartridge
and adsorbed peptides
were eluted with 3 ml of 50% acetonitrile. Approximately 20 ul of
the digestion mixture was then injected onto the column using the
same flow rate. 1-ml fractions were collected and assayed for FPA
and FPB immunoreactivity.

hirudin, thus indicating that thrombin is not responsible for
this activity. Aprotinin, a plasmin inhibitor, had no effect on
fibrinopeptide release, while epsilon-amino caproic acid
(EACA) partially blocked this activity. In contrast, peptide
release was completely inhibited by D-Phe-Pro-ArgCH,Cl and
by PMSF. D-Phe-Pro-ArgCH,Cl, a potent inhibitor of throm-
bin (37), also acts as an irreversible inhibitor of t-PA (38).
These studies thus indicate that fibrinopeptide release is me-
diated by a serine proteinase other than thrombin or plasmin.
Further, the interaction between fibrinogen and rt-PA depends
on the lysine-binding sites of rt-PA since fibrinopeptide release
is partially inhibited by EACA.

There was virtually no fibrinopeptide release when fibrin-
ogen was incubated with rt-PA that had been pretreated with
20 ug/ml of ESP 2 (Table III), a monoclonal antibody against
t-PA that abolishes its amidolytic and fibrinolytic activity (21).
In contrast, pretreatment of rt-PA with a polyclonal monospe-

Table I1. Effect of Inhibitors on rt-PA-Mediated Fibrinopeptide
Release from Fibrinogen

Inhibitor FPA . FPB

pmol pmol
None 26.5+8.0 90.4+9.3
Hirudin (1 U/ml) 26.8+9.4 92.4+4.5
Trasylol (100 KIU/ml) 25.2+6.1 89.7+5.4
EACA (5§ mM) 12.2+4.2 36.6+£5.7
D-Phe-Pro-ArgCH,Cl (10 uM) 0.4+0.3 1.3+0.5
PMSF (5 mM) 0.2+0.4 0.4+0.2

The results shown are the means+SD from four separate experi-
ments. Fibrinogen (0.6 mg/ml) was incubated with rt-PA (16 ug/ml)
for 2 h at 37°C in the presence or absence of inhibitors. The reac-
tions were stopped and the fibrinogen precipitated by the addition of
ethanol, and the ethanol supernatants were then assayed for FPA
and FPB immunoreactivity.
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Table I11. Effect of Antibodies against Thrombin and 1-PA
on ri-PA-mediated Fibrinopeptide Release from Fibrinogen

Antibody FPA FPB

pmol pmol
None 26.5+8.0 90.4+9.3
Antithrombin IgG 28.7+8.9 95.3+8.0
Anti-t-PA 1gG 0.1+£0.2 1.6+1.3

The results shown are the means+SD from four separate experi-
ments. Fibrinogen (0.6 mg/ml) was incubated with rt-PA (16 ug/ml)
for 2 h at 37°C in the presence and absence of antibodies against
thrombin or t-PA. The reactions were stopped and the fibrinogen
precipitated by the addition of ethanol and the ethanol supernatants
were then assayed for FPA and FPB immunoreactivity.

cific antithrombin IgG or with control sheep or mouse IgG
(data not shown) had no effect on its fibrinogenolytic activity.
Thus, rt-PA is the enzyme responsible for fibrinopeptide re-
lease.

Effect of inhibitors and antibodies against thrombin and
rt-PA on FPA release by a mixture of rt--PA and thrombin. To
further exclude the possibility that rt-PA is contaminated with
trace amounts of thrombin, the effect of a variety of inhibitors
on fibrinopeptide release mediated by a mixture of thrombin
and rt-PA was investigated (Table IV). Incubation of fibrino-
gen (0.6 mg/ml) with a-thrombin (4.0 X 10™* U/ml) resulted
in FPA release similar in amount to that produced by 16 ug/ml
of rt-PA (28.9 and 26.5 pmol, respectively). When a mixture of
thrombin and rt-PA was incubated with fibrinogen there was
an additive effect on FPA release. The addition of hirudin or a
monospecific antithrombin IgG decreased by approximately
half the amount of FPA released by the proteinase mixture.
ESP 2, a monoclonal antibody against t-PA, had a similar
effect on peptide release. In contrast, the addition of PMSF or
D-Phe-Pro-ArgCH,(Cl totally blocked FPA release. These stud-
ies thus confirm that rt-PA mediated FPA release is not the
result of contaminating thrombin.

Table 1V. Effect of Inhibitors and Antibodies against Thrombin
and t-PA on FPA Release by a Mixture of Thrombin and rt-PA

Inhibitor FPA

pmol

None 51.9
Hirudin (1 U/ml) 23.7
Antithrombin IgG 22.6
Anti-t-PA IgG 24.3
D-Phe-Pro-ArgCH,CI (10 uM) 0.1
PMSF (5 mM) 0.3

Results shown represent the mean data from two separate experi-
ments. Fibrinogen (0.6 mg/ml) was incubated with a mixture of
rt-PA (16 pg/ml) and a-thrombin (4.04 X 10* U/ml) for 2 h at
37°C in the presence and absence of inhibitors and antibodies
against thrombin or t-PA. The reactions were stopped and the fibrin-
ogen precipitated by the addition of ethanol, and the ethanol super-
natants were then assayed for FPA immunoreactivity.
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rt-PA mediated peptide release from FPA- and FPB-con-
taining substrates. To further explore the specificity of rt-PA
for the Aa16-17 bond on the NH,-terminal region of the Aa-
chain of fibrinogen, and the BB14-15 bond on the BB-chain,
rt-PA was incubated with FPA or FPB-containing substrates.
Incubation of rt-PA with Aal-21 and other FPA-containing
substrates (Aa1-22, Aa1-23, and Aa1-28) or with B81-42 re-
sulted in an increase in FPA or FPB immunoreactivity, respec-
tively (data not shown). To confirm that the increase in fibrin-
opeptide immunoreactivity represented release of free FPA or
FPB, aliquots of the incubation mixtures were analyzed by
HPLC using synthetic FPA or FPB as internal standards.
Fractions were collected and assayed for FPA and FPB immu-
noreactivity. In the case of rt-PA proteolysis of Aa1-21, a sin-
gle peak of FPA immunoreactivity was detected that coeluted
with synthetic FPA (Fig. 5). In contrast, proteolysis of B81-42
yielded a single peak of FPB immunoreactivity that coeluted
with synthetic FPB (data not shown). These studies confirm
the specificity of rt-PA for the thrombin cleavage sites.

Discussion

Our findings confirm a previous report that rt-PA administra-
tion is associated with an increase in plasma FPA levels (18)
and demonstrate that this increase occurs despite concomitant
heparin administration. We have extended these observations
by demonstrating that plasma values of desarginine FPB also
are elevated after rt-PA infusion, and that the levels of this
peptide are higher than those of FPA, both before and after
rt-PA administration (Fig. 1). Finding increased desarginine
FPB levels before rt-PA infusion is unexpected since the pa-
tients were receiving heparin therapy and plasma FPA values
were within the normal range. This suggests that an enzyme
other than thrombin is responsible for FPB release. The find-
ing that desarginine FPB levels remain higher than those of
FPA after rt-PA infusion further supports this concept since
this pattern is not characteristic of thrombin action on fibrin-
ogen.

Confirmation that FPA and desarginine FPB immunoreac-
tivity in patient samples represented the free peptides (and not
some other cross-reacting fibrinogen-derived fragments) came
from the HPLC demonstration that the immunoreactive frac-
tions coeluted with native or synthetic FPA and desarginine
FPB, respectively. Further, epitope mapping studies (Table I)
validate previous reports (25-27) that the FPA antiserum R2 is
specific for FPA and demonstrate that Arg (Aa16) is an essen-
tial component of the antigenic determinant.

To explore the possibility that the increase in fibrinopep-
tide values after rt-PA administration results from a direct
effect of rt-PA on fibrinogen resulting in peptide release, rt-PA
was incubated with heparinized plasma or purified fibrinogen
and release of FPA and FPB was determined (Fig. 2). There
was dose-dependent release of both fibrinopeptides and at each
rt-PA concentration, the amount of FPB released was consid-
erably more than that of FPA. Confirmation that the increase
in FPA and FPB immunoreactivity reflects release of the free
peptides from fibrinogen comes from the HPLC demonstra-
tion that the immunoreactive peaks in the digestion mixture
coeluted with native or synthetic FPA and FPB, respectively
(Fig. 4).

Several lines of evidence indicate that rt-PA mediated fi-
brinopeptide release is not the result of contaminating throm-
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bin. First, the pattern of rt-PA-mediated fibrinopeptide release
is different from that produced by thrombin. Whereas rt-PA
produces more rapid release of FPB (Figs. 2 and 3), thrombin
results in more rapid FPA release from fibrinogen (19, 20).
Second, rt-PA-mediated fibrinopeptide release occurs in the
presence of the thrombin inhibitors, heparin (Fig. 2 4) and
hirudin (Table II), and release is unaffected by a monospecific
antithrombin IgG (Table III). Third, fibrinopeptide release
mediated by a mixture of thrombin and rt-PA is decreased by
half following the addition of hirudin, an antithrombin IgG or
a monoclonal antibody against t-PA (Table IV). Inhibiting that
component of fibrinopeptide release induced by thrombin
(with hirudin or with an antithrombin IgG) thus has no effect
on the rt-PA-mediated component of peptide release. Finally,
plasmin is not responsible for fibrinopeptide release since
aprotinin has no effect on this activity (Table II). Further,
plasmin releases B81-42 from fibrinogen (30), rather than FPA
or FPB, and no BB1-42 was detected in the digestion mixture.

The evidence that t-PA cleaves FPA and FPB from fibrin-
ogen comes from the demonstration that immunodepletion of
rt-PA using a monoclonal antibody against t-PA abolishes
rt-PA mediated fibrinopeptide release (Table III). Further,
rt-PA releases FPA and FPB from Aa1-21 (Fig. 5) and BB1-42,
respectively, thereby confirming the specificity of rt-PA for the
thrombin cleavage sites on FPA and FPB-containing sub-
strates. Finally, fibrinopeptide release is effected by rt-PA
cloned from two different cell lines and by human melanoma
cell derived t-PA, indicating that this activity is a function of
t-PA derived from a variety of sources.

The interaction between rt-PA and fibrinogen that results
in fibrinopeptide release depends on the active-site serine of
rt-PA since peptide release is inhibited by PMSF (Table II),
which presumably acts by modifying this region of the mole-

Figure 5. HPLC analy-
sis of rt-PA mediated
proteolysis of Aa1-21.
(A4) Approximately 5 ug
of FPA (peak 9.40) and
Aal-21 (peak 19.35)
standards were injected
A onto the column using
a flow rate of 1 ml/min.
1-ml fractions were col-
lected and assayed for
1.0 FPA immunoreactivity.
-0.5 (B) Aal-21 was di-
gested with rt-PA for 2
h at 37°C. Approxi-
mately 20 ul was in-
jected onto the column
using the same flow
rate. 1-ml fractions
were collected and as-
sayed for FPA immuno-
reactivity. (C) Aal-21
was digested with rt-PA
for 2 h at 37°C in the
presence of PMSF (5
mM, final concentra-
tion). Approximately 20
ul was injected onto the
0 X 30 column as described
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cule (39). The active site histidine also is important since fi-
brinopeptide release is abolished by D-Phe-Pro-ArgCH,CI,
which irreversibly binds to this site with a reported rate con-
stant of 300 M~'s™! (38). Further evidence for involvement of
this latter site comes from the demonstration that a mono-
clonal antibody against t-PA (ESP 2), which is reported to
interact with the active-site histidine (21), completely blocks
rt-PA-mediated fibrinopeptide release. Finally, the interaction
between fibrinogen and rt-PA depends, at least to some extent,
on rt-PA binding via its lysine-binding sites since EACA par-
tially inhibits rt-PA mediated fibrinopeptide release from fi-
brinogen.

These studies demonstrate that t-PA has a direct throm-
bin-like effect on fibrinogen resulting in fibrinopeptide release.
Unlike thrombin however, t-PA releases FPB more rapidly
than FPA (Figs. 2 and 3). An important question is how the in
vitro findings relate to the changes in fibrinopeptide levels that
occur in patients treated with rt-PA. Since the values of desar-
ginine FPB are higher than those of FPA (both before and after
rt-PA administration) it is unlikely that these changes are the
result of thrombin action on fibrinogen. Accordingly, a differ-
ent proteinase must be responsible. Certainly t-PA is a possible
candidate because it preferentially cleaves FPB from fibrino-
gen. Further, the elevated desarginine FPB levels before rt-PA
infusion may reflect the action of endogenous t-PA released
from endothelial cells in response to high local concentrations
of thrombin (40, 41) or stimuli associated with venous stasis
(42). The neutrophil proteinase, elastase, also may contribute
since this enzyme is released from neutrophils during the
blood coagulation process (43) and has the potential to attack
the NH,-terminal region of the BB-chain of fibrinogen result-
ing in increased desarginine FPB immunoreactivity (44) with-
out an increase in FPA (23).

The extent of elevation and the persistent increase in fi-
brinopeptide levels after rt-PA administration is difficult to
explain given the short half-lives of t-PA (45, 46) and the fi-
brinopeptides (24, 29), and the relatively slow rates of rt-PA-
mediated fibrinopeptide release in vitro. The binding of func-
tionally active t-PA to endothelial cells (47) however, may
serve to localize and protect the enzyme from its inhibitors
thereby prolonging its duration of action and increasing its
enzymatic potential. This possibility deserves further study.

In summary, these studies demonstrate that t-PA has enzy-
matic specificity for a macromolecular substrate other than
plasminogen and cleaves the thrombin susceptible bonds on
fibrinogen. Accordingly, plasma FPA and desarginine FPB
levels are not specific markers of thrombin action on fibrino-
gen in patients receiving thrombolytic therapy with rt-PA.
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