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ABSTRACT  Current treatment with tissue plasminogen
activator (tPA) requires an intravenous infusion (1.5-3 h)
because the clearance of tPA from the circulation is rapid (¢, /2
=~ 6 min). We have developed a tPA variant, T103N,N117Q,
KHRR(296-299)AAAA (TNK-tPA) that has substantially
slower in vivo clearance (1.9 vs. 16.1 ml per min per kg for tPA
in rabbits) and near-normal fibrin binding and plasma clot lysis
activity (87% and 82% compared with wild-type tPA). TNK-
tPA exhibits 80-fold higher resistance to plasminogen activator
inhibitor 1 than tPA and 14-fold enhanced relative fibrin
specificity. In vitro, TNK-tPA is 10-fold more effective at
conserving fibrinogen in plasma to tPA. Arterial
venous shunt models of fibrinolysis in rabbits indicate that
TNK-tPA (by bolus) induces 50% lysis in one-third the time
required by tPA (by infusion). TNK-tPA is 8- and 13-fold more
potent in rabbits than tPA toward whole blood clots and
platelet-enriched clots, respectively. TNK-tPA conserves fi-
brinogen and, because of its slower clearance and normal clot
lysis activity, is effective as a thrombolytic agent when given as
a bolus at a relatively low dose.

Tissue plasminogen activator (tPA) is a multidomain serine
protease of the plasminogen family (1). In the early 1980s, it
was discovered that tPA is capable of fibrin-stimulated clot
lysis (2) and that it could be used as an agent in the treatment
of acute thrombotic disorders such as myocardial infarction
(3, 4). Evolutionary pressures that shaped tPA conferred
properties on the molecule that make it optimal for endoge-
nous fibrinolysis. When tPA is used as a thrombolytic agent,
additional properties may be desirable as well. Due to its
rapid clearance from the circulation, tPA must be infused to
achieve thrombolysis. Front-loaded dosing with increased
initial concentrations of tPA have demonstrated more rapid
and complete lysis compared to the standard infusion proto-
col (5, 6), and early patency is correlated with significantly
improved survival rate (7). Bolus administration might fur-
ther improve the lytic rate by quickly exposing the target clot
to a higher concentration of the enzyme, but single bolus
administration of wild-type (wt) tPA is not generally used in
the clinic due to its clearance.

Many investigators have produced longer half-life versions
of tPA that could be administered as a bolus (for reviews, see
refs. 8 and 9). However, virtually all of the tPA variants with
reduced clearance turned out to have significantly decreased
fibrinolytic activities (10). There is a potential problem that
must be addressed when considering bolus administration of
a fully active tPA: when tPA is given as a bolus (or even as
an infusion at high doses), the plasma levels of enzyme
rapidly increase and plasminogen becomes activated system-
ically and on the surface of the clot. This systemic plasmin
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generation causes decreased levels of circulating plasmino-
gen, fibrinogen, and a;-antiplasmin. An undesirable conse-
quence of systemic activation is bleeding that may be related
to plasmin generation rather than fibrinogen depletion per se;
both peripheral and intracranial hemorrhage are associated
with systemic activation (11). One way to reduce systemic
activation is to make tPA even more fibrin-specific—i.e.,
reduce its activity in the absence of clotted plasma. System-
atic mutagenesis was applied to tPA with the hope of increas-
ing the fibrin specificity of tPA. Fortunately, mutations in the
protease domain were found that have this property (12); the
best characterized example is a tetraalanine substitution at
positions 296-299 [KHRR(296-299)AAAA (abbreviated as
K)] (13, 14).

In our mutagenesis studies, we found variants that exhibit
reduced plasma clearance of tPA sufficient to provide effec-
tive thrombolysis when the agent is administered as a bolus.
It was an unexpected type of mutation, TI03N (T) (which
exhibits an additional glycosylation site on kringle 1), that
produced a variant (T-tPA) with the most suitable pharma-
cokinetic profile. That mutation in combination with the
tetraalanine substitution at positions 296-299 yielded a tPA
variant (TK-tPA) with the desired clearance rate and en-
hanced fibrin specificity (15, 16). However, this combination
variant still did not yield full in vitro or in vivo fibrinolytic
activity when compared with wt tPA. In the present study,
we show that through the appropriate combination of muta-
tions at three distinct sites on tPA, it is possible to reduce the
clearance while retaining full fibrinolytic activity. The key
factor appears to be maintenance of fibrin affinity of the
molecule that we achieved by an additional mutation, N117Q
(N). The resultant variant (TNK-tPA) is substantially more
potent than wt tPA.

MATERIALS AND METHODS

tPA variants were constructed by oligonucleotide-directed
mutagenesis as described (12). Expression and purification of
the tPA variants was as described (15). Briefly, CHO cells
were stably transfected with plasmids containing the tPA
gene, amplified in the presence of methotrexate, and grown
in serum-free medium for 6 days (17). The conditioned cell
culture medium was concentrated and diafiltered (18), and
the tPA variants were purified using lysine affinity chroma-
tography. Quantitation of tPA and variants after purification
was accomplished by a dual monoclonal assay sensitive to
epitopes in the kringle 2 and the protease domains. The
mutations evaluated in this study did not exhibit altered

Abbreviations: tPA, tissue plasminogen activator; PAI,;, plasmino-
gen activator inhibitor 1; wt, wild type. Mutations in tPA are
abbreviated as follows: T, T103N; N, N117Q; K, KHRR(296-
299)AAAA.
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Table 1. Pharmacokinetic and fibrinolytic activities, fibrin binding, fibrin specificity, and
inhibitor resistance

tPA Plasma Plasma Fibrin Activity Activity in Resistance

variant clearance clot lysis binding in plasma plasma clot to PAI
T 0.10 0.28 0.34 0.68 0.56 0.9

K 1.18 0.85 0.93 0.13 1.01 90

TK 0.16 0.34 0.33 0.13 0.65 90

TN 0.29 0.47 1.00 1.13 1.17 ND
NK 0.86 0.98 1.13 0.16 1.38 ND
TNK 0.12 0.82 0.87 0.06 0.8 80

Activities are normalized to those of wt tPA. tPA mutations: T, T1I03N; K, KHRR(296-299)AAAA;
N, N117Q. In vivo plasma clearance in rabbits is expressed as a ratio of area under the curves for wt
and variant tPA. Clot lysis is the normalized value for each sample in the plasma clot lysis assay. Fibrin
binding results were determined with the variants in the two-chain (plasmin converted) form. Apparent
K4 values for the variants were calculated at the fibrin concentration for half-maximal binding, which
was normalized to that of wt tPA. Plasminogen activation activity of tPA variants in plasma normalized
to that of wt tPA. Plasmin generation was determined by chromogenic assay using S2251 as substrate.
Plasminogen activation activity of tPA variants in the presence of clotted plasma, normalized to that
of wt tPA. PAI resistance is expressed as the second-order rate constant of wt tPA divided by those
of the tPA variants. The rate constant for wt tPA was determined as 1.2 x 10’ M~Lsec~1. ND, not done.
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interactions with the monoclonal antibodies against wt tPA
that were used in the assay.

Pharmacokinetic analysis of tPA variants was done in New
Zealand White rabbits (weight, 3 kg; three rabbits per group)
with a variation of previously described procedure (15). Each
sample of tPA or variant (0.3 mg/kg of body weight) was
administered by bolus injection via the ear vein and blood
samples were drawn over a 2-h period. Blood samples (0.2
ml) were collected on EDTA with Phe-Pro-Arg chloromethyl
ketone, processed to plasma, stored at —70°C, and quantified
with an ELISA employing two monoclonal antibodies.

Fibrin binding, plasma clot lysis, and plasminogen activa-
tion assays were performed as described (12). The fibrin
binding studies were done with 2[-labeled Tyr-Pro-Arg-
chloromethyl ketone as a specific reagent for iodinating tPA
or variants (19). The second-order kinetic rate of tPA inhi-
bition by plasminogen activator inhibitor 1 (PAI,;) was mea-
sured by following the loss of amidolytic activity over time as
described (15). Methods for determining fibrinogen consump-
tion (in vitro) and lysis of whole blood or platelet-enriched
clots (in vivo) were as described in detail (16).

RESULTS

T, N117Q (N), and K Variants of tPA. Combined site-
directed mutagenesis, transient expression, and active-site-
directed radiolabeling of tPA variants was used to evaluate
the clearance of tPA variants in mice. Slow-clearing candi-
date molecules were selected for further biochemical analy-
sis. The most effective long-half-life tPA variant contained
the insertion of a glycosylation site in kringle 1 created by the
Thr-103 — Asn substitution (T-tPA) (15). Interestingly, the
carbohydrate at position 103 is of the complex type, and the
carbohydrate at position 117 (normally high mannose) was
also observed as complex carbohydrate in T-tPA (20). In
another variant, the high mannose structure at position 117
was removed by a deglycosylation mutation, N-tPA. This
variant exhibited a modest reduction in clearance in rabbits
with minimal perturbation of fibrinolytic activity (21, 22). A
combination variant (TN-tPA) was created with extraglyco-
sylation and deglycosylation at positions 103 and 117, re-
spectively, that effectively moved the glycosylation site on
kringle 1 from position 117 to position 103.

Alanine-scanning mutagenesis was used to identify K, a
mutation that has a much improved fibrin specificity and
displays 8-fold less activity in the absence of fibrin while
retaining full activity in the presence of fibrin. This mutation
maps in a region of tPA that is crucial for interaction with the
‘“‘fast-acting’’ inhibitor PAI; (23). Like previously described

mutants in this region (38), K-tPA is =90-fold more resistant
to inhibition by PAI; than wt tPA, as determined by the
second-order inhibition rates (15). To create a variant of tPA
with reduced clearance, enhanced fibrin-specificity, and
PAI, resistance, the mutations at three loci, T103N, N117Q,
and KHRR(296-299)AAAA, were combined in TNK-tPA.

Pharmacokinetic Analysis. The clearance of T-containing
variants were compared to that of wt tPA in rabbits after
bolus intravenous injections (Table 1). For TNK-tPA, the
area under the curve was 8.4-fold greater than for wt tPA
(Fig. 1); yielding a clearance of 1.9 ml per min per kg for
TNK-tPA compared with 16.1 ml per min per kg for wt tPA.
The data was fitted to biexponential and triexponential equa-
tions for TNK-tPA and wt tPA, respectively. Clearance of
TNK-tPA exhibited an a and B phase with calculated half-life
values of =9 and =31 min. wt tPA exhibited a, B, and vy
phases of clearance with calculated half-life values of 1.3, 6,
and 33 min, respectively. The rates of elimination (terminal
phase of clearance) for the two molecules were equivalent as
indicated by the similar slopes of the clearance curves after
2 h. However, the early phases of clearance were radically
different. Fifteen minutes after injection, 50% of TNK-tPA
remained in the circulation compared with only 1% of wt tPA
remaining at the same time.
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Fi1G. 1. Plasma clearance of TNK-tPA (m) and wt tPA (e). Bolus
intravenous injections (0.3 mg/kg) were made in groups of rabbits (n
= 3) and blood samples were collected at the times indicated. tPA
antigen in plasma was assessed by a dual monoclonal ELISA (error

bars indicate SD). Nonlinear curves were fitted to biexponential and
triexponential equations for TNK-tPA and wt tPA, respectively.
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Plasma Clot Lysis. Variants of tPA with reduced clearance
were characterized with respect to fibrinolytic function by
using a plasma-based clot lysis assay. In our experience, the
most rigorous in vitro measure of fibrinolytic activity for a
tPA variant is the rate of lysis of clotted plasma (in contrast
to the lysis rate of a purified fibrin clot). In Table 1, a series
of single and combination (double and triple loci) variants are
compared for pharmacokinetic and in vitro fibrinolytic ac-
tivities. All T-containing variants exhibited substantially re-
duced clearance; normalized values ranged from 10% to 30%
of wt tPA clearance. However, the normalized plasma clot
lysis activities of T-containing variants also displayed a wide
range—from 28% (for T-tPA) to 81% (for TNK-tPA) com-
pared with that of wt tPA. These data indicate that TNK-tPA
has the combined properties of reduced clearance and con-
served fibrinolytic activity (81% of wt tPA on a plasma-based
clot).

Fibrin Binding, Fibrin Specificity, and Fibrinogen Conser-
vation. As judged from results with an active site radiolabel-
ing procedure (19), the fibrin binding properties of labeled
tPA and T-containing variants differed (Fig. 2A4). wt tPA and
K-tPA displayed typical binding curves in response to in-
creasing fibrin concentration with apparent dissociation con-
stants of 0.21 and 0.26 uM, respectively. T-tPA and TK-tPA
bound fibrin with =~10-fold decreased affinity (apparent K,
2.5 and 1.8 uM, respectively) compared with that of wt tPA.
However, restoration of normal fibrin affinity was observed
in the combined extraglycosylation and deglycosylation mu-
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F1G. 2. Fibrin binding of tPA variants. Radiolabeled (125]-labeled
Tyr-Pro-Arg-chloromethyl ketone labeled) tPA or tPA variants (50
ng/ml) were incubated with human fibrinogen (100 ng/ml to 2 mg/ml)
and human thrombin (0.1 unit/ml). After 1 h, the clots were centri-
fuged, and the bound radioactive tPA variant was assessed by y
counting. (4) Percent bound to fibrin for T-tPA (0), K-tPA (m), and
wt tPA (@). (B) Fibrin binding of T-tPA (D), TK-tPA (a), TN-tPA (e),
and TNK-tPA (m).
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tants (Fig. 2B). TN-tPA and TNK-tPA have apparent K4
values for fibrin of 0.19 and 0.35 uM, respectively. These
data indicate that variants with reduced fibrin affinity also
exhibit reduced plasma clot lysis activity (Table 1). To
achieve maximal fibrin binding, near normal clot lysis, and
decreased clearance, the T mutation was combined with N
and K mutations.

Variants containing the K mutation, alone or in combina-
tion with other mutations, have increased fibrin specificity
compared with that of wt tPA. Fibrin specificity was calcu-
lated as the ratio of plasminogen activation rate in the
presence of fibrin vs. fibrinogen. The fibrin specificity ratio
for K-containing variants was increased 25- to 35-fold com-
pared with that of wt tPA. In addition, we used a more
physiologic means of evaluating tPA variants—namely, de-
termination of fibrin specificity in plasma—i.e., the ratio of
plasminogen activation in the presence of a plasma clot
compared with that in unclotted plasma (Table 1). Plasma clot
specificity values for K-containing variants were 7.8, 5.0, 8.6,
and 14 for K-tPA, TK-tPA, NK-tPA, and TNK-tPA, respec-
tively. The increased fibrin (or plasma clot) specificity of
TNK-tPA, which is a function of decreased plasminogen
activation in the absence of a clot, resulted in greater fibrin-
ogen conservation as determined by an in vitro assay with
human plasma. An =10 fold greater concentration of TNK-
tPA was required to consume 50% of the fibrinogen in plasma
compared to wt tPA. The combination variants show that
reduction of clearance can be accomplished without decreas-
ing fibrinolytic activity of the molecule (as indicated by fibrin
affinity and plasminogen activation). In fact, fibrin specificity
can be increased concomitantly with the use of the K
mutation.

Reduced Time to Lysis. The efficacy of tPA variants was
evaluated in rabbits that had been fitted with an extracorporal
arterial venous shunt containing a whole blood clot. Subse-
quently, wt tPA (0.18 mg/kg) was injected intravenously
either as a bolus or by infusion for 90 min (Fig. 3). In both
cases it induced similar initial rates of lysis (0.5% lysis per
min). The lysis rate observed with bolus tPA decreased to
25% of the initial rate after 30 min, whereas lysis with an
infusion of tPA persisted linearly (0.5% lysis per min)

100

% lysis

0 30 60 90 120
Time, min

Fi1G. 3. Kinetics of fibrinolysis in rabbits. Lysis of whole blood
clots in a rabbit arterial venous shunt was monitored for 2 h after the
administration of wt tPA or TNK-tPA at 0.18 mg/kg of body weight.
wt tPA was administered intravenously, either as a bolus (A) or as a
continuous infusion (@) over 90 min with 15% of the total dose as a
loading bolus. TNK-tPA was administered as a single intravenous
bolus (m) over 30 sec. Each lysis vs. time curve represents the mean
+ SD of five animals for TNK-tPA and wt tPA (bolus). For the
infusion of wt tPA, the results represent the mean *+ SD of five
experiments with a total of 24 animals.
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throughout the 90-min interval. The infusion of tPA was twice
as effective as the bolus injection as determined by the
percent of clot lysed after 2 h (26 + 2% and 50 + 6% for bolus
and infusion, respectively). This is consistent with the clinical
use of tPA by infusion to offset its rapid clearance. TNK-tPA
was tested for efficacy at an equivalent dose (0.18 mg/kg)
administered intravenously by bolus. The initial rate of lysis
with TNK-tPA was 1.5%, a rate 3-fold greater than the rate
with wt tPA (bolus TNK-tPA compared with infusion of tPA).
After 2 h, the percent of clot lysed was 88 * 8% with
TNK-tPA. Thus a nearly 2-fold greater amount of lysis was
induced by TNK-tPA by bolus compared with wt tPA ad-
ministered by infusion, the optimal regimens for each. These
results (Fig. 3) indicate that TNK-tPA induces 50% lysis 3
times faster than wt tPA does (35 compared with 120 min).

Thrombolytic Potency in Rabbits. The potency of TNK-tPA
(by bolus) was compared with that of wt tPA (administered
by infusion), in a dose-response experiment in rabbits with
arterial venous shunts and whole blood clots. The extent of
lysis after 2 h was evaluated with doses ranging from 6.7 to
180 ug/kg for TNK-tPA, and from 20 to 540 ug/kg for wt tPA
(Fig. 4A). The percent of lysis was linearly correlated with the
dose for both TNK-tPA and wt tPA. Maximal lysis was
induced with TNK-tPA at 180 ug/kg (as shown in Fig. 3). The
effective doses required to achieve 50% lysis were 21 and 160
png/kg for TNK-tPA and wt tPA, respectively. This differ-
ence in EDsq corresponds to a 7.5-fold increase in potency of
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Fi1G. 4. Percentage of clot lysed in a rabbit arterial venous shunt
after 2 h of treatment with various doses of TNK-tPA (m, bolus) or
wt tPA (e, 90 min infusion with 15% as loading bolus). The clots were
made from either whole rabbit blood (A) or platelet-enriched rabbit
plasma (B). Each data point represents the mean *+ SD of three
experiments with five animals in each experiment. The relationship
of lysis vs. logarithm of dose was fitted to a linear function. Relative
potency was calculated by comparing the effective dose of wt tPA or
TNK-tPA to achieve 50% lysis.
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TNK-tPA compared with that of wt tPA, with respect to lysis
of whole blood clots in the rabbit arterial venous shunt.

To define effects of TNK-tPA on clots more closely
resembling coronary thrombi, platelet-rich clots were used
(16). As previously noted, platelet-enriched clots are more
resistant to lysis with wt tPA. Thus, three times more tPA is
required to induce equivalent lysis of platelet-rich clots
compared with whole blood clots. Both wt tPA and TNK-tPA
yielded linear dose-response effects with platelet-rich clot
lysis (Fig. 4B). The effective doses for 50% lysis were 37 and
500 ug/kg for TNK-tPA and wt tPA, respectively. Signifi-
cantly, the TNK variant was 13.5-fold more potent in lysing
platelet-rich clots in vivo compared with wt tPA. The obser-
vation that TNK-tPA lysed platelet-rich clots more effec-
tively than whole blood clots (in contrast to the case with wt
tPA) suggests that TNK-tPA, because of its relative PAI;
resistance, may be less prone to inhibition by PAI, elaborated
from activated platelets in platelet-rich clots. This concept is
supported by the observation that the second-order rate
constant for PAI, inhibition of TNK-tPA is 1.5 = 0.15 x 10°
M-1sec™!, compared with 1.2 x 107 M~Lsec~! for wt tPA
(see also ref. 23). Thus, TNK-tPA is 80-fold more resistant to
inactivation by PAI; compared with wt tPA, potentially
accounting for the greater efficacy of the variant in lysing
platelet-rich clots in vivo.

DISCUSSION

Creating slow clearing variants of tPA for use as single bolus
thrombolytic agents has been the goal of many mutagenesis
efforts (8, 9). Treatment of acute myocardial infarction with
a bolus of tPA is likely to be more convenient and might well
lead to shorter times to reperfusion. Although many efforts at
constructing slow-clearing forms of tPA have been success-
ful, most of these molecules are deficient in fibrinolytic
activity. The mutations in TNK-tPA that induce slower
clearance (T and N) change the position of glycosylation and
the complexity of the carbohydrate modification in kringle 1.
Earlier studies have examined the effects of extraglycosyla-
tion within the growth factor domain (24, 25). Although the
substitution variant, Y67N-tPA, had slower clearance, the
fibrin binding and plasma clot lysis activities were substan-
tially reduced (ref. 24 and D. L. Higgins and B.A.K., un-
published results). Domain deletion and alanine-scanning
mutagenesis of tPA indicated that determinants of clearance
are localized within the K1 domain; however, neither of the
strategies that have been used resulted in tPA variants with
the appropriate clearance and activity profiles. T-tPA exhib-
ited significantly reduced clearance with some loss of fibrin
binding and clot lysis activity. The T mutation resulted in an
initially unexpected conversion of the N117 site from a high
mannose to a complex carbohydrate site (20). Complex
carbohydrate at N117 has been observed with des-finger
and/or growth factor domain deletion variants (26). N vari-
ants of tPA typically exhibit a 2-fold reduction in clearance
compared with that of wt tPA (21, 22) due to the loss of high
mannose carbohydrate that results in decreased clearance
mediated by the mannose receptor (27, 28). Therefore, the
8-fold reduced clearance of TNK-tPA cannot be entirely due
to the loss of high mannose carbohydrate. The carbohydrate
site at position 103 may be interfering with the binding of
T-containing variants to one or more of the multiple receptors
implicated in tPA clearance (29-31).

Molecular modeling of the tPA kringle 1 structure, based
on the x-ray-determined structure of tPA K2 (32), suggested
possible steric hindrance of two glycosylation sites on the
same kringle domain. Amino acid sequence comparison of
kringle-containing proteins suggested that glycosylation at
position 103 was relatively conservative with respect to the
kringle structure; analogous N-linked glycosylation sites are
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observed in kringle 1 of prothrombins from different species
(bovine and rat) and kringle 4 of hepatocyte growth factors
(human and rat) (33-36). However, the combination of gly-
cosylation at positions 103 and 117 has not been observed in
nature. We constructed variants of tPA with the same num-
ber of glycosylation sites as that in wt tPA. By combining
extraglycosylation (T) with deglycosylation (N), the location
of the N-linked carbohydrate was moved from positions 117
to 103 within kringle 1. The carbohydrate at position 103, in
the presence or absence of position 117 glycosylation, is of
the complex type. To our knowledge, TNK is the first tPA
variant with significantly reduced clearance, normal fibrin
binding, and full in vitro fibrinolytic activity. As such, the
decreased clearance results in a commensurate increase in
thrombolytic potency in vivo, which may allow for a reduc-
tion in tPA dosage. These properties suggest that TNK-tPA
can be administered as a bolus instead of by infusion and that
it may induce recanalization remarkably rapidly (37).

The K mutation in TNK-tPA increases fibrin specificity
such that even 10-fold greater concentrations of the tPA
variant in plasma do not increase fibrinogenolysis in vitro
compared with that induced by wt tPA (15). In addition to the
increased fibrin specificity, the K mutation confers almost
two orders of magnitude of increased resistance to PAI;. The
importance of this property is yet to be determined. The
concentration of active circulating PAI; in normal human
plasma is much lower than the concentrations of tPA induced
therapeutically. However, the concentration of active PAI,
in a platelet-rich clot may be much greater than that in plasma
(39). The PAI, resistance of TNK-tPA may be responsible for
its high lysis of platelet-rich clots compared with whole blood
clots (16). In concert, our results show that TNK-tPA ex-
hibits reduced clearance, comparable fibrin binding and
fibrinolytic activity, increased fibrin specificity, and in-
creased resistance to PAI; compared with wt tPA, all of
which may constitute significant advantages for clinically
induced thrombolysis.

We are grateful to A. Nixon, and K. Thomsen in conducting
pharmacokinetic studies. The dual monoclonal ELISA was devel-
oped by J. Ruppel. Nonlinear curve-fitting of the pharmacokinetic
data for wt tPA is courtesy of S. Eppler and N. Modi. Cell expression
and protein recovery were done by H. Prashad, G. Dutina, and J.
Kaspari. In vitro fibrinogenolysis studies and clot lysis experiments
in the arterial venous rabbit model were greatly assisted by J. M.
Badillo.

1. Patthy, L. (1985) Cell 41, 657-663. .

2. Hoylaerts, M., Rijken, D. C., Lijnen, H. R. & Collen, D. (1982)
J. Biol. Chem. 257, 2912-2919.

3. Bergmann, S. R., Fox, K. A. A., Ter-Pogossian, M. M., So-
bel, B. E. & Collen, D. (1983) Science 220, 1181-1183.

4. Van de Werf, F., Ludbrook, P. A., Bergmann, S. R., Tiefen-
brunn, A. J., Fox, K. A. A., de Geest, H., Verstraete, M.,
Collen, D. & Sobel, B. E. (1984) N. Engl. J. Med. 310, 609-613.

5. Neuhaus, K.-L., Feuerer, W., Jeep-Tebbe, S., Niederer, W.,
Vogt, A. & Tebbe, U. (1989) J. Am. Coll. Cardiol. 14, 1566—
1569.

6. Neuhaus, K.-L., von Essen, R., Tebbe, U., Vogt, A., Roth,
M., Riess, M., Niederer, W., Forycki, F., Wirtzfeld, A.,
Maeurer, W., Limbourg, P., Merx, W. & Haerten, K. (1992)J.
Am. Coll. Cardiol. 19, 885-891.

7. The GUSTO (Global Utilization of Streptokinase and tPA for
Occluded Coronary Arteries) Investigators (1993) N. Engl. J.
Med. 329, 673-682.

8. Higgins, D. & Bennett, W. (1990) Annu. Rev. Pharmacol.
Toxicol. 30, 91-121.

9. Lijnen, H. R. & Collen, D. (1991) Thromb. Haemostasis 66,
88-110.

10. Collen, D., Lijnen, H. R., Vanlinthout, I., Kieckens, L.,
Nelles, L. & Stassen, J. M. (1991) Thromb. Haemostasis 65,
174-180.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.
24.

25.
26.

27.

30.
31
32.

33.

36.

37.
38.

39.

Proc. Natl. Acad. Sci. USA 91 (1994)

Bovill, E. G., Terrin, M. L., Stump, D. C., Berke, A. D.,
Frederick, M., Collen, D., Feit, F., Gore, J. M., Hillis, D.,
Lambrew, C. T., Leiboff, R., Mann, K. G., Markis, J. E.,
Pratt, C. M., Sharkey, S. W., Sopko, G., Tracy, R. & Chese-
bro, J. H. (1991) Ann. Int. Med. 115, 256-265.

Bennett, W. F., Paoni, N. F., Keyt, B. A., Botstein, D., Jones,
A.J.S., Presta, L., Wurm, F. M. & Zoller, M. J. (1991) J.
Biol. Chem. 266, 5191-5201.

Paoni, N. F., Refino, C. J., Brady, K., Peiia, L. C., Nguyen,
H. V., Kerr, E. M., van Reis, R., Botstein, D. & Bennett,
W. F. (1992) Protein Eng. 5, 259-266.

Paoni, N. F., Chow, A. M., Pena, L. C., Keyt, B. A., Zoller,
M. J. & Bennett, W. F. (1993) Protein Eng. 6, 529-534.
Paoni, N. F., Keyt, B. A., Refino, C.J., Chow, A. M.,
Nguyen, H. V., Berleau, L. T., Badillo, J., Peiia, L., Brady,
K., Wurm, F. M., Ogez, J. & Bennett, W. F. (1993) Thromb.
Haemostasis 70, 307-312.

Refino, C. J., Paoni, N. F., Keyt, B. A., Pater, C. S., Badillo,
J. M., Wurm, F. M., Ogez, J. & Bennett, W. F. (1993) Thromb.
Haemostasis 70, 313-319.

Wurm, F. M. (1990) Biologicals 18, 159-164.

Van Reis, R., Leonard, L. C., Hsu, C. C. & Builder, S. E.
(1991) Biotechnol. Bioeng. 38, 413-422.

Keyt, B. A., Berleauy, L. T., Nguyen, H. V. & Bennett, W. F.
(1992) Anal. Biochem. 206, 73-83.

Guzzetta, A. W., Basa, L. J., Hancock, W. S., Keyt,B. A. &
Bennett, W. F. (1993) Anal. Chem. 65, 2953-2962.
Hotchkiss, A., Refino, C. J., Leonard, C. K., O’Connor, J. V.,
Crowley, C., McCabe, J., Tate, K., Nakamura, G., Powers, D.,
Levinson, A., Mohler, M. & Spellman, M. W. (1988) Thromb.
Haemostasis 60, 255-261.

Sobel, B. E., Sarnoff, S. J. & Nachowiak, B. A. (1990) Circu-
lation 81, 1362-1373.

Madison, E. L., Goldsmith, E. J., Gerard, R. D., Gething,
M.-J. & Sambrook, J. F. (1989) Nature (London) 339, 721-724.
Bassell-Duby, R., Jiang, N.Y., Bittick, T., Madison, E.,
McGookey, D., Orth, K., Shohet, R., Sambrook, J. & Gething,
M.-J. (1992) J. Biol. Chem. 267, 9668-9677.

Anderson, S. & Keyt, B. A. (1989) Int. Patent Appl. PCT-
US89-01947 and Publ. WO89-11531.

Wilhelm, J., Lee, S. G., Kalyan, N. K., Cheng, S. M., Wiener,
F., Pierzchala, W. & Hung, P. P. (1990) Bio/Technology 8,
321-325.

Lucore, C. L., Fry, E. T. A., Nachowiak, D. A. & Sobel,
B. E. (1988) Circulation 77, 906-914.

Otter, M., Zockova, P., Kuiper, J., van Berkel, T.J. C.,
Barrett-Bergshoeff, M. M. & Rijken, D. C. (1992) Hepatology
16, 54-59.

Orth, K., Madison, E. L., Gething, M.-J., Sambrook, J. F. &
Herz, J. (1992) Proc. Natl. Acad. Sci. USA 89, 7422-7426.
Hajjar, K. A. & Jacovina, A. T. (1993) Thromb. Haemostasis
69, 986.

Bu, G., Maksymovitch, E. A. & Schwartz, A. L. (1993)J. Biol.
Chem. 268, 13002-13009.

de Vos, A. M., Ultsch, M. H., Kelley, R. F., Padmanabhan,
K., Tulinsky, A., Westbrook, M. L. & Kossiakoff, A. A.
(1992) Biochemistry 31, 270-279.

Magnusson, S., Petersen, T. E., Sottrup-Jensen, L. & Claeys,
H. (1975) in Proteases and Biological Control, eds. Reich, E.,
Rifkin, D. B. & Shaw, E. (Cold Spring Harbor Lab. Press,
Plainview, NY), pp. 123-147.

Dihanich, M. & Monard, D. (1990) Nucleic Acids Res. 18, 4251.
Nakamura, T., Nishizawa, T., Hagiya, M., Seki, T., Shimo-
nishi, M., Sugimura, A., Tashiro, K. & Shimizu, S. (1989)
Nature (London) 342, 440—-443.

Toshiro, K., Hagiya, M., Nishizawa, T., Seki, T., Shimonishi,
M., Shimizu, S. & Nakamura, T. (1990) Proc. Natl. Acad. Sci.
USA 87, 3200-3204.

The European Myocardial Infarction Project Group (1993) N.
Engl. J. Med. 329, 383-389.

Madison, E. L., Goldsmith, E. J., Gerard, R. D., Gething,
M. J., Sambrook, J. F. & Bassel-Duby, R. S. (1990) Proc.
Natl. Acad. Sci. USA 87, 3530-3533.

Potter van Loon, B. J., Rijken, D. C., Brommer, E.J. P. &
vand der Maas, A. P. C. (1992) Thromb. Haemostasis 67,
101-105.



