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Summary. Background: Prourokinase (prouPA) is unstable in
plasma at therapeutic concentrations. A mutant form, M5,

mademore stable by reducing its intrinsic activity was therefore

developed.Activation to two-chainM5 (tcM5) inducedahigher

catalytic activity than two-chain urokinase plasminogen acti-

vator (tcuPA), implicating an active site functional difference.

Consistentwith this, an unusual tcM5 complexwith plasmaC1-

inhibitor was recently described in dog and human plasma. The

effect of C1-inhibitor on fibrinolysis and fibrinogenolysis byM5

is the subject of this study. Methods and results:Zymograms of

tcM5 and tcuPA incubated in plasma revealed prominent

tcM5–C1-inhibitor complexes,which formedwithin 5 min. The

inhibition rate by purified human C1-inhibitor (250 lg mL)1)

was about 7-fold faster for tcM5 than it was for tcuPA

(10 lg mL)1). The effect of the inhibitor on the stability of M5

and prouPA was determined by incubating them in plasma at

high concentrations (10–20 lg mL)1) ± C1-inhibitor supple-

mentation. Above 10 lg mL)1, depletion of all plasma plasmi-

nogen occurred, indicating plasmin generation and tcM5/

tcuPA formation.With supplementalC1-inhibitor,M5 stability

was restored but not prouPA stability. Clot lysis byM5 ± sup-

plemental C1-inhibitor showed no attenuation of the rate of

fibrinolysis, whereas fibrinogenolysis was prevented by C1-

inhibitor. Moreover, because of higher dose-tolerance, the rate

of fibrin-specific lysis reached that achievable by non-specific

fibrinolysis without inhibitor. Conclusions: Plasma C1-inhib-

itor stabilized M5 in its proenzyme configuration in plasma by

inhibiting tcM5 and thereby non-specific plasminogen activa-

tion. At the same time, fibrin-specific plasminogen activation

remained unimpaired. This unusual dissociation of effects has

significant implications for improving the safety and efficacy of

fibrinolysis.

Keywords: C1-inhibitor, fibrinolysis, fibrin-specificity, mutant

prourokinase.

Introduction

Clinical experience with plasminogen activators has highlighted

problems with both efficacy and side-effects, particularly

hemorrhage [1,2]. Because both endpoints are dose-related,

the efficacy of therapeutic thrombolysis has always been

handicapped by its side-effects. For example, tissue plasmino-

gen activator (t-PA) at a dose of 150 mg induced superior

coronary thrombolysis, but was accompanied by an unaccept-

able incidence of intracranial hemorrhage, obliging the adop-

tion of a less effective dose of 100 mg [3,4]. Similarly, the other

natural plasminogen activator, single-chain urokinase plasmi-

nogen activator, a proenzyme (prouPA), required high infusion

rates for effective coronary thrombolysis, which caused plas-

minemia, causing conversion of single to two-chain urokinase

plasminogen activator (tcu-PA) and bleeding [5].

The bleeding complications of therapeutic thrombolysis

have been ascribed to the direct lysis of hemostatic fibrin at a

vascular injury site and to the hemorrhagic diathesis caused by

non-specific plasmin generation, resulting in fibrinogenolysis

and degradation of clotting factor (F) V and FVIII. Although

at physiological concentrations plasminogen activation by t-

PA and prouPA is fibrin-dependent and confined to the clot

environment by plasma inhibitors, at therapeutic concentra-

tions their fibrin selectivity is compromized. This is related in

large part to these concentrations being in excess of inhibitors,

particularly plasminogen activator inhibitor-1 (PAI-1), their

principal plasma inhibitor.

ProuPA is especially vulnerable to non-specific plasmin

generation because this results in loss of its proenzyme

configuration by conversion to tcuPA, a non-specific

activator, which then amplifies systemic plasmin generation

several hundredfold. As this cycle of reactions is initiated by
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the relatively high intrinsic activity of prouPA, a mutation

with a lower intrinsic catalytic activity was developed. A 5-

fold reduction in intrinsic activity was achieved by a site-

directed residue exchange on a flexible loop in the catalytic

domain (Lys300 fi His) of prouPA [6]. This produced a

corresponding degree of improvement in plasma stability or

inertness at therapeutic concentrations. Unexpectedly, after

activation to two-chain M5 (tcM5), the mutant had a two-

chain activity higher than that of tcuPA [7], consistent with

their two-chain active catalytic sites also being functionally

distinct.

M5 induced efficient, fibrin-specific clot lysis in a plasma

milieu in vitro and in dogs with venous thromboemboli, in

which M5 was associated with no more bleeding than placebo

[8]. In a more recent study of arterial thrombi in dogs, M5 and

t-PA induced comparably effective lysis, but blood loss from

fresh hemostatic sites was tenfold higher with t-PA, suggesting

that M5 spared hemostatic fibrin. A difference in the lytic

sensitivities of hemostatic vs. intravascular fibrin to M5 was

related to differences in the mechanisms of fibrin-dependent

plasminogen activation by the two activators [9]. Specifically,

that M5 selectively activated plasminogen on degraded (fibrin

fragment E) and not intact fibrin, whereas t-PA targeted

plasminogen on intact fibrin (fibrin fragment D) [10], which

corresponds to hemostatic fibrin. However, a novel, additional

explanation for the low bleeding rate with M5 also came to

light in this study [9].

Zymography of plasma samples from dogs in the dose-

finding phase, in which higher infusion rates of M5 were used

and where non-specific activation occurred, showed an unusual

inhibitor complex with tcM5. This complex was also seen when

tcM5 (but notM5) was incubated in vitro in dog and in human

plasma. The inhibitor was identified as C1-inhibitor based on

its comigration with a complex formed with purified C1-

inhibitor and Western blotting with specific antibodies. It was

postulated that endogenous C1-inhibitor helped to confine

tcM5 activity to the fibrin-clot environment, thereby limiting

non-specific plasminogen activation and sparing hemostatic

fibrin in these dogs [9]. In the present study, C1-inhibitor

inhibition of tcM5 was further investigated and its effects on

fibrin-specific and non-specific plasminogen activation by M5

were characterized in vitro.

Materials and methods

Materials

Recombinant Lys300 fi His mutant prouPA expressed in

Escherichia coli was obtained from Dr. Paolo Sarmientos at

Primm (Milan, Italy) and prepared as previously described

[8]. Recombinant prouPA expressed in E. coli was obtained

from Landing Science and Technology Company, Nanjing,

China. Human C1-inhibitor concentrate prepared from

human plasma was kindly supplied by ZLB Behring GmbH

(Marburg, Germany). Human complement factor four (C4)

was obtained from Calbiochem, Torrey Pines, CA, USA.

Chromogenic substrates for u-PA (S-2444) and plasmin (S-

2251) were obtained from DiaPharma (West Chester, OH,

USA). The chromogenic substrate for C1 esterase (Spectro-

zyme C1E) was obtained from American Diagnostica,

Stamford, CN, USA.

Methods

Fibrinogen was measured as thrombin-clottable protein.

Plasma was diluted with 2 vol. 0.06 M sodium phosphate,

pH 6.1. One volume of thrombin (100 NIH U mL)1;

ThromboMax from Sigma, St Louis, MO, USA) was added,

mixed, and incubated for 30 min at 37 �C. The clot was

wound onto a wooden stick to express the diluted serum,

rinsed in 5 mL of the buffer, and deposited into a tube

containing 1 mL of 5% NaOH. After boiling for 1 min, the

clot was dissolved and the protein measured spectrophoto-

metrically at 280 nm.

Zymography was performed by the method of Granelli-

Piperno and Reich [11] as modified by Vassalli et al. [12] with

sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS–PAGE) according to Laemmli. After electrophoresis,

the gel was washed with agitation for 2 h in 2.5% Triton X-

100 in water, followed by 1 h in 0.1 M Tris–HCl (pH 8.0)

and then placed on an underlay consisting of 0.8% agarose

(Agarose low melting, Fisher Biotech, Kent City, MI, USA),

casein (2% w/v; Carnation non-fat dry milk, Nestlé, Glen-

dale, CA, USA) and plasminogen (20 lg mL)1) in 0.1 M

Tris–HCl (pH 8.0). With incubation the electrophoretic

bands of plasminogen activator produce a clear zone in the

white casein. PAI complexes become active in this system

and show as lytic zones.

Zymograms of the two-chain activators in plasma

The single-chain forms ofM5 and u-PAwere converted to two-

chain by incubation with 0.2 lM plasmin (American Diagnos-

tica) for 45 min at 37 �C in 0.05 M Tris–HCl, 0.1 M NaCl,

0.01% Tween-80, 10 mg mL)1 bovine serum albumin (BSA),

as previously described [13]. These were added to human bank

plasma (5 lg mL)1) and incubated at 37 �C for 1 h with time-

point samples taken for zymography.

C1-inhibitor inhibition of tcM5 and tcuPA

The two-chain forms of M5 and of u-PA were incubated

(10 lg mL)1) with purified C1-inhibitor (250 lg mL)1) at

37 �C in 0.05 M Tris–HCl, 0.1 M NaCl, 0.01% Tween-80,

10 mg mL)1 BSA. Samples were taken at time-points and

assayed for remaining activity by chromogenic assay (S-2444).

The data were plotted directly and a non-linear regression for

first-order logarithmic decay was performed using GRAPHPAD

PRISM (version 3.03 for Windows, GraphPad Software, San

Diego, CA, USA) in order to obtain the half-life (t½) for

inhibition. The pseudo first-order inhibition rate constant was

calculated from k¢ = 0.693/[t½ · (urokinase)].
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Stability of M5 and prouPA in plasma as a function of

supplemental C1-inhibitor

To determine the stability of the single-chain forms of M5 and

u-PA in plasma, theM5 and prouPAwere incubated (37 �C for

4 h) in plasma at a range of concentrations (10, 15, and

20 lg mL)1) with and without extra C1-inhibitor added

(250 lg mL)1). Enzymatic activation of plasminogen was

determined by measuring the plasminogen remaining by

chromogenic assay (S-2251) after its activation with streptok-

inase (2500 U mL)1). C1-inhibitor also inhibits plasmin [14],

which potentially complicates the assay. However, it was

determined that SK–plasmin complexes, which are generated

for this assay, are not inhibited by C1-inhibitor (unpublished

observations).

Because prouPA is far less stable in plasma than M5 is, we

also performed a separate study using far lower concentrations

(2 and 4 lg mL)1) incubated in plasma 2 h and 4 h ± C1-

inhibitor.

Fibrin-specific clot lysis as a function of supplemental C1-

inhibitor

Clots were formed from 0.2 mL bank plasma by recalcifica-

tion (35 mM) with the addition of a trace of thromboplastin

and incubated at 37 �C for 1 h and overnight at room

temperature. The following day, the clots were placed into

2.5 mL of bank plasma and M5 was added at 5 or

10 lg mL)1. Lysis was determined by measuring the D-dimer

concentration in plasma samples removed at time intervals.

The D-dimer determinations were made independently by Dr

Gregory Gauvin, Mt Auburn Hospital, Cambridge, MA,

USA using a Beckman ACL 8000 analyzer (Beckman Coulter

Inc., Brea, CA, USA). After lysis had gone to completion,

aprotinin (500 KIU mL)1) was added and the fibrinogen

concentration determined and compared with that from a

baseline sample.

Evaluation of C1 esterase activity

As tcM5 was inhibited by the principal inhibitor of C1

esterase, the possibility that it may itself have some intrinsic

C1 esterase activity was tested. Equal amounts (10 lg mL)1)

of tcM5 and tcuPA, adjusted to have equivalent activities

against the u-PA chromogenic substrate (S2444), were tested

against the tripeptide chromogenic substrate Spectrozyme

C1-E (480 lg mL)1).

Because C4 is the natural substrate for C1 esterase,

release of the �9 kDa peptide from the a-chain of C4 by

the activators, using plasmin as a positive control, was also

evaluated. Mixtures of tcM5, tcuPA or plasmin (each at

10 lg mL)1) were incubated for 6 h at 37 �C. Each of the

incubation mixtures with C4, except plasmin, also contained

aprotinin (100 KIU mL)1). At the end of incubation, the

mixtures were analyzed by SDS–PAGE under reducing

conditions.

Results

Inhibitor complexes in plasma and with purified C1-inhibitor

Figure 1 shows zymograms of plasma in which equal

amounts (5 lg mL)1) of tcM5 (A) or tcuPA (B) were

incubated (0–60 min). With tcM5, there was a progressive

loss over time of the uncomplexed enzyme associated with the

prompt appearance (within 5 min) and progressive increase of

lysis bands at �150 kDa, corresponding to complexes with

C1-inhibitor. The last lane shows the complex that was

formed when purified C1-inhibitor was incubated for 1 h with

tcM5 (5 lg mL)1) migrating in the same position. With

tcuPA, the uncomplexed enzyme persists in the plasma for a

longer time and the C1-inhibitor complexes appear more
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Fig. 1. Zymograms of (A) two-chainM5 (tcM5; 5 lg mL)1) and (B) two-

chain urokinase plasminogen activator (tcuPA; 5 lg mL)1) incubated in

pooled bank plasma for 0–60 min. The inhibitor complex at the top,

forming within 5 min with tcM5, corresponds to C1-inhibitor, as evi-

denced by the last lane (C1I) of an incubation (60 min) mixture of purified

C1-inhibitor (250 lg mL)1) and tcM5 or tcuPA. With tcuPA (B) there is

more free enzyme seen and the complex is barely visible, reflecting its

slower inhibition rate compared with tcM5 (A). The second plasma

inhibitor appearing at �115 kDa corresponds to antithrombin, a known

inhibitor of tcuPA.
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slowly and are much less apparent. The complex with purified

C1-inhibitor (last lane) is too faint to be visible here. The

lower molecular weight inhibitor complex in plasma

(�115 kDa) is with antithrombin, a known plasma inhibitor

of tcuPA [15]. This has about the same intensity as

C1-inhibitor does with tcuPA (but not with tcM5). On the

zymograms, both the free tcM5 and especially the tcuPA

appear as higher and lower molecular forms; the latter, more

degraded, form is an inevitable byproduct of the plasmin

activation of their parent single-chain forms. Complexes

with PAI-1 in the plasma are not visible because of the

negligible concentration of this inhibitor relative to that of the

activators.

Figure 2A and B are zymograms of incubation mixtures

of equal amounts of tcM5 and tcuPA incubated in buffer in

the presence of purified C1-inhibitor (250 lg mL)1), corres-

ponding approximately to its physiological concentration.

Similar to the findings in plasma, a relatively rapid and

progressive loss of the tcM5 free enzyme was seen,

associated with the appearance of prominent inhibitor

complexes (Fig. 2A). By contrast, with tcuPA, the free

enzyme persisted because of only a modest formation

of inhibitor complexes taking place during the incuba-

tion, reflecting the differences in their inhibition rates

(Fig. 2B).

Kinetics of inhibition by C1-inhibitor

Figure 3 shows the kinetics of inhibition of tcM5 compared

with tcuPA in buffer containing C1-inhibitor (250 lg mL)1)

and 10 lg mL)1 (a high therapeutic concentration) of the two

activators. At time points, synthetic substrate (S-2444) activity

was measured and expressed as a percentage of u-PA activity

remaining. As shown, inhibition of u-PA activity occurred at

two very different rates. There was essentially complete

inhibition of tcM5 within 60 min, whereas 30% of the tcuPA

activity remained even after 3 h of incubation.

As shown in Table 1, the inhibition of tcuPA was about one

hundredfold faster than that previously described for t-PA by

Huisman et al. [16] (recalculated to normalize to the inhibitor

concentration we used). C1-inhibitor has not previously been

listed among the plasma inhibitors of u-PA [15]. The inhibition

rate of tcM5 was about 7-fold greater than that of tcuPA.

Promotion of M5 stability in plasma by C1-inhibitor

supplementation

M5, like prouPA, is a single-chain zymogen that is activated by

plasmin. Plasmin generation is triggered by the intrinsic activity

of the proenzymes when they reach a certain threshold, such as

at therapeutic concentrations. Conversion to the two-chain

forms then amplifies plasminogen activation. Although the
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Fig. 2. Zymograms of 120-min incubation mixtures of (A) 10 lg mL)1

two-chain M5 (tcM5) and (B) two-chain urokinase plasminogen activator

with purified C1-inhibitor (250 lg mL)1). The more rapid inhibitor

complexation by tcM5 corresponds to the more rapid quenching of

activity shown in Fig. 3. The minor lower molecular weight lysis bands

seen below the two enzymes correspond to byproducts of the plasmin

activation of the single-chain proenzyme forms.
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Fig. 3. The kinetics of two-chain M5 (tcM5; squares) and two-chain

urokinase plasminogen activator (tcuPA; circles) inhibition by C1-

inhibitor from the incubation mixtures shown in Fig. 2. At the time

points, u-PA activity was measured with chromogenic substrate

(S-2444). The points graphed are the means of two experiments (error

bars are smaller than the symbols; the r2 of the curves were 0.987 and

0.997 for tcM5 and tcuPA, respectively). The data were fitted by

computer to a non-linear regression for first-order logarithmic decay.
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intrinsic activity of M5 is 5-fold lower than that of prouPA [6],

making its plasma stability or inertness that much greater, it

nevertheless also has its concentration limits. We therefore

evaluated the effect of supplemental C1-inhibitor

(250 lg mL)1) added to plasma on the concentration threshold

at which instability occurs. M5 and prouPA (10, 15, and

20 lg mL)1) were incubated in plasma for 4 h with or without

additional C1-inhibitor, after which the remaining plasma

plasminogen was measured.

As shown in Fig. 4, at an M5 concentration of 10 lg mL)1,

non-specific plasminogen activation began to occur (�25%
loss of plasminogen) after 4 h. At concentrations of 15 and

20 lg mL)1, plasminogen activation by M5, as reflected by its

depletion, was�85% and> 90% respectively. However, with

additional C1-inhibitor, plasminogen depletion was prevented

at the 10 lg mL)1 M5 concentration, and at 15 and

20 lg mL)1, reduced to �30% and �60% respectively.

Therefore, C1-inhibitor supplementation was effective in

promoting the plasma stability of M5 by raising the threshold

concentration at which non-specific plasminogen activation

occurred. By contrast, as shown by the last two bars in Fig. 4,

C1-inhibitor supplementation had no attenuating effect on

plasminogen activation of prouPA at the high concentrations

used. At much lower concentrations (2, 4, and 6 lg mL)1) of

prouPA, however, some attenuation of non-specific plasmino-

gen activation by C1-inhibitor was seen (data not shown).

The effects of C1-inhibitor on clot lysis and fibrin specificity

The attenuation of non-specific plasminogen activation by C1-

inhibitor suggested that fibrin-dependent plasminogen activa-

tion and fibrinolysis might also be inhibited. This was

anticipated from the clinical experience with PAI-1 in which

higher levels have correlated clinically with fibrinolytic resist-

ance, and also from our own laboratory findings in which a

PAI-1 dose-dependent inhibition of clot lysis in a plasmamilieu

by prouPA was previously found (unpublished observations).

Figure 5A shows representative clot lysis curves measured

by the release of D-dimer from a standardized plasma clot.

Lysis induced by 5 or 10 lg mL)1 of M5 in plasma went to

completion in 1.5 and 2 h, respectively, either with (open

circles) or without (closed circles) C1-inhibitor supplementation

(250 lg mL)1). No detectable attenuation of the rate of M5-

mediated fibrinolysis by the inhibitor was found (experiments

carried out in triplicate), indicating that C1-inhibitor did not

inhibit fibrin-dependent plasminogen activation. By contrast,

as seen in Fig. 5B, which shows the fibrinogen concentrations

(as per cent of baseline) at the end of each clot lysis experiment,

Table 1 Inhibition kinetics

t½ (min) k¢ (M)1 s)1)

Two-chain M5 10 5.78 · 103

Two-chain urokinase 68 0.85 · 103

Tissue plasminogen

activator*

0.008 · 103

*For melanoma single-chain tissue plasminogen activator from [15],

adjusted to normalize to the inhibitor concentration used.
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Fig. 4. The effect of C1-inhibitor (250 lg mL)1) when added to bank

plasma on plasminogen preservation in the presence of M5 (10, 15 or

20 lg mL)1) or prourokinase (prouPA; 10 lg mL)1) incubated for 4 h in

plasma. Plasma plasminogen remaining (% of baseline) is represented on

the ordinate axis. As shown, supplementation (+) of the plasma with the

inhibitor significantly reduced plasminogen depletion by M5 at all doses

but not by prouPA at the dose used.
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Fig. 5. (A) Lysis curves determined from release of D-dimer from clots in

a plasma milieu with (+) or without ()) supplemental C1-inhibitor

(250 lg mL)1) and containing 5 or 10 lg mL)1 M5. As shown, the

presence of the inhibitor did not attenuate the rate of fibrinolysis. (B)

Fibrinogen concentrations remaining at the end of each clot lysis from (A)

expressed as % of baseline. At 10 lg mL)1 of M5 (10-) there was loss of

almost all of the fibrinogen, reflecting its degradation. However, with

supplemental C1 inhibitor (10+) this did not occur.
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fibrinogenolysis was completely inhibited by supplementation

with C1-inhibitor (indicated by the + symbol). Therefore, C1-

inhibitor completely restored fibrin specificity to themore rapid

clot lysis rate otherwise achievable only at non-specific doses of

the activator, i.e. at which fibrin degradation by excess plasmin

is the rate-limiting factor.

Because plasmin is the common denominator of all plasmi-

nogen-activator mediated lysis, the findings that the fibrin-

specific and non-specific rates (when plasmin is in excess) were

equivalent are of special interest. They suggest that C1-

inhibitor supplementation made a maximal fibrinolysis rate

by M5 possible in vitro without sacrificing fibrin specificity.

Evaluation of C1 esterase activity

Figure 6A shows that at concentrations of tcuPA and tcM5

that were equivalent against u-PA chromogenic substrate (solid

symbols), tcuPA had more activity against C1 esterase

chromogenic substrate than did tcM5 (open symbols). A

comparable difference in the same direction was found against

the more general substrate, benzoyl-argininyl methyl ester

(Sigma, St Louis, MO, USA) (data not shown). Fig. 6B shows

an SDS–PAGE under reducing conditions of the 6 h-incuba-

tion mixtures of C4 with the following: buffer (lane 2); tcuPA

(lane 3); tcM5 (lane 4); and plasmin (lane 5) (all 10 lg mL)1).

A faint band is discernable between the a- and b-chains of C4 in
lanes 3 and 4, consistent with a shift of a trace amount of the a-
chain by release of the peptide after a 6-h incubation with a

high therapeutic concentration of either tcuPA or tcM5. By

contrast, plasmin had a gross degradation effect, particularly of

the a-chain.
The effect of plasmin is consistent with those reports in

which complement activation and anaphylatoxin generation

were found to be associated with therapeutic thrombolysis.

This potentially deleterious side-effect of plasmin further

underscores the importance of limiting non-specific plasmin

generation during fibrinolysis as much as possible.

Discussion

The plasminogen activator, M5, contains a single mutation

(Lys300 fi His) in a flexible loop region within the catalytic

domain of single-chain prouPA. This residue exchange lowered

its intrinsic, single-chain activity 5-fold andmade it more stable

in plasma to a corresponding degree [6]. After plasmin

activation to tcM5, the catalytic activity was found to be

higher than that of tcuPA [7], implicating an unanticipated

functional difference in their two-chain catalytic sites as well.

The present finding that C1-inhibitor quenches tcM5 activity

significantly more effectively than that of tcuPA is consistent

with such a difference.

The inhibition rate of C1-inhibitor was about 7-fold greater

against tcM5 than tcuPA. Huisman et al. [16] previously

reported that C1-inhibitor formed complexes with both single-

and two-chain t-PA, but these complexes formed more slowly.

AlthoughC1-inhibitor has not previously been included among

the plasma inhibitors of tcuPA [15], the inhibition rate of t-PA

reported by the authors was about one hundredfold less than

that for tcuPA (Table 1).

In contrast to the findings with tcuPA, C1-inhibitor formed

the predominant complex with tcM5 in plasma (Fig. 1A),

suggesting that this inhibitor could help to prevent non-specific

plasmin generation by M5/tcM5. Because plasmin converts

M5 to tcM5, which then greatly amplifies plasmin generation,
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Molecular weight marker are in lane 1. The positions of the a-, b-, and c-
chains of C4 and of the u-PA B-chain (lanes 3 and 4) are shown on the

right. A faint band is discernable between the a- and b-chains of C4 in

lanes 3 and 4, consistent with a shift of a trace amount of the a-chain by

release of the anaphylatoxin peptide. By contrast, a gross degradation

effect, particularly of the a-chain, is seen in lane 5.
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this cyclic reaction threatens the stability of M5 in plasma,

upon which its fibrin specificity depends. When plasma was

supplemented with C1-inhibitor (250 lg mL)1), the M5 con-

centration threshold at which tcM5 conversion and plasmino-

gen depletion occurred was substantially raised (Fig. 4).

Therefore, C1-inhibitor, by inhibiting tcM5, effectively helped

to control the non-specific plasminogen activation that was

triggered by the intrinsic activity of M5 above a certain

concentration.

When fibrin-dependent plasminogen activation was tested

by measuring the rate of clot lysis by M5, no inhibition by

supplemental C1-inhibitor was observed. As a result, the dose

limit for fibrin-specific clot lysis was raised. In fact, the rate

achieved with supplemental C1-inhibitor was equivalent to that

of non-specific clot lysis, i.e. the rate possible when plasmin is in

excess (Fig. 5A,B).

No in vivo data in humans are currently available, but C1-

inhibitor complexes were previously identified in the plasma of

dogs given higher, non-specific doses of M5. It was postulated

that this inhibition of tcM5 by endogenous C1-inhibitor may

have contributed to the tenfold-lower blood loss associated

with M5 compared with t-PA in this study [9]. The present

findings prompt the speculation that if supplemental C1-

inhibitor had been administered to these dogs, faster lysis rates

from higher doses, accompanied by the same low bleeding

incidence, might have been achieved.

C1-inhibitor has long been administered clinically for the

treatment of hereditary angioedema, a condition related to a

deficiency of this inhibitor. It is a 104 kDa serpin with a normal

plasma concentration of about 250 lg mL)1, and a half-life of

�28 h. C1-inhibitor is a major inhibitor of the complement

pathway, specifically C1 esterase, but also has a number of

other target serine proteases, includingFXIIa, FXIa, kallikrein,

and t-PA (for review see [17]). The present findings indicate that

tcuPA, and especially tcM5, need to be added to the list.

Because of the unusual interaction of tcM5 with C1-

inhibitor, the question of whether tcM5 may itself have C1

esterase activity was raised.When comparedwith an equivalent

amount of tcuPA, tcM5 had, in fact, less activity against a C1

esterase synthetic substrate (Fig. 6A). Against its natural

substrate, C4, both tcuPA and tcM5 at high therapeutic

concentrations had a comparable effect consistent with release

of a trace amount of anaphylatoxin after a 6-h incubation. By

contrast, plasmin induced a major degradation (Fig. 6B),

consistent with reports of complement activation and anaphy-

latoxin generation during therapeutic thrombolysis [18]. These

data underscore the importance of limiting non-specific plas-

min generation, as has been demonstrated with supplemental

C1-inhibitor with M5.

C1-inhibitor also had a modest effect on non-specific

plasminogen activation by prouPA/tcuPA, but only at much

lower concentrations than those used in the present study. This

is consistent with its weaker inhibition, which was, nevertheless,

much greater than that reported for t-PA. The principal plasma

inhibitor of t-PA and tcuPA is, of course, PAI-1, but raised

levels of PAI-1 have been associated clinically with impaired

fibrinolysis [19,20]. Similarly, in studies of the effect of PAI-1

supplementation (25–100 ng mL)1) on clot lysis by prouPA in

a plasma milieu, a dose-dependent inhibition of clot lysis took

place (unpublished observations), in contrast to the present

findings with C1-inhibitor.

The dissociation observed between the inhibition by C1-

inhibitor of non-specific and fibrin-specific plasminogen acti-

vation is consistent with the two different rates of plasminogen

activation that are involved. Fibrin-bound plasminogen is

activated more rapidly than free Glu-plasminogen in plasma.

In the case of prouPA/M5, it has been shown that plasminogen

activation is promoted more than two hundredfold by fibrin,

specifically fibrin fragment E [21]. As a consequence, the C1-

inhibition rate of tcM5 appears to be sufficient to prevent non-

specific plasminogen activation but insufficient to interfere with

the more rapid activation of fibrin-bound plasminogen.

In conclusion, C1-inhibitor was more reactive against tcM5

than it was against tcuPA, and when added to plasma it

prevented non-specific plasmin generation by M5 at high

fibrinolytic concentrations. Because plasminemia can cause

bleeding [1,2], clotting [22], the �plasminogen steal� phenom-

enon [23], and complement activation [18], limiting non-specific

plasmin generation without interfering with fibrinolysis is of

special clinical interest. An inhibitor that controls this dose-

related plasminogen-activator side-effect has the potential to

optimize the lysis rate and minimize side-effects, thereby

helping to overcome current limitations of therapeutic throm-

bolysis.
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