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A well characterized model of an intact and a degraded surface of fibrin that represents the 
states of fibrin during the initiation and the progression of fibrinolysis was used to quantitatively 
characterize the molecular interplay between tissue-type plasminogen activator (t-PA), plasminogen 
and fibrin. The molecular assembly of t-PA and plasminogen on these surfaces was investigated 
using combinations of proteins that preclude complications due to side reactions caused by generated 
plasmin : native plasminogen with di-isopropylphosphofluoridate-inactivated t-PA, and a recombi- 
nant human plasminogen with the active-site Ser741 mutagenized to Ala which renders the catalytic 
site inactive. Under these conditions, neither the affinity nor the maximal number of binding sites 
for plasminogen were modified by the presence of t-PA, indicating that binding sites for plasmino- 
gen pre-exist in intact fibrin and are not dependent on the presence of t-PA. In contrast, when 
plasminogen activation is allowed, increasing binding of plasminogen to the progressively degraded 
fibrin surface is directly correlated (1. = 0.98) to the appearance of the fibrin E-fragment as shown 
using a monoclonal antibody (FDP-14) that has its epitope in the E domain of fibrin. t-PA was 
shown to bind with a high affinity to both the intact (K,  = 3.3 % 0.6 nM) and the degraded surface 
of fibrin (Kd = 1.2 i 0.4 nM). Binding of t-PA to carboxy-terminal lysine residues of degraded fibrin 
was shown to be efficiently competed by physiological concentrations of plasminogen (2 pM), 
indicating that the affinity of t-PA for these residues was lower than that of plasminogen (K,, = 
0.66 i 0.22 pM) and unrelated to the high affinity of t-PA for specific binding sites on intact fibrin. 
These data confirm and establish that the generation of carboxy-terminal lysine residues on fibrin 
during ongoing fibrinolysis, and the binding of plasminogen to these sites, is an important pathway 
in the acceleration of clot dissolution. 

Intravascular fibrinolysis is a heterogeneously catalyzed 
process triggered by tissue-type plasminogen activator (t-PA) 
[l], and evolving from the plasmdfibrin interface to the inte- 
rior of the clot [ 2 ] .  In this process, polymerized fibrin acts 
both as a stimulator of t-PA activity and as a substrate for in 
situ generated plasmin. 
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acid; ValPheLysCH,Cl, D-valyl-L-phenylalanyl-L-lysine chloro- 
methane; Dns-GluGlyArgCH,CI, dansyl-glutaniyl-glycyl-arginine 
chloromethane; PheProArgCH,Cl, D-phenylalanyl-L-prolyl-L-argi- 
nine chloromethane. 
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The efficiency and specificity of the fibrinolytic process 
are based on the assembly of t-PA and its substrate, plasmin- 
ogen, at the fibrin surface [3].  The amino-terminal regions of 
plasminogen [4] and t-PA [5, 61 contain structural domains 
that govern their affinity for fibrin. Thus, the binding of plas- 
minogen is mediated by interactions between the lysine-bind- 
ing sites (LBS) of the kringle domains and lysine residues 
in other proteins. High-affinity LBS have been identified on 
kringles 1 and 4 [7-lo], and a low-affinity binding site, 
called aminohexyl-binding site (AH-binding site) has been 
demonstrated on kringle 5 [ 11, 121. A LBS of moderate affin- 
ity for fibrin has also been characterized on the kringle 2 
domain of t-PA [13] ; however, the nature of the interaction 
between the finger domain of t-PA and fibrin remains un- 
known. A mechanism that amplifies and accelerates fibrino- 
lysis has been described [14]. This mechanism is mediated 
by the initial limited degradation of the surface of fibrin by 
plasmin which generates carboxy-terminal lysine residues 
that constitute new binding sites for plasminogen. Tran- 
Thang et al. [15, 161 and Harpel et al. I171 have suggested 
that the initial binding of t-PA may increase the binding of 
plasminogen by a similar mechanism. 
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From competitive binding experiments performed with 
the use of a static model of limited plasmin-digested fibrin, 
De Vries et al. [18] have concluded that t-PA and Glu-plas- 
minogen may compete for carboxy-terminal lysines, whereas 
on intact fibrin, plasminogen and t-PA may bind to distinct 
and independent sites. However, molecular interactions oc- 
curring between fibrinolytic proteins and progressively de- 
graded fibrin residues appearing during ongoing fibrinolysis 
escape direct detection. This is the reason why the assembly 
of plasminogen and t-PA on the fibrin surface during fibri- 
nolysis has not been fully characterized. We have developed 
a stable model of an evolving fibrin surface that allows such 
studies. With the use of this model, we have previously quan- 
titatively characterized the role of carboxy-terminal lysine 
residues on progressively degraded fibrin in the binding of 
plasminogen [19]. In the present study, we have evaluated 
the binding of plasminogen and t-PA with different modified 
fibrin surfaces, and the interactions occumng between these 
two proteins during the formation of the so-called ternary 
complex [3] .  Furthermore, we have correlated the effect of 
cleavage of the fibrin chains by plasmin with the binding of 
plasminogen and t-PA during ongoing fibrinolysis. 

MATERIALS AND METHODS 
Chemicals and buffers 

Chromogenic substrate methylmalonylhydroxyprolylar- 
ginine p-nitroanilide (CBS 1065), and human thrombin were 
from Diagnostica Stago; aprotinin was from Behringwerke; 
D-valyl-L-phenylalanyl-L-lysine chloromethane (ValPhe- 
LysCH,Cl), dansyl-glutamyl-glycyl-arginine chloromethane 
(Dns-GluGly ArgCH,Cl), and D-phenylalanyl-L-prolyl-L-argi- 
nine chloromethane (PheProArgCH,Cl) from France Bio- 
chem. All the chemicals used were of the best reagent grade 
commercially available. Other products were obtained as pre- 
viously indicated [19, 201. Buffer A was 0.05 M sodium 
phosphate pH 7.4, containing 0.08 M NaC1. Assay buffer was 
buffer A containing 2 mg bovine serum albumidml and 
0.01% (by vol.) Tween 20. Mass buffer, a buffer that pro- 
vided the mass-action effects on the competitive non-specific 
adsorption of plasminogen to the fibrin surfaces, was buffer 
A containing 40 mg bovine serum albumidml and 0.01% (by 
vol.) Tween 20. All other buffers were prepared as described 
in the text. 

Purified proteins 
Fibrinogen and Glu-plasminogen were purified from di- 

isopropylphosphofluoridate(iPr,P-F)-treated fresh-frozen hu- 
man plasma by, respectively, glycine precipitation according 
to Kazal et al. [21], and affinity chromatography on lysine- 
Sepharose 4B [22]. Further purification was achieved as pre- 
viously described [ 19, 201. The Glu-plasminogen preparation 
was more than 99% pure as assessed by SDSPAGE and 
autoradiography of the '2sI-labelled plasminogen, and by 
amino-terminal amino acid sequence analysis [23]. Protein 
concentration was measured at 280 nm in buffer A using 

of 15.1 [24] for fibrinogen and 16.8 for plasminogen 

Recombinant plasminogen with Ser741 mutagenized to 
Ala, [Ala741]rPg, was obtained by expression in Chinese 
hamster ovary cells of the plasmid plg 251 a/219b [26] using 
the vector Zem 229 [27], and was purified from the cell cul- 
ture medium by affinity chromatography on lysine-Sepharose 

E l  7 c ,  1 c m  

~251. 

[22]. [Ala741]rPg could be converted to an inactive two- 
chain molecule by treatment with two-chain urokinase-type 
plasminogen activator (tcu-PA) or with t-PA [28]. The ab- 
sence of amidolytic activity of the [Ala741]rPg two-chain 
molecule against the tripeptide substrate S-2251 (Biogenic) 
was verified both in soluble phase and in an assay in which 
fibrin-bound [Ala741]rPg was treated with 10 U/ml tcu-PA. 

Human t-PA (> 95 % single-chain) purified from Bowes 
melanoma cell-conditioned medium on immobilized mo- 
noclonal antibody anti-t-PA was from Biopool. It had a spe- 
cific activity of 680000 U/mg by reference to the First In- 
ternational Standard for t-PA (preparation coded 83/517, Na- 
tional Institute for Biological Standards and Control, Lon- 
don) as determined with the solid-phase fibrin-t-PA photo- 
metric assay [29] using 200 nM plasminogen and 1.5 mM 
CBS 1065. iPr,P-F-inactivated t-PA (Dip-t-PA) was prepared 
by treating 14.7 pg t-PA in 100 pl buffer A with 2.7 mM 
iPr,P-F for 15 min at 22"C, diluted 100-fold, aliquoted and 
stored at -70°C. Before use, each aliquot was again treated 
twice with iPr,P-F (two 2.7 mM cycles). Fibrin-bound Dip- 
t-PA had no residual activity in the above mentioned photo- 
metric assay even after incubation for 72 h at 37°C. 

Plasmin was prepared by activation of plasminogen with 
immobilized tcu-PA, as previously described [30]. The tcu- 
PA-free plasmin was stored at -70°C in 0.1 M sodium ace- 
tate, pH 4.0, containing 0.3 M NaCl and 25% (masdvol.) 
glycerol. Its final concentration was 13.5 pM (determined 
by active-site titration with p-nitrophenyl-pcguanidinoben- 
zoate). 

Goat polyclonal antibodies (IgG) directed against human 
uterine t-PA, and against human plasminogen were from Bio- 
pool. The IgG fraction of these sera was purified by precipi- 
tation with 45% ammonium sulfate and chromatography on 
DEAE-Trisacryl. A goat anti-mouse immunoglobulin serum 
was submitted to the same procedure and the IgG were fur- 
ther purified by affinity chromatography on a mouse immu- 
noglobulin immunoadsorbent. 

A mAb (FDP-14, IgG1, K ) ,  raised against physiological 
fibrin-degradation products, that recognizes an epitope con- 
taining the sequence 54-118 of the BP chain of fibrinogen 
was prepared as described [31]. 

Preparation of proteinase-treated fibrin surfaces 
Solid-phase fibrin was prepared as previously described 

[29, 321 with minor modifications [19, 201. The cleavage of 
fibrinopeptide A by thrombin was verified by the disappear- 
ance of immunoreactivity with a mouse mAb, Y 18, directed 
against the Aa sequence 1-51 of human fibrinogen [33]. 
The plate thus prepared was treated with 25 nM plasmin for 
30 min at 37°C and fibrin-bound plasmin was eluted in 
buffer A containing 0.2 M truns-4-(aminomethyl)-cyclohex- 
ane carboxylic acid, 1 mM benzamidine and 10 pM ValPhe- 
LysCH,Cl as previously indicated [19]. No significant ami- 
dolytic activity was detected after incubation of the degraded 
surface with 1.5 mM CBS 1065 for 48 h at 37°C. Degrada- 
tion of the surface of fibrin by plasmin was demonstrated by 
the binding of the mAb FDP-14 [31] which does not react 
with intact fibrin. In some experiments, the carboxy-terminal 
lysine residues generated on the plasmin-treated fibrin sur- 
face were removed by treatment with 50 pg/ml carboxypepti- 
dase B for 2 h at 37°C in 0.05 M Hepes, pH 7.5, 0.5 M NaCl 
and 10 pM ZnC1,. The intact fibrin surface was submitted to 
a similar treatment with carboxypeptidase B to ensure com- 
plete absence of carboxy-terminal lysine or arginine residues 
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on this surface. All the following experiments were per- 
formed in a reaction volume of 50 pl/well. 

Binding of plasminogen and t-PA to the fibrin surfaces 
Varying amounts of native plasminogen or [Ala741]rPg 

containing a trace amount of their respective '2sI-labelled 
forms were prepared in mass buffer, incubated to equilibrium 
for 18 h at 4°C with different fibrin surfaces previously 
washed three times with assay buffer. The incubation mix- 
tures were then removed, the plate washed three times with 
assay buffer, and the radioactivity bound to each well was 
analysed in a y-radiation counter. 

The binding of t-PA to different surfaces of fibrin was 
performed as follows. Solutions of native or Dip-t-PA were 
prepared in mass buffer and incubated with fibrin surfaces 
for 18 h at 4°C. After washing the plates, the binding of 
t-PA was detected with a '251-IgC directed against t-PA 
(8 X 105dpm/well in mass buffer) incubated for 1 h at 37°C. 
The plate was washed and the radioactivity bound to each 
well was counted in a y-radiation counter [Wallac LKB 
(counting efficiency = 63%)]. In some experiments per- 
formed with active t-PA, the amount of t-PA bound to the 
fibrin surface was detected by adding 200 nM of plasmino- 
gen and 1.5 mM of CBS 1065. Under these conditions, the 
initial velocity of the cleavage of the synthetic substrate was 
directly proportional to the amount of bound t-PA, as pre- 
viously described [29]. 

Competition experiments between plasminogen and t-PA 
Two experimental procedures were used to analyze the 

competitive binding of t-PA and plasminogen to fibrin. In the 
first type of experiment, an intact surface of fibrin was satu- 
rated with 4 n M  Dip-t-PA for 1 h at 37°C before adding 
increasing concentrations (0- 10 pM) of plasminogen. The 
binding of plasminogen to the intact fibrin surface was de- 
tected with a T - I g G  polyclonal antibody directed against 
plasminogen (8 X lo5 dpdwell) and expressed in  dpm 
bound/well. In the second type of experiment, the binding to 
intact or degraded fibrin surfaces of 4nM Dip-t-PA in the 
presence of 0-10 pM native plasminogen prepared in mass 
buffer supplemented with 1 pM Dns-GluGlyArgCH,CI, or 
1 nM [Ala741]rPg in the presence of 0-20 nM native t-PA, 
was measured. The plasminogen solutions contained a trace 
amount of their respective "51-plasminogen forms and the 
binding was quantified as described above. In a control ex- 
periment, we measured the binding of native plasminogen 
(18nM) in the presence of increasing concentrations of 
active t-PA in order to quantify the evolution of plasmino- 
gen-binding sites during plasminogen activation for 1 h at 
37 "C. Plasmin(ogen) binding was quantified as described 
above. In parallel, proteins bound to the fibrin surface were 
eluted by three washes with assay buffer containing 0.2M 
trnns-4-(aminomethyl)-cyclohexane carboxylic acid, 1 mM 
benzamidine and 10 pM ValPheLysCH,Cl. The extent of the 
fibrin degradation was then detected by incubating 200 ng/ 
ml of FDP-14 i n  mass buffer for 2 h at 37°C. After three 
washes of the plate with assay buffer, a goat anti-mouse '"I- 
IgG in mass buffer was used for detection. Finally, the plate 
was washed and the bound radioactivity was counted in a y-  
radiation counter. 

Radiolabelling of proteins 
Native Gln-plasminogen or [Ah741 ]rPg and the poly- 

clonal IgG directed against either plasminogen, t-PA or the 

mouse IgG, were radiolabelled with Na[12'I] with the use of 
the IodogenTM method of Fraker and Speck [34] with the 
following modifications. Protein (10 pg in 0.2 M sodium 
phosphate pH 7.4) and 0.5 mCi of the radioisotope were 
added (15 p1 final volume) to a conical plastic centrifuge vial 
(Eppendorf) coated with IodogenTM (1 0 pg) according to the 
manufacturer's instructions. After an iodination time of 
4 min at 4"C, the labelled protein was separated from free 
Na[IT] by gel filtration on a PD-10 Sephadex G-25 column 
(medium grade). The specific activities obtained were 3 - 
8 Ci/g Glu-plasniinogen, 17-25 Ci/g [Ala741]rPg, and 20- 
35 Ci/g IgG. The labelled native plasminogen was identical 
to the unlabelled product as assessed by a residual activity 
of 85 - 100% after activation with fibrin-bound t-PA. 

Analysis of binding data 
Untransformed data were analyzed by non-linear regres- 

sion methods. The average binding curves for plasminogen 
or t-PA interaction with fibrin fitted the simple Langmuir 
equation for adsorption at interfaces. The equilibrium associ- 
ation constant ( K )  and the total number of binding sites (B,,,,) 
were derived from the linearized expression of the Langmuir 
equation as previously described [19]. 

RESULTS 
Binding of plasminogen or iPr,P-F-inactivated t-PA 
(Dip-t-PA) to an intact fibrin surface 

To determine if the presence of t-PA promotes the bind- 
ing of plasminogen to an intact surface of fibrin, the surface 
was saturated with Dip-t-PA, an inactivated form of t-PA that 
prevents plasmin generation. The binding of increasing con- 
centrations of plasminogen to intact fibrin or to fibrin satu- 
rated with Dip-t-PA is represented in Fig. 1. Neither the af- 
finity nor the B,,, of plasminogen was modified by the previ- 
ous binding of t-PA: Kd = 0.91 pM on fibrin alone and 
1.06 pM on fibrin with Dip-t-PA. These Kd values are in ac- 
cordance with those obtained previously, i.e. 0.99 & 0.1 7 pM 
[ 191. Moreover, competitive binding experiments between 
Dip-t-PA and plasminogen (Fig. 1) showed that the binding 
of Dip-t-PA (input concentration of 4 nM) to intact fibrin was 
not modified by increasing concentrations of plasminogen 
(0-10 pM). In the alternative experiment (data not shown), 
the fibrin-bound plasminogen, upon incubation with 1 nM 
plasminogen, was not displaced by t-PA even at a concentra- 
tion of 20 nM. All these data indicate that binding of plas- 
minogen and t-PA to intact fibrin occurs via totally indepen- 
dent mechanisms. 

Interactions of active t-PA and native or [Ala741]rPg 
with fibrin 

Native plasminogen or [Ala741]rPg were allowed to bind 
to the intact fibrin surface in the presence of increasing con- 
centrations (0-20 nM) of active t-PA (Fig. 2). Whereas the 
binding of plasmin(ogen) at an input of 18 nM increases 25- 
fold in 1 h at 37 "C already at a concentration of 4 nM t-PA. 
the binding of [Ala741]rPg was not significantly modified 
even after 18 h at 22°C at the highest t-PA concentration 
used in this experiment (20 nM, Fig. 2A). Cleavage of 
[Ala741]rPg by t-PA resulted in an inactive two-chain form 
of plasmin that does not degrade fibrin; in contrast, cleavage 
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Fig. 1. Interactions of plasminogen and Dip-t-PA with intact fi- 
brin monolayer surfaces. An intact fibrin surface was incubated 
with 4 nM of Dip-t-PA in mass buffer for 1 h at 37°C. After washing 
the plate to remove unbound Dip-t-PA, plasminogen in mass buffer 
supplemented with 1 pM Dns-GluGlyArgCH,CI was allowed to 
bind for 18 h at 4°C. After washing the plate, the binding of plas- 
minogen was detected with a solution of 'Z'I-lgG directed against 
plasminogen ( 8 X  105dpm/well) incubated for 1 h at 37°C. The 
radioactivity bound to each well was counted and the binding of 
plasminogen expressed in dpndwell. The figure represents binding 
isotherms of plasminogen in the absence (W) and in the presence 
(0) of Dip-t-PA. The inset shows Dip-t-PA (4 nM) incubated with 
fibrin surfaces in the presence of increasing amounts of plasminogen 
for 18 h at 4°C. The binding of Dip-t-PA was detected with an Iz51- 
IgG directed against t-PA incubated for 1 h at 37 "C and expressed as 
a percentage of the maximal binding in the absence of plasminogen. 

of native plasminogen yielded active plasmin as  indicated by  
the extent of fibrin degradation quantified with the monoclo- 
nal antibody FDP-14. This antibody detects a plasmin-degra- 
dation-product-specific epitope in  the fibrin E-domain. The 
isotherms of the binding of FDP-14 to fibrin surfaces pre- 
viously incubated with t-PA and either native plasminogen 
or [Ala741]rPg were obtained after washing the plates with 
0.2 M 6-AHA and are shown in Fig. 2B. The absence of 
binding of FDP-14 to the surface treated with the t-PA/ 
[Ala741]rPg mixture illustrates that fibrin was not degraded 
and confirms that the plasmin generated was inactive; in  con- 
trast, the hyperbolic binding isotherm of FDP-14 obtained 
with the surface that was incubated with native plasminogen 
and t-PA indicates that fibrin had been degraded by  the plas- 
min generated. Indeed, a linear correlation (7  = 0.98) be- 
tween the increase in the binding of plasmin(ogen) and the 
progressive degradation of fibrin was calculated (Fig. 2B) 
from the plot of plasmin(ogen) bound versus the amount of 
FDP-14 bound to  the degraded surface of fibrin. These data 
clearly show that the increase in  the binding of plasminogen 
to fibrin in  the presence of t-PA is entirely induced by  plas- 
min digestion of fibrin, i.e. by formation of carboxy-terminal 
lysine residues as  a result of plasmin action, and is not di- 
rectly promoted by t-PA. However, t-PA has been shown to 
have affinity for lysine residues [13] and rnay compete with 
plasminogen for binding to the surface of fibrin. The  binding 
of t-PA to the carboxy-terminal lysines was therefore charac- 
terized in the presence and absence of plasminogen. 
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Fig. 2. Binding of plasminogen to fibrin monolayer surfaces in 
the presence of native t-PA during ongoing fibrinolysis. Fibrin 
surfaces previously treated with carboxypeptidase B were incubated 
with a constant amount (18 nM) of either native plasminogen (0) 
for 1 h at 37°C or [Ala741]rPg (0) for 18 h at 22"C, in the presence 
of increasing concentrations of native t-PA (0-20 nM). After wash- 
ing of the plate, the binding of plasmin(ogen) and the extent of fibrin 
degradation were detected. (A) Plasmin(ogen) binding isotherms. 
The plasminogen preparations contained a trace amount of their re- 
spective '*Tforrn (8 X 10' dpm/well). The binding of plasmin(ogen) 
was quantified by counting the radioactivity bound to each well, and 
expressed in fmol/well. (B) Detection of fibrin degradation. After 
removal of bound proteins from the surface as described in Materials 
and Methods, a solution of 200 nglml of FDP-14 was incubated in 
mass buffer for 2 h at 37°C. The binding of FDP-14, a measure of 
the extent of fibrin degradation, was detected with a goat anti- 
(mouse IgG) '2sI-antibody (2.3 X lo5 dpdwell), and expressed 
in dpdwell. The inset represents the correlation curve of the bind- 
ing of native plasminogen versus the binding of FDP-14. 

Characterization of the binding of Glu-plasminogen 
and Dip-t-PA to intact or modified fibrin surfaces 

Results for the specific binding of native Glu-plasmino- 
gen to  intact and plasmin-modified fibrin (Fig. 3) were as 
previously characterized [19]. The dissociation constants ( K J  
of  the plasminogedfibrin interaction were determined and 
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Fig. 3. Binding of native Glu-plasminogen to fibrin monolayer 
surfaces. Increasing concentrations of plasminogen (0- 10 pM) 
were incubated in the presence of a constant concentration of "'I- 
plasminogen (3.74 nM; 7.9X 105dpm/well) in mass buffer for 18 h 
at 4°C with intact fibrin (m), plasmin-degraded fibrin (0) and 
plasmin-degraded fibrin treated with carboxypeptidase B (0). After 
washing the plate three times with assay buffer, the radioactivity 
boundiwell was counted and expressed in pmol plasminogen bound/ 
well by dividing the measured radioactivity by the specific radioac- 
tivity of each plasminogen solution. 

were of the same order of magnitude with intact or with 
degraded fibrin (Kd = 0.49 pM on fibrin and 0.86 pM on de- 
graded fibrin). In contrast, a dramatic increase in the total 
number of binding sites (B,,,,) was observed after treatment 
of the fibrin surface with plasmin (B,,,, = 0.15 pmol on fibrin 
and 1.07 pmol on degraded fibrd0.365 pmol fibrin). Futher- 
more, the treatment of the degraded surface with carboxy- 
peptidase B totally abolished the binding of plasminogen, 
indicating that internal lysine residues available in intact fi- 
brin were converted to carboxy-terminal lysines by plasmin. 
These results clearly indicate that carboxy-terminal lysine 
residues of plasmin-digested fibrin represent a single type of 
binding site for plasminogen on such a surface. 

A Bjerrum plot, [t-PA . Fn] = f(log [t-PA]), of data ob- 
tained for the binding of Dip-t-PA to the intact or the plas- 
min-digested fibrin (Fn) showed saturation at more than 
4 nM of Dip-t-PA. Therefore, data were analyzed using the 
simple Langmuir equation for adsorption at interfaces : 

K [t-PA] 
1 + K [t-PA] 

[t-PA . Fn] = Fn, 

where [t-PA . Fn] represents the fraction of the Dip-t-PA 
molecules bound to fibrin, Fn, the total number of binding 
sites for t-PA on the fibrin surface, [t-PA] the equilibrium 
concentration of t-PA, and K the equilibrium constant of the 
interaction. Using this analysis, we assume a single-site bind- 
ing mechanism, and the affinity was expressed as K,, = 1/K. 
A K,, value of 3.3 ? 0.6 nM for intact fibrin and 1.2 2 0.4 nM 
for degraded fibrin were thus calculated (Fig. 4). These val- 
ues are three orders of magnitude lower than those obtained 
for plasminogen and constitute a quantitative measure of the 
higher affinity of t-PA for fibrin. The B,,,,, value for the bind- 
ing of t-PA to fibrin was only slightly modified by plasmin, a 
1.5-fold increase (mean of three independent determinations) 
compared to the 8-fold increase for the binding of plasmino- 
gen at saturation, and decreased to the values of intact fibrin 
after treatment of the degraded surface with carboxypepti- 
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Fig. 4. Binding of Dip-t-PA to fibrin monolayer surfaces. Increas- 
ing concentrations of Dip-t-PA (0- 10 nM) were incubated in mass 
buffer for 18 h at 4°C with intact fibrin (m), plasmin-degraded fibrin 
(a), and plasmin-degraded fibrin treated with carboxypeptidase B 
(0, dotted line). The t-PA solutions were then discarded, the plate 
was washed three times with assay buffer before adding 'Z51-lgG 
polyclonal antibody diluted in mass buffer (8 X 105dpm/well) and 
incubated for 1 h at 37°C. After washing the plate, the radioactivity 
was counted and the amount of Dip-t-PA bound expressed in dpm/ 
well. Results are mean +- SD of three independent experiments per- 
formed in duplicate. 

dase B. These results clearly indicate that the high-affinity 
binding sites for t-PA present on intact fibrin are not modi- 
fied by plasmin and that the moderate increase in the binding 
of t-PA to degraded fibrin depends on the presence of car- 
boxy-terminal lysine residues formed by plasmin. However, 
the increase in the binding of t-PA to these residues is rather 
weak and this suggests that carboxy-terminal lysine residues 
may play only a minor role, if any, in the binding of t-PA to 
a plasmin-digested surface of fibrin. To further verify this 
hypothesis, competition experiments between plasminogen 
and t-PA with a degraded surface of fibrin were performed. 

Competition experiments between plasminogen 
and native or Dip-t-PA for binding 
to plasmin-degraded fibrin 

As shown in Fig. 5, increasing concentrations of plasmin- 
ogen easily displace the supplementary binding to fibrin of a 
saturating concentration of Dip-t-PA (4 nM) incubated with 
plasmin-digested fibrin; 50% of the binding of t-PA to the 
carboxy-terminal lysine residues, i.e. the difference between 
intact and degraded fibrin, was inhibited with 0.93 pM plas- 
minogen. Hswever, no inhibition of the binding of plasmino- 
gen (Fig. 5 )  could be observed by increasing concentration\ 
of Dip-t-PA. Similar results were obtained whether a limited 
amount of plasminogen (1 nM) or a concentration close to 
the K,, value on dzgraded fibrin (1 pM) was used. 

To exclude any bias in the competition experiments that 
may be caused by the use of Dip-t-PA instead of the native 
molecule or by a trace amount of active t-PA in the mixture, 
similar experiments were performed using native t-PA and 
the mutant plasminogen [Ala741]rPg. The results are il- 
lustrated in Fig. 6. The binding of l nM [Ala741]rPg to the 
degraded fibrin surface remained constant in the presence of 
increasing concentrations of t-PA. The concomitant binding 
of t-PA in the courbe of this experiment was verified (Fig. 6). 
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Fig. 5. Competition experiments between plasminogen and Dip- 
t-PA for binding to plasmin-degraded fibrin monolayers. Dip-t- 
PA (4nM) was incubated with fibrin surfaces in the presence of 
increasing amounts of plasminogen for 18 h at 4°C. The binding of 
Dip-t-PA was detected with an 'z51-IgC directed against t-PA incu- 
bated for 1 h at 37 "C and expressed as a percentage of the maximal 
binding in the absence of plasminogen. The inset represents the al- 
ternative experiment in which 1 nM (0) or l pM (W) of plasmino- 
gen was incubated in the presence of increasing concentrations of 
Dip-t-PA (0-20 nM). The binding of plasminogen was detected 
with '2'I-IgG directed against plasminogen as described in Fig. 1 
and expressed as a percentage of the maximal binding in the absence 
of Dip-t-PA. 

Even beyond a saturating concentration of t-PA, no inhibition 
of the binding of plasminogen could be detected, indicating 
first, that t-PA was unable to compete for plasminogen-bind- 
ing sites on degraded fibrin, and secondly, that binding of 
t-PA to the carboxy-terminal lysine residues of this surface 
is impaired by plasminogen. 

DISCUSSION 
Fibrin-catalyzed generation of plasmin involves diffusion 

from plasma and adsorption to the surface of a clot of plas- 
minogen and t-PA. Indeed, as proposed by Krause and 
Deutsch [2], molecules of the fibrin gel located inside the 
clot are still intact at the time the exterior surface has already 
been extensively degraded. Hoylaerts et al. [ 3 ]  have proposed 
that the binding of these proteins to fibrin follows a sequen- 
tially ordered mechanism producing a stable cyclic ternary 
complex. In addition, Tran-Thang et al. [15] reported indirect 
evidence suggesting that the increased uptake of Glu-plas- 
minogen onto clots observed in the presence of t-PA was 
mediated by limited-degradation of fibrin by plasmin. How- 
ever, in their experiments neither the extent of degradation 
of the surface of the clot was verified nor the nature of the 
binding sites was identified. We have presently re-investi- 
gated and further characterized the assembly of fibrinolytic 
proteins during plasminogen activation using a well-defined 
model of an immobilized surface of fibrin. Since the mono- 
layer of fibrinogen from which the fibrin surface is generated 
was covalently bound to the support, most of the fibrin frag- 
ments remain in situ thus allowing identification and quanti- 
fication of the progressive degradation of fibrin with FDP- 

c E 
P) 1 5  
4 - 1  L 

m 40L 0 0 2 0  4 0  6 0  8 0  100 

[t-PA] (nM) 

1 
0 4 8 1 2  1 6  2 0  

[t-PA] (nM) 
Fig. 6. Competition binding experiments between [Ala741]rPg 
and native t-PA on plasmin-degraded fibrin monolayers. A con- 
stant amount of 'LsI-[Ala741]rPg (1 nM, 2 X 10'dpndwell) was incu- 
bated on degraded fibrin with increasing concentrations of native 
t-PA (0-20 nM, i.e. 0-966 U/ml) for 18 h at 4°C. The plate was 
washed, and the radioactivity of the wells was counted in a y-radia- 
tion counter. Bound radioactivity was transformed into fmol plas- 
minogen bound/well. The inset represents the concomitant binding 
of t-PA in the presence of [Ala741]rPg. After washing the plate, the 
binding of t-PA was detected by addition of 200 nM native plasmin- 
ogen and 1.5 mM CBS 1065, and photometrically monitoring of 
the cleavage of the synthetic substrate by generated plasmin in a 
microtitration plate counter (MR 5000, Dynatech) at double wave- 
length absorbance ratio (A4"JAd9,J. The amount of t-PA bound/well 
is expressed in AA,,,/min. 

14, a monoclonal antibody that specifically reacts with fibrin 
degradation products but not with intact fibrin. This model 
has been previously used to quantify the binding of Glu- 
plasminogen and Lys-plasminogen to fibrin [ 191. 

In the present work we have confirmed the finding [15] 
that Dip-t-PA does not increase the binding of plasminogen 
to the fibrin surface and that active t-PA is required to induce 
an enhancement in the number of bound plasmin(ogen) mol- 
ecules. In the presence of Dip-t-PA bound Glu-plasminogen 
and fibrin remained intact while in the presence of active 
t-PA most of the bound molecules were converted to plasmin, 
and fibrin was degraded as shown by using the monoclonal 
antibody FDP-14. Since conversion of single-chain t-PA to 
two-chain t-PA, and Glu-plasminogen to Lys-plasminogen by 
plasmin thus formed may also influence the binding of plas- 
minogen to fibrin, the role played by the active site of t-PA 
in functional isolation was further characterized using active 
t-PA and a recombinant plasminogen mutant which is in- 
active after conversion to two-chain plasmin. In this case, the 
binding of the inactive two-chain plasmin did not increase 
and the fibrin surface was not degraded. These data consti- 
tute direct evidence establishing that plasmin and not t-PA is 
responsible for the increased binding of plasminogen to the 
fibrin surface during ongoing fibrinolysis, and that the 
increased binding of plasminogen is directly related to pro- 
gressive plasmin-mediated generation of fibrin-degradation 
fragments with carboxy-terminal lysine residues. 

In a recent study, Lijnen et al. [2X] have shown that the 
rate of activation of [Ala741]rPg by t-PA in the presence of 
cyanogen bromide fragments of fibrinogen was 20-fold lower 
than the activation of native plasminogen. The present 
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studies demonstrate directly (close correlation between fibrin 
degradation and plasminogen binding to carboxy-terminal ly- 
sine residues) that plasminogen activation may be decreased 
by the impaired generation of carboxy-terminal lysine resi- 
dues due to the absence of active plasmin. Further support to 
this conclusion was recently provided by data indicating that 
a,-antiplasmin efficiently inhibits fibrinolysis by preventing 
generation of carboxy-terminal lysine residues by plasmin 
released from the evolving surface of fibrin [3S]. 

Two binding sites for t-PA have been localized in the D- 
domains of fibrin(ogen) [36, 371. However, the kringle type- 
2 domain of t-PA may also interact with lysine residues in 
fibrin [ 181. We have therefore evaluated the possibility that 
competition with plasininogen for these sites may be an im- 
portant step in the progression of fibrinolysis. Indeed, on the 
basis of their sensitivity to carboxypeptidase B we have de- 
tected two types of binding sites for t-PA on fibrin degraded 
by plasmin. Parameters of the binding of t-PA to intact fibrin 
and to carboxypepdidase-B-treated degraded fibrin were 
identical indicating that the first type of binding sites are 
already present in intact fibrin and are not modified by plas- 
min, and that the second type of binding sites are entirely 
constituted by carboxy-terminal lysine residues. Since both 
binding sites for t-PA coexist on fibrin degraded by plasmin 
it was impossible to differentiate the affinity for lysine resi- 
dues from the affinity for sites present in intact fibrin. The 
latter are probably mediated by interactions with the finger 
domain [S, 61. The Kd value of t-PA for intact fibrin was 
three orders of magnitude lower M) than the Kd value 
of Glu-plasminogen for both intact or degraded fibrin 
(lo-"). However, binding of t-PA to these sites was dis- 
placed by plasminogen indicating that the affinity of t-PA 
for carboxy-terminal lysine residues must be lower than the 
affinity of plasminogen. These results are in agreement with 
studies indicating that the affinity of t-PA for lysine residues 
is considerably lower than the affinity of plasminogen [38, 
391. Indeed, Kelley et al. [13] have shown that the affinity 
of the t-PA kringle 2 domain for either L-lysine or 6-AHA is 
extremely low (Kd = 62 pM). 

The difference in affinity between plasminogen and t-PA 
for degraded fibrin can easily explain the results obtained in 
competitive experiments performed between these molecules 
on this surface. De Vries et al. [40] have shown that the 
binding of plasminogen (input = 0.5 nM) could be displaced 
by increasing concentrations of t-PA (0-12 pM). In our ex- 
periments, the concentrations of t-PA used were lower and, 
according to the low affinity of t-PA for carboxy-terminal 
lysines, we have only detected an inhibition of approximately 
10% in the binding of plasminogen using 100 nM t-PA, a 
concentration equivalent to 5000 U/ml (data not shown). All 
these data clearly indicate that t-PA can bind to carboxy- 
terminal lysine residues of a degraded fibrin surface only 
in the absence of plasminogen. This binding is efficiently 
competed by plasminogen (C,,, = 0.93 pM) and conse- 
quently would not exist at the physiological plasminogen 
concentration in plasma (1 .S pM). 

Altogether, our results indicate that the binding of plas- 
ininogen and t-PA to intact fibrin are independent, and dem- 
onstrate that the generation of fibrin degradation fragments 
during ongoing fibrinolysis does not represent potential 
physiological binding sites for t-PA. We also conclude that 
in a plasma milieu, where the concentration of plasminogen 
is higher than 1 pM, one of the main mechanisms in en- 
hancement of the fibrinolytic process involves an increase in 
high-affinity binding sites for plasminogen. 
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