
The blockage of the high-a⁄nity lysine binding sites of plasminogen
by EACA signi¢cantly inhibits prourokinase-induced

plasminogen activation

Ziyong Sun a;b, Yu-hong Chen a, Ping Wang a;b, Jing Zhang a, Victor Gurewich b,
Peixiang Zhang a, Jian-Ning Liu a;b;�

a Institute of Molecular Medicine, Nanjing University, Nanjing 210093, PR China
b Vascular Research Laboratory, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA 02215, USA

Received 20 June 2001; received in revised form 11 December 2001; accepted 25 January 2002

Abstract

Prourokinase-induced plasminogen activation is complex and involves three distinct reactions: (1) plasminogen
activation by the intrinsic activity of prourokinase; (2) prourokinase activation by plasmin; (3) plasminogen activation by
urokinase. To further understand some of the mechanisms involved, the effects of epsilon-aminocaproic acid (EACA), a
lysine analogue, on these reactions were studied. At a low range of concentrations (10^50 WM), EACA significantly
inhibited prourokinase-induced (Glu-/Lys-) plasminogen activation, prourokinase activation by Lys-plasmin, and (Glu-/
Lys-) plasminogen activation by urokinase. However, no inhibition of plasminogen activation by Ala158-prourokinase (a
plasmin-resistant mutant) occurred. Therefore, the overall inhibition of EACA on prourokinase-induced plasminogen
activation was mainly due to inhibition of reactions 2 and 3, by blocking the high-affinity lysine binding interaction
between plasmin and prourokinase, as well as between plasminogen and urokinase. These findings were consistent with
kinetic studies which suggested that binding of kringle 1^4 of plasmin to the N-terminal region of prourokinase
significantly promotes prourokinase activation, and that binding of kringle 1^4 of plasminogen to the C-terminal lysine158

of urokinase significantly promotes plasminogen activation. In conclusion, EACA was found to inhibit, rather than
promote, prourokinase-induced plasminogen activation due to its blocking of the high-affinity lysine binding sites on
plasmin(ogen). ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The zymogen plasminogen is a multi-domain gly-
coprotein consisting of an amino terminal peptide,
¢ve homologous kringle domains (kringle 1^5) and
a trypsin like serine protease domain [1,2]. Plasmin-
ogen is activated to plasmin by speci¢c cleavage of
the Arg561^Val562 peptide bond by plasminogen acti-
vators [3] including tissue plasminogen activator
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(t-PA) [4^6], urokinase (UK) [7^9] and prourokinase
(pro-UK) [10,11]. Whereas the enzymology of t-PA-
or UK-induced plasminogen activation is well estab-
lished, that of pro-UK is complex and less well
understood.

Pro-UK is a single chain zymogen plasminogen
activator which has an intrinsic activity against plas-
minogen and is itself activated to UK by plasmin by
cleavage of the Lys158^Ile159 peptide bond [12]. This
feedback activation means that plasmin generation
by pro-UK is the integrated consequence of three
distinct reactions: (1) activation of plasminogen to
plasmin by the intrinsic activity of prourokinase;
(2) activation of prourokinase to urokinase by plas-
min; (3) activation of plasminogen to plasmin by
urokinase. The molecular interactions among these
proteins, particularly the non-catalytic interactions,
are not well understood. Therefore, in the present
study, these reactions were investigated using mini-
plasmin(ogen), a low-molecular-weight mutant of
pro-UK/UK, a plasmin resistant mutant of pro-UK
(Ala158-pro-UK) and EACA to evaluate the roles of
these interactions in pro-UK-induced plasminogen
activation.

There are two classes of EACA binding sites on
Glu-plasminogen, the native form of the molecule, a
single strong lysine binding site with a dissociation
constant (Kd) of 9 WM and ¢ve weaker sites with a
Kd of 5 mM [13]. On Lys-plasminogen, probably also
on Lys-plasmin, there is one strong EACA binding
site of Kd 18^35 WM, a slightly weaker site of Kd 260
WM, and four much weaker sites of average Kd 10
mM [13,14]. Saturating the weak binding sites of
Glu-plasminogen by EACA induces a conformation
transition to an open or Lys-plasminogen-like shape
[15^19]. This results in an acceleration of Glu-plas-
minogen activation by t-PA and UK. Occupation by
EACA of the strong binding site on Glu-plasmino-
gen does not have this e¡ect [16^18]. For this reason,
the function of the strong lysine-binding site on Glu-
plasminogen is readily overlooked.

It was previously reported that in the presence of
Cl3, pro-UK-induced Glu-plasminogen activation
was signi¢cantly promoted by EACA [20]. However,
in that study, only one high EACA concentration
(2.0 mM) was tested. In the present study, a range
of concentrations of EACA (0^10 mM) in pro-UK-
induced plasminogen activation was studied to eval-

uate the roles of both the higher and lower a⁄nity
binding sites. We found that the net e¡ect of EACA
on pro-UK-induced Glu-plasminogen activation was
inhibition rather than promotion. When the mecha-
nism of this inhibition was studied, it was found to
be due mainly to the e¡ect of EACA on pro-UK
activation by plasmin and on plasminogen activation
by UK. In addition, the binding of plasmin kringle
1^4 to the N-terminal region (Ser1^Lys135) of pro-
UK, containing an EGF and kringle domain, signi¢-
cantly promoted pro-UK activation by plasmin, and
the binding of plasminogen kringle 1^4 to the C-ter-
minal lysine of UK promoted plasminogen activation
by UK. These binding iterations were also prevent-
ed by low concentrations of EACA and presum-
ably mediated by the high-a⁄nity lysine binding
site located in kringle 1^4 of plasmin and plasmino-
gen.

2. Materials and methods

Recombinant pro-UK and a low-molecular-mass
mutant, v125-pro-UK missing the EGF and kringle
domains, were obtained from Farmitalia Carlo Erba
(Milan, Italy). Two-chain UK and v125-UK were
made by plasmin treatment of their single chain pre-
cursors as described previously [21]. A plasmin-resis-
tant mutant of recombinant pro-UK constructed by
site-directed mutagenesis with a substitution of
Lys158 to Ala158 (Ala158-pro-UK), was a gift from
Collaborative Research Inc. (Bedford, MA). Human
Glu-plasminogen and Lys-plasminogen were puri¢ed
from diisopropyl £uorophosphate (DFP) treated
bank plasma essentially by the method of Castellino
and Powell [16]. Mini-plasminogen and kringle 1^3
fragment of plasminogen were obtained by digesting
plasminogen with a catalytic amount of porcine pan-
creatic elastase and puri¢ed as described previously
[22]. Mini-plasminogen and kringle 1^3 fragment
were treated with DFP before use. Lys-plasmin and
mini-plasmin were produced from plasminogen and
mini-plasminogen respectively by using immobilized
UK. Chromogenic substrates, S2444 and S2251, were
obtained from Kabi (Franklin, OH). Immobilized
carboxypeptidase B (CPB) was purchased from Cal-
biochem (San Diego, CA). EACA was obtained from
Sigma (St. Louis, MO).
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2.1. E¡ects of EACA on pro-UK, v125-pro-UK and
Ala158-pro-UK-induced plasminogen activation

In the absence or presence of EACA, the time-ab-
sorbance curves of pro-UK, v125-pro-UK and
Ala158-pro-UK-induced plasminogen activation were
determined by measuring the optical density (OD)
increase in the reaction mixture with time at 405
nm on a microtiter plate reader as previously de-
scribed [10]. The reaction mixture contained S2251
(1.5 mM), EACA (0^10 mM), plasminogen (1.0
WM for Glu-plasminogen, 0.2 WM for Lys-plasmino-
gen and mini-plasminogen), and pro-UK (0.5 nM),
v125-pro-UK (2.0 nM) or Ala158-pro-UK (10 nM) in
the assay bu¡er (50 mM Tris^HCl, 0.1 M NaCl,
0.1% BSA and 0.01% Tween 80, pH 7.4) at room
temperature.

2.2. E¡ects of EACA on amidolytic activities of
Lys-plasmin, mini-plasmin, UK, and v125-UK

To evaluate a direct inhibition by EACA on the
catalytic activity of plasmin, the amidolytic activities
of Lys-plasmin (5.0 nM) and mini-plasmin (5.0 nM)
against S2251 (1.2 mM) were assayed in the presence
and absence of EACA (0^50 mM).

The e¡ect of EACA on the amidolytic activities of
UK and v125-UK were also studied. Brie£y, a range
of concentrations of S2444 (0.18, 0.3, 0.6, 1.2, 1.8,
2.4 mM) was incubated with UK or v125-UK (4.0
nM) in the absence or presence of EACA (10, 25, 50,
100 mM) in assay bu¡er at room temperature. The
reaction rate was measured by the linear OD increase
with time at 405 nm on a microtiter plate reader. The
Michaelis constant (Km), catalytic rate constant (kcat)
and inhibition constant (Ki) were determined with a
computerized program (Enz¢tter; Elsevier Biosoft,
Cambridge, UK).

2.3. E¡ects of EACA and kringle 1^3 fragment on
plasminogen activation by UK, v125-UK,
CPB-pretreated UK and v125-UK

Glu-plasminogen, Lys-Plasminogen or mini-plas-
minogen (0.2 WM) was incubated with UK, v125-
UK, CPB-pretreated UK or CPB-pretreated v125-
UK (0.1 nM) and S2251 (1.2 mM) in the presence
of EACA (0^10 mM) or kringle 1^3 fragment (0^8.0

WM). The OD increase in the reaction mixture with
time at 405 nm was measured with a microtiter plate
reader.

2.4. E¡ects of EACA and kringle 1^3 fragment on
pro-UK and v125-pro-UK activation by
Lys-plasmin and mini-plasmin

Pro-UK or v125-pro-UK (0.2 WM) was incubated
with Lys-plasmin or mini-plasmin (0.1 nM) and
S2444 (1.2 mM) in the presence of EACA (0^10
mM) or kringle 1^3 fragment (0^2.0 WM). The OD
increase in the reaction mixture with time at 405 nm
was measured with a microtiter plate reader.

2.5. Kinetic studies of plasminogen (Glu-, Lys- and
mini-) activation by UK, v125-UK and
CPB-pretreated UK in the absence or presence
of EACA

In the absence of EACA, a range of concentra-
tions of (Glu-, Lys- and mini-) plasminogen (1.0,
1.5, 2.0, 3.0, 4.0, 6.0, 8.0 WM) was incubated with
UK, v125-UK or CPB-pretreated UK (0.05 nM)
and S2251 (1.2 mM) in the assay bu¡er at room
temperature. Plasminogen activation rate was calcu-
lated by the OD increase with the time square (t2) at
405 nm [10]. The Michaelis constant (Km) and cata-
lytic rate constant (kcat) were determined from Line-
weaver^Burk plots with Enz¢tter program.

In the presence of EACA, time-absorbance curves
of plasminogen activation at room temperature were
obtained by measuring the OD increase in the reac-
tion mixture with time at 405 nm. The reaction mix-
ture contained S2251 (1.2 mM), Glu- or Lys-plas-
minogen (4.0 WM and 8.0 WM), UK (0.05 nM), and
EACA (0^10 mM). The Km and kcat were calculated
as previously described [10].

2.6. Kinetic studies of pro-UK and v125-pro-UK
activation by Lys-plasmin and mini-plasmin in
the absence or presence of EACA

A range of concentrations of pro-UK or v125-pro-
UK (0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0 WM) was incu-
bated with Lys-plasmin or mini-plasmin (0.1 nM)
and S2444 (1.2 mM) in the absence or presence of
EACA (0.05^5.0 mM) in assay bu¡er at room tem-
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perature. The same range of concentrations of pro-
UK or v125-pro-UK without plasmin was incubated
with S2444 as background. The apparent OD
(ODapp) increase in the reaction mixture was mea-
sured at 405 nm. The actual OD (ODact) was cali-
brated with ODapp divided by (Km;S2444+[S2444])/
{Km;S2444(1+[I]/Ki)+[S2444]}, where Km;S2444 is Mi-
chaelis constant of UK against S2444, [S2444] is
the concentration of S2444, [I] is the concentration
of EACA, Ki is the competitive inhibition constant
of EACA against amidolytic activity of UK. The
pro-UK activation rate was calculated by the ODact
increase with the time square (t2) as previously de-
scribed [10].

3. Results and discussion

Three distinct reactions are involved in the recip-
rocal activation of plasminogen and pro-UK:

ðReaction 1Þ

ðReaction 2Þ

ðReaction 3Þ

The chain reactions are triggered by the intrinsic ac-
tivity of pro-UK which is substantially higher (0.1^
0.4% that of UK) than those of other protease zym-
ogens [21,23]. After plasminogen activation has been
initiated by pro-UK, plasmin induces the conversion
of pro-UK to UK, and then UK catalyzes more
rapid plasmin generation. Factors which change the
rate of any one of the three reactions will a¡ect net
plasmin generation. Plasminogen activation by pro-
UK and UK is a¡ected by certain ¢brin fragments
[10,11,24], synthetic peptides [25,26], and plasmin ac-

tivation of pro-UK is also modulated by uPAR
[27,28].

By inducing an open conformation in Glu-plas-
minogen, EACA can promote plasminogen activa-
tion by plasminogen activators, including UK or
plasmin resistant pro-UK [10]. EACA also has an
anti¢brinolytic e¡ect which is related to its inhibition
of the binding of plasminogen and plasmin with ¢-
brin [29,30]. This property is used clinically for the
treatment of certain hemorrhagic conditions [30,31].

3.1. E¡ects of EACA on pro-UK, v125-pro-UK and
Ala158-pro-UK-induced plasminogen activation
(total e¡ect and Reaction 1)

A signi¢cant inhibition of pro-UK-induced Glu-
plasminogen (Fig. 1A) or Lys-plasminogen (Fig.
1B) activation occurred in the presence of EACA.
In the case of Lys-plasminogen, inhibition by
EACA occurred in a single-phase dose-dependent
manner. By contrast, the inhibition of Glu-plasmin-
ogen activation by EACA was separable into three
phases depending on EACA concentration. From
0.01 mM to 0.25 mM, EACA inhibited pro-UK-in-
duced Glu-plasminogen activation in a dose-depen-
dent manner. From 0.25 mM to 5.0 mM, EACA
promoted pro-UK-induced Glu-plasminogen activa-
tion, consistent with its induction of an open confor-
mation in Glu-plasminogen. However, the overall
activation rate of Glu-plasminogen in the presence
of 0.25^5.0 mM EACA was still much lower than
that in the absence of EACA. The third phase was
found when EACA concentration was above 5.0
mM, and the generation of plasmin was inhibited
in an EACA dose-dependent manner, probably due
to a direct inhibition of the active site of UK by
EACA (see below).

By contrast, EACA caused only slight inhibition
of pro-UK-induced mini-plasminogen activation
(data not shown), suggesting that the kringle 1^4 of
plasminogen was involved in the inhibitory e¡ect of
EACA.

Ala158-pro-UK, A plasmin resistant mutant (which
has the same intrinsic activity as wild-type pro-UK
[11]), was used to investigate the e¡ect of EACA on
the intrinsic activity of pro-UK against plasminogen
(Reaction 1). EACA had little e¡ect on Lys-plasmin
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ogen activation by Ala158-pro-UK [10]. The e¡ect on
Glu-plasminogen activation was separable into two
phases (Fig. 1C). When the concentration of EACA
was below 5.0 mM, EACA promoted Ala158-pro-UK
activation of Glu-plasminogen in a dose-dependent
manner, but above 5.0 mM, the promoting e¡ect of
EACA decreased as the EACA concentration in-
creased. These results indicated that the overall inhi-
bition of EACA on (wild-type) pro-UK-induced
plasminogen activation was not related to its e¡ect
on Reaction 1.

To investigate the roles of the EGF and kringle
domain of pro-UK, v125-pro-UK was used. When
the EACA concentration was between 1.0 mM to 5.0
mM, v125-pro-UK-induced Glu-plasminogen activa-
tion was promoted by EACA in a dose-dependent
manner (Fig. 1D). However, when the EACA con-
centration was below 0.5 mM, a slight inhibition was
seen. These results suggested that the N-terminal re-
gion of pro-UK was involved in the inhibitory e¡ect
of EACA.

In summary, EACA caused no inhibition of Reac-
tion 1. Both the kringle 1^4 of plasmin(ogen) and
N-terminal region of pro-UK were involved in the

inhibitory e¡ect of EACA on pro-UK-induced Glu-
plasminogen activation.

3.2. E¡ects of EACA on amidolytic activities of
Lys-plasmin, mini-plasmin, UK and v125-UK

It was previously reported that the amidolytic ac-
tivity of plasmin was inhibited by EACA with a Ki of
98 mM [32]. However, in the present study, no mea-
surable e¡ect of EACA on Lys-plasmin or mini-plas-
min activity against S2251 was observed when the
concentration of EACA was below 50 mM (data
not shown). In contrast, the amidolytic activities of
both UK and v125-UK were competitively inhibited
by EACA with a similar inhibition constant (Ki) of
10.5 þ 0.9 mM.

3.3. E¡ects of EACA and kringle 1^3 fragment on
plasminogen activation by UK, v125-UK,
CPB-pretreated UK and v125-UK (Reaction 3)

Glu-plasminogen activation by UK and by v125-
UK were comparable (Fig. 2A,B), and the generation
of plasmin was decreased when the EACA concen-

Fig. 1. In£uence of EACA on activation of (A) Glu-plasminogen (1.0 WM) by pro-UK (0.5 nM), (B) Lys-plasminogen (0.2 WM) by
pro-UK (0.5 nM), (C) Glu-plasminogen (1.0 WM) by Ala158-pro-UK (10 nM), (D) Glu-plasminogen (1.0 WM) by v125-pro-UK (2.0
nM). The OD increase was measured after the reaction mixture was incubated at room temperature for 50 min.
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tration was below 0.5 mM. While an EACA does-
dependent inhibition of Glu-plasminogen activation
was observed in the presence of low EACA concen-
trations (6 0.15 mM), an EACA dose-dependent
promotion was found at higher EACA concentra-
tions (0.5^5.0 mM), reaching a limit at an EACA
concentration of 5.0 mM (Fig. 2A,B).

Both UK (Fig. 2C) and v125-UK (data not
shown) induced Lys-plasminogen activation were sig-
ni¢cantly and comparably inhibited by EACA in a
dose-dependent manner.

The ¢nding that the EACA e¡ect on UK and
v125-UK-induced plasminogen activation was com-
parable indicated that the EGF and kringle domains

of UK were not involved in the e¡ect of EACA on
Reaction 3. The di¡erent inhibitory behavior of
EACA on Lys-, Glu-, and mini-plasminogen (see be-
low) activation suggested that more than a direct
e¡ect by EACA on the active site of UK was in-
volved.

UK-induced plasminogen activation was previ-
ously shown to be promoted by the C-terminal lysine
(Lys158) on the A-chain of UK [33]. Recently, the
UK149ÿ158 region was proposed to be an important
functional motif that could act as a ligand for the
kringles of plasminogen [34]. The role of Lys158 in
the EACA e¡ect was studied by CPB treatment of
UK (Fig. 2D) and v125-UK (data not shown). When

Fig. 2. In£uence of EACA (A^E) and kringle 1^3 fragment (F) on activation of (A) Glu-plasminogen (0.2 WM) by UK (0.1 nM),
(B) Glu-plasminogen (0.2 WM) by v125-UK (0.1 nM), (C) Lys-plasminogen (0.2 WM) by UK (0.1 nM), (D) Glu-plasminogen (0.2 WM)
by CPB-pretreated UK (0.1 nM), (E) mini-plasminogen (0.2 WM) by UK (0.1 nM), (F) Glu-plasminogen (0.2 WM) by UK (0.1 nM).
The OD increase was measured after the reaction mixture was incubated at room temperature for 50 min.
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EACA concentration was below 5.0 mM, Glu-plas-
minogen activation by CPB-pretreated UK was pro-
moted by EACA in a dose-dependant manner, and
no inhibition was found at low concentrations of
EACA. These results suggested that the Lys158 of
UK was involved in the inhibitory e¡ect of EACA.
Since it seems unlikely that the C-terminal Lys158 on
the A-chain (of UK) could a¡ect the catalytic site of
UK, we postulate that the interaction between plas-
minogen and Lys158 of UK, which facilitates plas-
minogen activation, might be blocked in the presence
of EACA. This inhibitory e¡ect of EACA was pre-
viously overlooked, probably because the UK used
[6^8,10] was puri¢ed from urine and therefore, was
missing the C-terminal Lys158 [35].

Based on the above results, the dose-dependent
e¡ect of EACA on Glu-plasminogen activation could
be explained. At low EACA concentrations (6 0.15
mM), inhibition predominated, probably due to
blocking the interaction of Glu-plasminogen with
the C-terminal lysine of UK. At higher EACA con-
centrations, promotion predominated due to induc-
ing an open conformation of Glu-plasminogen.

Neither EACA (Fig. 2E) nor CPB pretreatment of
UK (data not shown) had a signi¢cant e¡ect on
mini-plasminogen activation, indicating that the
kringle1^4 of (Glu- or Lys-) plasminogen was in-
volved in the inhibitory e¡ect of EACA on plasmin-
ogen activation by UK (Reaction 3). This was fur-
ther con¢rmed by the inhibition of kringle 1^3
fragment on UK-induced plasminogen activation
(Fig. 2F).

In summary, these ¢ndings suggested that the in-
teraction between (Glu or Lys-) plasminogen and
UK is mediated by the kringle 1^4 of plasminogen
and the C-terminal Lys158 of UK, and that this in-
teraction (which facilitated plasminogen activation)
might be blocked by low concentrations of EACA,
thereby causing inhibition of Reaction 3.

3.4. E¡ects of EACA and kringle 1^3 fragment on
pro-UK and v125-pro-UK activation by
Lys-plasmin and mini-plasmin (Reaction 2)

Pro-UK activation by Lys-plasmin was signi¢-
cantly inhibited by EACA in a dose-dependent man-
ner (Fig. 3A), whereas EACA only slightly inhibited
v125-pro-UK activation by Lys-plasmin (Fig. 3B)

and pro-UK activation by mini-plasmin (Fig. 3C).
These ¢ndings suggested that the kringle 1^4 of
Lys-plasmin as well as the EGF and/or kringle do-
main of pro-UK were involved in the inhibitory ef-
fect of EACA on pro-UK activation by Lys-plasmin
(Reaction 2). A dose-dependent inhibition of kringle
1^3 fragment on pro-UK activation by Lys-plasmin
was also observed (Fig. 3D). By contrast, kringle 1^3
fragment had little e¡ect on plasmin activation of
v125-pro-UK (data not shown). These results sug-
gested that the interaction between Lys-plasmin
and pro-UK is mediated by the kringle 1^4 of plas-
min and the N-terminal region of pro-UK, and that
this interaction (which facilitated pro-UK activation)
could be blocked by EACA, thereby causing inhibi-
tion of Reaction 2.

3.5. Kinetic studies of plasminogen (Glu-, Lys- and
mini-) activation by UK, v125-UK and
CPB-pretreated UK in the absence or presence
of EACA

The catalytic e⁄ciencies (kcat/Km) of plasminogen
(Glu-, Lys- or mini-) activation by UK and v125-UK
were comparable (Table 1), indicating that the N-
terminal region of UK were not signi¢cantly in-
volved in this reaction.

The catalytic e⁄ciencies of mini-plasminogen acti-
vation by UK, CPB-pretreated UK or v125-UK
were comparable, but were only about half as e⁄-
cient as that of Lys-plasminogen activation (Table 1).
These data were consistent with earlier ¢ndings (Fig.
2), and indicated that the binding of kringle 1^4 of
plasminogen with the C-terminal Lys158 of UK facili-
tated plasminogen activation. This was further sup-
ported by the ¢nding that Lys-plasminogen and
mini-plasminogen activation by CPB-pretreated UK
were also comparable (Table 1).

Both the Km and kcat of UK-induced Glu-plasmin-
ogen activation were increased by EACA in a dose-
dependent manner (Table 2). At low EACA concen-
trations (6 0.5 mM), the increase in Km was predom-
inant. When the concentration of EACA was more
than 0.5 mM, the increase in kcat exceeded Km, and
plasmin generation was promoted.

Since the Kd for the weak EACA binding site of
Glu-plasminogen was 5.0 mM [13], less than 1% of
the weak binding site was occupied at 0.05 mM
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EACA. Based on the results shown in Fig. 2 and
Table 2, it was postulated that low concentrations
of EACA inhibited UK activation of Glu-plasmino-
gen by occupying the high-a⁄nity lysine binding site
located in kringle 1^4 of plasminogen and preventing
plasminogen binding to the C-terminal Lys158 of UK.

3.6. Kinetic studies of pro-UK and v125-pro-UK
activation by Lys-plasmin and mini-plasmin in
the absence or presence of EACA

The catalytic e⁄ciency of pro-UK activation by
Lys-plasmin was 4.2-fold that by mini-plasmin, and

Fig. 3. In£uence of EACA (A^C) and kringle 1^3 fragments (D) on activation of (A) pro-UK (0.2 WM) by Lys-plasmin (0.1 nM),
(B) v125-pro-UK (0.2 WM) by Lys-plasmin (0.1 nM), (C) pro-UK (0.2 WM) by mini-plasmin (0.1 nM), (D) pro-UK (0.2 WM) by Lys-
plasmin (0.1 nM). The OD increase was measured after the reaction mixture was incubated at room temperature for 50 min.

Table 1
Catalytic activity of UK, CPB-UK, v125-UK against Glu-, Lys-, and mini-plasminogen

Km (WM) kcat (min31) kcat/Km

(min31
WM31)

UK
Glu-plasminogen 3.4 þ 0.52 8.1 þ 0.72 2.38
Lys-plasminogen 4.8 þ 0.66 101 þ 9.5 21.0
Mini-plasminogen 24.5 þ 3.4 252 þ 18.7 10.3

CPB-pretreated UK
Glu-plasminogen 6.4 þ 0.83 7.9 þ 0.52 1.23
Lys-plasminogen 11.5 þ 1.68 117 þ 11.2 10.2
Mini-plasminogen 26.2 þ 4.6 248 þ 15.3 9.47

v125-UK
Glu-plasminogen 3.8 þ 0.54 8.7 þ 0.73 2.29
Lys-plasminogen 5.6 þ 0.75 110 þ 14.3 19.6
Mini-plasminogen 28.7 þ 4.7 264 þ 21.8 9.2
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3.8-fold greater than that of v125-pro-UK activation
(Table 3). By contrast, the catalytic e⁄ciencies of
v125-pro-UK activation by Lys-plasmin and mini-
plasmin were comparable. These data supported pre-
vious speculation that the interaction between pro-
UK and the kringles of plasminogen a¡ected the
binding and activation of pro-UK at the active site
of plasmin [36], and further con¢rmed that the
N-terminal region of pro-UK and kringle 1^4 of
plasmin were both required to facilitate pro-UK ac-
tivation.

In the presence of EACA, the Km increased in a
dose-dependent manner and the catalytic e⁄ciency
(kcat/Km) of pro-UK activation by Lys-plasmin was
reduced. By contrast, EACA only had slight inhibi-
tion of v125-pro-UK activation by Lys-plasmin (Ta-
ble 4), which was consistent with previous ¢nding
that the N-terminal region of pro-UK was involved
in the inhibitory e¡ect of EACA on pro-UK activa-
tion.

Since Pro-UK activation by Lys-plasmin was sig-
ni¢cantly inhibited when the EACA concentration
was only 0.05 mM (Fig. 3 and Table 4), far less
than the Kd for the weak EACA binding site of
Lys-plasmin [14], we postulated that this inhibition
was related to EACA occupying the high-a⁄nity ly-
sine binding site located in kringle 1^4 of plasmin,
which prevented the binding interaction between
plasmin and the N-terminal region of pro-UK.

The di¡erent e¡ects of EACA on plasmin genera-
tion induced by Ala158-pro-UK, pro-UK and v125-
pro-UK could be explained by the in£uence of
EACA on Reactions 1^3. For Ala158-pro-UK activa-
tion of Glu-plasminogen, only Reaction 1 was in-
volved, since Ala158-pro-UK cannot be activated by

plasmin. EACA promoted Reaction 1 by inducing an
open conformation of Glu-plasminogen.

For pro-UK-induced Glu-plasminogen activation
in the presence of low concentrations of EACA
(6 0.5 mM), Reaction 1 was slightly promoted by
EACA, while Reactions 2 and 3 were signi¢cantly
inhibited, and net plasmin generation was decreased.
At higher EACA concentrations (0.5^5.0 mM), Re-
action 3 became promoted by EACA in a dose-de-
pendent manner, resulting in a decline in overall in-
hibition.

For v125-pro-UK-induced Glu-plasminogen acti-
vation at low concentrations of EACA (6 0.5
mM), both Reactions 2 and 3 were inhibited, which
accounted for a net decrease of plasmin generation.
At higher concentrations of EACA (1.0^5.0 mM),
the promoting e¡ect of EACA on Reaction 3 over-
came its weak inhibitory e¡ect on Reaction 2 (Fig. 3
and Table 4), and overall plasminogen activation was
enhanced.

Our results di¡ered from those in a previous report
[20] in which 2.0 mM EACA was found to promote
pro-UK-induced Glu-plasminogen activation in the
presence of Cl3. The reason for this di¡erence is

Table 3
Catalytic activity of Lys-plasmin and mini-plasmin against pro-
UK and v125-pro-UK

Km (WM) kcat (min31) kcat/Km (min31
WM31)

Lys-plasmin
Pro-UK 3.2 þ 0.4 29.5 þ 3.5 9.22
v125-Pro-UK 14.1 þ 1.5 34.3 þ 4.6 2.43

Mini-plasmin
Pro-UK 16.5 þ 1.8 36.5 þ 3.9 2.21
v125-Pro-UK 19.7 þ 2.5 40.6 þ 4.8 2.06

Table 2
The e¡ect of EACA on catalytic activity of UK against Glu-plasminogen

EACA (WM) Km (WM) kcat (min31) kcat/Km (min31
WM31) E¡ect of EACA

0 3.4 þ 0.52 8.1 þ 0.72 2.38 1.0
50 4.6 þ 1.1 8.2 þ 1.3 1.79 0.75

150 5.4 þ 1.5 8.4 þ 1.5 1.56 0.65
250 5.8 þ 1.7 12.1 þ 2.4 2.08 0.87
500 6.5 þ 2.2 16.5 þ 3.2 2.54 1.07

1000 7.4 þ 2.5 24.7 þ 6.9 3.33 1.4
5000 8.7 þ 3.5 74.5 þ 25.8 8.57 3.6
7500 9.1 þ 3.8 67.1 þ 24.9 7.34 3.08
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unknown. Within a wide range of concentrations of
pro-UK (0.1^10 nM) and Glu-plasminogen (0.2^8.0
WM) tested, we found a similar inhibitory e¡ect of
EACA on pro-UK-induced plasminogen activation.

In conclusion, EACA is an inhibitor of pro-UK-
induced plasminogen activation. This e¡ect was due
to its inhibition of two reactions, UK activation of
plasminogen and plasmin activation of pro-UK.
Analysis of the e¡ects of EACA showed that the
binding of kringle 1^4 of plasmin to the N-terminal
region of pro-UK promoted pro-UK activation, and
that the binding of kringle 1^4 of plasminogen to the
C-terminal Lys158 of UK promoted plasminogen ac-
tivation. These interactions were interrupted by
EACA, accounting for its inhibitory e¡ect.
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