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ABSTRACT: Streptokinase may be less effective at saving lives in patients with heart attacks because it
explosively generates plasmin in the bloodstream at sites distant from fibrin clots. We hypothesized that
this rapid plasmin generation is due to SK’s singular capacity to nonproteolytically generate the active
protease SK‚Pg*, and we examined whether the kringle domains regulate this process. An SK mutant
lacking Ile-1 (∆Ile1-SK) does not form SK‚Pg*, although it will form complexes with plasmin that can
activate plasminogen. When compared to SK,∆Ile1-SK diminished the generation of plasmin in plasma
by more than 30-fold, demonstrating that the formation of SK‚Pg* plays an important role in SK activity
in the blood. The rate of SK‚Pg* formation (measured by an active site titrant) was much slower in
Glu-Pg, which contains five kringle domains, than in Pg forms containing one kringle (mini-Pg) or no
kringles (micro-Pg). In a similar manner,Streptococcus uberisPg activator (SUPA), an SK-like molecule,
generated SUPA‚Pg* much slower with bovine Pg than bovine micro-Pg. The velocity of SK‚Pg* formation
was regulated by agents that influence the conformation of Pg through interactions with the kringle domains.
Chloride ions, which maintain the compact Pg conformation, hindered SK‚Pg* formation. In contrast,
ε-aminocaproic acid, fibrin, and fibrinogen, which induce an extended Pg conformation, accelerated the
formation of SK‚Pg*. In summary, the explosive generation of plasmin in blood or plasma, which diminishes
SK’s therapeutic effects, is attributable to the formation of SK‚Pg*, and this process is governed by kringle
domains.

Plasmin dissolves blood clots by cleaving fibrin strands.
Plasminogen (Pg) is the inactive zymogen of plasmin. Pg
activators generate plasmin by cutting the Arg561-Val
peptide bond of the Pg (Figure 1A). Eukaryotic Pg activators
(e.g., tissue Pg activator and urokinase) are serine proteases
that directly cleave Pg to produce plasmin at the fibrin surface
(Figure 1 A, path 1). In contrast, the bacterial plasminogen
activators streptokinase (SK),1 Streptococcus uberisplasmi-
nogen activator (SUPA, PauA, or SKuberis), and staphylo-
kinase (SAK) have no intrinsic protease activity (1, 2). These
cofactors form stable complexes with plasmin, converting
plasmin into a protease that can cleave Pg to plasmin (Figure
1A, path 2) (1, 3-9). SK and SUPA, but not SAK, also form
active protease complexes with Pg (SK‚Pg* or SUPA‚Pg*),
and these complexes are also Pg activators (Figure 1A, path
3) (6, 9, 10). However, the generation of SK‚Pg* may
contribute to SK’s ability to produce plasmin in the blood

at sites distant from the fibrin clot; this appears to limit the
clot-dissolving properties of SK in humans (11-14).

Recent studies have identified several important structural
and functional elements in SK. The initial formation of an
inactive SK‚Pg complex is rapid, followed by a slow
formation of the active SK‚Pg* complex (1). There is strong
evidence that SK‚Pg* generation occurs through the “mo-
lecular sexuality hypothesis” whereby Ile1 of SK (R-domain)
forms a salt bridge with Asp740 of Pg to trigger a confor-
mational change that nonproteolytically produces an active
site in the Pg moiety of the SK‚Pg complex (1, 2, 15). A
similar process occurs in SUPA‚Pg complexes to generate
SUPA‚Pg* (4, 5, 16). However, the factors in Pg that regulate
the formation of SK‚Pg* are poorly understood.

The physiologic forms of human (Glu-Pg) and bovine Pg
contain an NH2-terminal peptide, five kringle domains, and
a protease domain. The isolated protease domain is termed
micro-Pg while the form containing the protease domain and
the last kringle domain is known as mini-Pg. Unfortunately,
the available crystal structure of the SK‚micro-plasmin
complex only reveals the interaction of SK with the micro-
plasmin; there is no information on SK‚Pg* or kringles (6).
The kringle domains participate in high-affinity binding
interactions with SK (17-20) and also mediate the interac-
tions of Pg with activators, substrates, inhibitors, fibrin, cell
membranes, Cl ions (Cl-), lysines, etc. These molecules
stabilize either the compact (Cl-) or extended (fibrin, lysines)
conformations of Pg, but their effects on the formation of
SK‚Pg* are unclear (11, 17-19, 21-35).
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The formation of SK‚Pg* has been challenging to assess
experimentally because of the difficulty isolating this process
from the formation of SK‚plasmin or plasmin. Previous
analyses have been limited by potential difficulties with
plasmin contamination, distinguishing between the formation
of the inactive SK‚Pg complex and the active SK‚Pg*
complex, as well as by inappropriate substrate or enzyme
conditions (11, 36, 37). Unfortunately, active site inhibited
Pg is also of limited utility for analyzing the process of SK‚
Pg* formation because it already contains a productively
rearranged active site (36, 37). To overcome these problems,
we used an active site titrant (fluorogenicp-guanidinobenzoyl
substrate) that traps SK‚Pg* (9, 10, 38, 39).

This report investigates the hypothesis that the explosive
generation of plasmin in plasma by SK and SK-like
molecules (e.g., SUPA) is due to the generation of SK‚Pg*,
a process which itself may be regulated by Pg kringles and
their ligands (e.g., Cl-, Lys analogues, and fibrin). We show
for the first time that SK‚Pg* generation regulates plasmin
formation in plasma. Surprisingly, although the kringle
domains are known to promote the formation of the initial
inactive SK‚Pg complex, the presence of kringle domains
decreases the rate of formation of SK‚Pg* and SUPA‚Pg*.
Molecules (e.g., fibrinogen) that interact with the kringle
domains to stabilize the extended conformation of Pg
accelerate the formation of the active complexes (11, 40).
These findings provide new insights into the explosive ability
of SK to activate Pg in the circulation.

EXPERIMENTAL PROCEDURES

Protein and Reagents. Bovine Pg was prepared from fresh,
citrated bovine plasma by affinity chromatography with
lysine-substituted agarose (41). Bovine mini-Pg was prepared
by limited digestion of bovine Pg with porcine pancreatic
elastase (Sigma) coupled to agarose (42). Mini-Pg was
purified by affinity chromatography on lysine-agarose. The
purified bovine Pg and bovine mini-Pg were analyzed by
12% SDS-PAGE and by immunoblotting analysis using
goat anti-bovine Pg antibody (American Diagnostica Inc.).
SDS-PAGE and immunoblot analysis of bovine Pg and
mini-Pg showed only one band of relative mass 72 and 38
kDa, respectively. Glu-Pg, mini-Pg, and micro-Pg prepara-
tions were pretreated with aprotinin-agarose (Sigma) for 4
h at 4 °C to remove trace amounts of plasmin. After
treatment, no plasmin was detected by SDS-PAGE and
immunoblotting under reducing conditions or by amidolytic
kinetic analysis with a plasmin substrate S2251 (H-D-valyl-
L-leucyl-L-lysinep-nitroanilide dihydrochloride; Chromoge-
nix).

Human or bovine (DD)E fragments were obtained from
human/bovine fibrinogen (Chromogenix) by simultaneous
digestion with plasmin (12 nM) and thrombin (1 IU/mL) at
37 °C for 12 h (43). The (DD)E preparations were pretreated
with aprotinin-agarose to remove active plasmin.

Cloning, Expression, Purification, and Titration of Re-
combinant Proteins. Recombinant micro-Pg, mini-Pg SK,
micro-PgR561A mutant,∆Ile1-SK, SUPA, and individual SK
domains,R-domain (residues 1-148), â-domain (residues
149-293), andγ-domain (residues 294-414), were cloned,
expressed in bacteria, purified, and characterized as described
(2, 5, 14, 44, 45).

Production of the Monoclonal Antibodies against Human
Plasminogen. Six female Balb/C mice (Charles River,
Wilmington, MA) were immunized intraperitoneally with 10
µg of micro-plasmin immobilized on aprotinin-Sepharose
in complete Freund’s adjuvant and 2 weeks later were given
booster injections of 10µg with incomplete Freund’s
adjuvant. The boost was repeated three times every 2 weeks.
After 2 weeks the antibody titer was determined by solid-
phase radioimmunoassay binding against human recombinant
micro-Pg, micro-plasmin (after micro-Pg activation by uroki-
nase), micro-PgR561A mutant, and BSA. The two mice with
highest titers were hyperimmunized with 50µg of recom-
binant micro-plasmin in saline intraperitoneally 4 days prior
to fusion. Somatic cell fusion was performed as described
(46). The fusion frequency was 50%. Hybridoma superna-
tants were tested for the production of anti-micro-plasmin
mAb by solid-phase RIA in a COBRA II gamma counter,
using 125I-labeled sheep anti-mouse antibody (American
Diagnostica Inc.) as a secondary antibody. Antibody against
micro-plasmin was identified in 3.2% of clones. These 32
hybridomas were then tested for the production of plasmin-
specific antibody by immunoblotting using human plasmin
(Sigma) as an antigen. Hybridomas were cloned by limiting
dilution and serotyped (Zymed).

Detection of Plasminogen Concentration in Human Plasma.
Fresh frozen human plasma (270µL) was preincubated with
30µL of SK or ∆Ile1-SK (0-400 nM) at 37°C. The residual
concentration of plasma Pg was determined by amidolytic
assay in the presence of SK as described (47). Briefly, plasma

FIGURE 1: (A) Schematic mechanisms of Pg activation. Direct Pg
activation: Tissue Pg activator and urinary type Pg activator directly
cleave Pg to plasmin (pathway 1). Cofactor-guided Pg activation:
Complexes of plasmin with SK or SAK directly cleave Pg to
plasmin (pathway 2). Alternatively, SK nonproteolytically generates
an active site in Pg (SK‚Pg*). Then SK‚Pg* cleaves Pg to plasmin
(pathway 3). Note: SUPA can replace SK in this scheme. (B, C)
Generation of plasmin in human plasma by SK (closed circles) or
∆Ile1-SK (open circles). SK or∆Ile1-SK was added to human
plasma and incubated at 37°C. The plasmin generated in plasma
was measured as described in Experimental Procedures. The mean
((SD) is shown. (B) Rate of plasmin formation. The reaction was
performed with SK or∆Ile1-SK (25 nM). Plasma samples were
taken at the indicated times. (C) Dose-related generation of plasmin
in plasma. The reaction was performed with various concentrations
SK or ∆Ile1-SK (0-400 nM). Plasmin generation was determined
after 30 min of incubation.
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aliquots (3µL) were removed from the reaction and added
to a microtiter plate containing SK (1µM) in 100 µL of
assay buffer (50 mM Tris-HCl, 100 mM NaCl, pH7.4). After
incubation for 10 min at room temperature, S2251 (500µM)
substrate was added. The generation of amidolytic activity
was monitored at 405 nm, 25°C, for 5 min in a microplate
reader (Bio-Tek Instruments Inc.). The production ofp-
nitroanilide is linear under these conditions and corresponds
to the rate of amidolytic activity of the formed SK‚plasmin
complex. The plasmin generated in these samples was
estimated by reference to the values obtained with human
pooled fresh frozen plasma as a standard.

Kinetic Assay. The activation of human or bovine Glu-
Pg, mini-Pg, and micro-Pg by SK, SUPA, SK‚plasmin, or
SUPA‚plasmin complexes was performed with ap-nitro-
anilide substrate S2251 as described (14) in an assay buffer
(50 mM Tris-HCl, 100 mM NaCl, pH 7.4). The reaction was
initiated by the addition of activators to assay buffer
containing S2251 (500µM) and human/bovine Pg (300 nM)
(human Glu-Pg; Chromogenix). The generation of amidolytic
activity (at 405 nm) was monitored at 37°C for 10 min in
a microplate reader under conditions where less than 10%
of substrate was consumed during the course of the reaction.
A similar activation experiment was performed in the
presence of EACA (10 mM) or human/bovine (DD)E fibrin
fragment (3µM) preincubated with Pgs. Plasmins and mini-
plasmins were generated from Glu-Pg or mini-Pg by uroki-
nase-Sepharose (1:30, mol:mol ratio) at 37°C for the times
required to achieve maximal amounts of active enzyme
(typically 40-60 min).

The development of amidolytic activity in the SUPA‚
bovine Pg (20 nM) complex was determined in the presence
of EACA (0-100 mM) in assay buffer, pH 7.4, at 37°C by
monitoring the cleavage of S2251 (500µM) at 405 nm for
10 min in a microplate reader as described (11).

Fluorescence ActiVe Site Generation in Pg, Mini-Pg, and
Micro-Pg (Human, BoVine) by SK or SUPA. Nonproteolytic
active site generation by SK or SUPA in Pgs was examined
with the fluorogenicp-guanidinobenzoyl substrate 4-methyl-
umbelliferyl p-guanidinobenzoate (MUGB) (1, 5, 9, 10, 14,
44, 45, 48-50) in an F-2500 Hitachi fluorescence spectro-
photometer under conditions where [SK] or [SUPA]> [Pg]
and [MUGB] > [Pg] as described (5). Briefly, Pgs (150-
400 nM) or nothing was added to a cuvette containing 2
µM MUGB in filtered assay buffer (50 mM Tris-HCl, 0.15
M NaCl, pH 7.4) at 25°C. After 5 min, SK or SUPA (250-
500 nM), buffer alone (control), or preformed (on ice)
complexes of SK‚Pg or SUPA‚Pg were added, and the
development of fluorescence was monitored continuously
with excitation at 365 nm and emission at 445 nm. The same
experiment was performed in the presence of EACA (10
mM), human/bovine (DD)E fibrin fragment (3µM), and SK
R-, SK â-, and SKγ-domains (500 nM), as well as bovine
serum albumin or maltose binding protein (3µM). The agents
were preincubated with assay buffer and MUGB during 20
min. The activation of Pgs (200 nM) by SAK or∆Ile1-SK
(250 nM), which are incapable of Pg* formation, were
examined as negative controls. Sample emission intensities
were measured in the photon counting mode and are
expressed as pulses per second (pps). From pps the concen-
tration of active Pgs was determined by reference to known
concentrations of active plasmin.

The formation of the inactive SK‚Pg complex is a critical
prerequisite for the formation of the active SK‚Pg* complex.
The formation of the SK‚Pg complex is very fast; for Glu-
Pgkon ) 3 × 107 M-1 s-1 andKd ) 0.03-0.23 nM (18, 44,
52). SK also binds tightly to mini-Pg (Kd ) 0.26 nM); the
binding affinity to micro-Pg (Kd ) 17 nM) is lower (18, 44,
52). Under conditions in which SK‚Pg complex formation
is not rate limiting, the formation of the active SK‚Pg*
complex (10) in the presence of MUGB can be considered
as a first-order rate reaction and described by Scheme 1. In
this scheme SK‚Pg*-GB is the acyl-enzyme, 4-MU (4-
methylumbelliferone) represents the product fluorophore, and
Ks is the dissociation constant for the noncovalent SK‚Pg*‚
MUGB complex formation. Under conditions of [SK] or
[SUPA] > [Pg] . Kd and [MUGB] . [SK‚Pg*], [MUGB]
. Ks, the rate of 4-MU production reflects the generation
of SK‚Pg*. The generation of SK‚Pg* is described by the
equation:

wherekobs is the observed first-order rate constant for the
conversion of SK‚Pg to SK‚Pg* and [SK‚Pg*]f is the final
concentration of SK‚Pg* (10, 38, 39). It is important to note
that the initial complex between SK and Pg does not contain
the active site; therefore, this complex cannot interact with
MUGB and compromise 4-MU production (9, 10).

Continuous Assay for Determination of the Rates of ActiVe
Site Generation in Pg Complexes with SK or SUPA. The
formation of SK‚Pg* or SUPA‚Pg* was detected in a Cary
100-Bio spectrophotometer by appearance of amidolytic
activity in the equimolar SK‚Pg or SUPA‚Pg complexes at
4 °C, a temperature at which S2251 substrate amidolysis
occurs but Pg activation does not (11). Human or bovine
Pg, mini-Pg, or micro-Pg (300 nM) was added to the cuvette
in the presence of S2251 (500µM) with or without EACA
(10 mM). After incubation for 5 min at 4°C, SK or SUPA
(300 nM) was added, and the release ofp-nitroanilide was
monitored.

Western Blot Analysis. Nonproteolytic active site genera-
tion in bovine mini-Pg by SUPA and human micro-Pg by
SK was performed in the presence of MUGB as described
above. Reactions were quenched by adding SDS sample
buffer with 2-mercaptoethanol and boiling for 5 min. Proteins
were separated under reducing conditions by SDS-PAGE
(12% gels) and transferred to Immobilon-P transfer mem-
brane (Millipore Corp., Billerica, MA). Bovine or human
Pgs were detected by polyclonal goat anti-bovine Pg antibody
(American Diagnostica Inc.) and monoclonal mouse anti-
human Pg antibody. After being washed with TBS containing
0.1% (v/v) Tween 20, bound anti-Pg antibody was detected
by secondary rabbit anti-goat (Zymed, San Francisco, CA)
or rabbit anti-mouse antibody (Amersham Biosciences)
conjugated to alkaline phosphatase.

Change of Intrinsic Fluorescence. Pgs (50 nM) were added
to a quartz cuvette, containing 50 mM Tris-HCl, 100 mM
NaCl, 20% glycerol, pH 7.4, buffer. The intrinsic fluores-

Scheme 1

[4-MU] ) [SK‚Pg*] ) [SK‚Pg*]f(1 - e-kobst) (1)
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cence was monitored at excitation 282 nm and emission 340
nm until it was stable for 20 min at 25°C. Then EACA
(1-35 mM) was added incrementally while the fluorescence
was monitored. The changes in fluorescence signal (∆F, %)
were calculated in comparison to the initial values.

RESULTS

ActiVation of Pg in Human Plasma by SK.To examine
the hypothesis that the production of plasmin in plasma
depends on the formation of SK‚Pg*, we used a mutant
lacking Ile1 of SK (∆Ile1-SK). ∆Ile1-SK can form an
activator complex with plasmin but not with Pg because the
absence of the N-terminus prevents the conversion of the
inactive SK‚Pg complex to SK‚Pg* (1, 2, 15). At roughly
therapeutic concentrations (25 nM), SK converted 50% of
plasma Pg to plasmin after 5 min (Figure 1B). In contrast,
at the same dose,∆Ile1-SK converted 50% of plasma Pg to
plasmin after 90 min (Figure 1B). Viewed differently, 30-
fold more ∆Ile1-SK mutant was required to activate 50%
of plasma Pg in 30 min (Figure 1C). Thus the formation of
SK‚Pg* was a major determinant of plasmin generation in
plasma.

ActiVe Site Generation in Human Pg.To examine the
formation of SK‚Pg* independently from plasmin formation,
experiments were performed under conditions that removed
or inactivated trace amounts of plasmin in the Pg preparations
(see Experimental Procedures). The absence of plasmin was
confirmed by immunoblotting (e.g., Figure 2F,G; see below),
and no activation was observed in the presence of∆Ile1-
SK (Figure 2A,C; see below). Removal of the kringle
domains decreases the affinity of SK for Pg; the values for
the Kd are 0.03-0.23, 0.26, and 17 nM for Glu-Pg, mini-
Pg, and micro-Pg, respectively (18, 44, 52). However, for
both Glu-Pg and micro-Pg, formation of the inactive SK‚Pg
complex is rapid, while formation of the active SK‚Pg* is
slow (1). In all of the following experiments, the concentra-
tion of SK and Pgs was at least 10 times greater than their
Kds for complex formation (18, 20, 44, 52).

We first examined the formation of SK‚micro-Pg* using
a mutant (micro-PgR561A), which cannot be converted to
micro-plasmin and therefore can only generate an active site
through a nonproteolytic mechanism. As observed previously
(1, 2), SK‚micro-PgR561A* formation was complete in∼30
min; preincubation on ice did not change the kinetics of
activation (Figure 2A). No active site formation was seen
with micro-PgR561A alone or with the∆Ile1-SK‚micro-PgR561A

complex (Figure 2A). The reaction of SK with wild-type
micro-Pg follows a similar time course (Figure 2B); no
micro-plasmin is produced under these conditions (Figure
2F).

Surprisingly, the formation of both SK‚Glu-Pg* and SK‚
mini-Pg* was much slower than SK‚micro-Pg* even though
both bind to SK with higher affinity (see above) (Figure 2B).
In these experiments, SK and Pg were preincubated at 5 min
to form SK‚Pg (2, 18). In addition, increasing the concentra-
tion of SK did not change the rate of SK‚Glu-Pg* formation
(Figure 2C), which indicates that the rate-limiting step is
not formation of the inactive SK‚Pg complex. The generation
of SK‚Glu-Pg*, SK‚mini-Pg*, and SK‚micro-Pg* could be
described by a first-order equation (eq 1) (Figure 2B, inset)
(9, 10, 38, 39). The values ofkobs for the SK‚micro-Pg*,

SK‚mini-Pg*, and SK‚Glu-Pg* are 0.19( 0.01, 0.04( 0.01,
and 0.01( 0.01 min-1, respectively (Figure 2B, inset). Given
that Glu-Pg contains five kringle domains, mini-Pg contains
one kringle domain, and micro-Pg contains no kringle
domains, these observations suggest that the kringle domains
inhibit the conversion of SK‚Pg to SK‚Pg*. This is in stark
contrast to the well-established data that Pgs containing
kringle domains bind more quickly and tightly to SK (18,
20).

ActiVe Site Generation in BoVine Pg. We have previously
shown that formation of the SUPA‚Pg* complex proceeds
more slowly than SK‚Pg* and is proceeded by a short lag
phase (5). We hypothesized that this brief lag represented
the initial formation of the inactive SUPA‚Pg complex;
preincubation of SUPA and Pg on ice eliminated the lag
phase (Figure 2D and inset 1). Nevertheless, the activation
of bovine Pg by SUPA showed a similar pattern to SK:
formation of SUPA‚Pg* was much slower than SUPA‚mini-
Pg* formation (Figure 2D). The values ofkobs for SUPA‚
Pg* and the SUPA‚mini-Pg* are 0.01( 0.01 and 0.37(
0.02 min-1, respectively (Figure 2D, inset 2). The inhibitory
effect of kringles on formation of SUPA‚Pg* was also
separately confirmed by the continuous amidolytic assay for
active site formation described in Chibber et al. (11) and
Wang et al. (1) (Figure 2E). This assay is conducted at 4°C
to block plasmin formation. Thus the velocity of active site
generation by both SK and SUPA is inversely related to the
number of kringles in the Pg molecule (micro-Pg> mini-
Pg > Glu-Pg; Figure 2B,D,E).

Influence of EACA on Pg Conformation and Nonpro-
teolytic ActiVe Site Formation. The above reactions contained
physiologic concentrations of Cl- (100 mM) which stabilize
Glu-Pg in a compact conformation (17, 32, 33). Ligands
which interact with the lysine binding sites on the kringles
(e.g., EACA) induce an extended Glu-Pg conformation (22,
32, 33); this conformational change is associated with
changes in the intrinsic fluorescence of the molecule (30,
32). High concentrations of EACA can inhibit SK‚Pg
formation and also compete with substrates for the protease
active site (18, 44). Therefore, we designed experimental
conditions under which EACA would selectively bind to the
kringle domains (18, 53-55). EACA (10 mM) was sufficient
to maximally unfold the Pg molecules as reflected by a
change in the relative equilibrium fluorescence values (%
∆F, Figure 3 A) but had negligible effects on the activity of
SK‚Pg*.

If the compact conformation of Glu-Pg inhibits the
formation of SK‚Pg*, then EACA should accelerate the
formation of SK‚Pg*. This prediction was confirmed. EACA
accelerated the formation of SK‚Pg* generation by 2.7(
0.1-fold and SUPA‚Pg* formation by 24( 1-fold (Figure
3). In contrast, EACA did not affect the formation of SK‚
micro-Pg* (Figure 3D) as expected given that EACA
interacts with the kringles. Also as expected, staphylokinase,
which cannot generate an active site, failed to activate Pg in
the presence of EACA (Figure 3C).

Chloride Ions and ActiVe Site Generation.The extended
conformation of Pg is favored at low Cl- concentrations (11,
27). The formation of SK‚Pg* was rapid in the absence of
Cl- (Figure 4A). Increasing Cl- concentrations from 0 to
100 mM inhibited SK‚Pg* in a concentration-dependent
manner (Figure 4B). These observations support the hypoth-
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esis that the compact conformation of Glu-Pg inhibits the
generation of the protease active site.

Influence of (DD)E Fibrin Fragment on ActiVe Site
Generation.Blood contains several other ligands that bind
to the kringle domains and modulate the conformation of
Glu-Pg molecule, thereby regulating the fibrinolytic system
(21, 30, 35). For example, fibrin (DD)E fragments and Cl-

ions have opposing effects in regulating Pg activation (11,
26). Therefore, we examined whether human or bovine fibrin
(DD)E fragments also regulate the rate of nonproteolytic
active site formation. Human (DD)E increased the velocity
of SK‚Pg* formation by 8.7( 0.7-fold (Figure 5A). In
contrast, staphylokinase was incapable of generating an active
site in the absence or presence of (DD)E as expected (Figure
5A). Neither bovine serum albumin nor maltose binding
protein (not shown) affected the generation of the protease
active site (Figure 5A,B). Bovine fibrin (but not human
fibrin) (DD)E fragments also accelerated SUPA‚bovine Pg*

formation by 2.2( 0.2-fold (Figure 5C). Similar results were
also obtained for human fibrinogen at physiologic concentra-
tions (3 µM, not shown). However, human (DD)E had
significantly less effect on the formation of SK‚micro-Pg*,
as it increased the maximal velocity of this process by only
2.1( 0.1-fold (Figure 5 B). These observations indicate that
the (DD)E fragment accelerates the formation of SK‚Pg*
via an interaction with the kringle domains.

Effect of SK Domains on ActiVe Site Generation.The
previous experiments indicated that the kringle domains
modulate the conversion of SK‚Pg to SK‚Pg* by controlling
the conformation of Glu-Pg. This process may be regulated
by interactions between SK domains and the kringles.
Therefore, we examined whether isolated SKR-, SK â-, and
SK γ-domains, which are incapable of the active site
generation by themselves, can accelerate the formation of
SK‚Glu-Pg*. The isolated domains markedly accelerated the
formation of SK‚Pg*, increasing the maximal velocity of this

FIGURE 2: Generation of Pg* human or bovine Pg fragments by SK or SUPA. (A) Generation of SK‚micro-PgR561A* . Micro-PgR561A (400
nM) and SK (400 nM) were preincubated on ice for 0 (1) or 15 min (2), and the complex (200 nM final concentration) was added to a
cuvette containing 2µM MUGB in assay buffer.∆Ile1-SK (200 nM) was used as a control. (B) Generation of SK‚Pg* . Pg, mini-Pg, or
micro-Pg (200 nM active protein) was added to a cuvette containing 2µM MUGB in assay buffer. After 300 s preincubation SK (250 nM),
or buffer alone, SAK, or∆Ile1-SK (250 nM) (controls) was added to separate reactions. Inset: Representation of the reactions for micro-
Pg, mini-Pg, and Glu-Pg fit to a first-order equation. (C) Generation of SK‚Pg* at different [SK]/[Glu-Pg] ratios. Human Glu-Pg (200 nM)
was added to a cuvette containing 2µM MUGB in assay buffer. After 300 s preincubation SK (250 or 500 nM) or∆Ile1-SK (250 nM) was
added to separate reactions. (D) Generation of SUPA‚Pg*. Bovine Pg or mini-Pg (2.3µM) and SUPA (2.5µM) were preincubated on ice
for 25 min, and the complex (200 nM) was added to a cuvette containing 2µM MUGB in assay buffer. An arrow indicates the start of the
reaction. Inset 1: Effect of time of formation of the SUPA‚mini-Pg complex on the lag phase in formation of the SUPA‚mini-Pg* complex.
Bovine mini-Pg (2.3µM) and SUPA (2.5µM) were preincubated on ice for 0, 15, 25, or 30 min, and the complex (200 nM) was added
to a cuvette containing 2µM MUGB in assay buffer. Inset 2: Representation of the SUPA‚mini-Pg* and SUPA‚Pg* reaction fit to an
equation describing a first-order reaction. (E) Amidolytic activity generated by SUPA‚Pg* or SUPA‚mini-Pg* was measured continuously
by adding bovine Pg or mini-Pg (300 nM) and S2251 (500µM) to assay buffer, to the final volume 300µL, at 4 °C, followed by the
addition of SUPA (300 nM) after 5 min to start the reaction. (F, G) Immunoblot analysis of active site generation reactions [(B) and (D)
above] to detect plasmin contamination. Samples were taken after 0, 300, 600, 900, and 1500 s of incubation of SK‚human micro-Pg* (F)
and bovine SUPA‚mini-Pg* (G) under the reaction conditions shown in (B) and (D) above. For comparison, bovine mini-plasmin or human
micro-plasmin are shown in the left lanes. Samples were subjected to SDS-PAGE followed by immunoblotting with an anti-human Pg
protease domain antibody (F) or a polyclonal anti-bovine Pg (G). Note there is mild cross-reactivity of the goat anti-bovine Pg antibody
with SUPA in (G).
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process by 3.5-5.5-fold (Figure 6) while bovine serum
albumin and maltose binding protein (not shown) had no
effect. Given that SK domains bind to kringles with affinities
that are 2-3 logs lower than the binding of SK to Pg (52),
they [like DD(E)] may exert their effects via a conformational
change in Pg which increases the rate of formation of SK‚
Glu-Pg*, rather than by promoting the initial formation of
the SK‚Glu-Pg complex.

ActiVation of BoVine or Human Pg, Mini-Pg, and Micro-
Pg by SK or SUPA.Initial experiments (Figure 1B, C)
suggested that SK‚Pg* formation was an important deter-
minant of plasmin formation in plasma. If this is true, then
kringle domains should have a significant effect on Pg
activation, i.e., the conversion of substrate Pg to plasmin.
Consistent with this hypothesis, we found that Pg activation

rates directly paralleled the rate of SK‚Pg* generation:
micro-Pg activation was much faster than Glu-Pg activation
(Figure 7B). The activation of Glu-Pg was accelerated by
EACA (10 mM) (Figure 7B), which also enhanced the
velocity of SK‚Pg* generation (Figure 3C). However, EACA
(10 mM) did not affect the activation of micro-Pg by SK
(Figure 7B, inset). In a similar fashion, the activation of
bovine mini-Pg by SUPA was faster than the activation of
the bovine Pg molecule (Figure 7A), which was consistent
with the faster generation of SUPA‚mini-Pg* (Figure 2D,E).
The activation of bovine Pg by SUPA was also markedly
accelerated by EACA (Figure 7A), which paralleled the
enhanced rate of SUPA‚Pg* formation induced by EACA
(Figure 3B).

DISCUSSION

Among Pg activators in current therapeutic use, SK is
infamous for generating plasmin in human plasma in the
absence of fibrin. This property has been attributed solely
to the fact that the SK activator complex does not require
fibrin as a cofactor for efficient Pg activation. However, the
present experiments provide the first evidence that the rate
of SK‚Pg* formation is a major determinant of the plasmin
formation in plasma. In turn, the rate of SK‚Pg* or SUPA‚
Pg* formation is regulated by kringles and by kringle
interactions with particular ligands. Indeed, kringle domains
significantly inhibit the formation of the SK‚Pg* or SUPA‚
Pg* moiety. SK‚Pg* generation is faster in Pg fragments
that completely lack kringles (micro-Pg), slower in mini-
Pg, which lacks kringles 1-4, and slowest in Glu-Pg which
contains all five kringles. A similar inhibitory effect of
kringles is seen for the generation of bovine Pg* by SUPA.

FIGURE 3: EACA alters the conformations of bovine and human Pg and the rate of Pg* formation. (A) Relative change in the intrinsic
fluorescence (∆F, %) of bovine and human Pg mediated by EACA. Pg (50 nM) was added to a quartz cuvette containing Tris buffer (50
mM Tris-HCl, 100 mM NaCl, 20% glycerol, pH 7.4). The intrinsic fluorescence was monitored until a stable background was achieved.
Then EACA was added sequentially, and the change in fluorescence was monitored. (B-D) Influence of EACA on SK‚Pg*, SK‚micro-
Pg*, or SUPA‚Pg* generation. (B) Bovine Pg (200 nM) was preincubated on ice for 30 min with SUPA (250 nM) in the presence or
absence of 10 mM EACA in filtered assay buffer and moved to a cuvette. MUGB (2µM) was added to the cuvettes to start separate
reactions as indicated. Human Glu-Pg (C) or human micro-Pg (D) (200 nM) was added to a cuvette containing 2µM MUGB and 10 mM
EACA in filtered assay buffer. After 5 min incubation, SK, SAK (250 nM), or buffer alone (control) was added to separate reactions as
indicated.

FIGURE 4: Influence of Cl- ions on SK‚Pg* generation. Human
Pg (200 nM) was added to a cuvette containing 2µM MUGB and
various amounts of NaCl (0-100 mM) in filtered 10 mM Hepes
buffer, pH 7.4 at 25°C. After 5 min preincubation SK (250 nM)
or buffer alone (control) was added to separate reactions. (A) The
development of fluorescence was monitored continuously with
excitation at 365 nm and emission at 445 nm. (B) The dose-
response inhibition of Cl ions on active site formation was
determined by replotting the data in (A) above as a function of
[NaCl].
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The inhibitory effects of kringles appear to be mediated
through lysine binding site interactions. SK‚Pg* formation
is significantly faster in nonphysiologic solutions lacking
chloride ions, where lysine binding interactions are ablated
and Glu-Pg is unfolded (11, 26, 27). Similarly, in solutions
with physiologic concentrations of Cl-, SK‚Pg* and SUPA‚
Pg* generation is accelerated by ligands such as EACA that
interact with kringle lysine binding sites to diminish in-
tramolecular interactions and unfold the Pg molecule. Non-
proteolytic activation is also promoted by physiologic kringle
ligands such as (DD)E fibrin fragments and fibrinogen. Taken
together, these results indicate that nonproteolytic activation
of Pg by the SK-like activators is regulated through the
ligands that modulate kringle interactions.

In serum or in solutions containing physiologic concentra-
tions of Cl ion there is evidence that kringle interactions keep

Glu-Pg in a compact, tightly folded form which is relatively
resistant to SK and tissue Pg activator (11, 40). This may
represent a safeguard mechanism to prevent uncontrolled
plasmin generation (17, 25, 29-31, 34, 35, 40, 59). The
lysine residue(s) in the NH2-terminal peptide of Glu-Pg
interact(s) with kringle 5, and the lysine residue(s) in kringle
3 interact(s) with kringle 4 to maintain Glu-Pg in a tight or
closed conformation (25, 30, 31, 34, 59). In blood, Pg binds
to cells and the fibrin surface through its lysine binding sites
and converts to an extended “open” conformation that is
activated more rapidly to form plasmin (7, 60). In physiologic
solutions in vitro, EACA, at concentrations ofg10 mM,
overcomes intramolecular interactions among kringles and
induces a full unfolding of the Pg molecule (31). The binding
of SK also unfolds the Glu-Pg molecule (45), which suggests
that one or more intermolecular interactions between kringle
domain(s) and SK domain(s) modify the conformation of
Glu-Pg to facilitate the process of nonproteolytic activation.
Thus kringle interactions may regulate nonproteolytic active
site formation by altering Pg conformation.

However, kringles may also regulate nonproteolytic acti-
vation through mechanisms independent of their effect on
the conformation of Glu-Pg. Indeed, the interaction of the
SK â-domain with Pg appears to be mediated almost
exclusively through interaction with Pg kringles, because in
the crystal structure of the SK‚microplasmin (which lacks
kringles) there are relatively few intermolecular contacts
between the SKâ-domain and the protease domain (6).
Recent studies have shown that isolated kringles bind well
to isolated SK domains (45) but more weakly to the protease
domain. Kringles appear to contribute significantly to the
binding interactions that occur between SK and Pg in the
activator complex (18). Thus the first interactions of SK with
Glu-Pg may be through the kringle domains as suggested
by previous studies (18, 44, 52, 61). The initial binding of
SK to the kringles may unfold Glu-Pg to permit subsequent
interactions between SK and the protease domain. Only then
may the activator pocket of Pg become accessible for
interactions with Ile1 of the N-terminus of SK, which triggers
nonproteolytic Pg active site formation and sparks the Pg
activation process (1, 2). Additional interactions between the
γ-domain of SK and the protease domain may act to
accelerate the process of nonproteolytic activation (5, 20).

The kringle domains also play a crucial role in regulating
the ability of SK to efficiently catalyze Pg activation. It has
been established that the kringle-less SK‚micro-plasmin
complex is a significantly more efficient Pg activator than
SK‚plasmin (18, 50, 62). Conversely, Pg variants lacking

FIGURE 5: Influence of fibrin (DD)E fragments on SK‚Pg* and SUPA‚Pg* generation. Human or bovine (DD)E (3µM) or bovine serum
albumin (3µM, a control) was preincubated for 20 min in assay buffer containing 2µM MUGB. Then (A) human Glu-Pg, (B) human
micro-Pg, or (C) bovine Pg (all 200 nM) was added to the cuvette. After an additional 5 min preincubation, SK, SUPA, SAK (250 nM),
or assay buffer alone (control) was added as indicated.

FIGURE 6: Influence of SK domains on SK‚Pg* generation. Single
SK domains (500 nM), (1) SKγ-domain, (2) SKâ-domain, (3)
SK R-domain, (4) bovine serum albumin (3µM), or (5) buffer,
were preincubated for 20 min in assay buffer containing 2µM
MUGB; then human Glu-Pg (200 nM) was added to the cuvette.
After an additional 5 min preincubation, SK (250 nM) or assay
buffer alone [control (6)] was added to the separate reaction.

FIGURE 7: Pg activation by SUPA or SK. (A) Bovine Pg or mini-
Pg (300 nM) was activated by SUPA (20 nM) or nothing (control)
in assay buffer at 37°C in the presence or absence of EACA (10
mM). (B) Human Pg, mini-Pg, and micro-Pg (300 nM) were
activated by SK (20 nM) or nothing (control) in assay buffer at 37
°C in the presence or absence of EACA (10 mM). The production
of plasmin was monitored using S2251 substrate (500µM). Inset:
Activation of human micro-Pg (300 nM) by SK (20 nM) in the
presence or absence of EACA (10 mM).
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kringles are activated significantly less efficiently than Pg
substrates containing five kringles (50, 63). At the same time,
the role of fibrin and other physiologic kringle ligands in
regulating nonproteolytic activation of kringle-containing Pgs
has not been fully appreciated, perhaps because SK has been
thought to be a fibrin(ogen)-independent Pg activator (64).
However, the present experiments show that fibrinogen
accelerates the formation of SK‚Pg* which activates substrate
Pg to plasmin in the blood. Similarly, fibrin enhances the
formation of an active SK‚Pg* complex, thereby accelerating
Pg activation at the site of a thrombus. Kringle ligands appear
to have an even more dramatic effect on Pg activation by
SUPA given the marked acceleration in active site generation
produced by EACA (Figure 7A). In addition to accelerating
the process of nonproteolytic active site generation (described
in this report), previous studies have established that fibrin-
(ogen) can increase the rate of Pg activation by enhancing
the catalytic efficiency of the active SK‚P(g) complex (26,
65-69). The fact that fibrin (DD)E fragments accelerated
the rate of nonproteolytic active site formation in human
micro-Pg by SK also suggests that interactions of fibrin-
(ogen) and other ligands with the protease domain of the
enzyme may also have a physiologic role in modulating the
fibrinolytic system. Thus there are now abundant data that
kringle interactions with physiologic ligands such as fibrin-
(ogen) play a central role in modulating key steps in Pg
activation by the SK-like agents, as well as other Pg
activators.
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