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The mechanism of plasminogen activation by recom-
binant staphylokinase was studied both in the absence
and in the presence of fibrin, in purified systems, and
in human plasma. Staphylokinase, like streptokinase,
forms a stoichiometric complex with plasminogen that
activates plasminogen following Michaelis-Menten ki-
netics with XK,, = 7.0 uM and ks = 1.5 s~L. In purified
systems, ax-antiplasmin inhibits the plasminogen-sta-
phylokinase complex with kygpm = 2.7 % 0.30 x 10°
M~ !'s7! (mean * S.D., n = 12), but not the plasminogen-
streptokinase complex. Addition of 6-aminohexanoic
acid induces a concentration-dependent reduction of
Ripm 102.0 £0.17 x 10* M ' 57! (mean = S.D., n = 5)
at concentrations =30 mM, with a 50% reduction at a
6-aminohexanoic acid concentration of 60 uM. Staphy-
lokinase does not bind to fibrin, and fibrin stimulates
the initial rate of plasminogen activation by staphylok-
inase only 4-fold.

Staphylokinase induces a dose-dependent lysis of a
0.12-ml '*%I-fibrin-labeled human plasma clot sub-
mersed in 0.5 ml of citrated human plasma; 50% lysis
in 2 h is obtained with 17 nM staphylokinase and is
associated with only 5% plasma fibrinogen degrada-
tion. Corresponding values for streptokinase are 68 nm
and more than 90% fibrinogen degradation. In the
absence of a fibrin clot, 50% fibrinogen degradation in
human plasma in 2 h requires 790 nm staphylokinase,
but only 4.4 nMm streptokinase.

These results suggest the following mechanism for
relatively fibrin-specific clot lysis with staphylokinase
in a plasma milieu. In plasma in the absence of fibrin,
the plasminogen-staphylokinase complex is rapidly
neutralized by as-antiplasmin, thus preventing sys-
temic plasminogen activation. In the presence of fibrin,
the lysine-binding sites of the plasminogen-staphylo-
kinase complex are occupied and inhibition by az-an-
tiplasmin is retarded, thus allowing preferential plas-
minogen activation at the fibrin surface.

Plasminogen activators convert plasminogen, the inactive
proenzyme of the fibrinolytic system in blood, to the proteo-
lytic enzyme plasmin. Plasmin dissolves the fibrin of a blood
clot, but may also degrade normal components of the hemo-
static system and induce the so-called lytic state. Physiologi-
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cal fibrinolysis, however, is fibrin-oriented as a result of
specific molecular interactions between tissue-type plasmin-
ogen activator, fibrin, plasmin(ogen), and a»-antiplasmin (1).

Streptokinase, an M, 45,000 protein secreted by 8-hemolytic
streptococei, is used in thrombolytic therapy, but its admin-
istration is associated with extensive systemic fibrinogeno-
lysis (2). Staphylokinase, an M, 15,500 protein produced by
Staphylocoecus aureus (3), was shown to have profibrinolytic
properties more than 4 decades ago (3, 4). Limited availability
of the protein has, however, precluded a detailed investigation
of its plasminogen-activating properties. The gene coding for
the bacterial protein has now been cloned and expressed in
Escherichia coli (5, 6) and Bactllus subtilis (7). The nucleotide
sequence of the staphylokinase gene and the deduced amino
acid sequence are not related to those of streptokinase (8-10).

It has been suggested that, like streptokinase, staphyloki-
nase forms a stoichiometric complex with plasminogen, which
subsequently converts plasminogen to plasmin (11-13). Re-
cently, it was shown that recombinant staphylokinase is a
more potent and more fibrin-specific fibrinolytic agent than
streptokinase in human plasma in vitro (14). It was suggested
that plasminogen activation by staphylokinase is inhibited by
az-antiplasmin in circulating plasma, but not at the fibrin
surface (15).

In the present study, the mechanism of plasminogen acti-
vation by staphylokinase was investigated in more detail,
using quantitative studies of the interactions between plas-
minogen, staphylokinase, fibrin, and a;-antiplasmin. In ad-
dition, the mechanism of fibrin-specific clot lysis in human
plasma in vitro was evaluated.

MATERIALS AND METHODS

Proteins and Reagents—Staphylokinase was produced in trans-
formed E. coli, purified from cell culture medium, and characterized
as described elsewhere (6). Streptokinase, devoid of albumin, was
obtained from Boehringer Mannheim; for experiments in plasma,
Streptase®™ (Hoechst, Brussels) was used.

Native human plasminogen was purified from plasma and charac-
terized as described elsewhere (16, 17). Recombinant plasminogen
with the active site Ser’* mutagenized to Ala (rPlg-Ala™")! was
obtained by expression in Chinese hamster ovary cells of the plasmid
PLG 251a/219b (18) using the vector Zem 229 (19). These materials
were kindly provided by ZymoGenetics. rPlg-Ala™” was purified from
conditioned cell culture medium and characterized as described else-
where (20, 21), Human «;-antiplasmin was purified from plasma and
its activity determined by titration with plasmin (22). Fibrinogen was
prepared from human plasma and depleted in plasminogen by ad-

T The abbreviations used are: rPlg-Ala™", recombinant plasminogen
with the active-site Ser™" mutagenized to Ala; 6-AHA, 6-aminchex-
anocic acid; S-2251, D-valyl-leucyl-lysine-p-nitroanilide; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; des-
AAfibrin, fibrinogen with the two fibrinopeptides A removed, fibrin
1.
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sorption with lysine-Sepharose, as described elsewhere (23). CNBr-
digested fibrinogen was prepared as described elsewhere (23), and
solubilized desAAfibrin (Desafib) was obtained from Biopool (Umea,
Sweden). The chromogenic substrate D-valyl-leucyl-lysine-p-nitroan-
ilide (S-2251) was purchased from KabiVitrum. The synthetic throm-
bin inhibitor D-Ile-Pro-Arg-CH,Cl (24) was custom-synthesized at
Union Chimique Belge (Brussels). *I-Labeled fibrinogen was pur-
chased from Amersham. Plasma was pooled human plasma obtained
from at least five healthy blood donors. a»-Antiplasmin-depleted
plasma was obtained from normal human plasma by immunoadsorp-
tion on an insolubilized monoclonal antibody (MA-34F7) directed
against a,-antiplasmin. After depletion, this plasma contained about
1% residual a»-antiplasmin, as determined by enzyme-linked immu-
nosorbent assay (25), whereas fibrinogen and plasminogen levels
remained within the normal range.

Techniques—Protein concentrations were determined according to
Bradford (26). Streptokinase and staphylokinase were labeled with
] using the [ODO-GEN method (27) to specific activities of 15 X
10° and 19 X 10° cpm/ug, respectively. SDS-PAGE was performed
with the PHAST System™ (Pharmacia) using 10-15% gradient gels
and Coomassie staining. Reduction of samples was performed by
heating at 100 °C for 3 min in the presence of 1% SDS and 1%
dithioerythritol.

Complex Formation with Plasminogen—The generation of an active
site in complexes of plasminogen with staphylokinase or streptoki-
nase was monitored as follows. Plasminogen (final concentration, 1
uM) was incubated with staphylokinase or streptokinase (final con-
centration, 5 uM) at 37 °C in 0.1 M phosphate buffer, pH 7.4. At
different time intervals (0-10 min), generation of an active site in the
plasminogen-staphylokinase or plasminogen-streptokinase com-
plexes was measured with S-2251 (final concentration, 1 mM) after
50-fold dilution of samples in 0.05 M Tris-HCI buffer, pH 7.4, con-
taining 0.038 M NaCl and 0.01% Tween 80. Alternatively, plasmino-
gen (final concentration, 1 uM) was incubated with a;-antiplasmin
(final concentration, 5 uM) at 37 °C in 0.1 M phosphate buffer, pH
7.4, for 1 min before addition of staphylokinase or streptokinase (final
concentration, 5 uM). Generation of active sites as a function of time
was monitored as described above. The kinetic parameters for the
hydrolysis of S-2251 (0.1-1.0 mM) by plasmin, plasminogen-staphy-
lokinase, or plasminogen-streptokinase (10 nM each) were determined
by Lineweaver-Burk analysis.

Natural plasminogen or rPlg-Ala™ (final concentration, 1.5 uM)
was incubated at 37 °C in 0.1 M phosphate buffer, pH 7.4, with
staphylokinase or streptokinase (final concentration, 50 nm). At
different time intervals (0-90 min), samples were removed from the
incubation mixtures, reduced immediately, and subjected to SDS-
PAGE. Alternatively, rPlg-Ala™ (final concentration, 1.5 uM) was
incubated in 0.1 M phosphate buffer, pH 7.4, with 20 nM plasminogen-
streptokinase, plasminogen-staphylokinase (preformed by incubation
of 1.5 uM plasminogen with 4.5 uM staphylokinase or streptokinase
for 3 min at 37 °C), or with 20 nM plasmin. Samples were removed at
different time points (0-60 min), immediately reduced, and subjected
to SDS-PAGE.

Kinetics of Plasminogen Activation—Equimolar plasminogen-sta-
phylokinase and plasminogen-streptokinase complexes (final concen-
tration, approximately 5 uM each, with a 5-10% excess of plasmino-
gen) were prepared by incubation of plasminogen with staphylokinase
or streptokinase at 37 °C for 3 min in 0.1 M phosphate buffer, pH 7.4,
containing 25% glycerol; the mixture was then stored on ice. For
kinetic analysis, plasminogen-staphylokinase or plasminogen-strep-
tokinase (final concentration, 2 nM) was incubated with plasminogen
(final concentration, 0.1-2 uM for plasminogen-streptokinase and
1.6-20 uM for plasminogen-staphylokinase) at 37 °C in 0.1 M phos-
phate buffer, pH 7.4. Generated plasmin was measured at different
time intervals (0-5 min) with S-2251 (final concentration, 1 mM)
after 20-fold dilution of the sample. Initial activation rates were
obtained from plots of the concentration of generated plasmin versus
time.

Effect of ax-Antiplasmin on Plasminogen Activation— Activation of
plasminogen (final concentration, 1.5 uM) at 37 °C in 0.1 M phosphate
buffer, pH 7.4, by staphylokinase or streptokinase (final concentra-
tion, 5 nM) was measured in the absence or the presence of «ay-
antiplasmin (final concentration, 3 uM). Therefore, at different time
intervals (0-50 min), 10-ul samples were removed from the incubation
mixtures and incubated for 10 min at 37 °C in 300 ul of 0.05 M Tris-
HCI buffer, pH 7.4, containing 0.038 M NaCl, 0.01% Tween 80, and
1,000 IU of streptokinase (5,000-fold molar excess of streptokinase
over the amount of streptokinase or staphylokinase present in the
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sample). Under these conditions, plasmin is rapidly and quantita-
tively complexed by as-antiplasmin and the plasminogen-streptoki-
nase complex is measured with S-2251 (final concentration, 1 mM).
The amount of plasminogen converted to plasmin at each time point
is then expressed as a percentage by subtracting the residual plas-
minogen concentration from the initial concentration. In the experi-
ments without a,-antiplasmin, plasmin is directly quantitated with
S-2251 (final concentration, 1 mM). The molecular species in the
incubation mixtures at 30 min in the presence of a;-antiplasmin were
identified by SDS-PAGE.

Inhibition of Plasminogen-Staphylokinase or Plasminogen-Strep-
tokinase Complexes by a,-Antiplasmin—Plasminogen (final concen-
tration, 1 uM) was complexed with staphylokinase or streptokinase
(final concentration, 5 uM) by incubation for 5 min at 37 °C in 0.1 M
phosphate buffer, pH 7.4. Inhibition of plasminogen-streptokinase
(final concentration, 1 uM) by a;-antiplasmin (final concentration,
5-7 uM) was monitored as follows. Samples were removed from
incubation mixtures, and residual plasminogen-streptokinase at dif-
ferent time points (0-60 min) was quantitated with S-2251 (final
concentration, 0.3 mM) after 50-fold dilution of the samples. The
half-life time (¢”) of the plasminogen-streptokinase complex and the
apparent second-order rate constant (&) were calculated (Ripp) =
In 2/t,- (1], where [I] = [a;-antiplasmin]).

Inhibition of the plasminogen-staphylokinase complex (final con-
centration, 5 nM) by a;-antiplasmin (final concentration, 25 nM) was
monitored continuously in the presence of S-2251 (final concentra-
tion, 1.0 mM). The residual complex was determined at different time
intervals (0-5 min), and &;.pp was calculated as described above after
correction for the effect of substrate on the inhibition reaction (28),
using the formula [E] = T[E),/bT,, where b = (1 + [S]/K..), [E] =
enzyme concentration at time ¢, [ K], = initial enzyme concentration,
T = the slope of the absorbance versus time curve at time ¢, T\, = the
initial slope, [S] = the substrate concentration, and K,, = the Mi-
chaelis constant of S-2251 for plasminogen-staphylokinase complex.
The effect of 6-aminohexanoic acid (final concentration, 0-500 uM)
on the inhibition rate of the plasminogen-staphylokinase complex by
az-antiplasmin was determined in the same way. At each concentra-
tion of 6-aminohexanoic acid, k). was expressed in percentage of
the value in the absence of ligand. The effect of saturating concen-
trations of 6-aminohexanoic acid (final concentration, 30 mM) on the
inhibition rate of the plasminogen-staphylokinase complex by «,-
antiplasmin (5-fold molar excess) was determined as described above
for the plasminogen-streptokinase complex. Under the conditions
used, 6-AHA does not interfere with the hydrolysis of S-2251 by the
plasminogen-staphylokinase complex.

The interactions between plasminogen, staphylokinase, and «,-
antiplasmin or between plasminogen, streptokinase, and a»-antiplas-
min were also monitored by SDS-PAGE under nonreducing and
reducing conditions. Plasminogen (final concentration, 1.5 uM) was
mixed with staphylokinase or streptokinase (final concentration, 4.5
uM) at 37 °C for 3 min, followed by the addition of a,-antiplasmin
(final concentration, 4.5 uM). Samples were removed before the
addition of a,-antiplasmin and 1 mirr and 30 min after its addition.

Effect of CNBr-digested Fibrinogen and DesAAfibrin on Plasmino-
gen Activation—Plasminogen (final concentration, 1.5 uM) in 0.1 M
phosphate buffer, pH 7.4, was activated at 37 °C with equimolar
plasminogen-streptokinase or plasminogen-staphylokinase prepared
as described above (final concentration, 2 nM) in the presence of
different concentrations of CNBr-digested fibrinogen or desAAfibrin
(final concentration, 0-1 uM). At different time points (0-5 min),
samples were removed from the incubation mixtures, and generated
plasmin was quantitated with S-2251 (final concentration, 1 mM)
after 25-fold dilution.

Binding to Fibrin—Purified plasminogen-free human fibrinogen
(0-3.3 mg/ml) in 0.05 M Tris-HCI buffer, pH 7.4, containing 0.038 M
NaCl, 0.01% Tween 80, and 1 mg/ml bovine serum albumin was
clotted by the addition of thrombin (final concentration, 10 NIH
units/ml) in the presence of '*’I-labeled staphylokinase or '*’I-labeled
streptokinase (50,000 cpm/ml). After incubation at 37 °C for 1 min,
thrombin was inactivated by the addition of D-Ile-Pro-Arg-CH,Cl
(final concentration, 10™* M), the clots were removed by centrifugation
and washed extensively, and the radioactivity associated with the
fibrin clots was quantitated. In addition, normal human plasma was
clotted by the addition of Ca®* (final concentration, 45 mM) and
thrombin (final concentration, 2 NIH units/ml) in the presence of
#].]abeled staphylokinase or '*’I-labeled streptokinase (50,000 cpm/
ml), and binding was quantitated as described above.

Fibrinolytic Properties in Purified Systems—'*I-Labeled clots of
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purified human fibrin were prepared by the addition of CaCl, (final
concentration, 50 mM) and thrombin (final concentration, 3.5 NIH
units/ml) to purified fibrinogen (final concentration, 3 mg/ml, con-
taining approximately 250,000 cpm/ml of '*I-labeled fibrinogen) in
0.05 M Tris-HCl buffer, pH 7.4, containing 0.01% Tween 80 and 0.038
M NaCl. Alternatively, clots were prepared in the same way but in
the presence of plasminogen (final concentration, 150 ug/ml). After
incubation at 37 °C for 60 min in silicon tubing (internal diameter, 4
mm), pieces about 1.0 cm in length were cut off and the fibrin clots
(volume, 0.12 ml) were extensively washed in 0.15 M NaCl. Purified
'#]-labeled fibrin clots were then incubated at 37 °C in 1 ml of 0.05
M Tris-HCI buffer, pH 7.4, containing 0.01% Tween 80, 0.038 M
NaCl, 1 kallikrein-inactivating unit/ml aprotinin and 1.5 uM Glu-
plasminogen. Lysis of fibrin clots by addition of different concentra-
tions of staphylokinase (final concentration, 1.1-67 nM) or strepto-
kinase (final concentration, 0.1-2.8 nM) was monitored for 1 h and
quantitated by the release of radioactivity from the clot into the
surrounding liquid. Alternatively, the same experiments were per-
formed with the addition of purified human a,-antiplasmin to a final
concentration of 1 uM, and clot lysis was monitored after the addition
of staphylokinase (final concentration, 2-130 nM) or streptokinase
(final concentration, 0.7-44 nM). The concentration of plasminogen
activator yielding 50% lysis in 1 h was determined from plots of the
extent of clot lysis (in percent) versus the concentration of the
plasminogen activators. Residual a,-antiplasmin and/or plasminogen
levels in the solutions were monitored with chromogenic substrate
assays (29, 30).

Fibrinolytic Properties in Human Plasma in Vitro—'*1-Fibrin-
labeled plasma clots were prepared from normal human plasma or
from c«,-antiplasmin-depleted plasma as described above, following
addition of 500,000 cpm/ml of "**I-labeled fibrinogen and coagulation
with CaCl; (final concentration, 25 mM) and thrombin (final concen-
tration, 2 NIH units/ml). Lysis of '*I-fibrin-labeled plasma clots
(volume, 0.12 ml) by addition of different concentrations of staphy-
lokinase (final concentration, 2.1-133 nM) or streptokinase (final
concentration, 1.4-355 nM) in 0.5 ml of normal human plasma or «;,-
antiplasmin-depleted plasma was measured over 4 h as previously
described (31). Residual fibrinogen levels were monitored with a
clotting rate assay (32). The concentration of plasminogen activator
required to obtain 50% clot lysis in 2 h (Cj,), was determined from
plots of percent lysis versus the concentration of plasminogen acti-
vator. Residual fibrinogen levels at Cs were determined from plots
of residual fibrinogen at 2 h versus the concentration of plasminogen
activator.

Fibrinogenolytic Properties in Human Plasma in Vitro—Systemic
activation of the fibrinolytic system by staphylokinase or streptoki-
nase in normal human plasma or in a;-antiplasmin-depleted plasma
(final concentration, 17-4,300 nM for staphylokinase or 0.35-89 nM
for streptokinase) in the absence of fibrin was monitored over 4 h at
hourly intervals, as described above. The concentration of plasmino-
gen activator required to obtain 50% plasminogen activation and 50%
fibrinogen degradation within 2 h, was determined graphically from
dose-response curves.

RESULTS

Complex Formation with Plasminogen—Fig. 1 shows that,
in mixtures of plasminogen with a 5-fold molar excess of
either staphylokinase or streptokinase, the active site, as
monitored with the chromogenic substrate S-2251, is rapidly
exposed. Under the experimental conditions used, plasmino-
gen, staphylokinase, or streptokinase alone did not react with
S-2251. Preincubation of plasminogen with a,-antiplasmin
(5-fold molar excess over plasminogen) completely abolishes
exposure of an active site following addition of staphylokinase
but only slightly affects the generation of an active site
following the addition of streptokinase.

The 2.5-fold lower amidolytic activity observed with the
plasminogen-staphylokinase complex than with the plasmin-
ogen-streptokinase complex is due to a lower reactivity of the
former with S-2251. Lineweaver-Burk analysis of the hydrol-
ysis of S-2251 by plasminogen-staphylokinase, plasminogen-
streptokinase, or plasmin revealed that the K, values are
comparable (0.57, 0.55, and 0.48 mM, respectively), whereas
ke is 2-fold lower for plasminogen-staphylokinase (17 s7')
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Fic. 1. Generation of amidolytic activity in mixtures of
plasminogen with a 5-fold molar excess of staphylokinase (O,
W) or streptokinase (O, @) in the absence (open symbols) or
the presence (closed symbols) of az-antiplasmin at a 5-fold
molar excess over plasminogen. Amidolytic activity is measured
with S-2251 (final concentration, 1 mMm) after 50-fold dilution of
samples. The data represent the mean = S.D. of three determinations.
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Fi1G. 2. Activation of natural plasminogen (panels I) or
rPlg-Ala™° (panels II) (final concentration, 1.5 pM) with
staphylokinase (4) or streptokinase (B) (final concentration,
50 nM). Samples for reduced SDS-PAGE were taken at times 0 (lane
2), 2 min (lane 3), 5 min (lane 4), 10 min (lane 5), 15 min (lane 6),
and 20 min (lane 7) for natural plasminogen (panels I) or at times 0
(lane 2), 15 min (lane 3), 30 min (lane 4), 45 min (lane 5), 60 min
(lane 6), and 90 min (lane 7) for rPlg-Ala™ (panels II). The protein
calibration mixture (lanes 1) consists of phosphorylase b (M, 97,000),
albumin (M, 67,000), ovalbumin (M, 45,000), carbonic anhydrase (M,
30,000), trypsin inhibitor (M, 20,100), and «-lactalbumin (M, 14,400).

than for plasminogen-streptokinase or plasmin (35 s7') (data
not shown),

Both staphylokinase and streptokinase convert natural
plasminogen to two-chain plasmin, as revealed by reduced
SDS-PAGE, whereas active-site mutagenized plasminogen,
rPlg-Ala™, is not converted to a two-chain derivative by
either staphylokinase or streptokinase (Fig. 2). Under the
same experimental conditions, urokinase completely converts
rPlg-Ala™ to plasmin (not shown). Fig. 3 shows that both the
plasminogen-staphylokinase and the plasminogen-streptoki-
nase complexes convert rPlg-Ala™ to a two-chain plasmin
molecule, whereas an equivalent amount of plasmin does not.

Kinetics of Plasminogen Activation—XKinetic analysis re-
vealed that plasminogen is activated to plasmin by both
plasminogen-staphylokinase and plasminogen-streptokinase,
following Michaelis-Menten kinetics, as shown by linear dou-
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F1G. 3. Conversion at 37 °C of rPlg-Ala™? (1.5 uM) to a two-
chain derivative by plasminogen-staphylokinase complex (A)
or by plasminogen-streptokinase complex (B) (20 nM each) as
monitored on reduced SDS-PAGE. Samples are taken at times 0
(lanes 1), 10 min (lanes 2), and 60 min (lanes 3). In panel C, lane 4
represents rPlg-Ala™ (1.5 uM) treated with plasmin (20 nm) for 60
min at 37 °C and lane 5 represents plasminogen fully converted with
plasminogen-staphylokinase to plasmin.
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F1G. 4. Activation of plasminogen (final concentration, 1.5
uM) by staphylokinase or streptokinase (final concentration,
5 nM) in the absence or the presence of a,-antiplasmin (final
concentration, 3 uM). 4, activation of plasminogen (in percent) by
staphylokinase ({J, B) or streptokinase (O, @) as a function of time,
in the absence (open symbols) or in the presence of «.-antiplasmin
(closed symbols). The data represent mean = S.D. of four determina-
tions. B, SDS-PAGE under nonreducing (/) or reducing (/1) condi-
tions of samples taken after 30 min from the experiments represented
in panel A. Lane 1, protein calibration mixture consisting of phos-
phorylase b (M, 97,000), albumin (M, 67,000), ovalbumin (M, 45,000),
carbonic anhydrase (M, 30,000), trypsin inhibitor (M, 20,100) and «-
lactalbumin (M, 14,400); lane 2, plasminogen (PLG) plus staphylok-
inase in the presence of w,-antiplasmin (a»A P); lane 3, plasminogen
plus streptokinase in the presence of «,-antiplasmin; lane 4, plasmin-
«p-antiplasmin complex (P-«.AP). B-aAP, complex of plasmin B-
chain with «.-antiplasmin; A, plasmin A-chain.

ble-reciprocal plots of the initial rate of activation versus the
plasminogen concentration (not shown). The kinetic con-
stants, obtained by linear regression analysis, are K,, = 7.0
uM and k. = 1.5 s7' for plasminogen-staphylokinase {mean of
two independent determinations with r > 0.99) and K,, = 0.65
uM and k; = 0.52 57! for plasminogen-streptokinase {mean of
two independent determinations with r > 0.99). The catalytic
efficiency (k./K,.) of plasminogen-streptokinase thus is about
4-fold higher than that of plasminogen-staphylokinase (0.80
and 0.21 uM™ s7', respectively).

Effect of «s-Antiplasmin on Plasminogen Activation—Fig.
4A shows a very similar time-dependent activation of plas-
minogen (final concentration, 1.5 uM) by staphylokinase or
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streptokinase (final concentration, 5 nM) as monitored by
quantitation of generated plasmin with S-2251. Under the
conditions used, about 50% of the plasminogen is activated
in 15 min, followed by a progressive decrease in plasmin
activity due to its instability at 37 °C. Preincubation with «.-
antiplasmin (final concentration, 3 uM) does not markedly
affect plasminogen activation by streptokinase, but virtually
abolishes the activation by staphylokinase, as shown by quan-
tiation of residual plasminogen concentrations. SDS-PAGE
under nonreducing conditions of samples from mixtures with
«s-antiplasmin (Fig. 4B) reveals the presence of plasmin-a.-
antiplasmin complexes in incubation mixtures with strepto-
kinase but not in mixtures with staphylokinase. Under reduc-
ing conditions, the plasmin-a.-antiplasmin complex disso-
ciates in the plasmin B-chain-«.-antiplasmin complex and
the plasmin A-chain.

Inhibition of Plasminogen-Staphylokinase or Plasminogen-
Streptokinase Complexes by «.-Antiplasmin—Semilogarith-
mic plots of residual complex as a function of time, following
incubation of preformed plasminogen-staphylokinase or plas-
minogen-streptokinase complexes with a,-antiplasmin under
pseudo first-order kinetic conditions, were linear (not shown).
The apparent second-order rate constant (&yugm) for the in-
hibition of 5 nM plasminogen-staphylokinase by 25 nM a,-
antiplasmin was 2.7 = 0.30 X 10°* M~' s™! (mean + S.D., n =
12). In the presence of 5 uM av-antiplasmin, the ¢., of the 1
uM plasminogen-streptokinase complex was 23 min, corre-
sponding to a ki, value (corrected for spontaneous neutral-
ization) of 37 = 6 M~' s7' (mean * S.D.,, n = 4). Upon
prolonged incubation at 37 °C in the absence of «.-antiplas-
min, the amidolytic activity of the plasminogen-streptokinase
complex in buffer containing 25% glycerol slowly decreased
with a ¢.. of about 150 min, whereas that of the plasminogen-
staphylokinase complex remained constant.

SDS-PAGE under nonreducing conditions (Fig. 5, panel I)
of preincubated (3 min at 37 °C) mixtures of 1.5 uM plasmin-
ogen with 4.5 uM staphylokinase or streptokinase showed that
the addition of 4.5 uM ay-antiplasmin resulted in quantitative
plasmin-«.-antiplasmin complex formation within 1 min in
the mixture with plasminogen-staphylokinase (lane 6),
whereas in the mixture with plasminogen-streptokinase, no
complex formation was observed (lane 5). After 30 min, some
plasmin-a;-antiplasmin complex is also generated in the plas-
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Fic. 5. SDS-PAGE under nonreducing (I) or reducing (II)
conditions of mixtures of plasminogen-staphylokinase or plas-
minogen-streptokinase and 4.5 uM ay-antiplasmin. The plas-
minogen-staphylokinase and plasminogen-streptokinase complexes
were generated by mixing 1.5 uM plasminogen and 4.5 uM staphylok-
inase or streptokinase. Lane I, plasminogen (PLG); lane 2, plasmin-
«g-antiplasmin complex (P-a,-AP); lane 3, plasminogen-streptoki-
nase complex; lane 4, plasminogen-staphylokinase complex; lane 5,
plasminogen-streptokinase complex after a 1-min incubation with a.-
antiplasmin («wAP), lane 6, plasminogen-staphylokinase complex
after a 1-min incubation with «,-antiplasmin; lane 7, plasminogen-
streptokinase complex after a 30-min incubation with «,-antiplasmin;
lane 8, plasminogen-staphylokinase complex after a 30-min incuba-
tion with «,-antiplasmin. SK, streptokinase; SAK, staphylokinase; A,
plasmin A-chain; B, plasmin B-chain; B-a,AP, complex of plasmin
B-chain with «,-antiplasmin.
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min-streptokinase sample (lane 7), as shown by an M, of
about 140,000 under nonreducing conditions. SDS-PAGE un-
der reducing conditions (Fig. 5, panel II) shows that the
single-chain plasminogen moiety is converted to a two-chain
plasmin derivative in both the complex with staphylokinase
(lane 4) and that with streptokinase (lane 3). The plasmin
moiety in the staphylokinase complex reacts with a,-antiplas-
min, whereas that in the streptokinase complex is protected
from «.-antiplasmin, The mixture of plasminogen-staphylok-
inase complex and a,-antiplasmin dissociated into three com-
ponents with M, 65,000, 15,000, and 80,000, corresponding to
the plasmin A-chain and excess a.-antiplasmin, staphyloki-
nase, and the plasmin B-chain-a,-antiplasmin complex (Fig.
5, panel I1, lane 6). The mixture of plasminogen-streptokinase
and a,-antiplasmin displays three components with M,
65,000, 45,000, and 25,000, corresponding to the plasmin A-
chain and excess ay-antiplasmin, streptokinase, and the un-
complexed plasmin B-chain (Fig. 5, panel II, lane 5).

Addition of 6-AHA to mixtures of plasminogen-staphylok-
inase and a,-antiplasmin induced a concentration-dependent
reduction of the inhibition rate of the plasminogen-staphylok-
inase complex (5 nM) by ap-antiplasmin (25 nM) (Fig. 6). A
50% reduction of &y Was obtained at a 6-AHA concentra-
tion of 60 uM. Saturation of the lysine-binding sites of the
plasminogen moiety in the plasminogen-staphylokinase (0.5
puM) complex with 6-AHA (30 mM) reduced &gy, for the
inhibition by a,-antiplasmin (2.5 uM) to 2.0 £ 0.17 X 10* M™!
s™! (mean + S.D., n = 5).

Effect of CNBr-digested Fibrinogen and DesAAfibrin on
Plasminogen Activation—Addition of CNBr-digested fibrino-
gen or desAAfibrin resulted in a concentration-dependent
increase of the initial activation rate of plasminogen by plas-
minogen-streptokinase or plasminogen-staphylokinase (Fig.
7). At saturating concentration of fibrin-like stimulator, stim-
ulation of the initial activation rate of plasminogen was less
then 2-fold for plasminogen-streptokinase and 3-4-fold for
plasminogen-staphylokinase.

Binding to Fibrin—In purified systems (0-3.4 mg/ml fi-
brin), binding of '*I-labeled streptokinase to fibrin ranged
between 18 + 2% (mean + S.D., n = 3) at a fibrin concentra-
tion of 0.025 mg/ml and 41 + 2% at a fibrin concentration of
3.4 mg/ml (data not shown). In contrast, no binding of *I-
labeled staphylokinase was observed under the same condi-
tions (0% at 0.025 mg/ml and 5 + 0.6% at 3.4 mg/ml fibrin,
respectively). When human plasma was clotted in the pres-
ence of '®I-labeled streptokinase or staphylokinase, the ob-
served binding (mean + S.D., n = 6) was 4.6 + 0.9% and 1.5
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FiG. 6. Influence of 6-aminohexanoic acid on the apparent
second-order rate constant (R,.pp) of the inhibition of plas-
minogen-staphylokinase complex by az-antiplasmin. The k;app)
values, determined in the presence of different ligand concentrations,
are each expressed as a percent of the value obtained in the absence
of ligand. The data represent the mean + S.D. of three determina-
tions.
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FiG. 7. Effect of CNBr-digested fibrinogen and des-
AAfibrin on plasminogen activation by staphylokinase (O, l)
or streptokinase (O, ®). The increase in the initial activation rate
of plasminogen (v) is plotted versus the concentration of desAAfibrin
(open symbols) or CNBr-digested fibrinogen (closed symbols).

+ 1.0%, respectively (not shown).

Fibrinolytic Properties in Purified Systems—Both staphy-
lokinase and streptokinase induced a time- and concentra-
tion-dependent lysis of a purified *I-labeled fibrin clot (pre-
pared either in the presence or the absence of plasminogen)
immersed in a Glu-plasminogen solution, as quantitated by
the release of '*I-labeled degradation products (not shown).
Fifty percent lysis of plasminogen-free clots in 1 h was ob-
tained with 0.5 nM staphylokinase or with 0.4 nM streptoki-
nase (Table I). In the presence of a;-antiplasmin (final con-
centration, 1 uM), 50% lysis of a labeled plasminogen-free
fibrin clot immersed in Glu-plasminogen (final concentration,
1.5 uM) required 23 nM staphylokinase or 5 nM streptokinase.
Compared with staphylokinase, streptokinase caused more
extensive plasminogen activation (45% activation versus 10%
with staphylokinase) and more extensive a,-antiplasmin con-
sumption (68 versus 15% with staphylokinase). In control
experiments with the addition of preformed equimolar plas-
minogen-staphylokinase or plasminogen-streptokinase com-
plex, 50% lysis of purified fibrin clots in buffer without the
addition of plasminogen or a-antiplasmin required =10 nM
of both complexes.

Fibrin clots prepared in the presence of plasminogen were
more sensitive to subsequent lysis in a plasminogen solution
(with or without aj-antiplasmin), with 50% lysis in 1 h,
requiring 0.3 nM staphylokinase in the absence and 8 nM in
the presence of «aj-antiplasmin; corresponding values for
streptokinase were 0.1 and 3 nM, respectively (Table I).

Fibrinolytic Properties in Human Plasma in Vitro—Dose-
dependent lysis of ***I-fibrin-labeled plasma clots immersed
in human plasma was obtained in all experiments with both
staphylokinase and streptokinase. Fifty percent lysis in 2 h
of a normal plasma clot in normal plasma was obtained with
18 nM staphylokinase or with 68 nM streptokinase, whereas
the equipotent doses in ay-antiplasmin-depleted plasma were
23 and 40 nM, respectively (Table II). Fifty percent lysis of
an a,-antiplasmin-depleted plasma clot immersed in normal
plasma required 12 nM staphylokinase or 17 nM streptokinase;
corresponding values in a;-antiplasmin-depleted plasma were
17 or 9 nM. In the experiments with staphylokinase, only
moderate fibrinogenolysis occurred at Cso, whereas with strep-
tokinase at Cs, fibrinogen was virtually depleted in all con-
ditions.

Fibrinogenolytic Properties in Human Plasma in Vitro—In
the absence of fibrin, 50% activation of plasminogen in 2 h
was obtained with 4-7 nM streptokinase, both in normal
human plasma and in a;-antiplasmin-depleted plasma (Table
III). Equi-effective plasminogen activation (50% in 2 h) re-
quired 730 nM staphylokinase in normal plasma and about 3-
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TABLE 1
Comparative fibrinolytic properties of staphylokinase and streptokinase in purified systems

The data represent the concentration of plasminogen activator (nM) required to obtain 50% lysis within 1 h
(Cso) of purified fibrin clots (prepared in the absence or the presence of plasminogen) submersed in buffer
containing 1.5 uM Glu-plasminogen in the absence or the presence of 1.0 uM a»-antiplasmin. The data are mean +

S.E. of three to five independent determinations.

Staphylokinase (Cso)

Streptokinase (Cso)

Incubation milieu

Fibrin clot

Fibrin clot

—Plasminogen

+Plasminogen —Plasminogen +Plasminogen

05+0.1
23+1

Glu-plasminogen solution
Glu-plasminogen and a;-antiplasmin solution

nM

nM

04x01
5%1

0.1 £0.01
3+03

0.3 £0.03
81

TABLE II
Comparative fibrinolytic properties of staphylokinase and streptokinase in human plasma in vitro

The data represent the concentration of plasminogen activator (nM) required to obtain 50% lysis within 2 h
(Cso) of plasma clots (normal or as-antiplasmin-depleted) in plasma (normal or a,-antiplasmin-depleted). The
residual fibrinogen levels after 2 h, at Cs, are expressed as percent of the baseline value. The data are mean *+

S.E. of two to five independent determinations.

Staphylokinase Streptokinase
Incubation milieu

Cso Fibrinogen Cso Fibrinogen

nM % nM %
Plasma clot/whole plasma 18+ 2 94 +1 68 + 2 <10
Plasma clot/a.-antiplasmin-depleted plasma 235 n1+8 406 <10
a,-Antiplasmin-depleted plasma clot/whole plasma 12+1 95+ 0 17+1 <10
a,-Antiplasmin-depleted plasma clot/a.-antiplas- 17£5 82+4 92+2 <10

min-depleted plasma
TaBLE III

Comparative systemic activation of the fibrinolytic system by staphylokinase or streptokinase in human plasma in
vitro, in the absence of fibrin
The data represent the concentration of plasminogen activator (nM) required to reduce the fibrinogen or
plasminogen levels to 50% of their baseline value, within 2 h. The data are mean values of three independent

experiments.
Staphylokinase Streptokinase
Incubation milieu Fibrinogen Plasminogen Fibrinogen Plasminogen
breakdown activation breakdown activation
nM nM
Normal plasma 790 730 44 4.0
az-Antiplasmin-depleted plasma 220 230 3.3 6.6

fold less in aj-antiplasmin-depleted plasma. Similarly, 50%
fibrinogen degradation in 2 h occurred with only 3-4 nMm
streptokinase, both in normal plasma and in a,-antiplasmin-
depleted plasma, whereas corresponding values were 790 and
220 nM for staphylokinase.

DISCUSSION

Recently, a plasminogen activator secreted by S. aureus has
been cloned by recombinant DNA technology and expressed
in E. coli (5, 6) or B. subtilis (7). Recombinant staphylokinase
was found to be a more potent and more fibrin-specific fibrin-
olytic agent than streptokinase in human plasma in vitro (14).
Initial experiments have suggested that plasminogen activa-
tion by staphylokinase may be inhibited by a,-antiplasmin in
circulating plasma, but not at the fibrin surface (15).

In the present study, the interactions between plasminogen,
staphylokinase, fibrin, and «;-antiplasmin were studied in
more detail. The results indicate that, like streptokinase,
staphylokinase is not an enzyme. It does not directly convert
plasminogen to plasmin, but forms a stoichiometric complex
with plasminogen that then activates other plasminogen mol-
ecules. This is evidenced by our finding that active-site mu-
tagenized plasminogen (rPlg-Ala™’) is converted to a two-

chain derivative by the plasminogen-staphylokinase complex
but not by staphylokinase alone. Plasminogen activation
obeys Michaelis-Menten kinetics with a catalytic efficiency
of the plasminogen-staphylokinase complex for plasminogen
activation that is about 4-fold lower than that of the plasmin-
ogen-streptokinase complex. Staphylokinase does not bind to
fibrin, whereas fibrin-like stimulators enhance the initial rate
of plasminogen activation by staphylokinase 4-fold, probably
due to a somewhat more readily activatable plasminogen
conformation in the presence of fibrin. In the presence of a,-
antiplasmin, activation of plasminogen by staphylokinase is
completely abolished, whereas activation by streptokinase is
not affected. This is due to rapid inhibition of the plasmino-
gen-staphylokinase complex by a.-antiplasmin, whereas the
plasminogen-streptokinase complex is virtually not inhibited.
These findings suggest that in human plasma, in the absence
of fibrin, the plasminogen-staphylokinase complex, when
formed, may be rapidly neutralized by as-antiplasmin,
whereas the plasminogen-streptokinase complex is not neu-
tralized. In addition, the affinity of the plasminogen-staphy-
lokinase complex for plasminogen is about 10-fold lower than
that of the plasminogen-streptokinase complex. Consistent
with these observations, we have found that 50% activation
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of plasminogen and 50% fibrinogen degradation in human
plasma in vitro require 180-fold (on a molar basis) more
staphylokinase than streptokinase. Removal of as-antiplas-
min from the plasma results in a 3-4-fold enhanced sensitivity
to staphylokinase, whereas the sensitivity to streptokinase is
not altered. The residual high resistance of a,-antiplasmin-
depleted plasma to staphylokinase may be due to inhibition
of the plasminogen-staphylokinase complex by other plasma
protease inhibitors or may reflect a low generation rate of
such complexes in plasma.

Addition of 6-AHA to concentrations that saturate the
lysine-binding sites of the plasmin(ogen) moiety in the plas-
minogen-staphylokinase complex reduces the inhibition rate
by as-antiplasmin in purified systems by 130-fold. A 50%
reduction of the inhibition rate is obtained with 60 uM 6-
AHA, comparable with the concentration of 20 uM required
to reduce the inhibition rate of plasmin by «,-antiplasmin to
50% (33). These findings suggest that fibrin-bound plasmin-
ogen-staphylokinase complex may be protected from inhibi-
tion by a-antiplasmin. This hypothesis is supported by our
findings that equipotent concentrations (50% fibrin clot lysis
in 2 h in human plasma in vitro) for staphylokinase are 4-
fold lower than for streptokinase and that no fibrinogenolysis
is observed with staphylokinase, whereas fibrinogen is vir-
tually depleted with streptokinase. Because it is known that
az-antiplasmin is cross-linked to fibrin when plasma is clotted
in the presence of activated factor XIII and calcium (34, 35),
we have performed additional clot lysis experiments with a,-
antiplasmin-depleted plasma clots in normal or in a-anti-
plasmin-depleted plasma (Table II). These results indicate
that for staphylokinase the Cs, values in normal plasma for a
whole plasma clot (18 = 2 nM) or an as-antiplasmin-depleted
plasma clot (12 £ 1 nM) are not significantly different (p =
0.12), whereas for streptokinase the differences appear statis-
tically significant (68 = 2 versus 17 £ 1 nM, p = 0.002).
Similarly, for staphylokinase the Cs, values in a;-antiplasmin-
depleted plasma for a whole plasma clot (23 + 5 nM) or an
az-antiplasmin-depleted plasma clot (17 = 5 nM) are not
different (p = 0.42), whereas for streptokinase the C;, values
are different (40 + 6 versus 9 £ 2 nM, p = 0.003). These
results suggest that a,-antiplasmin cross-linking to fibrin does
not play an important role in the fibrinolytic potency of
staphylokinase, at least in this static in vitro system.

These results suggest the following mechanism for fibrin-
specific plasminogen activation by staphylokinase. In plasma
in the absence of fibrin the plasminogen-staphylokinase com-
plex, when formed, is rapidly neutralized by a;-antiplasmin,
thus preventing systemic plasminogen activation. In the pres-
ence of fibrin, some of the lysine-binding sites of the plasmin-
ogen-staphylokinase complex are occupied, and inhibition by
az-antiplasmin is impaired, thus allowing efficient plasmino-
gen activation.

This mechanism is somewhat reminiscent of that of the
fibrin specificity of tissue-type plasminogen activator. The
low affinity of tissue-type plasminogen activator for plasmin-
ogen in the absence of fibrin precludes generation of plasmin
in the circulation, whereas fibrin-bound plasminogen is acti-
vated much more efficiently by tissue-type plasminogen acti-
vator and plasmin generated at the fibrin surface is protected
from rapid inhibition by a,-antiplasmin (1, 36). For staphy-
lokinase, systemic plasminogen activation is impaired mainly
by rapid inhibition of the plasminogen-staphylokinase com-
plex by a;-antiplasmin and possibly also to some extent by

Fibrin Specificity of Staphylokinase

the low affinity of the complex for plasminogen (K, = 7 uM).
No significant stimulation of plasminogen activation by fibrin
is observed, but in the presence of fibrin the plasminogen-
staphylokinase complex may be protected from inhibition by
as-antiplasmin.

It remains to be investigated if the superior fibrinolytic
potency and fibrin specificity of staphylokinase over strepto-
kinase observed in vitro is maintained in vivo.

REFERENCES

1. Collen, D. (1980) Thromb. Haemostasis 43, 77-89

2. Collen, D. C., and Gold, H. K. (1990) Thromb. Res. 10, (suppl.)
105-131

. Lack, C. H. (1948) Nature 161, 559-560

. Lewis, J. H., and Ferguson, J. H. (1951) Am. J. Physiol. 166, 594

. Sako, T., Sawaki, S., Sakurai, T., Ito, S., Yoshizawa, Y., and
Kondo, 1. (1983) Mol. & Gen. Genet. 190, 271-277

[ L)

6. Sako, T. (1985) Eur. J. Biochem. 149, 557-563

7. Behnke, D., and Gerlach, D. (1987) Mol. & Gen. Genet. 210, 528—
534

8. Sako, T., and Tsuchida, N. (1983) Nucleic Acids Res. 11, 7679
7693

9. Malke, H., Roe, B., and Ferretti, J. J. (1985) Gene (Amst.) 34,
357-362

10. Jackson, K. W, and Tang, J. (1982) Biochemistry 21, 6620-6625

11. Taylor, F. B., and Botts, J. (1968) Biochemistry 7, 232-242

12. Reddy, K. N. N., and Markus, G. (1972) J. Biol. Chem. 247,
1683-1691

13. Kowalska-Loth, B., and Zakrzewski, K. (1975) Acta Biochim. Pol.
22, 327-339

14. Matsuo, O., Okada, K., Fukao, H., Tomioka, Y., Ueshima, S.,
Watanuki, M., and Sakai, M. (1990) Blood 76, 925-929

15. Sakai, M., Watanuki, M., and Matsuo, O. (1989) Biochem. Bio-
phys. Res. Commun. 162, 830-837

16. Lijnen, H. R., Van Hoef, B., and Collen, D. (1986) Biochim.
Biophys. Acta 884, 402-408

17. Deutsch, D. G., and Mertz, E. T. (1970) Science 170, 1095-1096

18. Bushy, S. J., Rao, D., Heipel, M., Markson, M., Loubin, P., and
Mulvihill, E. (1988) Fibrinolysis 2, Suppl. 1, 64 (Abstr. 147)

19. Shapiro, R. A., Scherer, N. M., Habecker, B. A., Subers, E. M,,
and Nathanson, N. M. (1988) J. Biol. Chem. 263, 18397-18403

20. Lijnen, H. R., Van Hoef, B., Nelles, L., and Collen, D. (1990) J.
Biol. Chem. 265, 5232-5236

21. Lijnen, H. R., Van Hoef, B., De Cock, F., and Collen, D. (1990)
Thromb. Haemostasis 64, 61-68

22. Wiman, B. (1980) Biochem. J. 191, 229-232

23. Lijnen, H. R., Zamarron, C., Blaber, M., Winkler, M. E., and
Collen, D. (1986) J. Biol. Chem. 261, 1253-1258

24, Lijnen, H. R., Uytterhoeven, M., and Collen, D. (1984) Thromb.
Res. 34, 431-437

25. Holmes, W. E., Lijnen, H. R., and Collen, D. (1987) Biochemistry
26, 5133-5140

26. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254

27. Fraker, P. J., and Speck, J. C., Jr. (1978) Biochem. Biophys. Res.
Commun. 80, 849-857

28. Chmielewska, J., Ranby, M., and Wiman, B. (1988) Biochem. /.
251, 327-332

29. Edy, J., Collen, D., and Verstraete, M. (1978) Prog. Chem. Fibrin-
olysis Thrombolysis 3, 315-322

30. Friberger, P., and Knos, M. (1979) in Chromogenic Peptide Sub-
strates (Scully, M. F., and Kakkar, V. V., eds) pp. 128-140,
Churchill Livingstone, Edinburgh

31. Zamarron, C., Lijnen, H. R., Van Hoef, B., and Collen, D. (1984)
Thromb. Haemostasis 52, 19-23

32. Clauss, A. (1957) Acta Haematol. (Basel) 17, 237-246

33. Wiman, B., and Collen, D. (1978) Eur. J. Biochem. 84, 573-578

34. Sakata, Y., and Aoki, N. (1980) J. Clin. Invest. 65, 290-297

35. Tamaki, T., and Aoki, N. (1982) J. Biol. Chem. 257, 14767-
14772

36. Collen, D., and Lijnen, H. R. (1990) in Fibrinolysis and the Central
Nervous System (Sawaya, R., ed) pp. 14-25, Hanley & Belfus
Inc., Philadelphia



