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through a Study of Plasmin-resistant Mutant Forms Produced
by Site-specific Mutagenesis of Lysine158
Victor Gurewich, Ralph Pannell, Robert J. Broeze,* and Jen-i Mao*
Vascular Laboratory, Departments of Vascular Medicine and Biomedical Research, St. Elizabeth's Hospital; Tufts University School of
Medicine, Boston, Massachusetts 02135; and *Collaborative Research, Inc., Bedford, Massachusetts 01730

Abstract

Two plasmin-resistant mutant forms of pro-urokinase (pro-
UK) constructed by site-directed mutagenesis of Lys'58 to
Val'5 and Met'58 were used to evaluate the intrinsic enzymatic
and fibrinolytic properties of pro-UK as distinct from those of
its two-chain UK (TC-UK) derivative. Both mutants, while
resistant to plasmin activation, were as sensitive as pro-UK to
degradation by thrombin. Since thrombin cleaves a peptide
bond only two residues from the activation site, the integrity of
this loop was maintained in the two mutants. The amidolytic
and plasminogen-activating activities of the mutants averaged
0.14 and 0.12% that of TC-UK, respectively. The fibrin plate
activities were 2,400 JU/ml and 700 1U/mg for the Met'58 and
Val"5 mutants or about 1.5% that of TC-UK. These findings
attest to a discrete but low intrinsic activity for pro-UK and
suggest that the higher values reported in the literature may be
related to UKcontaminants or plasmin-induced TC-UK gener-
ation during the assay. Clot lysis by the mutants required doses
> 100-fold higher than those of pro-UK to induce a compara-
ble effect. From this it appears that pro-UK activation is a
major determinant of the rate of clot lysis occurring with pro-
UK. Clot lysis by the mutants was potentiated by plasmin
pretreatment of the fibrin and by the addition of small amounts
of TC-UK or tissue plasminogen activator (t-PA). Combina-
tions of t-PA and the mutants were synergistic in their fibrino-
lytic effects. These findings mirror those previously obtained
with pro-UK. Weconcluded that the previously described po-
tentiation of pro-UK-induced clot lysis by UKor t-PA is me-
diated primarily by pro-UK itself rather than by a promotion of
its activation.

Introduction

Pro-urokinase (pro-UK)' is a single-chain, 55,000 Mr plas-
minogen activator that is a precursor of two-chain, high molec-
ular weight urokinase (TC-UK). Like TC-UK (1) pro-UK was
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1. Abbreviations used in this paper: DFP, diisopropylfluorophosphate;
n-pro-UK, native pro-urokinase; pro-UK, pro-urokinase; TC-UK,
two-chain urokinase; t-PA, tissue plasminogen activator; UK, uroki-
nase.

originally isolated from urine, but almost 30 years later (2-4).
It has subsequently been purified from human cell culture
media and from plasma (5-8). Specific cleavage of the Lys'58-
Ile'59 peptide bond of pro-UK (9) results in its activation to
TC-UK. Both plasmin (8, 10) and kallikrein (11, 12) will acti-
vate pro-UK.

Since plasmin is the product of plasminogen activation and
an activator of pro-UK, it greatly complicates measurement of
the intrinsic activity of pro-UK against plasminogen. Several
different methodologies have been used in an effort to isolate
the primary reaction of pro-UK with plasminogen, and a wide
range of activities has been reported (13-15). As a result, the
relative contributions of pro-UK and TC-UK to fibrinolysis
remain unclear. When pro-UK conversion to TC-UK was
monitored with a radiolabeled probe during clot lysis in a
plasma milieu only - 10% conversion was observed (16). This
experiment was inconclusive but suggested that the small pro-
portion of TC-UK generated may have been incidental to fi-
brinolysis that was induced by pro-UK itself.

To study the enzymatic and fibrinolytic properties of pro-
UK in isolation from those of TC-UK, plasmin-resistant mu-
tants of recombinant pro-UK were constructed by site-specific
mutagenesis of Lys'58 to Val'58 or to Met'58. The mutants were
expressed in a mammalian cell system.

Methods

Cloning the human cDNAgene for pro-UK
Restriction enzymes, T4 DNAligase, T4 polynucleotide kinase, calf
alkaline phosphatase, and Escherichia coli DNA polymerase I
(Klenow fragment) were obtained from NewEngland Biolabs (Beverly,
MA) or Boehringer Mannheim Biochemicals (Indianapolis, IN).

Total cytoplasmic RNAwas isolated from 5 g of frozen TCL-598
cells (17) using the procedure of Favaloro et al. (18, 19). cDNA li-
braries, prepared in a single-stranded phage fl vector according to the
method described by Moir et al. (20), were transferred to nitrocellulose
filters and screened by plaque hybridization (21) using synthetic oligo-
nucleotides (15- or 20-mers) based on the published nucleotide se-

quence of a human pro-UK cDNA(22). A full-length copy of TCL598
pro-UK cDNA gene was constructed by ligating the restriction frag-
ments from two overlapping clones. The coding region for pro-UK was

sequenced by the dideoxy (23) and the Maxam-Gilbert (24) methods.

Construction of Lys'58 derivatives of pro- UK
The full-length pro-UK cDNAwas inserted into the mammalian ex-
pression vector pSV2 (25) to yield plasmid pCGM16. The construction
of a cDNA encoding the pro-UK-Val'58 mutant (carried by plasmid
pCGM28) is illustrated in Fig. 1. Briefly, the DNAcoding sequence for
amino acid residues 153-164 (a small Dde I/Eco RI fragment) in
pCGM16 was replaced by two synthetic oligonucleotides (a 30- and a
3 1-mer). In the synthetic sequence the codon specifying Lys'58 was
replaced by one specifying valine and a unique Sac II restriction site
was introduced. Plasmid pCGM30, which carried mutant cDNA-en-
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coding pro-UK-Met'58, was derived by replacing the small Sac II/
Eco RI fragment of pCGM27with synthetic oligonucleotides. The
nucleotide sequences of these pro-UK derivatives were confirmed by
dideoxy or Maxam-Gilbert sequencing.

Transfection and gene amplification
The mammalian host cell line used for expression of the pro-UK
derivatives was Chinese hamster ovary cell strain DG44, which lacks
the diploid DHFRlocus (26). The expression vectors for the Lys'58
mutants were cotransfected with pSV2-DHFR (27) or plasmid
pdhfr2.9 (28) by the calcium coprecipitation procedure (29). Transfec-
tants were selected in Ham's F- 12 medium (Gibco Laboratories,
Grand Island, NY) supplemented with 10% dialyzed fetal bovine
serum (Gibco Laboratories), but lacking glycine, hypoxanthine, and
thymidine. They were individually expanded and screened for produc-
tion of protein antigenically related to pro-UK/TC-UK by an ELISA.

To increase expression levels, transfectants producing pro-UK de-
rivatives were subjected to an amplification procedure that involved

Figure 1. Construction of
the pro-UK-(scu-PA)-
Val"58 expression plas-
mid. The resulting plas-
mid pCGM28contains
pBR322 sequences (line),
the SV40 early promoter
(open bar), a pro-UK
(scu-PA) cDNAderiva-
tive encoding pro-UK-
(scu-PA)-Val'58 (stippled
bar), and additional se-
quences from the SV40
early region (open bars).

challenging cells with increasing concentrations of MTX (30). This
procedure was terminated when a yield of about 2-10 mg/liter of each
pro-UK derivative was obtained. Amplified cells were grown to con-
fluency in roller bottles and fed with DME(Gibco Laboratories) and
Ham's F-12 medium mixed at a ratio of 1:1 and supplemented with
MTXand 2% fetal bovine serum. Conditioned medium was harvested
every 3-4 d.

ELISA for pro- UK/TC-UK antigen present
in conditioned medium
An ELISA that used a polyclonal antibody raised in rabbits against
urinary TC-UK was used to quantitate pro-UK/TC-UK-related anti-
gen present in conditioned medium produced by Chinese hamster
ovary cells. 100 ,l conditioned medium was incubated in wells of a
microtiter plate for 3 h at 37°C. UKantigen bound to the wells was
quantitated using an anti-TC-UK-plasminogen activator-horseradish
peroxide conjugate and the substrate ABTS. A standard curve was
constructed by plotting the concentration of urinary UK standards
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(diluted in nonconditioned medium) vs. absorbance at 405 nm. This
was used to quantitate the amount of pro-UK or pro-UK derivative
present in the samples.

Purification of pro-UK derivatives
Conditioned medium was filtered through a 0.2-Am pleated capsule
filter (Gelman Sciences, Inc., Ann Arbor, MI), titrated to pH 6.0 with
hydrochloric acid, and applied to a column of S Sepharose Fast Flow
(Pharmacia Fine Chemicals, Piscataway, NJ) equilibrated with 20 mM
sodium phosphate buffer, pH 6.0, and 0. 15 Msodium chloride. After
washing with equilibration buffer the column was eluted with 20 mM
sodium phosphate and 0.5 Msodium chloride, pH 6.0. Fractions were
pooled based on their absorbance at 280 nm and the presence of
pro-UK-related antigen as quantitated by ELISA.

Eluates from S Sepharose were adjusted to 1.0 Msodium chloride,
pH 7.0, and then applied to pABZ-Sepharose (Collaborative Research,
Inc., Lexington, MA) equilibrated with 20 mMsodium phosphate and
I Msodium chloride, pH 7.0. The column was washed with 20 mM
sodium phosphate and I Msodium chloride, pH 7.5, and then eluted
with 0.1 Msodium acetate and 0.1 Msodium chloride, pH 4.8. Protein
that eluted at pH 4.8 was pooled based on absorbance at 280 nmand
the presence of UK-related antigen as determined by lELISA.

Small amounts of contaminating two-chain material derived from
the cleavage of pro-UK derivatives after Arg'56, present in the pABZ
eluates, were removed by immunoaffinity chromatography using an
anti-pro-UK-specific monoclonal antibody resin. The pABZ-Sepha-
rose eluate was titrated to pH 7.2 and applied to the immunoaffinity
resin. After washing the column with 0.02 Msodium phosphate, pH
7.2, and 0.15 Msodium chloride, the single-chain pro-UK derivative
was eluted from the column with 50 mMglycine, pH 2.0. The flow-
through fractions containing the contaminating two-chain material
were discarded. Protein was quantitated using the method of Lowry et
al. (31).

Other proteins and reagents
Native pro-UK (n-pro-UK) purified from the culture medium of a
transformed human kidney cell was obtained from Collaborative Re-
search, Inc. Two-chain UK was a product of Green Cross (Osaka,
Japan). The World Health Organization International Reference prep-
aration of UK, 66/46 (IRP-UK), was used as the activity standard.
Tissue plasminogen activator (t-PA), predominantly single chain, was
obtained from Integrated Genetics (Framingham, MA). Fibrinogen
and the plasmiri substrate (S225 1) were obtained from Kabi AB
(Stockholm, Sweden). BSA was purchased from Calbiochem-Behring
Corp. (San Diego, CA). The UKsubstrate (pGlu-Gly-Arg-p-nitroana-
line) was obtained from American Diagnostica (New York, NY).

Plasminogen-free fibrinogen was prepared from Kabi fibrinogen by
diisopropylfluorophosphate (DFP; 5 mM)treatment followed by chro-
matography on lysine-Sepharose equilibrated to 5 mMtrisodium ci-
trate and 0.15 MNaCl. The product was then dialyzed against 0.05 M
Hepes, pH 7.4 and 0.15 MNaCl.

Pooled plasma (3 U) was obtained from St. Elizabeth's Hospital
Blood Bank (Boston, MA). Plasminogen was purified from DFP-
treated human plasma essentially by the method of Castellino and
Powell (32).

UKwas repurified on benzamidine-Sepharose and immobilized on
Actigel-A (Sterogene, San Gabriel, CA). Plasmin was prepared from
purified plasminogen by activation with immobilized UK in
HBSS/50% glycerol. Purified human thrombin was a gift from Dr.
John Fenton (Albany, NY).

Physical characterization of the Lys'58 mutants
Sensitivity to plasmin and thrombin. A reaction mixture of 2 gM
n-pro-UK or mutant pro-UK and plasmin (0.01 ,uM for n-pro-UK and
0.1 MuMfor the Met'58 and Val'58 mutants) in HBSS-Tween was incu-
bated at 370C for 60 min. Thrombin (0.1 MM)treatment for 60 min at
370C was also carried out under the same conditions. The results were
examined by 12% SDS-PAGEunder reducing conditions (15).

Enzymatic activity of the mutants. The amidolytic activities of the
mutants were measured with synthetic substrate as previously de-
scribed (I15) and compared with those of similar quantities of TC-UK
and n-pro-UK.

The plasminogen-activating activities were measured in a reaction
mixture containing the plasmin substrate (S2251), 0.5 MMGlu-plas-
minogen, 1 mg/ml BSA, 0.05 MHepes, pH 7.4, and 0.1 MNaCl. The
reaction mixture was equilibrated to 370C before addition of the acti-
vator (50 ng/ml UK, 1 and 2.5 gg/ml n-pro-UK). Absorbance (405
nm) was monitored by chart recorder. The second derivative of the
curve of absorbance was used to calculate the relative rate of plasmin-
ogen activation. The activities of the mutants were compared with
those of TC-UK.

The specific activity of the mutants was measured on a fibrin plate
against the UKreference standard 66/46 (National Institute of Biologi-
cal Standards and Control, London).

Clot lysis
'l25-labeled fibrin clots were prepared from 0.25 ml plasminogen-free
fibrinogen (5 mg/ml). After the addition of 1.5 uCi "25I-fibrinogen
(fibrin, human fibrinogen; Amersham Corp., Arlington Heights, IL)
clotting was induced with 1 NIH unit/ml thrombin plus 5 mMCaC12.
The clots were formed in 5-mm (Id) glass tubing, incubated for 30 min
at 370C, and refrigerated overnight as previously described (10). The
next morning the clot was transferred by careful reaming of the glass
tube with a 2 1-gauge spinal tap needle to 1 ml plasma. After incubation
at 370C for 30 min, the plasma was removed with a Pasteur pipette and
the clot transferred to the incubation mixture containing the constitu-
ents to be tested in a total vol of 1 ml plasma. Lysis was quantitated
front the release of radioactivity and expressed as a percent of the 100%
clot lysis value.

For some experiments fibrin clots were pretreated with plasmin as

previously described (35). In brief, 1 ml of plasmin solution (2 ,g/ml in
0.05 MHepes, pH 7.4, 0.15 MNaCl, 1 mg/ml BSA) for 30 min at
250C. Degree of digestion was estimated from the release of radioactiv-
ity. The reaction was stopped by incubation at 370C in plasma for 30
min which arrested release of radioactivity.

At the end of each experiment fibrinogen was determined as

thrombin-clottable protein and plasminogen was assayed using syn-
thetic substrate (S-225 1 ) as previously described ( 16).

Results

Physical characterization of the Lys'58 mutants

Both Lys'58 substitution mutants comigrated with n-pro-UK
on reducing SDS-PAGE (Fig. 2 A, lanes 1-3). However,
whereas plasmin induced conversion of n-pro-UK to TC-UK
as previously described (16), the mutants resisted cleavage by
plasmin even at 10 times the concentration required to cleave
n-pro-UK (Fig. 2 B, lanes 2, 3). By contrast, the mutants re-
tained the sensitivity of n-pro-UK to cleavage by thrombin
(Fig. 2 C, lanes 1-3). Thrombin induces degradation of n-pro-
UK to an inactive TC-UK (33) by cleaving the Arg156-Phe'57
bond, two residues from the activation site (12).
Characterization of the activities of the Lys'58 mutants

Compared with TC-UK, the Met'58 and Val'58 mutants had
activities of 0.08 and 0.17%, respectively. This activity is simi-
lar to the 0.4% previously reported for n-pro-UK when it was
measured in the presence of inhibitors to UKand plasmin (15)
(Table I).

The specific activities measured on fibrin plates were 2,400
and 700 IU/mg for the Met'58 and Val'58 mutants, respec-
tively, or 2.4 and 0.7% that of TC-UK based on a TC-UK
activity of 100,000 IU/mg (Table 1). These activities are simi-
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Figure 3. Lysis of '25I-fibrin clots in plasma by (A) 10 (x), 20 (a), or

30 ,ug/ml (-) of the Met'58 mutant pro-UK and by (B) 0.01 (x), 0.02
(o), or 0.03 ,ug of n-pro-UK.

Figure 2. SDS-PAGE(12% gels) under reducing condition. 1, n-pro-
UK(2 ,M); 2, Met'58 (2 MM) mutant; 3, Val'58 (2 MM) mutant. (A)
control; (B) after plasmin (0.01 MuMfor n-pro-UK and 0.1 MMfor the
mutants) treatment for 1 h (37°C); (C) after thrombin (0.1 MM)
treatment for 60 min (37°C). For the latter, 1 MMof the pro-UK
preparations was used.

lar to those recently reported for Gly'58 and Glu'58 pro-UK
mutants that were 800 and 530 IU/mg, respectively (34).

Clot lysis studies
Clot lysis by 10, 20, and 30 Ag/ml of either mutant induced
modest but dose-responsive lysis that went to completion at 5

d only at the highest dose. The clot lysis curves obtained with
the Met'58 mutant are shown (Fig. 3 A). A comparable lytic
effect was induced by only 0.01-0.03 Mig/ml of n-pro-UK.
Moreover, in contrast to lysis with the two mutants, clot lysis
went to completion at all doses of n-pro-UK (Fig. 3 B). There-
fore, under these conditions the nonactivatable Lys'58 mutant

forms of pro-UK were - 0.3-1% as active as the n-pro-UK.
Effect of plasmin pretreatment of clots on lysis by mutant

pro-UK. Limited plasmin pretreatment of fibrin clots has pre-
viously been shown to attenuate the lag phase and greatly
potentiate clot lysis by n-pro-UK (35). Pretreatment of clots
with plasmin sufficient to induce -1% lysis based on release
of radioactivity consistently potentiated clot lysis by both mu-

tants. The mean and range of the radioactivity released during
clot lysis from five experiments with 30 ug/ml of the Val'5
mutant are shown (Fig. 4).

Effect of UKon clot lysis by the mutants. Small amounts of
UKhave also previously been shown to potentiate clot lysis by
n-pro-UK (36). When 10 IU/ml of TC-UK was added at 0 and
1 h to a plasma incubation mixture containing a clot and 30

Aug/ml of either mutant, the rate of lysis was significantly po-
tentiated. After 9 h clot lysis was < 20% without and > 50%
with UK. The UKalone induced little (- 15%) clot lysis (Fig.
5). Control tubes containing no activator invariably showed
< 10% apparent lysis and averaged 5% lysis at 9 h based on
release of radioactivity (data not shown).

Effect oft-PA on clot Iysis by the mutants. The combination
of t-PA with n-pro-UK under certain experimental conditions
has been shown to be synergistic in fibrinolysis in vitro
(35-37), though this interpretation has been disputed (38).
When t-PA was combined with 30 jg/ml of either mutant a

dramatic potentiation of clot lysis was seen. In the experiment
illustrated, 30 Ag/ml of the Val'58 mutant in combination with
20 or 30 ng/ml t-PA induced 88 and 100% clot lysis in 9 h,
respectively. This compared with 30 and 38%, respectively, for
20 and 30 ng/ml of t-PA alone and a mean of 13% (range
9.5-15%) from five experiments for the mutant alone (Fig. 6,
A, B).

These combinations of mutant pro-UK and t-PA appeared
to be more than additive in their fibrinolytic effect. However,
according to the strict definition of synergy proposed by Ber-

enbaum (39) equivalent effects by fractional combinations of
< 1 compared with either agent alone must be shown. Accord-

100

80Table I. Enzymatic Activities Expressed as a Percent
of TC-UKActivity

Lys'58 mutants
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2 40
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Figure 4. Lysis of '251-fi-
brin clots from five ex-
periments (mean and
range shown) by the
Val'58 mutant (30
,ug/ml). Control clots
(A) and fibrin clots pre-
treated by limited expo-
sure to plasmin (.).

Intrinsic Fibrinolytic Properties of Pro-urokinase 1959

-
4

:0:, AA
A 0 .VW



loc

ec

&C

4

20
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brin clots by 30 ug/ml
of Val'58 (A) and Met'58
(o) mutant pro-UK
(mean and range from
five experiments). Effect
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ingly, 30 ng/ml t-PA plus 30 ,gg of the mutant induced lysis
comparable to that by 120 ng of t-PA alone. Unfortunately,
insufficient amounts of either mutant were available to deter-
mine how much was required to induce 100% clot lysis with
the mutant alone. However, a comparable lytic effect could be
obtained with 600 ng/ml of n-pro-UK (data not shown). Since
the mutant was found to be 0.3-1% as active (see above) it may
be estimated that 60-180 ,g/ml of mutant would be required.
Accordingly, the sum of the fractional amount of mutant
(0.16-0.5) and of t-PA (0.25) to achieve a comparable lytic
effect of either one alone would be 0.41-0.75. Since this sum is
< 1 it fulfills the definition of synergy.

At the end of each of the clot lysis experiments the plas-
minogen and fibrinogen concentrations in the plasma were

measured and found to be not significantly changed from their
baseline values.

Discussion

Two nonactivatable mutant forms of pro-UK were con-

structed by site-directed mutagenesis of Lys'58 to study the
enzymatic and fibrinolytic properties of pro-UK in functional
isolation. The mutants were insensitive to plasmin even at 10
times the concentration that activates n-pro-UK, but were de-
gradable by thrombin, like n-pro-UK (33). Since thrombin
cleaves the molecule only two residues away from the activa-

doserange of 20-20n f 120 -B b
~~~~~~~~100

x

muan-rU 3 u/l ln (-) ri obnto ih2

ng/m1 ( or 30 ng/ml (x) of t-PA.75
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$'e4Q 30

20

20-x

1 2 3 4567 9h 1 2 34 56 7 89h

Figure 6. Lysis of i-'21 fibrin clots in plasma. (A) Lytic effect of a

dose range of 20-120 ng/ml of single-chain t-PA. (B) Lysis by Val'5

mutant pro-UK (30,ug/ml) alone (A) or in combination with 20

ng/ml (in) or 30 ng/ml (x) of t-PA.

tion site (12), the findings suggest that the exposure of this loop
is maintained in the mutants. The apparent integrity of the
mutants was also seen in their amidolytic activities which were
found to be comparable to that previously reported for n-pro-
UK (10, 16). The small differences in enzymatic activities
found between the two mutants themselves were not consid-
ered to be significant.

The plasminogen-activating activity of the two mutants
was only 0.08 and 0.17% that of TC-UK. This is consistent
with the 0.4% previously reported for the relative activity of
n-pro-UK (10), but contrasts with the high catalytic efficiency
(k2/Km) of pro-UK reported by Collen et al. who suggested that
pro-UK was a fully active enzyme (13). Recently the kinetics
of plasminogen activation by two other mutants (Gly'"8 and
Glu'58) were studied by Nelles et al. and shown to follow Mi-
chaelis-Menten kinetics, but with a low catalytic efficiency
(34). When calculated from their data this was - 0.5% that of
TC-UK. This low activity, relative to that previously reported
by their laboratory for wild type n-pro-UK (13), was attributed
to the absence of a positively charged Lys residue at position
158 in the mutants. The authors concluded that TC-UK gener-
ation was "not a prerequisite for the activation of plasminogen
by pro-UK" at physiological concentrations of the substrate.

Alternatively, the high catalytic activities reported for pro-
UK(13) could have been related to TC-UK generated in the
reaction mixture. An excess of synthetic substrate (S225 1) was
used to inactivate plasmin in these experiments. This may not
have been fully inhibitory, especially since the synthetic sub-
strate product contains a highly reactive COOH-terminal ly-
sine. A much lower relative activity for pro-UK (6%) was ob-
tained by Ellis et al. who used dansylated aprotinin to inhibit
plasmin and measured plasminogen activation by increases in
fluorescence polarization (14). When the reactivity of highly
purified, DFP-treated n-pro-UK was measured against plas-
minogen by SDS-PAGEin the presence of inhibitors to UK
and plasmin a relative activity of 0.4% compared with TC-UK
was found (15). This activity is comparable to that of the Lys'58
mutants from the present study and from that reported by
Nelles et al. (34), suggesting that the mutants reflect the true
intrinsic activity of n-pro-UK. From this we concluded that
physiological and even pharmacological plasmin generation
by pro-UK is dependent on its activation to TC-UK.

The clot lysis experiments support the concept that
TC-UK generation is important to fibrinolysis by n-pro-UK.
Fibrinolysis in a plasma milieu by the mutants was only
0.5-1% that of n-pro-UK. In a previous study it was shown
that clot lysis under these same conditions was accompanied
by only - 10% conversion of pro-UK to TC-UK, suggesting
that lysis could be due to pro-UK itself (16). The present re-
sults indicate that pro-UK activation is largely responsible for
determining the rate of clot lysis. At the same time it appears
from the previous findings that only a small fraction of the
total available reservoir of pro-UK seems to be used while the
bulk remains intact.

The present findings contribute supportive data to a pre-
viously proposed mechanism that helps explain the fibrin de-
pendence of plasminogen activation by pro-UK. This mecha-
nism was based on the observation that clot lysis in plasma by
pro-UK, in contrast to t-PA, was significantly potentiated by
plasmin pretreatment of fibrin. Since this effect was inhibited
by carboxypeptidase B, the plasmin-mediated potentiation
was ascribed to the exposure of neo-COOH-terminal lysines
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on fibrin. Whenplasminogen binds to these sites it is believed
to undergo a particular conformational change that favors its
selective activation by pro-UK (35). The present study shows
that this property of pro-UK is shared by the mutants. Clot
lysis by the mutants was similarly potentiated by plasmin pre-
treatment of fibrin or by the addition of UKor t-PA, both of
which also induce the exposure of COOH-terminal lysine resi-
dues on the a, f3, and y chains of fibrin(ogen) (40). In the case
of plasmin, potentiation was essentially limited to an attenua-
tion of the lag phase. This may be explained by the more
limited effect of plasmin in exposing a finite number of
COOH-terminal lysine residues on fibrin that are eventually
also exposed by the intrinsic activity of the mutants. There-
fore, after a certain interval the lysis rates of the treated and
untreated clots become parallel since they reflect the activity of
the mutant against plasminogen bound to these sites. In the
case of UK, and especially t-PA, there is a more sustained
plasmin effect generating lysine termini at a more continuous
rate, which results in a more sustained difference in lysis rates.

From the present findings it appears that the preferential
activation of plasminogen bound to COOH-terminal lysines
on fibrin is a function of pro-UK itself. The absence of plas-
minogen or fibrinogen degradation in the plasma at the end of
clot lysis attests to the relative resistance of the unbound plas-
minogen to activation by the mutants.

The mutants appeared to be synergistic in their fibrinolytic
effect with t-PA as previously shown for n-pro-UK in vitro
(37). The synergy of combinations of t-PA and n-pro-UK in
fibrinolysis has been ascribed to their separate and comple-
mentary mechanisms of fibrin-dependent plasminogen activa-
tion (35). That is, in contrast to pro-UK, t-PA-induced lysis
was found to be unresponsive to plasmin and carboxypepti-
dase B treatment of fibrin. This finding suggested that fibrin-
bound t-PA selectively activates plasminogen on undegraded
fibrin. This plasminogen is bound to an internal lysine residue
since COOH-terminal lysines on fibrin are made available
only after limited degradation by plasmin (35). The present
finding that fibrinolysis by the mutants was also synergistic
with t-PA indicates that this synergy is a function of pro-UK
itself and is not fundamentally related to a potentiation of
TC-UK generation by t-PA as was recently suggested (41).

In conclusion, this study supports the hypothesis that a
selective interaction by pro-UK itself with plasminogen bound
to certain COOH-terminal lysines is involved in fibrinolysis by
pro-UK. The findings also indicate that activation to TC-UK
is largely responsible for the lysis. Little information on the
mechanism by which TC-UK generation is brought about has
been obtained. Under the experimental conditions it is likely
that plasmin stabilized by fibrin against inhibition by a2-anti-
plasmin (42) is responsible. However, since pro-UK and t-PA
appear to activate different fibrin-bound plasminogens (35), it
remains to be shown whether an internal or COOH-terminal
lysine-bound plasmin is responsible for the activation of pro-
UK. The higher reactivity of the mutant against COOH-termi-
nal lysine-bound plasminogen, as evidenced by the potentiat-
ing effect of plasmin pretreatment and of UKand t-PA, makes
it possible that the intrinsic activity of pro-UK may initiate a
cycle resulting in the mutual activation of plasminogen and
pro-UK. However, a relatively high concentration of pro-UK
would still seem to be required to initiate this positive feedback
cyclical reaction. Therefore, the internal lysine-bound plasmin
generated by t-PA may be more readily available for the acti-

vation of pro-UK bound to its substrate at a COOH-terminal
lysine residue.
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