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Two forms of urokinase [EC 3.4.99.26] with molecular weights of 51,600 and 34,500
were purified from human urine. The specific activities of the high molecular
weight urokinase (HMW-UK) and low molecular weight urokinase (LMW-UK)
were 157,400 and 246,700 International Units (IU/mg), respectively. Purified
HMW-UK was 97%, active and LMW-UK was 889 active, as judged by using
p-nitrophenyl-p’-guanidinobenzoate. LMW-UK had five multiple isoelectric sub-
forms, compared with HMW-UK which had only one. Not only HMW-UK but
also LMW-UK was composed of two polypeptide chains linked by disulfide bond(s).
The molecular weight of the heavy chain of both forms was the same (34,000 dal-
tons), while the molecular weight of the light chain of HMW-UK was 17,600 and
that of LMW-UK was approximately 1,200-3,400. Enzyme kinetic studies revealed
that the kinetic constants, Ky, and kcat, of both forms toward the synthetic sub-
strates, acetyl-Gly-Lys-methylester (AGLMe) and glutaryl-Gly-Arg-4-methylcou-
marin-7-amide (GGA-MCA), were almost the same, but the dissociation constant
of HMW-UK toward Glu-plasminogen was 2.4-2.6 times less than that of LMW-
UK. HMW-UK incubated at 37°C was converted into LMW-UK in an auto-
catalytic digestion manner leading to no loss of the total activity. These results
show that HMW-UK with a higher affinity toward Glu-plasminogen is converted
into LMW-UK with a lower affinity, a greater portion of the light chain of HMW-
UK splitting off.

Urokinase, a plasminogen activator, has been with molecular weights of 47,000-55,000 and
purified from human urine and characterized (/- 31,000-34,000 have been isolated and then it
3). Recently two molecular forms of urokinase became clear that HMW-UK is composed of two

Abbreviations: HMW-UK, high molecular weight urokinase; LMW-UK, low molecular weight urokinase; SDS,
sodium dodecyl sulfate; AGLMe, acetyl-Gly-Lys-methylester; GGA-MCA, glutaryl-Gly-Arg-4-methylcoumarin-
7-amide; VLL-pNA, H-p-Val-Leu-Lys-p-nitroanilide; Kpig, dissociation constant for activation of Glu-plas-
minogen; kplg, catalytic rate constant for activation of Glu-plasminogen.
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chains linked by disulfide bond(s) and the heavy
chain has the active site serine (¢4, 5). It is, how-
ever, not obvious 1) whether LMW-UK also has
two chains, 2) whether LMW-UK is derived from
HMW-UK, and 3) which form of urokinase acti-
vates effectively Glu-plasminogen for plasmin.
Thus we have attempted to isolate the two molec-
ular forms of urokinase in highly purified states
in order to clarify these points.

EXPERIMENTAL PROCEDURE

Purification of Urokinase—The crude uroki-
nase, which was prepared by use of polyacrylo-
nitrile fiber column chromatography and ammo-
nium sulfate precipitation (6), was dissolved in
0.01 M phosphate buffer (pH 6.0) and dialyzed
overnight against the same buffer. The urokinase
solution was passed through a column of Amberlite
CG-50 (Rohm and Hoas Co.) equilibrated with
0.01 m phosphate buffer (pH 6.0). The column
was subsequently washed with 0.05 M phosphate
buffer (pH 7.0) until no absorbance at 280 nm was
detected, and urokinase was eluted by changing
the buffer to 0.01 M phosphate buffer (pH 8.0)
containing 0.5 M NaCl, followed by gel filtration
on a 10x91 cm column of Sephadex G-100 (Phar-
macia Fine Chemicals) with 0.1 m phosphate buffer
(pH 8.0) containing 0.3 M NaCl. Pooled fractions
corresponding to HMW-UK and LMW-UK were
dialyzed overnight against 0.1 m phosphate buffer
(pH 7.0) containing 0.4 M NaCl, and subsequently
chromatographed on a 5X20cm column of Se-
pharose-e-aminocaproylbenzamidine equilibrated
with the same buffer (7). Urokinase was then
eluted with 0.1 m acetate buffer (pH 4.0) containing
0.4M NaCl and gel filtration on a column of
Sephadex G-100 was carried out. HMW-UK and
LMW-UK thus purified were lyophilized. All
procedures were performed at 4-10°C.

Electrophoresis—Sodium dodecyl sulfate (SDS)
polyacrylamide gel electrophoresis was performed
at a gel concentration of 7.5% or 15% and protein
was stained with 0.25% Coomassie brilliant blue
in 7% acetic acid with 50% ethanol (8). Gels
were scanned with a Cosmo densitometer (model
ACE D109) at 500 nm.

Isoelectric focusing with 1% Ampholine in
the pH range of 3.0-10.0 was performed in a
110 ml column (LKB) at 900 V for 72k and the
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protein concentration of each fraction was deter-
mined by absorbance at 280 nm.

Molecular Weight Determination—The molec-
ular weights of samples were determined by SDS
gel electrophoresis and gel filtration on a 2.5x90
cm column of Sephadex G-100 equilibrated with
0.1 m phosphate buffer (pH 8.0) containing 0.3 M
NaCl using the following proteins as references;
bovine serum albumin (67,000), ovalbumin
(45,000), chymotrypsinogen A (25,700), and cyto-
chrome ¢ (12,500).

Amino Acid Analysis and Carbohydrate Con-
tent—Protein samples (1.7-3.5 mg) were hydro-
lyzed with 1 ml of 6 N HCI with 0.29 phenol at
110°C for 22 and 72 h, and the amino acid com-
positions were analyzed with a HITACHI KL-5
amino acid analyzer (9). Tryptophan was deter-
mined by the method of Edelhoch (1/0). The
sialic acid, amino sugar and neutral sugar contents
of urokinase (0.8-1.1 mg) were analyzed by the
methods of Warren (11), Elson and Morgan (12),
and Anno and Seno (/3), respectively.

Determination of Urokinase Activity—The
fibrin plate method (/4) was employed for the
electrophoresis experiments, and the Two Step
method (/5) was adopted for the determination
of the specific activity., The urokinase activity
was expressed as IU using reference urokinase
(MM-003, supplied by the National Institute of
Hygienic Sciences, Tokyo).

Titration with p-nitrophenyl-p’-guanidinoben-
zoate (kindly provided by Dr. Iwanaga, Kyushu
University) was performed at 25°C (16).

The amount of protein was determined by
the method of Lowry et al. (17) with bovine serum
albumin as standard. For titration with p-nitro-
phenyl-p’-guanidinobenzoate, the protein concen-
tration of samples was estimated by absorbance
at 280 nm using A1¥ =16.1 for HMW-UK and
11.5 for LMW-UK in 0.1 ¥~ NaOH.

Kinetic Studies of Urokinase—Human Glu-
plasminogen, human plasmin and H-p-Val-Leu-
Lys-p-nitroanilide (VLL-pNA) were purchased
from KABI, Sweden, and GGA-MCA and
AGLMe were obtained from the Protein Research
Foundation, Osaka.

a) GGA-MCA: GGA-MCA (1ml, 0.12-
1.43 mM) and urokinase (0.05ml, 12.5nM of
HMW-UK, 14.5nm of LMW-UK) were mixed
at 37°C for 10 min in Tris-HCl buffer (pH 8.0)
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containing 0.1 M NaCl. The reaction was stopped
with 1.5 m] of 179 acetic acid and the amount
of 7-amino-4-methylcoumarin released was deter-
mined (/8).

b) AGLMe: AGLMe (0.5 ml, 0.25-5.0 mm)
and urokinase (0.5 ml, 4.2 nMm of HMW-UK, 4.8
nM of LMW-UK) were mixed, incubated at 37°C
for 30 min in 0.06 M phosphate buffer (pH 7.5)
containing 0.09 M NaCl, and then 0.5 ml of 0.75 M
perchloric acid was added to the mixture. The
amount of methanol released was determined (19).

¢) Human Glu-plasminogen: The activation
of plasminogen was estimated by a coupled assay
with fibrinolysis (15) and VLL-pNA hydrolysis
(20). 1In the case of fibrinolysis, Glu-plasminogen
(0.1 ml, 390-2,340 zm) and wurokinase (0.1 ml,
166.7 pm of HMW-UK, 193.2 pm of LMW-UK)
were incubated at 37°C for 7 min, followed by
addition of 0.7 ml of 0.07% fibrinogen and 0.1
ml of thrombin (10 u/ml). The time until the
occurrence of fibrin clot lysis was measured.
Hydrolysis of VLL-pNA was started by the mixing

of Glu-plasminogen (0.2 ml, 156~1,560 x#m), VLL~

pNA (0.7 ml, 0.865 mM) and urokinase (0.1 ml,
16.7 pm of HMW-UK, 19.3 pM of LMW-UK) in
0.05 M Tris-HCI buffer (pH 7.4) containing 0.012 M
NaCl. After 10 min incubation at 37°C the reac-
tion was stopped with 0.1 ml of 59 acetic acid.

In every case urokinase was dissolved in 0.1%
gelatin containing buffer. The catalytic rate con-
stant and the dissociation constant for activation
of Glu-plasminogen were designated as kpg and
Kpig, respectively.

Autocatalytic  Conversion of HMW-UK to
IMW-UK—HMW-UK (24 mg/ml) in 00lM
phosphate buffer (pH 7.2) was incubated at 37°C
with either 500 KIU/ml of aprotinin (Mochida
Pharm. Co.) or 5 #zm of benzamidine. Aliquots
were taken at the indicated times in Fig. 4 and
stored at —20°C until use. After SDS gel electro-
phoresis of each aliquot, the gels were either
stained for the protein assay or cut into 1 mm

. slices for the activity determination which was
done by incubation of the slices on a fibrin plate
at 37°C for 7.5 h.

The caseinolytic activity of HMW-UK was
examined by the following method in order to
prove that the HMW-UK preparation was not
contaminated with protease from urine (except
plasminogen activating activity); HMW-UK (1 ml,
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1.2 mg/ml) in 1/15M phosphate buffer (pH 7.4)
with 0.1% gelatin was incubated at 37°C for 60
min with 1 ml of 1% casein, prior to the addition
of 109 trichloroacetic acid. The mixture was
centrifuged at 3,000 rpm for 5 min and the ab-
sorbance at 280 nm of the supernatant was then
measured.

Sialidase Treatment of LMW-UK—A mixture
of 1.2mg of LMW-UK and 0.2u of sialidase
(Sigam, Type VI from Cholera perfringens) in 1 ml
of 1M acetate buffer (pH 4.5) was incubated at
37°C for 2h and subsequently subjected to iso-
electric focusing (pH 3.0-10.0).

RESULTS

Purification of Urokinase—From the initial
25,000 liters of urine containing 175 X108 IU of
urokinase, 14 x 108 IU of HMW-UK and 11 x 108
1U of LMW-UK were obtained.

Molecular Weight and Other Properties of
Urokinase—On isoelectric focusing HMW-UK
showed a single peak at pH 9.70 although LMW-
UK had five multiple isoelectric subforms ranged
between pH 6.85 and 9.37. Sialidase treated
LMW-UK also had five multiple subforms which
had almost the same pls as LMW-UKs’ (Fig. 1).
The molecular weights of HMW-UK and LMW-
UK were determined to be 56,000 and 34,500 by
SDS gel electrophoresis (Fig. 2), and 51,000 and
33,000 by gel filtration (Table I). The reduced
HMW-UK gave two protein bands with molec-
ular weights of 34,000 and 17,600. On the other
hand, the reduced LMW-UK gave one band with
a molecular weight of 34,000 which was practically
identical with that of LMW-UK and the heavy
chain of HMW-UK (Fig. 2). When 400 ug of
the reduced LMW-UK per gel was submitted to
SDS gel electrophoresis, a band with a molecular
weight of 1,200-3,400 was apparently detected
although the same amount of LMW-UK did not
give any component in the same molecular weight
range (Fig. 3). Several physicochemical and en-
zymological properties of HMW-UK and LMW-
UK are summarized in Table I. Table II shows
that neither HMW-UK nor LMW-UK contained
sialic acid, although both urokinases had a small
amount of neutral sugar (1.4-1.5%) and amino
sugar (1.9-2.5%). The two forms of urokinase
showed similar amino acid compositions, except



228

A) .i4
H2
1.0 2 [
a70 10 I
E e
g |E
s o 16 &
2 o512 If a
5 =
y-1 > 4
a .
F2
o O, v 3 =~ A lo
[} 10 20 30 40
Froction number
B) 828 ggg o
03 sl 23 Li2
o2t — 4af 765 L 8
°
3 L = I L
= 0.1 = rj 685 4
2
oL_o L )
o 10 20 30 40
Froction number
c) 888 [e
b2
1 08-]IO- 835 llgezs 0
- il - 8
3 o 6%
8 (o2} el X1 5
o =3
< = 756 Fa
678 I 2
o] 0 5
[} 10 20 30 40
Froction number
Fig. 1. Isoelectric focusing of HMW-UK, LMW-UK
g : § :

and sialidase treated LMW-UK. HMW-UK (150,000
1U), LMW-UK (160,000 1U), and sialidase treated
LMW-UK (20,000 IU) were applied to a column (110
mi). Each fraction contained 2.5 ml of the fractionated
sample. The urokinase activity was determined by a
fibrin plate method after each fraction was dialyzed
overnight against 0.1 M phosphate buffer (pH 7.2). The
most acidic peak at 280 nm was not caused by uro-
kinase protein, but by degradation of Ampholine. O,
urokinase activity; [0, absorbance at 280 nm; A, pH.
a) HMW-UK, b) LMW-UK, c) sialidase treated LMW-
UK.

that the half-cystine and aspartic acid contents
of LMW-UK were lower than those of HMW-
UK, which were in good agreement with the
results of Soberano et al. (5).

Kinetic Studies of Urokinase—Table III indi-
cates that the kinetic constants (K, and kcat) of
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Fig. 2. SDS polyacrylamide gel electrophoresis of
HMW-UK and LMW-UK. Reduction of the sam-
ples was performed with 1.5% dithiothreitol for 18 h
at 20°C and the sample diluent consisted of 194 SDS
in 0.01 M phosphate buffer (pH 7.2). The electropho-
resis was carried out at 8 mA for 3.5 h, using 10 ug of
a sample per tube. The numbers above gels show the
molecular weights in thousands. a) HMW-UK, b)
reduced HMW-UK, ¢) LMW-UK, d) reduced LMW-
UK, e) standard protein.

TABLE 1. The properties of HMW-UK and LMW-
UK. The molecular weight of HMW-UK by SDS gel
electrophoresis was estimated as the sum of the heavy
(34,000) and the light (17,600) chains as shown in Fig.
2. The urokinase activity was determined by the Two
Step method described in “ EXPERIMENTAL PRO-
CEDURE.” a) and b) were determined using molecular
weights of 51,600 for HMW-UK and 34,500 for LMW-
UK. The theoretical specific activity was estimated by
dividing the specific activity by % of active enzyme.

HMW-UK LMW-UK

Molecular weight

Gel filtration 51,000 33,000

SDS gel electrophoresis 51,600 34,500
Specific activity (1U/mg) 157,400 246,700
1U/mol of urokinases 8.34x10” 9.68x10'2
% of active enzyme® 97.4 87.9
Tlg(g/eéigl specific activity 161, 600 280, 700
Isoelectric point 9.70 6.85-9.37

HMW-UK toward two synthetic substrates (GGA-
MCA and AGLMe) differed only slightly from
those of LMW-UK. Therefore, their enzyme
efficiency values (kcat/Km) were, in fact, identical.

J. Biochem.
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TABLE II. Amino acid compositions and carbohydrate contents of HMW-UK and LMW-UK. The amino acid
compositions were estimated as average or extrapolated values of 22-72 h hydrolysates.

Residues per
mol %, 51,600 mol. wt.2 34,500 mol. wt.
HMW-UK LMW-UK HMW-UK LMW-UK

Tryptophant 3.08 2.46 13.2 6.8
Lysine 6.74 7.14 28.9 19.7
Histidine 4.50 4.02 19.3 11.1
Arginine 5.30 5.58 22.7 15.4
Aspartic acid 8.80 6.85 37.7 18.9
Threonine¢ 6.28 7.14 26.9 19.7
Serine¢ 7.75 7.93 33.2 21.9
Glutamic acid 9.85 10.62 42.2 29.3
Proline 5.51 6.61 23.6 17.0
Glycine 9.50 9.06 40.7 25.0
Alanine 4,22 4.35 18.1 12.0
1/2 Cystine 4,76 2.97 20.4 8.2
Valine 4.32 4.20 18.5 11.6
Methionine 1.63 1.67 7.0 4.6
Isoleucine 4.18 5.80 17.9 16.0
Leucine 6.70 7.32 28.7 20.2
Tyrosine 4,25 4.17 18.2 11.5
Phenylalanine 2.66 2.72 11.4 7.5
Total no. of residues 428.6 276.4
Neutral sugard 14.5 13.9

Amino sugard 19.0 25.0

Sialic acidd n.d. n.d.

& Molecular weight derived from the sum of the heavy (34,000) and the light (17,600) chains of HMW-UK as
described in Table I. b The tryptophan content was determined by absorbance at 288 nm in 0.02 M phosphate
buffer (pH 6.5)/6 M guanidine. ¢ Value extrapolated to zero time. ¢ Value in ug/mg protein. n.d.; not detected.

TABLE III. Enzyme kinetic studies of HMW-UK and LMW-UK. Active site titration of plasmin with p-nitro-
phenyl-p’-guanidinobenzoate showed that one CU of plasmin corresponded to 15.6 nmol of plasmin. kcat, cata-
lytic rate constant toward a synthetic substrate; kplg, catalytic rate constant toward Glu-plasminogen; Km, dissoci-
ation constant for a synthetic substrate; Kpig, dissociation constant for Glu-plasminogen.

HMW-UK LMW-UK

keat Km kcat/{Km kcat Km keat/Km

(kpig) (Kpig) (kpig/Kpig) (kpig) (Kplg) (kpig/Kpig)

(s™) ™) (M~1s7Y) ™) ™) (M1.s7)
AGLMe 384.6 2.5%x1073 1.54%x10% 428.8 3.3x1072 1.30%x10°%
GGA-MCA 9.9 4.4%X10"* 2.27x 104 10.2 3.9x10~¢ 2.66%10¢
Plg-fibrin 0.74 1.3x10°¢ 5.59%x10% 0.50 3.1x10°¢ 1.63%x10°
Plg-S2251 0.98 2.3x10°¢ 4.29%10° 1.31 5.9%x10°8 2.24 %105
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Fig. 3. SDS polyacrylamide gel electrophoresis of

LMW-UK and reduced LMW-UK. Reduction of the
samples (400 ug per tube) was performed as described
in Fig. 2. The acrylamide concentration was 15%;.
The arrows indicate the positions of polymixin B (1,200)
and the B-chain of insulin (3,400). After gels were
stained, they were scanned with a densitometer at 500
nm. a) unreduced LMW-UK, b) reduced LMW-UK.

On the other hand, when the Glu-plasminogen-
fibrin coupled assay system was employed, it was
found that the dissociation constant for activation
of plasminogen (Kpig) was 2.4 fold lower than
LMW-UK, and the enzyme efficiency value (kpig/
Kpig) of HMW-UK was found to be 1.9 fold
higher than that of LMW-UK. This was also
found with the Glu-plasminogen-VLL-pNA cou-
pled assay system. It was revealed in this study
that Kpig were 100-1,000 fold lower than Kiy,.

Autocatalytic Conversion of HMW-UK 1o
LMW-UK—Figure 4 shows the time dependent
change of the SDS gel electrophoretic pattern of
HMW-UK during incubation at 37°C for 72 h at
pH 7.2. 34,000- and 17,000-dalton bands newly
appeared after 5 h incubation and their intensities
increased in a time dependent manner, in contrast
to the decrease in the intensity of the 56,000-
dalton band. At 0h only the 56,000-dalton band
showed significant urokinase activity. After 72 h
the activity, however, was detectable in not only
the 56,000-dalton band but also the 34,000-dalton
band, while the 17,000-dalton band showed no
activity. Benzamidine, with which urokinase was
incubated, apparently inhibited the change of the
SDS gel electrophoretic pattern, in contrast to
aprotinin which did not suppress the change. The
urokinase activity was 338,400 IU/ml before incu-
bation and 342,400 IU/ml after incubation. It
was also revealed that the HMW-UK preparation
used here contained no detectable caseinolytic
activity.
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Fig. 4. The autocatalytic conversion of HMW-UK to
LMW-UK. Figure4-a shows the change of the electro-
phoretic pattern of HMW-UK incubated alone. a)
Oh,b)5h,c)17h, d) 24 h, €) 48 h, f) 72 h, g) standard
protein, O urokinase activity at Oh incubation, A
urokinase activity at 72 h incubation. Figure 4-b shows
the change of HMW-UK either in the presence of
benzamidine or aprotinin as described in ‘“ EXPERI-
MENTAL PROCEDURE.” a) Oh, control, b) 72 h,
control, ¢} 72 h with 500 KIU/ml of aprotinin, d) 72 h
with 5 um of benzamidine, €) standard protein. All
samples were incubated at 37°C and pH7.2. The
numbers beneath (Fig. 4-a) or above (Fig. 4-b) gels
show the molecular weights in thousands.
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DISCUSSION

The purpose of this study was to clarify 1) whether
LMW-UK is composed of two chains the same as
HMW-UK is, 2) whether HMW-UK is autocata-
Iytically converted into LMW-UK and 3) the
differences in their physicochemical and enzy-
mological properties.

Amino acid analysis showed 1.7-1.9 fold
numbers of acidic amino acids, compared with
those of basic amino acids in both urokinases.
Thus, the basic isoelectric point of HMW-UK (pH
9.7) appears to be due to the presence of the
amide forms of acidic amino acids since a very
small amount of amino sugar probably does not
contribute to the high pI. The result that LMW-
UK has multiple isoelectric subforms is in excellent
agreement with those of Soberano et al. (5) and
Ogawa ef al. (6). It is, however, uncertain why
LMW-UK has multiple pls, since it might be
derived from HMW-UK. It can be ruled out
that the multiple subforms are due to the differ-
ences in quantities of sialic acid and amino sugar,
as we have indeed observed that 1) the pIs are not
influenced by treatment with sialidase, and sialic
acid is undetectable, and 2) only a very small
amount of amino sugar is present. Thus, it can
be presumed that there are some differences in the
quantities of amide forms of acidic amino acids
among the five subforms of LMW-UK.

Kinetic studies of urokinase toward two syn-
thetic substrates and Glu-plasminogen, i.e. a natu-
ral substrate of urokinase, revealed that HMW-
UK gives the same kinetic constants as LMW-UK
toward the synthetic substrates, but HMW-UK
has a higher affinity than LMW-UK toward the
natural substrate. Therefore, HMW-UK activates
more effectively Glu-plasminogen to plasmin.

It became apparent that HMW-UK is com-
posed of heavy (34,000) and light (17,600) chains
in agreement with Soberano ef al. (5). Although
it has not been reported yet that LMW-UK also
has two chains, a small peptide with a molecular
weight of 1,200-3,400 was clearly detected on SDS
gel electrophoresis in the presence of dithiothreitol
by us (Fig. 3).

We have further observed that HMW-UK is
converted into LMW-UK in an autocatalytic con-
version manner, which is supported by the follow-
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ing results; 1) the conversion was inhibited by
benzamidine, a potent inhibitor of urokinase, but
not by approtinin, 2) the sample contained no
detectable protease activity which will cause the
conversion, and 3) the newly appearing 34,000-
dalton protein after 72 h incubation, which has
in fact a molecular weight identical to LMW-UK,
had urokinase activity.

Thus, it can be concluded that LMW-UK,
derived from HMW-UK, is also composed of two
chains linked by disulfide bond(s).

During the autocatalytic conversion of HMW-
UK, a protein band slightly lower than HMW-
UK (Fig. 4) was detected in the gels. 1t is deduced
that this protein is an intermediate form of uroki-
nase although the urokinase activity of this protein
has not been measured. Endo-group analysis of
the two chains of both forms of urokinase will
make our conclusion clear, but we would like to
mention now that not only HMW-UK but also
LMW-UK has two chains.

We conclude here that HMW-UK with a
higher affinity toward Glu-plasminogen is con-
verted into LMW-UK with a lower affinity in an
autocatalytic conversion manner.
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