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UROKINASE 

AN ACTIVATOR OF PLASMINOGEN FROM HUMAN URINE 

II. MECHANISM OF PLASMINOGEN ACTIVATION 

NIELS OLE KJELDGAARD AND JORGEN PLOUG 

Leo Pharmaceutical Products, Hormone Department, Copenhagen]Skovlunde (Denmark) 

INTRODUCTION 

In the preceding paper 1 the isolation of urokinase from human urine was described. 
This communication deals with the kinetics of the plasminogen activation process. 
Urokinase was found to transform plasminogen enzymically into plasmin by a first 
order reaction with pH optimum around 9. Besides plasminogenase activity, uro- 
kinase showed esterase activity towards lysine-ethylester and p-tosylarginine- 
methylester. 

MATERIALS AND METHODS 

Human plasminogen was prepared from human fraction III* by the method of KLII~Ea. 
p-Toluenesultonyl-L-argi~ine-methylester, HCl (TAMe) was synthesized as described by 

TROLL, SHERRY AND WACHMANN 8. The melting point was 145 ° C. 
L-Lysine-ethylester, 2HCl (LEe) was synthesized according to WERBIN AND PALM 4. The 

melting point was 144 ° C. 
Bovine plasmin. Prepared by addition of urokinase (Ioo units/ml) to a 0.8 % bovine fibrinogen 

solutionL After 2o rain at room temperature, saturated ammonium sulphate was added to o.25 
saturation. The inactive precipitate was removed and the ammonium sulphate concentration 
increased to o.3o saturation to precipitate the plasmin. The precipitate was collected, redissolved 
in water and lyophilized. 

Plasminogen-deficient bovine fibrinogen was prepared as recommended by SHERRY 5 by sub- 
jecting fibrinogen precipitated from bovine plasma by io ~/o ethyl alcohol to the L•KI procedure 6. 
Very inconsistent results were obtained. The plasminogen content was checked by measurements 
of the lysis time of a coagulum formed from I ml of this fibrinogen with addition of ioo units 
urokinase. If the prolongation of the lysis time was unsatisfactory, the Laki procedure was 
repeated. With addition of ioo units of urokinase, the lysis time of the particular preparation 
used in our experiments was 37 mill, compared to a lysis time of about 4 min with the usual 
fibrinogen preparations. 

Casein (Hammersten quality) Merck. 
Heparin, commercially prepared by this factory. & preparation containing ioo i.units/mg 

was used, dissolved in o.1 M phosphate buffer pH 7.2 (x mg/ml). 
Protamine sulphate, dissolved in o.I M phosphate buffer pH 7.2 (i mg]ml). 

Plasmin assay 
Fibrinolytic assay of plasmin was performed as with the uroldnase assay 1. The incubation mixture 
consisted of o.8 ml of o.i M phosphate buffer pH 7.2, o.x ml thrombin solution (ioo NIH-units]ml), 
o.i ml of plasmin solution and o.5 ml of 1. 5 ~/o plasminogen-deficient fibrinogen. By plotting 
the reciprocal of the lysis time versus plasmin concentration, a straight-line relationship was 
obtained (Fig. i) in accordance with the findings of FLETCHER v. 

* Obtained through the courtesy of the American Red Cross and supplied to us through E.R.  
Squibb and Sons, 

Re]erences p. 289. 
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Fig. z. Fibrinolytic assay of plasmin. Relation- 
ship between recipr~al  ot lysis time and plas- 

rain concentration. 
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Fig. 2. Liberation of heparin from a heparin- 
protamin complex by plasmin. To a mixture of 
z.o ml heparin solution and i.o ml protamine 
su l pha t e  solut ion was  added  20 m g  bovine  

p l a s m i n  dissolved in i .o  ml  0 . 9 %  NaC1. The  m i x t u r e  was  incuba ted  a t 3 7  ° C and  o.z ml  a l iquots  
were r emoved  a t  in tervals .  H e p a r i n  was  p r e sen t  in excess,  expln.lning t he  h igh  zero t ime  value.  

P l a smin  itself does no t  interfere  wi th  t he  hepar in  de te rmina t ions .  
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Fig. 3. Effect of plasmin on the tu rb id i ty  of a Fig. 4. Turb id i ty  of lysine-acetone mixtures at 
hepa~n-protamme mixture. IOO, 50 and 25/~1 pH  6.5 and 9.o. 
samples of a urokinase-activated plasminogen 
solution were added to the heparin-protamine mixture and incubated at 37 ° C. Optical density 
at 450 m/~ is plotted against time of reaction. Density decrease per min : ~ - - ~  0.04o, 0 - - 0  0.02 i, 
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Proteolytic assay o t plasmin. BRUNFELDT AND POULSEN 8 d e m o n s t r a t e d  t h e  p r o t a m i n a s e  
ac t iv i ty  of p l a s m i n  b y  t he  sp l i t t ing  of an  i n su l i n -p ro t amine  complex .  I n  ana logy  wi th  th i s  obser-  
v a t i o n  t he  pro teo ly t ic  ac t iv i ty  of p l a smi n  was  a s sayed  b y  t h e  sp l i t t ing  of a h e p a r i n - p r o t a m i n e  
complex .  The  reac t ion  was  followed b y  m e a s u r i n g  t he  l iberated hepa r in  (Fig. 2), us ing  t he  m e t h o d  
of KJEMS AND WAGNER ° or, more  conven ien t ly ,  by  following t he  decrease  in t u r b i d i t y  as  m e a s u r e d  
b y  t he  change  in opt ical  dens i t y  of t h e  h e p a r i n - p r o t a m i n e  m i x t u r e  in t he  B e c k m a n  D U  spectro-  
p h o t o m e t e r  a t  45 ° m / , .  E q u a l  v o l u m e s  of hepa r i n  a n d  p r o t a m i n e  solu t ions  were mixed ,  fo rming  
a ve ry  s tab le  t u r b i d  l iquid.  3.0 m l  were used  for t he  a s s a y  in a z .o c m  B e c k m a n  cell, w i t h  add i t ion  
of o.I m l  of p l a s m i n  solut ion.  Since no  t e m p e r a t u r e - c o m p e n s a t i n g  device for t h e  B e c k m a n  D U  
s p e c t r o p h o t o m e t e r  was  a t  ou r  disposal ,  t h e  cells were m a i n t a i n e d  in a w a r m  air oven  a t  37 ° C 
be tween  t he  t u r b i d i t y  readings .  Fig. 3 shows  t he  s t r a igh t  l ine decrease in t u r b i d i t y  wi th  t i m e  
a n d  t h e  p ropor t i ona l i t y  be t ween  p l a s m i n  concen t r a t i on  a n d  slope. The  sens i t iv i ty  of th i s  m e t h o d  
is of t h e  s a m e  order  of m a g n i t u d e  as t h a t  of t h e  f ibrinolyt ic  assay .  T h e  reproducib i l i ty  of t h e  
s u b s t r a t e  and  t he  ease of m e a s u r e m e n t s  sugges t  i ts  use  in o the r  pro teo ly t ic  e n z y m e  s tudies .  

T A M e  esterase activity was followed as ind ica ted  b y  TROLL, SHERRY AND WACHMANN It. 
LEe esterase activity. T h e  l ibera ted  lys ine  was  de t e rmi ned  by  mix ing  o.I m l  a l iquots  of  t h e  

reac t ion  m i x t u r e  w i th  3.o ml  ace tone  and  m e a s u r i n g  t h e  t u r b i d i t y  f o rmed  in t he  B e c k m a n  D U  
s p e c t r o p h o t o m e t e r  a t  45 ° m F a b o u t  2 ra in  af ter  mix ing .  Fig. 4 shows  t h e  t u rb id i t y  p roduced  
b y  m i x i n g  o.I m l  s amp le s  of  L-lysine so lu t ions  buffered a t  p H  6. 5 and  9.o wi th  3.o m l  acetone.  

RESULTS 

Plasminogen activation 

Since no means were found to remove specifically, or inactivate, urokinase in the 
presence of plasmin, only fast and sensitive methods were used to study the kinetics 
of the activation process. Thus we minimized the influence of continued plasminogen 
activation during the plasmin determinations. Preliminary studies showed clearly 
the high lability of the formed plasmin, even at o ° C. As reported by KLINE TM the 
plasmin formed from plasminogen by  streptokinase activation is protected by casein 
or other plasmin substrates. This was 
found also in the case of urokinase; all 
activation experiments were therefore 
performed in the presence of casein. 
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Fig. 5. Effect  of p H  on u rok inase  ac t iva t ion  of 
p l a sminogen .  P l a s m i n o g e n  was  i ncuba t ed  for 
io  rain wi th  IOO un i t s  per  m l  of  u rok inase  in 
buffers  a t  va r ious  p H  va lues  in t h e  presence  of 
0.5 ~/o casein .  P l a s m i n  ac t iv i ty  was  m e a s u r e d  b y  
t h e  decrease  per  ra in  in opt ical  dens i t y  in t h e  

pro teo ly t ie  assay .  
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Fig. 6. Effect  of p l a sminogen  concen t ra t ion  on 
ac t iva t ion .  Var ious  a m o u n t s  of h u m a n  plas-  
m i nogen  in o . 2 5 M  Tris  buffer  p H  9.0 wi th  
o .5% casein  a n d  i5o un i t s  u rok inase  per  ml  
were i ncuba t ed  a t  23 ° C for IO rain, a n d  o. i  ml  
samples  were r emoved  a n d  t e s ted  for i ibrino- 
lyric ac t iv i ty .  The  curve  shows  re la t ionship  
be tween  reciprocal of lysis  t ime  and  p la smin-  

ogen concent ra t ion .  
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The pH opt imum of the activation with urokinase is about pH 9, as shown in 
Fig. 5. 

Fig. 6 shows the proportionality between plasminogen concentration and the 
plasmin formed after io min incubation with 15o units/ml of urokinase at 23 ° C. 
These conditions of time, concentration and temperature bring about an almost 
complete transformation of plasminogen into plasmin. 

The kinetics of activation was studied by the fibrinolytic assay at pH 9.0 and 
23°C in the presence of 0.5% casein. Mixtures of 0.3 ml plasminogen solution (5 
mg/ml), 0. 3 ml of 0. 5 M tris(hydroxymethyl)aminomethane (Tris) buffer pH 9.0 and 
o . I  ml of 4% casein solution in Tris buffer were incubated with amounts of urokinase 
varying from 6.7 units/ml to 145 units/ml. Samples were removed at intervals for 
plasmin determinations. Maximal activation was established with IOOO units/ml of 
urokinase and the plasmin activity obtained was used as a measure in the total 
amount  of plasminogen. 
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Fig.  7. K inet ics  of p lasminogen ac t iva t ion  
by  urokina~e at  23 ° C. 
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Fig. 8. Activation of plasminogen at o-4 ° C m e a s -  
ured  by the proteolytic assay. O ~ O  z25 units 
urokinase/ml, ©--© 25 units urokinase/ml, 

~ k ~ k  16 units urokinase/ml, A - - A  6 units urokinase/mL Abscissa: incubation time of 
plasminogen-urokinase mixtures. Ordinate: Turbidity decrease per rain. 

The results of the experiments are shown in Fig. 7 where the logarithm of the 
ratio of the amount of plasminogen not activated at any time (expressed as maximum 
plasmin activi ty-plasmin activity) to the total amounts of plasminogen (expressed 
as maximum plasmin activity) is plotted against the time. The resulting curves are 
all straight lines, showing that  the reaction is monomolecular. The slopes of the curves 
are proportional to the urokinase concentration (Table I), as would be expected from 
the formula for a first order enzymic reaction: 

log c°--ct  - - k  c E t 
c o 

Where c o is the amount of plasminogen at time o, c t the amount  of plasmku activity 
a t  t ime t, and c E the urokinase concentration, k cE is the observed numerical slope, k' ,  

at any urokinase concentration. The velocity constant at unity, k, is found to be 
76.10 -5 per minute per unit urokinase per ml. 

Although evidence of an enzymic process was thus obtained, the casein con- 
centration was too low to stabilize plasmin completely. The same plasmin level was 
not attained in all samples regardless of the urokinase concentration. Activation 

Re/erences p. 289. 
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T A B L E  I 

VELOCITY CONSTANT AT 2 3 ° C  OF UROKINASE-CATALYZED PLASMINOGEN ACTIVATION 

Urokinase k' k 

unffs/ml l*g/ml l/min l/min/unit/ml 

6.7 o.9 o.oo5 75" io-* 
29 3-9 0.022 76" IO -~ 
71 9.5 o.o54 76" IO -~ 

145 19.5 o.114 78. IO -~ 

experiments were therefore performed with the casein concentration increased to 
2.5% and at an incubation temperature between o and 4 ° C. 

Mixtures of o. 4 ml plasminogen solution (5 mg]ml) and 0.4 rnl 5 % casein in o.2 M 
Tris buffer pH 7.9 were incubated with varying amounts of urokinase in the cold 
room. Aliquots (o.I rnl) were removed at intervals and the plasmin activity determined 
by the rate of decrease in optical density in the heparin-protamine assay. As seen in 
Fig. 8, urokinase acts like a typical enzyme with the ultimate amount of plasmin 
formed being independent of the urokinase concentration. 

E s t e r a s e  a c t i v i t y  o~ u r o k i n a s e  

TROLL AND SHERRY 11 found that  LEe is hydrolyzed by the plasminogen activator 
formed by  the interaction of streptokinase and an activator precursor in human blood. 
Since this activator reacts enzymicaUy with plasminogen n, z, it was obvious that  
urokinase should be tested for esterase activity. Indeed, it was found that  LEe was 
split by urokinase. Mixtures of o.8 ml of o.I M imidazole buffer pH 6.5 and o.2 ml 
of 0.2 M LEe in water were incubated at 37 ° C with 50/A, 2 5 #  and IO/A of a urokinase 
solution containing 90,000 units/ml. Allquots were removed at intervals for determina- 
tion of the liberated lysine. In analogous experiments o.5 M Tris buffer pH 9.0 and a 
urokinase solution with 80,000 units/ml were used. The hydrolysis of LEe was found 
to follow a first order reaction at pH 6. 5 and a zero order reaction at pH 9.0 (Fig. 9), 
indicating a distinct change in the Miehaelis constant in this range. In both cases the 
hydrolysis of the ester was negligible in controls without urokinase. 

Since plasmin can also split TAMO, 11, this ester was tested with urokinase and 
indeed found to be hydrolyzed, as shown in Fig. zo. 
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Fig. 9. Esterase  act ivi ty  of urokinase with LEe as substrate .  Abscissa: incubat ion t ime of LEe 
urokinase;  Ordinate:  am oun t  of lysine liberated. 
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High urokinase concentrations ~,moa/~t] 
were necessary for hydrolysis of the 
esters. Inhibition experiments were ,5~ ~ , , s o o  9/~, 
performed to determine whether the f / 

i x  

esterase and plasminogenase activity / . / - f  
were due to a common site on the ,¢ ,8oo u/~t 
enzyme or to impurities. 
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Fig. Io. Hydrolysis  (at 37 ° C) of o .o2M 
TAMe in o.25M Tris buffer p H  9.0 with 

varying amoun t s  of urokinase. , , 
15 30 45 

MIN 

Inhibition o~ plasmin [ormation by LEe and TAMe 

Addition of LEe to a urokinase-activated plasminogen solution in Tris buffer pH 9.0 
with 2.5 % casein results in the formation of a precipitate. This precipitate is caused 
by the interaction of casein and the lysine formed from LEe by plasmin hydrolysis. 
If LEe is added to the plasminogen solution before or at the same time as urokinase, 
no precipitate is seen; thus no lysine is formed and the inhibition of plasmin formation 
is demonstrated. Quantitative experiments confirmed this finding and showed the 
inhibition of plasmin formation by both LEe and TAMe. 

The data in Table II show the strong inhibition of the activation process and the 
much weaker inhibition of the plasmin action in the activated samples, thus tracing 
the plasminogenase and esterase activities to the same active groups. 

TABLE II 
I N H I B I T I O N  O F  P L A S M I N  F O R M A T I O N  B Y  LEe A N D  TAMe 

Inhibition % 

Conch. Ester added 

be~ore urokinase alter urokinase 

LEe o.o6 M 75 io  
TAMe o.o15 M ioo 15 

Mixtures of 0. 4 ml plasminogen solution (5 mg/ml) ,  0. 4 ml 5 % casein in o .5M tris buffer p H  9.o 
and o.oi ml urokinase solution (io,ooo units]ml)  were incubated for IO rain at  24 ° C and then 
o.o 5 ml of i . o M  LEe or  o.25M TAMe was added. In  other  samples the esters were added before 
addition of urokinase and incubation.  

Plasmin activity was  determined in the hepar in-protamine  system. Results are expressed 
as % inhibit ion compared to non-inhibi ted controls. 

Proteolytic activity o~ urokinase 
High concentrations of urokinase degrade a heparin-protamine complex. The decrease 
in optical density demonstrated a straight line relationship with time. Proportionality 
between the rate of decrase in optical density and urokinase concentration was ob- 
served. With a urokinase concentration of 6,ooo units/ml the decrease in optical 
density was found to be O.OLO per min. 
Re]erences p. 289. 
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DISCUSSION 

Urokinase is the first physiological plasminogen act ivator  which has been isolated 
in highly purified form. I n  accordance with the results of SGOURIS, TAYLOR AND 
MCCALL TM and  SHERRY AND ALKJAERSIG TM, the experiments  reported confirm tha t  
urokinase  t ransforms plasminogen into plasmin by  an enzymic reaction following the 
kinetics of a first order reaction. MOLLERTZ ~4 and  TROLL AND SHERRY 11 showed the 
.enzymic na tu re  of the plasminogen act ivator  formed in h u m a n  blood by  the act ion 
of s t reptokinase on an act ivator  precursor. Yibrinolytic systems, very  much resembling 
tha t  in blood, are found in most  body  secretions such as tears 15, saliva TM and  milk n.  

The streptokinase-sensit ive precursor is dominan t  in these cases and  only small  
amounts  of free act ivator  are found. The reverse is the case with urine where the free 
act ivator  is present  in large amounts ,  This poses the quest ion of the iden t i ty  of uro- 
kinase with the blood act ivator  and  the possible t ransformat ion  of the precursor in 
the kidneys. The blood act ivator  was reported to shown esterase ac t iv i ty  only towards 
LEe n.  We found urokinase to show esterase ac t iv i ty  towards bo th  LEe and  TAMe. 
This ,  together with the s tabi l i ty  of urokinase in the acid range 1, seems to indicate t ha t  
urokinase is different from the acid labile blood act ivator  ~4. However,  the apparen t  
acid ins tabi l i ty  of urokinase when measured in urine 1 demonstrates  the difficulties in  
compar ing  impure  and  purified systems. F ina l  proof mus t  await  fur ther  studies with 
pur i f ied preparat ions.  

SUMMARY 

I. The transformation of plasminogen into plasmin by urokinase was shown to be a first 
• order enzymic reaction, with pH optimum around pH 9. Plasmin formation was followed by 
fibrinolytic and proteolytic measurements. 

The proteolytic action of plasmin was determined by the degradation of a heparin-protamine 
~complex. 

2. Urokinase was found to possess esterase activity towards L-lysine ethyl ester and p-toluene- 
sulfonyl-L-arginine methyl ester. The plasminogen activation, in turn, is inhibited by these esters. 
It  is concluded that the plasminogenase and esterase activities are due to the same active sites 
~on the enzyme. 

REFERENCES 

1 j .  PLOUG AND N. O. KJELDGAARD, Biochim. Biophys. Acta, 24 (1957) 278. 
D. L. KLINE, J.  Biol. Chem., 2o 4 (1953) 949- 

a W,  TROLL, S. SHERRY AND J .  WACHMANN, J .  Biol. Chem., 2o8 (1954) 85. 
• H.  WERBIN AND A. PALM, J .  Am. Chem. Soc., 73 (1951) 1382. 
s S. SHERRY, J. Clin. Invest., 33 (1954) lO54. 

.e K. LAKI, Trans. 4th Cont. on Blood Clotting and Allied Problems, Josiah Macy Jr. Foundation, 
New York, 1951, p. 2i 7. 

7 A. P. FLETCHER, Biochem. ].,  56 (1954) 677. 
.8 K. BRUNFELDT AND J.  E.  POULSEN, Reports o t the Steno Mere. Hosp, and the Nordisk Insul in.  

laboratorium, 5 (I953) 5I. 
9 H. KJEMS ANn H. WAGNER, Acta Pharmacol. Toxicol., 4 (I948) 155. 

l0 D. L. KLINE, Yale J.  Biol. Med., 26 (1954) 356. 
Ii W. TROLL AND S. SHERRY, J. Biol. Chem., 213 (I955) 881. 
1~ j .  T.  SGOURIS, H.  L.  TAYLOR AND K. B. MCCALL, Abstr., 129th Natl. Meeting Am. Chem. Sot., 

1956, p. I3C.  
1B S. SHERRY AND N. ALKJAIgRSIG, J. Clin. Invest., 35 (1956) 735. 
14 S. M~)LLERTZ, Biochem. J., 61 (1955) 424. 
15 O. STORM, Scan& J. Clin. Lab. Invest., 7 (1955) 55. 
16 O. K. ALBRECHTSEN AND J. H. THAYSEN, Acta Physiol. Scand., 35 (1955) 138, 
17 T. ASTRUP AND I. STERI~DORFF, Proc. Soc. Exptl. Biol. Med., 84 (1953) 6o 5. 

Received November  20th, 1956 


