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Two Distinct Pathways of the Streptokinase-Mediated 
Activation of Highly Purified Human Plasminogen? 

D. K. McClintock, M. E. Englert, C. Dziobkowski,i E. H. Snedeker, and P. H.  Bell* 

ABSTRACT: Two human plasminogens (Pg I and Pg 11) 
were isolated in high yield and in pure form from pooled 
human plasma fraction 1112,3 by affinity column adsorption 
and elution on lysine-agarose beads followed by carboxy- 
methylcellulose ion exchange chromatography, 4O, pH 5.0. 
These plasminogens both have molecular weights of about 
85,000 and glutamic acid as their amino acid N-terminals. 
Following activation to plasmins, by streptokinase, active 
site equivalent weights equal to determined molecular 
weights were obtained. Proteolytic activities of both plas- 
mins were about 40 CTA units/mg of protein. Plasminogen 
activation by catalytic streptokinase (SK) or urokinase 
(UK) as well as with stoichiometric quantities of streptoki- 
nase was investigated by stopping the reactions at the de- 
sired times with the active site titrant p -  nitropheny1-p’- 
guanidinobenzoate (NphOGdnBz). The reaction mixtures 
were reduced in sodium dodecyl sulfate (SDS) and the 
reaction products separated and quantitatively analyzed by 
SDS acrylamide gel electrophoresis. Native plasminogens 
Pg I and Pg I1 are single polypeptide chains with molecular 

Rasminogen (Pg) activation by streptokinase (SK)2 be- 
cause of its practical importance in medicine and its unique 
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weights of about 85,000. Conversion to plasmin (P) using 
either catalytic streptokinase or urokinase results in the 
cleavage of two characteristic peptide bonds yielding plas- 
min molecules containing three peptide chains (P60,20,5), the 
order of cleavage being exclusively Pg85 - Pg80.5 - 
pa60,20,5 (where superscript a denotes the presence of a p -  
nitrophenyl-p’-guanidinobenzoate titratable active site and 
the subscripts indicate the approximate molecular weight in 
thousands of peptide chains involved). Interaction of Pg 
with stoichiometric amounts of streptokinase (SK) leads to 
the plasminogen activator complex SK37.6,4 pa60,20,5. Bond 
cleavages of Pg within this complex occur entirely by the 
reactions - Pga65,20 -+ pa60,20,5. This order is the re- 
verse of that found in catalytic activations. The SK peptide 
bond splits within the complex occur in the order SK47 - 
SK43.4 --, SK37,6,4. End group studies of isolated peptides 
from the NphOGdnBz treated SK37,6,4 - pa60,20.5 complex 
showed the peptide orders (N)-SK&K37-SK4-(C) for SK47 
and (N)-P~-P~o-Pzo-(C)  for Pg85 (the (N) and (C) desig- 
nating the NH2 and COOH termini, respectively). 

nature has been the subject of many investigations. It is 
generally accepted that SK combines directly with either 
plasmin (P) or Pg to form a stoichiometric complex (Pg ac- 
tivator) capable of rapid conversion of Pg to P. A summary 
of data leading to these concepts can be found in a recent 
review by Amery and Claeys (1970). However, the direct 
role played by SK in the conversion of the active center of 
P, with little or no Pg activator activity, into an efficient en- 
zyme for this action is not well understood. 

In previous communications (McClintock and Bell, 
1971a,b) we demonstrated that human plasminogen is able 
to combine directly with streptokinase in a 1:l molar ratio 
to yield a complex. This complex then undergoes a time and 
temperature dependent unimolecular reaction which gener- 
ates an active site. The results showed clearly that the for- 
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mation of this active site does not require prior cleavage of 
the plasminogen molecule into the two characteristic poly- 
peptide plasmin chains as described by Robbins et al. 
(1 967). Reddy and Markus (1972) have also independently 
arrived a t  the conclusion that active site appears prior to 
peptide bond cleavage in this moiety. The appearance of ac- 
.tive site on the S K  - Pg complex was interpreted as being 
due to an S K  induced conformational rearrangement in the 
Pg moiety which makes available the proteolytic potential 
of the zymogen. That this was indeed the case was demon- 
strated by the fact that if p -  nitrophenyl-p’-guanidinoben- 
zoate (NphOGdnBz) was not present, the addition of S K  to 
Pg resulted in the rapid disappearance of both intact pro- 
teins with the concomitant appearance of a number of split 
products which included the characteristic polypeptide 
chains of plasmin. In  order to obtain a better understanding 
of the mechanism of S K  mediated activation of Pg a more 
complete study of this process was undertaken. The results 
of these studies, along with the brief description of im- 
proved methods of preparation of human plasminogens, are 
reported in this paper. 

Experimental Section 

Materials 

Streptokinase (SK) was prepared as described by De 
Renzo et al. (1 967) and stored as the lyophilized powder. 
The two preparations used assayed 110,000 and 1 1  3,000 
units/mg of protein, respectively (SK units as described by 
Christensen, 1947). 

Porcine calcitonin was the PC-2 described by Bell et al. 
( 1  970). The @-corticotropin was that reported by Shepherd 
et al. ( I  956). Human serum albumin was prepared by the 
method of Taylor et al. (1 956). 

Ribonuclease A was purchased from Pharmacia Fine 
Chemicals Co., Piscataway, N.J. 

A sample of high purity urokinase (UK) was the gener- 
ous gift of Dr. G. Barlow, Abbott Laboratories, North Chi- 
cago, Ill. Using a molecular weight of 53,000 this sample 
was estimated by the NphOGdnBz burst assay to be 31% by 
weight active UK protein (UK is a trypsin-like protease and 
reacts stoichiometrically with NphOGdnBz in the active 
site assay described below). 

The soybean trypsin inhibitor (SBTI) was purchased 
from Worthington Biochemicals Corporation, Freehold, 
N.J.  (Crystalline, Code SI ,  Lot 91A) and used without fur- 
ther purification. This material had a weight average mo- 
lecular weight of 18,000 by equilibrium centrifugation, ap- 
peared to be homogeneous in reduced SDS gel electropho- 
resis, but gave a molecular weight of 15,000 in the reduced 
SDS acrylamide gel system when compared to other pro- 
t e i n ~ . ~  

The molecular weight estimates of SBTI and the P20 peptide of this 
report rest largely on the acceptance of the gel mobility of ribonuclease 
A used in  the standard curve of Figure 5. Ribonuclease was used for 
this standardization since it had been reported by Weber and Osborn 
(1969) to respond normally in  the 10% acrylamide reduced SDS gel 
electrophoresis system. I t  has come to our attention that the observed 
molecular weight discrepancy between SBTI and RNase may be due to 
an anomalous response of the RNase [Dunker and Ruechert (1969), 
using the 10% acrylamide gel system, obtained an apparent molecular 
weight for RNase which was 21% greater than expected]. If the SBTI 
gel mobility data, along with its molecular weight of 20,100 [calculated 
from the structure reported by Koide et af. (1972)) is accepted for the 
standardization curve, the apparent molecular weight of peptide Pro 
could be as high as 25,000, while the apparent molecular weights of the 

The 6-aminocaproic acid (EACA) was obtained from 
Eastman Kodak Co. 

Other chemicals not mentioned specifically in the Meth- 
ods section were of reagent grade. 

Plasminogen Assays. Plasminogen was in all cases as- 
sayed as plasmin following activation with streptokinase 
(SK). Activation was achieved by reaction a t  25’ for 15 
min a t  p H  7-8 using a Pg/SK molar ratio of approximately 
1OO:l (ca. 550 SK units/mg of high purity Pg). A concen- 
tration of 0.05-0.1 M in lysine was maintained in all activa- 
tion solutions to assure adequate solubility of the S K  - P ac- 
tivator complex. 

Proteolytic activities of the resultant plasmins were de- 
termined by the hydrolysis of azocasein prepared by the 
method of Charney and Tomarelli (1947). Reagents and 
conditions of activation were as described by Hummel et al. 
( 1  965). The assay design followed the caseinolytic method 
recommended by the National Heart Institute Committee 
on Thrombolytic Agents (CTA) as reported by Johnson et 
al. (1969). Comparisons with the primary plasmin standard 
supplied by this committee made it possible to express these 
data in terms of CTA units. 

The spontaneous plasmin in plasminogen preparations 
was estimated directly by either the azocasein or active site 
titration methods by the elimination of the S K  activation 
step in the plasminogen assays. 

Active site titrations of plasmins were carried out by the 
procedure of Chase and Shaw (1 969). The p -  nitrophenyl- 
p ’-guanidinobenzoate hydrochloride (NphOGdnBz) re- 
agent for these assays was obtained from Cyclo Chemical 
Company, Los Angeles, Calif. Improved precision in this 
procedure was achieved by the use of a single tandem mix 
cell (Tandem Mix Cell No. 238 with Teflon stopper, sup- 
plied by Hellma Cells, Inc., Jamaica, N.Y. 11424). Equal 
volumes of the plasmin solution and the NphOGdnBz sub- 
strate in the buffer were placed in the two compartments of 
the cell, pre- and postburst substrate blank hydrolysis rates 
being established by the use of a Gilford Model 2000 re- 
cording spectrophotometer to monitor the change in absorp- 
tion a t  410 nm. The quantity of plasminogen introduced 
into the assay, which is required to calculate the active site 
equivalent weight, was determined from the absorbance a t  
280 nm using the E,,(1%) of 17.0 (Robbins et al., 1965). 
These “burst” data, along with an independently deter- 
mined molecular weight on the same preparation, were used 
to estimate purity (i.e., moles active site/mole of protein). 

Rapid and sensitive assays of plasmin and streptokinase- 
plasmin activator complexes were also made by the use of 
the substrate a-N- methyl-a-N- tosyl-L-lysine &naphthol 
ester as supplied by Nutritional Biochemicals Corporation 
of Cleveland, Ohio, and the fluorescent procedure of Bell et 
al. (1974). 

larger peptides would be essentially unchanged. On the basis of disc gel 
electrophoresis studies in S D S  Walther ef al. (1974) report a light 
chain plasmin peptide molecular weight of 26,000. Summaria et a!. 
( 1967) isolated a “highly purified” S-carboxymethyl light chain plas- 
min peptide which gave a molecular weight of 25,700 by sedimentation 
equilibrium analysis. This value is probably high since these same au- 
thors, in a subsequent paper, state that this light chain derivative has 
“a strong tendency to aggregate” i n  the solvent used in  their molecular 
weight studies (Groskopf et a/ . ,  1969). Although the molecular 
weights of P ~ o  and the light chain plasmin peptides of Robbins et al. 
(I 972) and Walther et al. (1974) are  not known precisely, i t  is our be- 
lief that these peptides are  probably identical since they all are  re- 
ported to have the same Val-Val N-terminal sequence. 
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Plmriritzogrn Purifirarion. Since the mechanism studies 
of'riiis report uere concerned with the kinetics of bond clea- 
vageh during the activation of Pg by S K  i t  was essential that 
both proteins be homogeneous, f u l l y  functional. and free of 
split products or internal bond cleavages. Modifications of 
affinit] and column chromatographic methods, to minimize 
au~o;ictiv;ition during processing, made i t  possible to isolate 
t u o  huinan plasminogens, Pg I arid Pg I I .  lvhich upon acti- 
\'ation gave active site equivalent weights equal to their de- 
tcriniiied molecular weight>, were homogeneous by all phys- 
ica! inethods and free of bond breaks due to autodigestion. 
The source of human plasminogen for these isolations was 

r! case f i .rsh,  iinfrozeti fraction I I  11.3 prepared from 
i~ir,gr pools of human plasma using method 9 of Oncley ef 
rii. ( I  949). Initial isolation from this fraction was achieved 
bq the affinity chromatography procedure of Deutsch and 
blertr (1970). modified so that i t  could be operated at  4'. 
These inodihxtions included use of a citrate salt buffer 
( 9  i ,? of \iiC!. 4.X5 g of citric acid monohydrate, 0.X7 g of 
E!)7',2. iirrd solid KOH to pfi 7.4 cind diluted to 1 I . )  to re- 
-,u\peiid the fraction I I I : . ?  ( 3 0  g of uet pastc,/l. of buffer); 
;: I1  phosphatc buffers ucrc as p)t;issiuni salts i n  order to 
n i a i n t ; i i n  solubilit) ; i t  4' a n d  the Pg w;is clutcd from the af- 
f'inir! coiumii \ \ i t t i  0 .3  \ I  ( K t )  phosphate buffer (pH 7.4) 
containing 0.2 \I c-aminocaproic acid (EACA).  Recovery 
, i l '  the elutcd Pg was  achieved by precipitation lcith ammo- 
n i u n i  sulfate from t h e  cold solution (310 g oi' solid 
(U H4)-SO,i1.), The precipitated plasminogen w a s  ininiedi- 
aiel)  reconstituted at ;t concentration of up to  IO optical 
dcnsity units (280 nm) i n  a suitable storage buffer. For this 
purpose 0.05 11 amnioniuni acetate---0.02 L{ lysine buffer 
( p t i  5.0) U A ~  routinely used. Plasminogens stored in this 
biil'fer ;it -75' have hccn conipletclq atiibli: for many 
niorithx. I I'conipletc removal of F.:\CA was desired ;I second 
( \  f4,)lSOi precipitation htep used. 

Further purification or  the plasminogens prepared by the 
~ f l i n i i >  chromatograph! procedure described above was 
:ictiieced b) thc application of the carboxqniethqlcellulose 
colunin method huggestcd by W a l l b i i  (1962). For these 
studic\ thc  blhatni;iri prcswelled C M i 2  Chromcdia micro- 
gr;inul;ir (:M-cellulosc proved 1 0  bc thc preparation of 
choicc ( H .  Reeve Angel and Companj .  Clifton. \ . I . ) .  The 
il.)ii e\changc capacity of this Chl-cellulo\c ( I .O inequic j g )  
along ;+ith its high affinitj for plasminogen, a t  !OM cation 
concentr:ttion (R' < 0.04 21). made i t  suitable for y u a n t i t a -  
tivc rccovcry of Pp from dilute solutions. : I >  \%ell ;IS (or col- 
umii fractionation 

Quantitative recoveries of plasminogens I and I I  from 
thehi: ihrorriatographq expcrimcnth \cere achieved bq ( a )  
dilution of pi tol~ n i i h  distilled h;i ter to ;J conductance of 7 
inilliriiho or l c s .  ( b j  adsorpion of the pI;i>tninogcn b! htir- 
ring for I O  niin nith freshlj regcner:ited (acid form CM52) 
carbcxqmethqlcellulose [ I  g drq or 3 g d:imp will pick u p  
C'U.  ?%hO nig of Pgl and/or Pg I l l .  ( c )  v,a.sh \ \ i t h  w.ater on 
l'iitcr and elute w i t h  0.6 CI ammonium acctate ( p H  5 .0) .  ( d )  
recover by ammonium sulfate precipitation iis dexxibed for 
; i f f in i t \  chromatography. ( e )  store in the Eroren state 
(-75") in  0.05 h.1 ammoniun: ;icet;itc--O.02 11 Iyine buffer 
(pfH 5.0) at 21 concentration of' IO ODzso nin/rnl. 

Srctrc.h Gel E/ectrophore.si.c. The vertical starch block 
rncthad of Smithies (I 959) a j  modified b) Barg PI ml. 
(1965)  w x  used to  follow the isolation ot' Pg I and Pg I I .  
Thc 0.03 1 1  siidium acetate -0.02 CI t-;iiiiinocaproic acid 

(EACA) (pH 4.0) buffer described by Wallen ( I  962) was 
used for these studies. 6-hr electrophoresis runs at 4 O  using 
an applied voltage of 6 V/cm gave satisfactory resolution of 
the plasminogen bands. 

Acrylamide Gel Electrophoresis. A high resolution 
sliced gel block procedure (Bell et al.. 1974) which reduced 
the effects of thermal distortion on resolution, was used for 
all acrylamide gel studies. Acrylamide (for electrophoresis), 
methylenebisacrylamide, and N,h',h'',A"- tetralnethylene- 
diamine were obtained from Eastman Kodak Company. 
Rochester, N . Y .  Coomassie Brilliant Blue was obtained 
from Colab Laboratories Inc.. Glenwood, 111. 

Molecular Weight Studies. Ultracentrifuge experiments 
were carried out with a Spinco tModel E ultracentrifuge 
equipped wi th  a phase plate and temperature control unit. 
Sedimentation velocity runs at 52,640 rprn were performed 
in double sector cclls at three concentrations. Appropriate 
dialysates were used in the solvent compartment of the cell 
to  establish the buffer base lines. Sedimentation equilibri- 
um runs a t  8225 rpm were either with conventional column 
lengths (3--5 mm in the cell) or the short column method of 
Yphantis i 1960). Plasminogen samples for these studies 
were prepared by the following steps: ( I )  dialqsis. 4'. 24 hr. 
L'S. 0.2 r\il EACA adjusted to pH 3.1 with HCI, ( 2 )  dialysis, 
4'. 24 hr. 1 ' ~ .  0.001 \ HCI, and (3) lyophilization. These 
desalted samples were thcn dissolved in 0.1 k1 IcaCI-0.001 
\ HCI ( p H  3.2) for ultracentrifugc studies. 

Molecular ucight comparisons Lind homogeneity studies 
b) the SDS acrylamide gel electrophoresis method were 
made using a sliced gel block method. Buffers, gel concen- 
trations, conditions of reduction. staining and destaining 
conditions differed from those described by Weber and Os- 
born ( 1  969) only  in  that the methylenebisacrylamide was 
reduced to ;I I'inal concentration of 0 . 1 5 %  in  the gel. 16-hr 
runs at  25'. using ;i current densit) of 24 mA/cm', was suf- 
ficient to resolve proteins and peptides in the molecular 
ucipht range of 5.000-- I00.000. Plasminogen 11.  human 
serum albumin. streptokinase, ribonuclease, $-corticotrop- 
in ,  and pdrcine calcitonin, following reduction wi th  mercap- 
toethanol (HSEtOH).  \+me used to standardize this system. 

ilrriino Acid and Atnidr .4na/,r.ris. Plasminogen samples 
were prepared for amino acid bl dialysis L'T .  0.1 11 EACA 
to displace a n )  free or adsorbed lysine. followed by a second 
exhaustive dialysis vs. 0.001 M HCI. Hydrolysates were 
prepared bq the method of Crestfield et a / .  (1963) using 
I 7  18 hr at I IO'. The Technicon amino acid analyzer was  
used for quantitative analysis following the general proce- 
dure of Spackman e[ ul. (I 958). Hydrolysis correctionb of 
5% for threonine and 10% for serine as suggested by Moore 
and Stein ( 1963) were applied. Amide content was estimat- 
cd from the ammonia analysis of the acid hydrolysates. N o  
corrections for ammonia generation from amino acids dur- 
ing acid hydrolysis were applied. The total half-cystine con- 
tent w a s deter m i ned as S - am i n oe t h y lc y s t ei ne fol I ow i n g 
acid hydrolysis of aininoethylated preparations prepared by 
the procedure of Raftery and Cole ( 1  963). Tryptophan was 
determined on separate samples by the method o f  Spies and 
Chambers ( 1  949). 

End Group Studies. The N-terminal amino acid groups 
of plasminogen preparations were qualitatively identified by 
the dansylation method described by Gray (1967) and as 
modified by Gros and Labouesse ( 1969). The dansyl amino 
acids were identified by thin-layer chromatography on poly- 
amide sheets (supplied by Brinkmann Instruments Inc., 
Westbur!. K . Y . )  using the solvent systems described by 
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FIGURE 1: Representative SDS acrylamide gel and the corresponding quantitative scan. The sample was a stoichiometric SK . Pg reaction mixture 
(0.84 mg/ml of Pg 1. 0.57 mg/ml of SK at pH 1.4 in 0.05 M phosphate. and 0.1 M lysine) stopped after 25 min at 25- with NphOGdnBz. Each 
sample was treated with one-tenth its volume of SDS-HSEtOH and 15 wl placed into the gel well. 

Woods and Wang (1967). Confirmation of identity of an 
unknown spot was made by comparison with knowns placed 
adjacent to the unknown using a third solvent run in the 
second dimension. For this purpose the solvent consisting of 
chloroform-amyl alcohol-glacial acetic acid ( 7 0 3 0 3 )  as 
recommended by Morse and Horecker (1966) proved most 
useful. Identification of N-terminal glutamic acid by the 
dansyl method was confirmed by the application of one 
stage of the phenylthiohydantoin method as described by 
Blomback et al. (1966). Peptides for end group studies 
were isolated from preparative sodium dcdecyl sulfate 
(SDS) acrylamide gel electrophoresis blocks. The desired 
activation mixtures were treated with excess NphOGdnBz, 
reduced with 2% mercaptoethanol in 1% SDS, and sepa- 
rated using the block procedure described for the analytical 
studies. The separated peptides were located by removing 
and staining a longitudinal gel slice. Recovery of peptides 
from the unstained portion of the gels was achieved by the 
procedure of Weiner el al. (1972). The identity of the re- 
covered peptides was confirmed by the analytical SDS-ac- 
rylamide gel method. 

Kinetic Acfivaiion Studies. In these experiments the 
time aliquot, usually 0.25 ml, was removed from the activa- 
tion reaction and added to a tube containing 5 ~ l  of an 
NphOGdnBz solution (0.01 M, dissolved in dimethylforma- 
mide) to stop the enzymatic activation reactions. A 0.2-ml 
portion of this “stopped” solution was then transferred to a 
second tube containing a precise amount of internal stan- 
dard SBTI solution (25 PI of a 5 or I O  mg/ml solution of 
SBTI protein). Each time aliquot then received 0.1 of the 

sample volume of a concentrated SDS-HSEtOH solution 
(10% SDS and 20% HSEtOH in 0.5 M, pH 7.0, phosphate 
buffer). After reduction overnight at 37’ in a closed tube a 
75-@1 portion was then charged into the wells of the SDS 
acrylamide gel electrophoresis blocks. Following electro- 
phoresis, slicing, and destaining the amount of each compo- 
nent was estimated by use of a flat-bed linear transport 
scanner (Bell ei al., 1974). 

The quantitation of the scanned dyed protein spots was 
achieved by planimetry of the base line corrected peaks 
from the recorder charts. I t  was assumed that each Coom- 
assie-stained protein and peptide in this study adsorbs dye 
in proportion to the amount of that particular protein pres- 
ent in the stained spat. Fishbein (1972) has shown that sev- 
eral proteins exhibit this proportionality. For the studies re- 
ported below, however. the emphasis i s  on the kinetics of 
appearance and disappearance of the various molecular 
species. These results may be deduced from the dye scans 
without a knowledge of specific dye binding information for 
the component under consideration. Variations in the proce- 
dure due to  slicing, degree of staining, and sample sizes 
were largely overcome by introduction of precise amounts 
of SBTI into each of the time aliquots immediately after the 
activation reaction was stopped by NphOGdnBz. All band 
areas were then normalized by comparison to the response 
of this SBTI internal standard. A typical gel and the corre- 
sponding scan are presented in Figure I .  

In addition to following the appearance and disappear- 
ance of protein bands, the molecular weights of the various 
species were estimated directly from the gels by comparing 
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FIGURE 2 Carboxymethylcellulose chromatography of plasminogen 
prepared by affinity procedurc. CM-cellulase (450 g, dry weight, of 
Whatman CM52) packed in starting buffer giving a column 5.0 cm X 
70 cm. The charge of about I .48 g of protein (2530 ODzaonm) adsorbed 
on 15  g of CM52 and slurried on the column with starting buffer. De- 
veloped al  4O with a linear gradient of 7 l. of 0.04 M sodium acetate + 
0.01 M lysine buffer (pH 5.0) and 7 I. of 0.4 M sodium acetate + 0.01 
M lysine buffer (pH 5.0) flow rate 3.5 ml/min. (-) ODxonm: (0) 
plasminogen assay: (- - -) conductance of effluent (mho X 40). 

their mobilities to those of the proteins in the samples with 
known molecular weights.4 

Characterization of these peptides as being of Pg or SK 
origin was made largely by comparison of reduced and un- 
reduced SDS gels. The SK molecule contains no disulfide 
bridges and therefore yields the same peptides in both cases. 
On the other hand, Pg is highly cross-linked with some 30 
disulfide bridges and does not yield the same peptides when 
reduced and unreduced. 

Results 
plasminogen Purification and Characterization. Puri- 

fied plasminogen was isolated from fraction 1112.3 in good 
yield using the cold room affinity chromatography proce- 
dure. An average of 529 mg of protein was obtained/lOO g 
of fraction 1112,, paste (equivalent to 8 I .  of plasma) which 
gave no detectable plasmin activity. This plasminogen could 
be clearly resolved into two major components by pH 4.0 
starch block electrophoresis. Reduced SDS acrylamide gel 
electrophoresis showed a single protein band having a mo- 
bility corresponding to a molecular weight of about 85,000. 
Upon activation to plasmin with SK, this material con- 
tained 24-36 CTA units/mg and gave an NphOGdnBz ac- 
tive site equivalent weight of 105,000-140.000. Therefore, 
on the basis of a molecular weight of 85,000 for plasmino- 
gen, this material represented 60-80% pure activatable 
plasminogen. 

The two major components obtained by affinity chroma- 
tography were resolved and further purified by CM-cellu- 
lose chromatography as shown in Figure 2. The plasmino- 
gens have been designated as Pg I and Pg 11. The complete 
resolution of these two proteins is clearly demonstrated by 
the starch block electrophoresis study shown in Figure 3. 
These studies clearly show the presence of two human plas- 
minogens (Pg I and Pg 11). present in approximately equal 
amounts in fraction 1112.3 from large pools of human plas- 
ma. The overall yield of Pg I and Pg 11 isolated by these 4' 

In  the figurer and discussion, subscript number designations are 
used to indicate the approximate molecular weight, in thousands, of the 
peptide chain or chains in the molecular species under consideration. A 
superscript n denotes the presence of an active enzyme center in this 
spccies. 
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FIGURE 3: Starch black electrophoresis of plasminogens from carbox- 
ymethylcellulose purification (I) Mixture of Pg I and Pg 11, (2) Pg 1. 
(3 )  Pg 11, 5.5 V/cm, 6 hr at 4O. 

affinity and CM-cellulose chromatography procedures av- 
erages about 2 casein units/ml of starting plasma. Since 
this yield is about 75% of that found by direct assay of plas- 
ma [Alkjaersig (1964), 2.8 units/ml; Summaria er a!. 
(1972), 2.6 units/mll it is reasonable to conclude that the 
proportions of Pg I and Pg I1 in the starting plasma pools 
are equal. The proportion of these plasminogens in the plas- 
mas of single human donors merit study. 

Certain specific features of the purification procedures 
should be mentioned. If the affinity chromatography proce- 
dure of Deutsch and Mertz (1970) is operated at 4O no 
plasminogen is eluted by the 0.2 M EACA. It was found 
that a frontal elution at 4O could be achieved if salts were 
added to the EACA or by salts alone if the cation concen- 
tration was about 0.6 M. In the process used the addition of 
EACA to the wash buffer was selected as the eluting system 
only as a matter of convenience. Lysine agarose beads have 
anionic properties which make it possible for them to func- 
tion in much the same manner as the CM-cellulose in the 
second column step. In a human plasminogen isolation by 
lysine-agarose chromatography Brockway and Castellino 
(1972) demonstrated the separation of two plasminogens by 
a gradient elution with EACA. It would seem likely that 
this method of elution could be used to separate human Pg I 
and Pg I1 in a one-step procedure. In the CM-cellulose pro- 
cedure of Figure 2 purification was achieved without any 
evidence of inactive material being separated. The impuri- 
ties in the plasminogens prepared by the 4' affinity chro- 
matography procedure are composed of about 10% with low 
affinity for CM-cellulose and 10-20% with very strong 
binding properties. Selective pickup of the charge by CM- 
cellulose removed essentially all of the low affinity impuri- 
ties. The high binding impurities were not removed from 
the column under the conditions which completely eluted 
the plasminogens. 

The CM-cellulose column procedure, as described, can- 
not be expected to completely separate performed plasmin 
of the charge from Pg 1. When plasminogen prepared by 
the DEAE-Sephadex method of Robbins er al. (1965). con- 
taining about 5% plasmin, was applied to a CM-cellulose 
column the Pg I and Pg I 1  peaks were resolved; however, 
the plasmin of the charge was found by assay to be only 
slightly ahead of and not completely resolved from the Pg I 
peak, The instability of Pg I to dialysis a t  pH 7.4, seen in 
the molecular weight studies described below, may have 
been due to a trace of plasmin not removed by the CM-cel- 
lulose column. 

Active site titrations of the preparations of Pg I and Pg I1  
(isolated by the affinity CM-cellulose column methods) re- 
covered from the experiment of Figure 2 gave site equiva- 
lent weights of 85,000 and 83,000. Subsequent preparations 
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using these methods gave site equivalent weights all in the 
85,000 range. Proteolytic activity comparisons of these pure 
plasminogens were not made against the CTA standard. 
However, assay comparisons by azocasein and active site 
methods of five plasminogens covering a range of purities 
are shown in Figure 4. These data suggest that the proteo- 
lytic activities of plasmins derived from pure Pg I and Pg I1 
must be about 40 CTA/mg of Pg protein. Plasminogens I 
and I1 after activation with streptokinase gave equivalent 
assay responses in the a-N- methyl-a-N- tosyl-~-lysine /3- 
naphthol ester fluorescence assay a t  a substrate concentra- 
tion of 1 X M, 25O, p H  7.0; hydrolysis rates of 6.3 X 

mol/min per mg of Pg I and 6.0 X I O v 8  mol/min per 
mg of Pg I1 were obtained. 

Sedimentation velocity and equilibrium ultracentrifuge 
studies of Pg 1 and Pg 11 were carried out in 0.1 M phos- 
phate + 0.1 M EACA (pH 7.4) and in 0.1 M NaCl + 0.001 
M HCI (pH 3.2) buffers. The plasminogens were dialyzed 
vs. these buffers for 24 hr a t  4' prior to examination. Sedi- 
mentation equilibrium studies showed that Pg I, p H  3.2; Pg 
11, p H  7.4; and Pg 11, p H  3.2, were essentially homoge- 
neous. However, Pg I when dialyzed vs. p H  7.4 buffer 
showed about 10% of lower molecular weight material, in- 
dicative of proteolytic action during dialysis. Using a partial 
specific volume of 0.71 (Davies and Englert, 1960 and Bar- 
low et d., (1969) the weight average molecular weights 
calculated from equilibrium centrifugation data were: Pg I 
(pH 3.2) = 77,200; Pg I1 (pH 3.2) = 79,500; Pg I1 (pH 
7.4) = 83,600. Sedimentation velocity studies in the con- 
centration range of 0.2-0.5% gave linear regression lines of 
the form s 2 0 , ~ ~  + bC. Where C is expressed as g /  100 ml of 
plasminogen Pg I (pH 3.2) ~ 2 0 , ~ ~  = 5.4, b = -1.3; Pg I1 
(pH 3.2) S Z O , ~ '  = 5.3, b = -1.8; Pg I1 (PH 7.4) ~ 2 0 , ~ '  = 
5.1, b = -2.6. 

Molecular weight estimates for undialyzed preparations 
of reduced Pg I and Pg I1 by the pH 7.4 S D S  acrylamide 
gel electrophoresis method of Weber and Osborn (1969) 
gave values of about 85,000 for both materials. Extended 
runs comparing Pg I, Pg 11, and a mixture of Pg I and Pg I1 
in this reduced S D S  acrylamide gel electrophoresis system 
failed to show molecular weight differences between the 
two plasminogens. Standardization of this molecular weight 
method was made using the sliced gel block method which 
gave the data shown in Figure 5.3 All data of this figure 
were obtained on one block except those shown for p-Corti- 
cotropin (ACTH) and porcine calcitonin-2 (PC). The 
mobilities of these standards were normalized to the stan- 
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F I G U R E  5: Acrylamide gel electrophoresis molecular weight standard- 
ization. ( 0 )  Standards; PC, porcine calcitonin; ACTH, @-corticotropin; 
RNase. ribonuclease; SK47. streptokinase; HSA, human serum albu- 
min; Pgxs, Pg 11 whose molecular weight was determined to be 85,000 
by centrifuge methods. (X)  Products of Pg activation by S K .  

dard block by comparisons with SK47 and ribonucleasc 
(RNase) in the second block. 

Amino acid composition data as given in Table 1 do not 
show significant differences between Pg I and Pg 11. Glu- 
tamic acid was the only N-terminal amino acid residue 
found for Pg I and Pg I1 by the dansylation and phenylthi- 
ohydantoin methods. No trace of glutamine was observed in 
the latter method. 

The C-terminal studies with Dip-F treated carboxypep- 
tidases A and B were inconclusive for both Pg 1 and Pg 11, 
as well as their reduced and carboxymethylated, reduced 
and aminoethylated, citraconylated, and performic acid oxi- 
dized forms. These enzymes released amino acids slowly 
from these preparations; however, substantial amounts of 
lysine and arginine were among those released. A study of 
reduced enzyme digests and the corresponding enzyme con- 
trols in the S D S  acrylamide gel electrophoresis system 
showed the generation of several lower molecular weight 
components in the 3- and 24 hr digests. Appearance of these 
components was indicative of sufficient tryptic activity in 
the Dip-F treated enzymes to invalidate the amino acid re- 
lease data. 

Isoelectric focusing studies of NphOGdnBz-treated Pg I I 
and Pg I + Pg I1 in the presence of 5 M urea, and carried 
out by the method of Summaria et ai. (1972) also indicated 
that the total net charges of the two Pg's were very similar. 
(NphOGdnBz treatment was used to inactivate any traces 
of plasmin present which might have generated isoelectric 
forms.) Both Pg I1 and the mixture of Pg I + Pg 11 focused 
in a narrow band with all the protein being found in the pH 
6.4-6.7 region. 

On to the basis of N-terminal data, Pg I and/or Pp 11 
could correspond to the plasminogens isolated by Rickli and 
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TABLE I: Amino Acid Composition of Pg I and Pg 11. 

Amino Acid 

pmol/mg' 

Aspartic acid 
Th r e o n i n e 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
1 /2-Cystine0 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
Ammonia 
Lysine 
Histidine 
Arginine 
TrvotoDhan' 

0.855 
0.760 
0.660 

0.643 
0.687 
0.446 
0.492 
0.468 
0.114 
0.213 
0.480 
0.330 
0.206 
0.810 
0.527 
0.266 
0.469 
0.252 

1.05 

Pg I1 

0.844 
0.759 
0.653 
1.05 
0.635 
0.695 
0.433 
0.468 
0.473 
0.108 
0.210 
0.482 
0.337 
0.221 
0.783 
0.544 
0.262 
0.473 
0.268 

64.7 6 4 . 6  
56.2 5 5 . 6  
88.2 88.2 
54.6 54.0 
58.4 59.2 
37.9 36.8 
41 .7  39.8 
39.8 40 .4  
9 . 7  9 . 2  

18.1 17.9 
40 .8  41 . O  
28.1 28 .6  
17.5 18 .8  
68 .9  6 6 . 6  
4 4 . 8  4 6 . 4  
22.6 22 .3  
39.9 40.2 
2 1 . 4  22 .8  

Residues/mole 
Pg I and Pg I1 

72 
65 
56 
88 
54 
59 
37 
41 
40 

18 
41 
28 
18 
66-69 

22 
40 
21 or 22 

9 or 10 

45 01 46 

a Average of two analyses. Determined as amiooethylcysteine. Determined by method of Spies and Chambers (1949). 

Cuendet (1971) and the plasminogen A of Walltn and 
Wiman (1972). These data clearly indicate that neither Pg 
I nor Pg I1 are the same as the N-terminal lysine plasmino- 
gen isolated and extensively studied by Robbins et al. 
(1965, 1972) or plasminogen B of WallCn and Wiman 
(1972). The isoelectric points of Pg I and Pg I1 fall in the 
range reported by W a l l h  and Wiman (1972) and do not 
contain the multiple forms with PI values in the 7.2-8.3 
range reported by Summaria et al. (1972). The proteolytic 
activities of plasmins generated from Pg I and Pg I1 appear 
to be 30-4W greater than any so far reported in the litera- 
ture. Active site equivalent weight studies have not been re- 
ported; therefore comparisons by this more reliable method 
are not possible a t  this time. 

Reaction Time (min.) 
2 5  I 2 3 4 5 

! 

(a 1 (b) 

FIGURE 6: SDS acrylamide gel separation of plasminogen activation 
products (catalytic SK).  Pg I at 0.8 mg/ml in 0.05 M phosphate 
buffer-0.1 M lysine at pH 7.4 at 25' was treated with SK at 5 pglml 
(Pg:SK. 901 on a molar basis). Samples were removed at the indicated 
times as described in the Experimental Section. (a) 140-160 mA. 16 
hr:(b) 130-145 mA. 16 hr. 

Catalytic Activation of Plasminogen with Streptokinase. 
In all activation kinetic studies, Pg I and Pg I1 gave equiva- 
lent results. Therefore, only the studies with Pg I will be - 
presented here. 

Human Pg I was treated with catalytic SK (Pg:SK, 1001 
on a molar basis). Samples were removed from the diges- 
tion mixture a t  the times indicated and treated as described 
in the Experimental Section. Figure 6 shows the stained ac- 
rylamide gels from the early part of the time study. The po- 
sitions in Figure 6 of the peptides released by reduction de- 
termines their approximate molecular weights.4 The quanti- 
tative scan data from this time study are shown in Figure 7. 

As can be seen, there is a rapid loss of Pgss and the ap- 
pearance of P ~ o  and P ~ o  fragments. These two fragments 
are probably similar to the heavy and light chains reported 
by Robbins et al. (1967). However, in addition to these 
fragments there appears to be an early conversion of Pgss 
into a slightly smaller molecule of molecular weight of 
about 80,000. The double banding in the 80,000-85,000 re- 

Reaction Time (win.) 

FIGURE 7: Plasminogen activation (catalytic SK) quantitative data 
obtained by scanning the gels of Figure 6. Peak areas were normalized 
to the SBTl area as described in the Experimental Section. 
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F I G U R E  8: Peptides and active site formation as function of time (cat- 
alytic SK).  Pg I at  0.75 mg/ml in 0.05 M phosphate-0.02 M lysine at  
pH 7.4 and 25’ was treated with SK at  4.3 pg/ml (Pg:SK, 1OO:l  on a 
molar basis). Samples were removed at  the times indicated and burst 
data obtained (cf. footnote 5). The burst samples were treated with 
SDS-HSEtOH and applied to acrylamide gels as before. (0 )  Pm; (0) 
P ~ o ;  (m) active site by NphOGdnBz burst. 

gion of the gels is indicative of this conversion and can read- 
ily be seen in the 1-5-min samples of Figure 6. These data 
suggest that a peptide of about 5000 molecular weight is 
generated from plasminogen by one or more of the fol- 
lowing sequential reactions. 

Absence of double banding in the P60 and P20 regions of 
the gels of Figure 6 completely rules out the (a), (d), and 
(b), (e) pathways. This fact also makes it clear that the P5 

peptide cannot be between P60 and P20 in Pg85 The data of 
these studies do  not give information as to which end of the 
Pg molecule the 5000 molecular weight peptide is attached 
nor if P5 required reduction for its release. When the sam- 
ples were charged on the gel a t  much higher concentrations, 
direct evidence for the P5 peptide was obtained. The exten- 
sive destaining of the gels of Figure 6 reduced the staining 
of this peptide and perhaps the concentration of the peptide 
itself to a level below the quantitative sensitivity range of 
the scanning procedure. This P5 peptide may be the same as 
the 6000 molecular weight peptide isolated by Taylor and 
Botts (1968) from an unreduced Pg mixture following its 
catalytic activation with SK. 

In a separate experiment the time-dependent appearance 
of P20 and P60 chains from plasminogen, using a catalytic 
amount of streptokinase, was compared with the formation 
of active site. The time course of active site formation was 
followed using the active site titrant NphOGdnBz. The re- 
sults of this experiment are shown in Figure 8. As can be 
seen, the formation of active site correlates well with the 
formation of P60 and P ~ o  It  should be noted that in  this ex- 
periment no Pg80 was detected in the SDS gels after 5 min 
of reaction. Although all of the Pgss had presumably passed 
through the Pg80 intermediate form, full enzyme site activi- 
ty had not been generated in this time interval. Activity 
generation appeared to follow the formation of the final 

The time necessary to establish the preburst NphOGdnBz hydroly- 
sis rate made it impossible to obtain “burst” data in less than 5 min. 

Activation Time tm in l  

F I G U R E  9: Plasminogen activation (catalytic UK) quantitative SDS 
gel scan data. Pg 1 at  0.8 mg/ml in  0.05 M phosphate-0.1 M lysine at  
pH 7.5 and 25” was treated with UK (3.75 pg/ml of the UK prepara- 
tion represents Pg:UK, 440:l on a molar basis). Aliquots were re- 
moved, treated as before, and applied to the S D S  gel system. (0) Pgss; 
(0 )  Pxo; (.I PhO; (0) p20. 

product P60,20,5 suggesting that the intermediate Pg80,5 does 
not contain an active enzyme center. This result is in agree- 
ment with the conclusions independently deduced from UK 
activation studies by Wiman and WallCn (1973), Rickli and 
Otavsky (1973), and Walther et al. (1974). 

Catalytic Plasminogen Activation with Urokinase. Since 
plasminogen can also be activated to plasmin by urokinase, 
a well-characterized activator obtained from urine, it was 
desirable to examine the mechanism of UK mediated Pg ac- 
tivation and to compare the results to those obtained using 
SK. The design of this experiment was similar to that used 
for the catalytic SK experiments. Pg was activated with cat- 
alytic UK (Pg:UK, 440:l on a molar basis, the molarity of 
UK being determined by active site titration with 
NphOGdnBz as described in the Experimental Section). 
Aliquots were removed from the activation mixture as a 
function of time, treated as before, and examined by SDS 
acrylamide gel electrophoresis. Quantitative analysis of the 
stained gel shows the time-dependent disappearance of in- 
tact Pg85 and the concomitant appearance of smaller pep- 
tide chains. These quantitative evaluations of the gels are 
shown in Figure 9. (The catalytic quantity of UK used was 
not visible in the gel.) The catalytic activation of Pg by U K  
also shows the appearance of a Pg80 component as well as 
P60 and Pro peptides. These results are in agreement with 
the conclusions of Wiman and WallCn (1973) and Walther 
et al. (1974) and indicate that the UK activation process 
goes by a sequential mechanism which is probably identical 
with that seen in the catalytic S K  experiments. Side by side 
SDS gel electrophoresis comparisons (not shown) of UK, 
catalytic SK, and stoichiometric S K  activations of Pg 
showed that the molecular weights of the P60 peptides gen- 
erated by the three procedures were the same. The same 
conclusion could also be made for the PZO peptides generat- 
ed in these reactions. 

The kinetics of the formation of P60 (or P20) and the dis- 
appearance of pgg5 in the catalytic UK and S K  activation 
processes makes it appear that UK and the SK P activator 
complex can carry out both bond splitting steps of the cata- 
lytic p roc r s  with nearly equal effectiveness (on a molar 
basis). 

Stoichiometric Plasminogen Activation with SK. 
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(a) 1 b) IC) 

FIGURE 1 0  SDS acrylamide gel separation of Pg-SK activation prod- 
ucts (stoichiometric SK). Pg 1 at 0.84 mg/ml in 0.05 M phosphate-0.1 
M lysine at pH 1.4 and 25" was treated with SK at 0.57 mg/ml (Pg: 
SK, 1:1.2 on a molar basis). Samples wcre removed at the indicated 
times and treated as before (a) 130-155 mA, 16 hr; (b) 136-160 mA. 
16 hr: (c) 150-180 mA, 16.5 hr. 

Human plasminogen was mixed with stoichiometric 
amounts of streptokinase. Samples were removed a t  the in- 
dicated times and treated as before. Figure 10 shows, by 
SDS acrylamide gel electrophoresis, the time-dependent ap- 
pearance of breakdown fragments. As can be seen, the pat- 
terns are much more complicated than when catalytic quan- 
tities of S K  were used. (SDS acrylamide gel electrophoresis 
of control Pg shows the single Pgss band while the S K  sam- 
ple used in these experiments already shows 15-20% con- 
version of SK47 - SK43. For this reason, 20% excess S K  
has been included in the stoichiometric studies.) The quan- 
titative evaluation of these breakdown products i s  shown in 
Figure 1 I .  These results describe the kinetics of the peptide 
bond splits in SK as well as Pg. A most notable feature i s  
the very rapid conversion within the first 3 min of all the 
SK47 to SK43. Following this there appears to be a some- 
what slower conversion of SK4, to SK37. SK37 i s  subject to 
further degradation to a t  least two peptides in the 25,000- 
30,000 molecular weight range. 

In contrast to the catalytic process, the bond splits occur- 
ring in Pg during the stoichiometric reactions proceed via a 
different intermediate. No  PSO i s  observed a t  any time in 
these stoichiometric reactions. Instead, a P65 intermediate 
form i s  observed. Initially the rate of formation of P65 and 
P20 corresponded to the rate of disappearance of PgRS. At 
later times the rate of appearance of P60 paralleled the loss 

The bond splitting steps (Pga85 - pa65,20 - Pa60,20,5) 
which occur during the stoichiometric activation of Pg by 
S K  have half-lives a t  2 5 O  of 3-5 min. Earlier studies from 
our laboratories (McClintock and Bell, 1971b) demon- 
strated that the active enzyme center was generated by a 
unimolecular rearrangement in the stoichiometric S K  . Pg 
complex prior to any bond splits. An Arrhenius plot of this 
rearrangement rate data showed this rearrangement to have 
an activation energy of about 21 kcal/mol of Pg and a half- 
life of about 15-20 sec a t  2 5 O .  This i s  indeed much faster 
than any of the subsequent peptide bond splitting reactions. 

Peptide Order in Native PgRs and SK47. In order to de- 
termine the peptide order in both S K  and Pg the peptides 
were isolated from preparative sodium dodecyl sulfate 
(SDS) acrylamide gel electrophoresis blocks and their N- 

O f  P65. 
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Reaction Time (mi".) 

FIGURE 11: Plasminogen activation with stoichiometric SK. Quantita- 
tive data obtained by scanning the gels of Figure IO.  Peak areas have 
been normalized to the SBTl area as describcd in the Experimental 
Section. (a) S K  and breakdown products: (b) Pg and breakdown prod- 
"CtS 

terminal amino acid residues determined. Activation condi- 
tions were selected to maximize the yields of the desired 
peptides. The results of N-terminal analysis of these pep- 
tides along with the parent Pg and S K  are shown in Table 
11. 

The larger protein charges used in these preparative SDS 
acrylamide blocks along with the necessity to extract the 
entire block thickness made it impossible to cleanly resolve 
the P65 and P60 peptides by this technique. Therefore, the 
whole Pa5-P60 region of the gel was taken for analysis. The 
SK47 sample of Table I1 contained an estimated 10-15% of 
SK43. In kinetic studies with this sample the SK43 appeared 
to be functional and converted to SK37 in the normal man- 

TABLE 11: N-Terminal Amino Acid Summary. 
~~ 

Prenaration 

N-Terminal Amino Acid Data tion 
Sample Method N-Terminal Method 

Glu 

a Glu + Lys 
a LYS 
b LYS 
a Val + Val-Valc 
b Val + Val-Valc 
b Glu 

Ile 
a Leu + Phe 

Dns, 
PTH' 
Dns 
Dns 
Dns 
Dns 
Dns 
Dns 
D I I S  

Dns 

a Peptides from stoichiometric SK. Pg activation. ' Peptides 
from catalytic SK,Pg activation. 'Confirmed by authentic 
Dos-Val-Val. Ps recovered from block by electrodialysis. 

PTH, phenylthiohydantoin. 
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ner. The SK activity of this preparation, by the Christensen 
( 1947) assay procedure, was 1 10,000 units/mg of protein. 
The recovered SK37 of Table I1 when tested by the bovine 
fibrin plate method (Alkjaersig et  al., 1959) for its ability 
to combine with plasmin to form activator or its ability to 
activate Pg directly had less than 1% of the activities of the 
parent SK47. 

When taken together, the N-terminal data of Table I1 
and the SK activation kinetic data indicate that the peptide 
order for Pgg5 is H - P ~ - P ~ o - P ~ o - O H .  This conclusion is in 
general agreement with peptide order deduced by others 
from their UK activation studies [Wiman and W a l l h  
(1973); Rickli and Otavsky (1973); Wiman (1973); and 
Walther et a/. (1974)l. 

As had been reported by Morgan and Henschon (1969), 
isoleucine was the only N-terminal found for SK47. The ob- 
servation of a single N-terminal isoleucine in the SK47 sam- 
ple which contained 10-15% SK43 suggests that the SK4 
peptide had been split from the carboxyl end of the SK47. 
The appearance of new N-terminals, leucine and phenylala- 
nine, in SK37 suggests that the peptide arrangement in SK47 
is H-SK6-SK37-SK4-OH and indicate some heterogeneity in 
the SK37. 

It should be pointed out that the methods used to deduce 
the peptide arrangements in Pgs5 and SK47 do not preclude 
the possibility that smaller peptides have been cleaved from 
the C-terminal ends of the peptides in question. The consis- 
tency of the N-terminal data, with the exception of SK37, 
makes it unlikely that such small peptides have been 
cleaved from the N-terminal ends of these peptides. 

Discussion 
The kinetic data from the previous communication 

(McClintock and Bell, 1971 b) and the results of this study 
can be used to describe the sequence of peptide bond cleava- 
ges which occur during the interaction of plasminogen with 
catalytic or stoichiometric amounts of streptokinase. The 
overall scheme of activation steps is shown in Figure 12. In  
this scheme superscript a denotes the species which contains 
the active center of plasmin and its activator forms. When 
Pg and S K  are combined in stoichiometric amounts, a sim- 
ple complex forms which subsequently undergoes a unimo- 
lecular rearrangement generating an active site. The initial 
equilibrium and reaction 1 which generates the active site is 
much faster than any of the possible bond cleavage reac- 
tions (2a-5b) leading to the relatively stable activator com- 

Because of the sequential nature of reactions 2a-5b, it is 
not possible from the kinetic data shown in Figure 11 to es- 
timate the enzymatic potential of each of the activator 
forms shown in the dashed square of Figure 12. The infor- 
mation available suggests that the preferred sequence of 
bond cleavages is via reactions 2b, 3c, 4c, and 5b as shown. 
Qualitatively SK47 - Pgags being the first form containing 
the enzyme center must be responsible for reactions 2a and 
2b. The initial rates of decay of SK47 and Pgss show that 
reaction 2b is about six times faster than 2a, therefore reac- 
tions 2a, 3a, 3b, and 4a are considered to be of minor im- 
portance in the overall process. The rate of disappearance of 
SK43 (reactions 3d + 4c measured by either SK37 appear- 
ance or SK43 decay after 5 min) is of the same magnitude 
( t  1 j 2  tu. 3 min) as the appearance rate for P20 (reactions 3c 
+ 4d). On a kinetic basis alone, it is not possible to distin- 
guish between reactions 3c and 3d as to preferred pathway. 
However, by examining a later step in the reaction sequence 

plex SK37.6.4 a pa60,20.5. 

F IGURE 12: Activation of plasminogen by streptokinase. Stoichiomet- 
ric reactions (1  -5b). Catalytic activation of Pg by activator complexes 
(reactions 6a and b). All possible activator forms are enclosed in 
dashed square. 

it is possible to suggest a preferred pathway for reactions 3 
and 4. It is clear that in species SK37.6,4 pa65.20 the P5-P60 
bond has now become available for cleavage, i .e . ,  the next 
step yields SK37,6,4 - pa60,20,5. This suggests that both sus- 
ceptible bonds in SK47 must be cleaved in order to make the 
P5-P60 bond available within the complex. If reaction 3d 
were operative, yielding SK37.6.4 - the P5-P60 bond 
would now be available on the Pgag5 moiety and the forma- 
tion of some Pag0,5 would have been expected. Since no Pg0 
was ever observed in stoichiometric activation studies, reac- 
tion 3d is not considered likely. Reaction 4b is probably less 
important than 4c since the appearance P60 is much slower 
than the rate of SK43 disappearance. 

If reactions 3c and 4c are accepted as the preferred path- 
way for generation of SK37,6,4 - pa65,20 the data require that 
reaction 3c be a rate-limiting step and the rate constant of 
(4c) be much greater than that of (3c). This must be true 
because SK37, P65, and P20 all appear to be formed simulta- 
neously. This conclusion would suggest that the enzyme 
center in the SK43,- pa65,20 species is much more effective 
than the same center in the SK43,4.3Pgags form. 

The catalytic SK activation reactions 6a and b of the 
scheme of Figure 12 are in general agreement with recent 
results reported by others for UK activation of Pg. The ap- 
pearance of H-Val-Val as the only N-terminal sequence in 
the P20 peptide of this report and the light chains described 
by Robbins et  ai. (1967, 1972) and Walther P t  al.  (1974) 
adds support to the conclusion that the bond cleaved in 
reaction 6b is unique and the same for SK and U K  activa- 
tion of Pg. 

Lack of agreement between Wiman (1973) and Walther 
et  al. (1 974) as to the new N-terminal groups generated by 
the initial bond cleavage of reaction 6a suggests that this 
step may not be uniquely specific and may in part result 
from spontaneous, proteolytic activity in the Pg prepara- 
tions as first suggested by WallCn and Wiman (1970). 

The demonstration of two unique pathways of activation 
of Pg by SK by kinetic methods is not sufficient to precisely 
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describe in  the three-dimensional terms the sequence of 
events involved. The data do show ( I )  that the covalent at- 
tachment of peptide PS in PSS makes the P~o-Pzo  bond un-  
available for enzyme cleavage, (2) that association of SK47 

with Pg85 results in the exposure of the enzyme center in the 
SK47 - Pgx5 complex, blockage of the P5-Pho bond from 
cleavage and exposure of the Pbo-Pro bond for enzymatic 
hydrolysis. 

The complete explanation of the unique function of S K  in 
the SK - P activator complex and how it confers Pg activa- 
tor specificity to the enzyme center must await the applica- 
tion of more powerful methods. A complete structure deter- 
mination of the SK - P or S K  - Pg complexes by X-ray anal- 
ysis should answer these questions. Success with this ap- 
proach will depend on the preparation of a suitable crystal- 
line complex. For such crystalization attempts, we suggest 
the formation of the SK47 - Pg"8j complex, in  the presence 
of an active site acylating agent, under conditions such as 
described earlier [McClintock and Bell ( 197 1 b)], 
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