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SUMMARY

A method for estimating the proteolytic activity of plasmin using a protamine-
heparin complex as substrate has been developed. The optimum conditions of sub-
strate concentration, pH, temperature, etc.. are described. Digestion by plasminogen—

streptokinase mixtures is shown to be bi-phasic and the significance of this is dis-
cussed brieflv.

iNTRODUCTION

Many substrates have been used for the proteolytic assay of plasmin. They include
casein'~4, denatured haemoglobin®, gelatin®?, collagen (in the form of azocoll)?,
as well as fibrnin, which is nsually considered to be the natural substrate.

Serum was found by HAGEDORN® to possess the property of breaking down
complexes of proteins (e.g. insulin) with protamine. This observation was confirmed
and extended by BRUNFELDT AND PPOULSEN!® who showed that the enzyme involved
was ‘fibrinolysin’ (plasmin). KJELDGAARD AND PLoug!! utilised this observation
to estimate the proteolvtic activity of plasmin by measuring the decrease in absorb-
ancy of a suspension of protamine hcparin complex when incubated with plasmin
or @ p.asmin-gencrating mixture. They described their method briefly. The method
appealed to us as a potentially simple one for the proteolytic assay of plasmin. Wé
found however that the condiiions described by KJELDGAARD AND PLOUG were
not optimal, so a study of the effect of pH, salt concentration, temperature, etc.,
was undertaken and its results are reported in this paper.

MATERIALS

Plasminogen was prepared by the procedure of KiixE!? from lyophilised Counn
human plasma Fraction 111, omitting the final step of precipitation with phosphate
buffer at pH 6.4. It was exhaustively dialysed against distilled water to which just
sufficient HCl was added to make the pH 2.0. The human plasma Fraction I}l was
obtained from Pentex, Inc. Streptokinase was obtained as 'Varidase' {Lederle); it
was dissolved in 0.025 M Tris buffer (pH 8.5). Protamine sulphate (salmine sulphate,
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Lights) and heparin (powder, Boots) were dissolved in water to make stock solutions
containing 50 mgfml.

METHOD

The principle of the method is that the protamine in a complex of heparin and
protamine is attacked by proteolytic enzymes and heparin is set free. The optical
clearing of the suspension of the complex which vecurs, is measured. KJELDGAARD
aND Prouc?! have shown, by measuring the heparin set free, that the decrease in
turbidity is proportional to the degree of breakdown of the complex.

The substrate

This is prepared by mixing equivalent amounts of protamine sulphate and
heparin. It has been found sufficient to assume that a given weight of protamine
sulpbate will neutralize an equal weight of heparin.

Equal volumes of protamine sulphate solution and heparin solution, both at a
concentration of 2 mgfini are mixed. A stable turbid solution (“stock suspension’’)
results. If more concentrated solutions are mixed, a useless, couarse and sticky precip-
itate results. The “'stock suspension” can be stored indcfinitely without change, at
4°. Merthiolate, 1 : 1000, i1s added. It is further diluted 20 times with v.025 M
Tris buffer (pH 8.5) for use. This provides a substrate with an absorbancy between
0.6u0 and 0.700 when read at 450 mu in a I-cm cuvette and gives optimum digestion
rates (see Substrate concentration).

The absence of an excess of protamine or heparin in the substrate is of import-
ance, as the digestion rates are considerably modified by an excess of either’® The
absence of free protamine or heparin in the substrate is checked by centrifugation
of an aliquot of the “*stock suspension’ at 20 con rev./min at 4” for 30 min. Addi-
tional heparin or protamine is added to aliquots of the clear supernatant and the
absence of precipitation or turbidity formation checked spectrophotometrically.

Assay

In most of our studies we have, in common with many other workers, used
plastuinogen activated with streptokinase as “plasmin’. The assay is performed in
two stages, viz., the activation of KLIXE plasminogen with streptokinase (“activation
mixture”) and then an aliquot of the activated material is transferred to the sub-
strate or the substrate is added to the “activation mixture”. The substrate and
enzyme is designated "‘digestioin mixture”.

The ‘““standard activation mixture’ consists of 0.z m! of plasmincgen, 0.2 ml
of 0.02§ M Tris buffer (pH 8.5) and o.1 ml of streptokinase solution. After an activa-
tion period, z.5 ml of substrate is added and the zero readmg taken immediately.
This, the “‘standard digestion mixture”, is then incubated at 37° and further readings
made at 5, 10, 15 and 30 min. The absorbancy was~ measured at 450 my in I-cm
cuvettes with a Unicam SP 6uo spectrophotometer against a disiilled-water blank.

A plasmin unit (P.U.}, as defined here, is the amount of enzyme 'which gives
rise to a decrease of 1- 103 absorbancy units/min, me.n,ured at 450 mpu during the

in o0.025 M Tris buffer (pH 8. 5).
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It was iound in work to be reported elsewhere!? that optimum conditions for
activation of KLIKE plasminogen to plasmin were: streptokinase concentration,
500 ugjml; Tris buffer 0.025 M (pH 8.5), activation period, § min. These conditions
for the activation of plasminogen apply to the studies reported here on the digestion
of the substrate by plasminogen—streptokinase activation mixtures.

EXPERINENTAL
Factors influencing digestion

I. Temperature. Optimum digestion occurs between 37° and 45°; digestion is
slow at room temperature or below. At 56° there is evidently rapid initial digestion

TABLE 1

EFFECT OF TEMPERATURE ON DIGESTION RATE
Standard digestion mixture {see text).

Fempevalnre Nigestion rate (P.U.) far
°C

digrstion period {mén)
o3 3-13 z3-30

4 4.0 o 5.3
21.5 12.0 2.0 12.7
28.0 16.0 8.0 16.5
37.0 46.8 23.6 3.1
45.0 52.0 21.0 19.7
50.0 56.4 9.2 10.0

but also rapid destruction or inactivation of the enzyme, so that the rate falls rapidly
(Table I}. The rapid initial phase (0-5 min) of digestion (see later) is also retarded
by low temperatures but not as much as the subsequent slower phase (¢f. rates for
period 0—5 min and 5-15 min in Table I).

S0r1
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Digestion (P.Y)
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Fig. 1. The cffect of pH of digestion mixture oa digestion.
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2. pH of digestion mixture. Aliquots of an '‘activation mixture” after 5 min
activation, were transferred to aliquots of substrate adjusted to a pH ranging from
4 to 10 by addition of appropriate buffers (for pH 4--6, 0.05 M citrate buffer; for
pH 2-9, 0.o05 M Tris buffer and for pH 10, 0.05 M borax—-NaOH buffer). The sub-
strates were kept in an ice bath during addition of activation mixture; the pH of
each was checked after its addition and adjusted if necessary. A zero reading was
made and then the tubes incubated at 37°. Fig. 1 shows that the optimum pH lies

‘-DO[
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!

7.0 7.5 20 86 0 o5 100
P

Fig. 2. The ¢flect of pH of digestion mixture on digestion. The digestion at each pH is expressed
as a percentage of that occurring at the optimum pH found, 3.5,

Per:entoge digestian

between £ and 9; a more detailed study of the pH range 7 10 is shown in Fig. 2.
Deterivration of plasmin is conspicunous at pH values above g.0.

3. Jonic strempth. We discovered carly in our studies that the digestion rate is
markedly affected by the concentration of sait in the digestion mixture. This effect
is illustrated in Fig. 3. Very low concentrations (< 0.02 M) enhanced the rate of
digestion but concentrations of .05 M and above are inhibitory to digestion, and
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Fig. 3. The effect of salt on digestion.
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hence the use of physiological saline (0.x5 M} for diluting purposes, or of salt-con-
taining buffers such as that of PALitzscH® or OWREN'®, is precluded with this
method.

Other cations were studied. Potassium chloride was identical in behaviour to
sadium chloride. Magnesium chloride was inhibitory at o.ox M and abave, but was
conspicuously activatory at 0.0001 M; calcium chloride behaved similarly (Table IT).

TABLE 11
EFFECTS OF SALTS ON DIGESTION

Digestion mixtures with sulistrate containing concertration of salt ashown. The results are ex-
pressed as a percentage of the digestion aeccurring in standard digestion mixture (7.e. without
saits). —. not tested.

Prrcentage digestion
Salt - - . .

Moelardgy
a.5 0.25 6.I0 .05 ¢.0r 0.00I 0.0Q0r

NaCl 42 53 73 8o 108 98 102
Mg(ll, =23 22 7?1 — 87 128 146
CaCl, * — 61 - 77 131 157

* The substrate was scluble in this concentration of calcium chloride solution.

Tris buffer was found to¢ have a slight activating effect on digestion with in-
creasing concentration wp to 0.2 M in the substrate (Table ITI).

4. Substrate concentration. Well-marked substrate competition can be demon-
strated with protamine-heparin complex. To demonstrate this, aliquots of an *‘activa-
tion mixture’’ were transferred to substrates containing from 4 mg of heparin-
protamine complex per ml down to 0.1 mmgfml. At concentrations above 0.2 mg/m],
readings could not be made directly on the digestion mixtures, so aliquots were re-
moved and diluted for reading. Fig. 4 shows a direct plot of the velucities against

TABILE 111
1HE EFFECT OF MOLARITY OF TRIS BUFFER (rli 8.5) ON DIGESTION

Standard digestion mixture.

Mularity of Tris

Digestion rate
buffer an sclilrate (P.U.)
Nu* 8.0
0.01 35.3
0.025 38.7
©.05 42.1
0.1 40.5
0.2 +4.8

* This tube coniained distilicd watue-diJuted substrate and was consequontly unbuffered.
Its pH was 7.2, 1.e. well below the optimum for digestion.

Bivchim, Biophys, Acta, 67 (1963) 658-663



PROTEOLYTIC ASSAY FOR FLASMIN 663

24

s

15[
=]
a 12
2
5 8 ®
g ‘\\‘_

—_——
[a%-] 0.8 20 a0
0.4 10

s-Substrate cocncentraticn mg/imi

Fig. 4. Direct plot of velocity es. substrate concentration. Standard digestion mixture. Velocity
calculated trom hnear phase of digestion {5-15 min).

snbstrate concen*ration, and VFig. 5 a Lineweaver-Burk plot for the same data.
K m is 0.30 mg/ml Jor this plot.
It is a fortunate coincidence th ¢ the optinmmn substrate concentration is near

to that providing the most suit.ble initial absorbancy for spectrophotumetric
mecasurement at 450 mu.
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Fig. 5. Lincvuweaver Burk plot of dara of Fig. 4.

Characleristics of the digestion cf protamine heparin substrate by plasminogen . strepto-
kinase mixiures

Fig. 6 shows a typical plot of the digestion of protamine-hepacin substrate by an
activation mixture of plasminogen and streptokinase. There is a more rapid phase
of digestion during the first 5 min than during the succeeding three s-rain periods,
when digestion is lincar. This rapid initial phase tends te disappear when diluted
KLINE plasminogen is used (see below). On account of the ron-linearity of e initial
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Fig. 6. Digestion of protamine--heparin complex by ptasminogen-streptokinase mixture, showing
initial rapid phase of digestion. Digestion jor period o--5 min = 88.0 P.U. Digestion for periad
£-20 min — 30.0 P.U.

phase, we have used the digestion occurring during the linear phase {from the 5th
to the 15th min) for our kinetic studies (¢f. DERECHINS).,

Figs. 7 a and b show the relationship of plasminogen concentration to digestion,
with constant substrate concentration. The disappearance of the initial rapid phase
of digestion on dilution of the plasminogen is seen ii. Fig. 7a.

The digestion of protamine—heparin substrate by isolated plasmin

In a few experiments plasinin isolated from a plasminogen-streptokinase
activation mixture by precipitation at pH 2.0 in the presence of 1 M sodium chloride?®

x Z7.C5mgimi °
C.700 a ® S.64mgim: 20r b /
| & 4.23 mgiml o
X ® 3.53mgimil
0.600r, + 2.82 mgimi
) (t) \ & 1.41 mgiml - o
!-:J. L X o 0.70 mgi/mi =
.~ e o
g o&:ooT ‘\\0\\‘ . = °
- ~ ;
< e B8 T~ - x é b /
° 4 _‘_‘_ -.::_‘CI T v
5, 0.400¢ + - g-:"‘_:_:;__; &
¥ -5 a_" - [&]
3 b——.o— o _—
T ]
¢ 0.30c}
g -
<
0.20UL F
(o) T, 10 LT .70 1.4 253 5.64 .05

migestion tine (min® Plosminogen mgim!

Iigs 7a and b. lYigestion of protaminc-hepasin substrate by a series of dilutions of plasminogen.

Fig. 7b siows linear relationship of digestion to plasminogen conceunzration. Digestior was
calculated from linear phase of digertion {5-15 min, i Fig. ja for each plasminsgen concentration.
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has been used. In Table IV a comperison is made of the digestion by a plasminogen -
sireptokinase mixture and plasmin precipitated from it by 1 M NaCl at pH z.0. There
is a Joss of activity, the isolated plasmin having 6%, of the activity per unit protein
possessed by the plasminogen-streptckina < mixture. This is in accord with the
findings of cthersl.

The effect of salt on the digestion of the substrate by plasmin is also shown in

Table IV. There i the same pattern of innibition of plasmin by salt as is found
with plasminogen-streptokinase mixtures.

TABLE IV

COMPARISON CF TSOLATED PLASMIN AND PLASMINOCEXN STHEPTIDKINASE YMIXTURE,
AN EFFFCT OF SALT CONCENTHATION ON PLASMIN DIGESTIONM

N . . Conc. of Natlt Hgeshon
Tyivestion mivture o swdfrale B tmg protesn)

Plasminogen | streptokinase: Nil 25.0
Plasmin Nil 17.7
Plasmin o.05 M 14.3
Plasmin . M 13.7
Plasmin n 25 A 129
Plasmin a5 A 7.8

Compariscr with other substrates

Dilutions of a single hatch of KriInNF plasniinogen were tested against casein
in parallel with protamine—heparin subetrate. Casei™ and protaminc-heparin sub-
strates seem to be simila: in sensitivity provided a digestion period of an hour is
allowed for the higher dilutions with casein. Wit protamine-heparin substrate a
digestion period of 15 min was satisfactory. The results of this experiment are shown
in Table V. Ii seems like.y from the ratios of caseinolylic to protamine-heparin
digestion that the two substrates :te measuring the same proteolytic enzyme.

TABLE V

COMPARISON OF CASEIN AND PROTAMINE HEPARIN COMPLEX AS SUBSTRATES
FCR PLASM NOGEN--3STREPTOR!NASE MIXTURES

Cus "9 Mpilj Piromin urils®*

1ia.m wwpen i M Ruatro
cume, frmximi) !(Pid;in“ {::’ri:ill:¢ - cuet
2y 36 B S 1i61
H 5.7 1.2 1{5.4
s 55 3. 160
©.77 5.2 29.9 1i5.7

* Casein unit = amonnt of enzyme which wil! release celour equ.-ilent of 450 ug tyrosine
in "o min from 2% casein in borate—saline Luffer (pH 7.6; f 0.2). Sureptu. ‘nase 200 ug/iyl plas-
mnogen.

** Standard digestion mixwure for protamine -heparin rubstratc. Plasmin uns as defined in
text.
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DMSCUSSION

The method described appears to be a simple and satisfactury procedu. - for assa;fing
the proteolytic activity of plasmin, It is, of course, not specific, and the possibility
exists of measuring a protaminase in a preparation instead of plasmin. However,
<he protaminase of human serum or plasma attacks the substrate very slowly indeed
and a streptokinase-activated protaminase other than ylasmin is not known. Human
euglobulin preparations also attack the substrate very slowly under the experimental
conditions described. On the other hz:d, if streptokinase is added to either native
human serwin or numan euglobulin preparations, very rapid digestion occurs.
Little is known about the protaminase!® of human serum; it seems unlikely it would
survive as a contaminant of KLINE plasminogen or of plasmin prepared by salt
precipitation at pH 2.0. AMRris? has recently confirrned BRUNFELDT AND POULSEN's!®
demonstration that the ''protaminase’ activity in streptokinase-activated human
serum or serum fractions is due to plasmin. .

The substrate is simply prepared from readily obtainable materials and is
stable for long periads of time. Incubation with isotonic media in the physinlogical
pH rangec does not alter the turbidity teo any significant extent. 1t is however so-
luble in NaCl solutions of 0.5 M and above at pH 8.5 on prolonged (> 2 h) in-
cubation at 37°. GopaL® found the cumplex insoluble at neutral pH even at ionic
strengths as high as 3.0, but does not mention temperature or time. He also showed
thic ilie heparin of the complex “protected” the nrotamine against plasma prota-
minase.

The assay procedure is exceedingly simple, reproducible, and requires no
further apparatus than a spectrophoiomecter reading in the visual range. The assay
is sccomplished rapidly {¢f. heated fibrin plate method?®) and is particularly suitable
for progressive studies.

The findings in respect of temperature are in line with previous observations
using other substrates. The optimum pH for plasmin using casein has generally
been recognised to be about 8.0 (ref. 22); the optimum with protamine-heparinr sub-
strate is near 8.5. It is to be noted that digestion is far from optimal below pH 8.0.
(¢/- the pH of the digestion mixture apparent!y used by K. nncaarp axp Prouve"
viz. 7.2. This is inferred from their description of materials.)

The inhibitory erfect of chloride (or increased ionic strength) in various fibrino-
lytic and plasmin proteolytic systems has been observed by various authors. PILLEMER
el al® observed that incrcasing ionic strength inhibited the fibrinolytic activity of
serum activated by streptokinase and suggested that this effect is due to inhibition
of activation of plasminogen by streptokinase. However, with protamine-heparin
substrate, our results with isolated plasmin indicate that the inhibition described
is a direct one on proteolysis.

It is of interest to note that if plasminogen is added to the substrate (standard
concentration: 0.04 ug/ml) and streptokinase is added last, activation and/or diges-
tion is very poor indeed??. Prior activation of plasminogen with streptokinase even
for s short as z min is necessary. On the other hand, KLiNE®, KJELDGAARD AND
FProuc!t, and Norxan?® all recommend activation of plasminogen by streptokinase
in the presence of the substrate {casein or other) in order to forestail the deterioration
of the plasmin generated, whicl, it is claimed, is stabilised by the presence of sub-
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PROTEQOLYTIC ASSAY FOR PLASMIN 667

strate. Our findings do not indicate such a rapid deterioration of plasmin in the
activation or digestion mixture at 37° or below.

With casein as substrate, an initial lag period was found by DERECHIN? but
not by MULLERTZ®, or MARKUS AND AMBRU5?S. Indeed, these latter workers, using
sub-optimal streptokinase concentrations, feund an initial rapid phase during the
first minute or two, followed by a much slower, linearly rising activity. They attribute
the two phases to two distinct enzyme forms which thev refer to as a- and §-plasmin,
and suggest that e-plasmin may ve "activator’.

Our demonstration of an inital rapid phase is. we think, confirmatory of the
work of MARKUs aND AMBRUS. The temperature studies indicate thet this rapid
phase is enzymic and while it is not as depressed by lower tempesatures as the slower
phase is, it would appear that the activity is very labile. This early rapid phase is
not as 2 rule seen with plasminogen precipitated from KLINE plasminogen at pH 7.0
with phosphate buffer®”. As such phosphate-precipitated plasminogen attacks
protamine-heparin substrate very slowly on stieptokinase activation unless the
supernatant of the precipitation procedure is alzo added!3 we nlen think that the
early rapid phase is due to a distinci form of plasmin which has "activator’” activity
{and may be responsible for 'streptokinase co-factor’'®® activity towards animal
plasminogens) and that this form of plasmin is derived from a soluble (at neutral pli)
form of plasminogen wivich we referred to in a peevious publication®? as a “‘pro-
activator”.

It could be argued that the rapid init‘al phuse is ‘rue plasinin digestion and that
the succeeding phase is duc wo plasmin destruction (zf. LassEnN®®). However this is

unlikely a. the second siower phase is lincar for alout 15-20 min after the end of the
initial rapid phase.
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