
THE ACTIVATION OF PROTHROMBIN, WITH SPECIAL REFERENCE TO

‘ ‘THROMBOPLASTIC ENZYME’ ‘ (TRYPTASE)

By JOHN H. FERGUSON, M.D., BURTON L. TRAvIs, B.A., and

EARL B. GERHEIM, MS.

T HE BASIC mechanisms whereby plasma prothrombin is converted into active

thrombin, in order to coagulate fibrinogen solution to fibrin clot, can be shown

by an experimental analysis of the isolated phases of clotting in vitro.’8 The

theoretic goal would be to isolate prothrombin in a chemically pure state and

subject it to test reactions in order to learn the various factors which participate

in its activation to thrombin. In actual practice, however, the criteria of purity are

difficult to define, particularly in view of the fact that mere traces of certain

factors’43#{176} suffice to cause a considerable degree of activation if operating over a

long enough period. Such “trace impurities” quite fail to show up in the usual

criteria, e.g., constant solubility,6’ unicomponent electrophoretic pattern and iso-

electric point,6’ and other data valid in protein chemistry.7 It is most necessary,

therefore, to supplement the examination of “purified” clotting agents with a

series of sensitive tests for the presence and modes of action of these impurity

factors.

Seegers and colleagues6’ have carried the difficult problem of prothrombin puri-

fication to a point which is very satisfactory from the viewpoints of biochemistry

and physiologic potency. Through the courtesy of Dr. Seegers, we have been sup-

plied with a number of these prothrombin preparations, the experimental anal-

ysis of which provides the bulk of data herewith reported. It must be emphasized

that the results of these tests in no wise detract from the signal advance which

these prothrombins represent in terms of potency and of freedom from all but

traces of contaminants.

I. REAGENTS

i. Borate buJfer(buff.): 45 vol. 2..5 per cent H,BO,, 45 vol. o.� per cent NaCI, zo vol.4 per cent Na,B4O7,

ioH2O (a simplification of the formula given by Burdon’) is used as solvent and diluent (e.g., to constant

volumes) throughout. It maintains a constant pH of 7.7 and largely controls the ionic strength of all

our solutions. Its mild bacteriostatic properties are valuable in permitting the prolonged keeping and

observation of the protein solutions, e.g. thrombin mixtures, for several weeks and fibrinogen for many

days at room temperature, and fibrinolytic tests (and controls) for similar periods at 37 C, with only a

very occasional contamination by molds and bacteria �e.g., T,*, table 8), even without meticulous ster-

ilization of glassware, etc., and more than simple corking of tubes to exclude dust and prevent evapor-

ation.

2.. Fibrinogens: (a) Bovine plasma Fraction-I (B.F.), Armour Lab., courtesy of Dr. J. B. Lesh, has proved

to be a highly satisfactory fibrinogen preparation for quantitative clotting-time studies. An o.5 per cent

solution in borate buffer requires filtration of only a trace of insoluble fibrin-like material. Solutions

should be kept at cool room temperature (2.0 C), not in the icebox, since the protein solubility is reduced
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FERGUSON, TRAVIS AND GERHEIM 1131

by borate at low temperatures. The insignificant traces of thrombin which form in solution may cause

a slight fibrinous flocculation in four to six days (average). Owing to the broad zone of optimal fibrinogen

concentration for clotting (Table t), this trace of fibrin may be filtered off and the solution used for a day

or two longer. However, this is not recommended in tests of the highest accuracy and it is unnecessary,

since a new batch of B.F. solution can be relied on to give identical clotting-time values with similar

thrombin solutions. Rigid tests, with added CaCI, and thromboplastin, show a trace of prothrombin,

but this requires many hours to activate and then produces a mere trace of clot. By no criteria can these

facts be regarded as in any way interfering with the data to be presented. Armour’s B.F. is significantly

free from tryptase, tryptogen, and enzyme inhibitors (v. infra). It is stated to yield about 6o per cent of

fibrinogen (‘clottable N”).

(b) Human plasma Fraction-I (H.F.) or ‘antihemophilic globulin” (crude,4’ Harvard Laboratory,

courtesy Drs. E. J.Cohn, J.T. Edsall, G. R. Minot and colleagues), has a similar (6o per cent) fibrinogen

content, a somewhat (but not unduly) greater contamination with fibrinous and thrombic impurities,

and a trace of active protease (tryptase), together with significant amounts of its precursor (tryptogen),

TABLE i.-Data on Pr,thrombin Preparations

Potency and stages of purification according to Seegers, W. H., Loomis, E. C., and Vandenbelt,

J. M. A,vb. Bi.cbem. 6: 8�, 1945.

Description

Stage purif.

Thrombic potency (specific
activity)

Trace impurities (see text)

I

Throm. Ca P-lipid Tr.��-
bin tase

I
+ + + tr.

Exp.
tag

Lot No. u/mg. tyrosine
N

u/cc. 0.2%
solo,

A Fioi Product 4 - -
B S46o9o4 i52.oo - + tr. tr. o

C S460315 5800 - tr. ? tr. o

D S46o4o4 9400 - tr. tr. + 0

E S46iio4 it6oo tooo + tr. + o

F S46o92.3 13700 1400 + tr. + ix.

G S46zti9 Product � - i�to Ix. + + +

H S47o4ti 9900 - tr. tr. tr. o

* Step � carried through ammonium sulfate and isoelectric precipitations, frozen and dried.

(See Arch. Biochem. 6: 90, 1945)

which is best activated with Garner and Tillett’s (1934) streptococcal agent now renamed “strepto-

kinase.’ ‘6 In the present studies, HF. is used only as a source of plasma protease (q.v.).

3. Protbr,mbins: The data reported in this paper are obtained by the use of several prothrombin prepara-

tions purified to various stages of the method of Seegers, Loomis, and Vandenbelt.6’ PRO. A was pre-

pared, by ourselves, from citrated dog plasma, while the others, bovine PRO. B-PRO. H, were supplied

by Dr. Seegers. A summary of data on these materials is appended in table z and their coagulant proper-

ties are discussed fully in the text. Brief allusion is also made to older Howell-type” crude prothrombin,

precipitated by acetone from heat defibrinated (�6 C) dog plasma, and dried on filter papers.

4. Activat.rs .f protbrombin: (a) Calcium salt (Ca): M/io CaCl2 is prepared from stock Mu (ii., per

cent) CaCl, by dilution, preferably with borate buffer.

(b) Cepb�lin (ceph.): the purified phospholipid isolated from brain “is briefly alluded to in the text.

(c) Thrumb.kintse or throm.boplasi’in (tpln.): the preparations repeatedly used in these studies, are filtered

(glass-wool) borate buffer suspensions of several commercial thromboplastins, designed for use in plasma

“prothrombin assay” tests, e.g., tpln. A: Squibb’s (rabbit brain); tpln. B. Difco’s (rabbit brain); tpln.

C: Sharp and Dohme’s (horse brain). On a few occasions we used frozen dog brain (tpln. D). The uni-

versal finding of a trace of proteolytic enzyme in all these crude thromboplastins is noteworthy.

(d) Thrombapl�stic enzyme: see Proteases.
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1132. ACTIVATION OF PROTHROMBIN

�. Inhibitors of Prothrombin Activation: (a) Citrate (citr.): 1/10 vol. 4 per cent trisod. citrate (hydrated)

is optimal for (i) plasma preservation and (t) inhibition of “spontaneous” activation of prothrombin

solutions (see text).

(b) M/i oxalate (K,C204) or citrate (Na,C6H,O,), added to an equal vol. of thrombic mixture, are

best for progressive inactivation of thrombin-’ ‘intermediary” (see text).

(c) Heparin (hep.): i: 10 dil. (borate buffer) of Lederle’s Sod. heparinate (z per cent) gives a solution

containing icc Toronto units per cc, which does not alter the pH of the buffer.

(d) Try ptase inhibitors: see Proteases.

6. Tbrombin: For following fibrinogenolysis (e.g., table i3A) or clot-lysis, when the protease is to

be studied in the fibrin, it is necessary to use an enzyme-free thrombin. A co:svenient preparation for this

purpose is a per cent solution of lyophilized rabbit “hemostatic globulin” (hg.), Lederle Laboratory,

courtesy Dr. I. A. Parfentjev.’4 Some of the products, esp::ially those supplied in solution for topical

hemostasis,” are less suitable, however. Other commercial thrombins, viz. (T0) Upjohn’s, courtesy Dr.

J.T. Correll,: and (TPD) Parke Davis, courtesy Dr. E. A. Sharp,62 are alluded to in table to.

TABLE 2.-Clotting-times in Relation to Concentration of Fibrinogen

Ct. (in seconds), at 2.5 C., for o.5 cc. fibrinogen (B.F.�strengths* cited) + 0.5 CC. thrombin

(hg., i%)-see Reagents.

Conc. (%)‘ 2.0 1.0 0.5 0.2 0.1 0.05 0.02 0.01

Clotting-time (in seconds) . . .� 6 6 7 10 47 115

* Grams of original material (B.F.: 6o per cent clottable fibrinogen) per icc cc.

TABLE 3.-Clo#ing-times in Relation to Concentration and Age of Thrombin Solution

C.t. (in seconds), at to C, for 0.5 CC. B.F. (o.�%) + 0.2.5 cc. thrombin (T)*

Rd. T. cone. (%)...

100 50 25 10 5 1 0.5

(Time in seconds)

Aged .} mm.
30 mm.

6o nun.

4 8 ii 2.2. 41 84 12.7

4 8 II 2.2. 48 104 194

4 8 i,4 2.4 54 130 2.05

* T: (icc%) = 3-day old mixture of 4 cc. PRO. G (0.4%) + � cc. buff. + 0.5 cc. tpln. D + 0.5

cc. CaCI, (M/zo) - see T6, table 8.

7. Proteases: (a) Active enzjme: (i) Pancreatic trypsin: (a) crystalline trypsin, from pancreas, courtesy Dr.

M. Kunitz44 (Rockefeller Institute, Princeton) is desirable for such special purposes as distinguishing

effects from those of chymotrypsin. However, for most practical purposes, e.g. “standard” for routine

protease assay by the fibrinogenolytic method,2’ (b) commercial trypsin (Fairchild Bros. and Foster),

will suffice. This trypsin (tryp.) in the form of a t per cent extract made with equal vols. of glycerol

and borate buffer (cf. Burdon’), filtered, and stored in the ice-box, is the stock solution from which stand-

ard dilutions are freshly made (with borate buffer) immediately before use. One “tryptase UNIT” is

the fibrinogenolytic potency (for o.2.5 per cent B.F.) of o.oi mg (per cc.) of our standard trypsin. Lysis

tests are conducted in the warm room (p’ C) or water-bath � C).

(t) Try ptase preparations: (a) The Harvard human plasma fraction (111-3), supplied through the courtesy

of Dr. J. T. Edsall,” has considerable proteolytic properties, together with much thrombic activity

(see text); (b) Dog plasma tryptase (trypt. D) is prepared by a method we have not yet perfected (par-

ticularly from the point of view of stability of the enzyme preparation) but the product may be charac-

terized as able to give complete fibrinogenolysis in 3 tO � minutes and clot-lysis in 9 to io minutes at

room temperature, when using o.5 per cent B.F., or fibrin clot therefrom, as substrate; (c) Crystalline
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FERGUSON, TRAVIS AND GERHEIM 1133

human serum albumin (H.S.A.) and crystalline bovine serum albumin (BS.A.), Harvard laboratory, courtesy

Dr. J. T. Edsall,’� are found to be contaminated with a trace of active tryptase.

(b) Preparations containing enzyme-precursor (tryptogen): Many plasma protein fractions contain, in addi-

tion to traces of active tryptase, varying amounts of tryptogen (enzyme-precursor), which can be ac-

tivated by shaking with chloroform,66 or, better, by using streptokinase6 (v. infra).

(i) Human plasma Fraction-I (H.F .), v. supra, and the more refined (85-90 per cent “clottable”) but less

stable (t) human fibrinogen (H.Fb.33), products of the Harvard Laboratory (courtesy Dr. E. J. Cohn and

colleagues), are representative of this group, and so are (�) various (NH4)2S04-pptd. fibrinogens which

we prepare from dog plasma (D.Fb.). On the other hand, Armour Laboratory bovine fibrinogen and the

more satisfactory fibrinogen precipitated from bovine Fraction-I (B.F.) by (NH4),S04 are as enzyme-

free as the cruder fraction)t’

TABLE 4.-Effect of Keeping Prothrombin Solution, with Reference to Activation and Thrombin Yields,with

Various Activators

A. Activation series. C.t. (in seconds) at t5C., pH = 7.7 (borate buff.) for o.� cc. B.F. (0.5%) +
0.2.5 CC. T.

T: � cc. vol., containing 4 cc. PRO. B (o.t%) + 0.2.5 CC. M/io CaCl, + 0.2.5 cc. thromboplastic

agent.

T.

i

2.

3

Date Activator

Incubation Period: room temperature.

Cl�-l�isI m. � 1hr.�2 hr. 6hr.� � dy.14 dy. dy.

seconds

io-8--�6

“

I2.946

Ca only

Ca+tpln.A

Ca+tpln.D

112.1 87�

68� 14

to� it

66� 48�

6 5

8 4

38

3

3

i6

3

3

9

3

3

7� 3� 3

31 3 3

3 3 3

c (xo day)

6-7 day

nottested

4 10-8-46 Ca+tryp.(4-u) i6 7 5 4� 6 19 47 100 - 3day

B. Thrombin dilution series.

io-8-�6: Undil.T2, 23 hrs. old = i:i; 0.5 cc. B.F. (o.�%) + 0.2.5 c�. T, dilutions.

Rel.T.conc 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256

Clotting-time, in seconds 3 6� 9 i8 2.5 39 6i 90 2.30

(c) Protease activators. The streptokinase (strep.), long miscalled “streptococcal fibrinolysin,” used in

the present studies, is a i per cent extract (in borate buffer) of a potent preparation made by the Tillett

and Garner method.37

(d) Tryptase inhibitors: Through the courtesy of Dr. M. 1(unitz (Rockefeller Institute, Princeton),

we received some crystalline pancreatic trypsin-inbibitor (TI.”) and crystalline soybean trypsin-inhibitor

(S.B.I.44), the highly significant tryptase- and thromboplastin-inhibiting properties of which are dis-

cussed in the text.

II. QUANTITATIVE METHODS

Owing to lack of methods for direct chemical analysis in dealing with such

complex proteins as fibrinogen and prothrombin (or thrombin), reliable assay

methods necessarily involve the whole coagulation reaction. Clotting-time (c.t.),

measured under carefully standardized conditions,” is the best and only currently

practical solution to the problem of quantitative estimation of thrombin (ac-

tivated prothrombin).
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“34 ACTIVATION OF PROTHROMBIN

Experimental conditions)t� Being colloidal reactions,26 the clotting processes are influenced by (i)

temperature, (t) pH, (�) salt content, (�) concentration (dilution) of specific factors (v. infra), and (�)
adsorption and related colloidal phenomena.27 In the last category are (a) effect of’ wettable” surfaces;

e.g., the well-known ability of blood to clot quicker in glass than in paraffined,’6’ 2 plastic,68 or silicone-

treated4’ tubes, and (b) the clot-aiding (second phase) or “fibrinoplastic” effects of a wide variety of

nonspecific colloids, e.g. kaolin,’6 gum acacia,63 salmine,’8 etc.’6 The first step, therefore, is to standardize

these experimental conditions.

Fibrinogen concentration and clotting-time. Table 2. shows the varying clotting-times

when a given thrombin solution (i per cent h.g.) is added to an equal volume

(0.5 cc.) of a series of fibrinogen (B.F.) dilutions. Confirmatory of many older

data,�#{176}there is found a broad optimum which, for this and similar fibrinogens,

CLOTTING TIME I

FIG. I. CLOTTING-TIMES AND RELATIVE THROMBIN CONCENTRATION (PERCENTAGE). THE “IN-

VERSE LAW”, (ref. Am. J. Med. 3.’ 6�, 1947)

Clotting-times (sec.) and iooo #{247}c.t. (sec.) of, cc. fibrinogen (o.�% B.F.) + 0.2.5 CC. thrombin (T).

Temp.: 2.5#{176}C, pH = 7.7 (borate buffer).

T = t-day old mixture of 8 cc. PRO. C (o.t%) + i cc. buff. + o.� cc. tpln. A (o.t�%) + 0.5 CC.

M/io CaCl,.

lies in the zone of concentrations between i.o and 0.2.5 per cent. A stable thrombin

repeatedly gives identical c.t. values with a recommended o.5 per cent B.F. solu-

tion every time this is made from the lyophile-dried plasma fraction.

Thrombin concentration and clotting-time. Figure i shows the progressively shorter

clotting-times when a series of thrombin dilutions (0.2.5 cc. vol.) arc tested on a

given fibrinogen solution (i cc. 0.5 per cent B.F.) at pH = 7.7 (borate buffer) and

room temperature (2.5 C). The reciprocals of the clotting-times (iooo #{247}c.t., sec.),

in this particular experiment, give a linear plot, illustrative of the so-called

“inverse law.”8 In our experience, this law is of limited application in a re-

stricted range of thrombin concentrations and under experimental conditions

which it is not possible to define. It does not require rigid mathematical formula-

tion, however, to grasp the fundamental fact that, under standard test conditions,

a shorter clotting-time means more thrombin. Thrombin dilution series are given

in a number of the following tables to indicate at least the order of magnitude of
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FERGUSON, TRAVIS AND GERHEIM 1135

the relative amounts of thrombin corresponding to the various clotting-times.

The reservations with which we regard any clotting-test system in which the

over-all dilution of the thrombin is changed led us to make the experiments of

table 3.

Thrombin instability during dilution experiments. After complete activation of pun-

fled thrombins (see tables), the reproducibility of the clotting-time values in test

after test often over a period of several weeks, is (to anyone who has experienced

difficulties in keeping the older types of unstable thrombins) truly amazing. Yet

any considerable dilution of these excellent thrombins at once introduces a factor

of instability. This is frequently apparent in less than a hour at room temperature

and more rapidly if the temperature is increased.1’ Table 3 shows thrombin dilu-

tion data first obtained immediately Q mm.) after making the dilutions and

subsequently repeated, on the same solutions, after � hr. and i hr., respectively,

at 2.0 C. The stronger thrombins show no detectible change but the higher dilutions

weaken progressively.

This phenomenon is encountered repeatedly with every type of thrombin studied, including the purest

preparations (free from protease, for instance). Moreover, any destructive impurity would be in highest

concentration and presumably most active in the stronger solutions. It makes no difference whether buf-

fer or distilled water is used as the diluent. There is no turbidization to suggest “denaturation”. It can

only be surmised that much remains to be learned about the way in which coagulant potency is related

to the colloidal structure of the thrombin protein. Over-all dilution is undoubtedly a factor of considerable

implication in the clotting system.” Not knowing the extent of these implications we believe it safest

to insist upon always using a definite amount of prothrombin in a constant volume of thrombic- and clot-

ting-mixtures, since this approximates most closely the natural clotting conditions.

Prothrombin activation data, presented (i) in many tables (4-16) as actual clotting-

times (ct.); (2.) (table 17) as computed thrombin “percentages” (rd. T conc.);

or (�) (figs. 2., 3), graphically (“activation curves”), in the course of these studies,

are obtained as follows:

A given amount of prothrombin (fixed for each series of comparative experi-

ments) is mixed with any activators (and inhibitors) it is desired to study, and

the “thrombic mixture” (T.) made up to constant volume with buffer solution.

Actually the most potent activator, usually Ca, is added last and the incubation

period (it.) recorded from this moment. At various periods, a measured sample

(usually 0.2.5 cc.) is removed from the thrombic mixture and added to a labeled

12. mm. diameter Wassermann-tube containing the test fibninogen (usually o.5 cc.

0.5 per cent B.F.) gently mixed and agitated, and the clotting-time (c.t.) noted

with a stop-watch from the moment of mixing to the first appearance of definite

fibnin threads.

The end-point, in our water-clear solutions, is sharp enough for an accuracy of � to io per cent, which

is often but a fraction of a second. We ignore the earlier point of incipient turbidity and do not trust the

later point of solidity (invertibility of tube), since this (a) is read with less accuracy, (b) involves some

nonsignificant variables (e.g. diameter of tube) and (c) is often incomplete in the case of extremely weak

thrombins.

Since there is only a minor (X3) dilution factor to check continuing thrombin formation between

adding the fibrinogen and the onset of clotting, theoretical objection may be raised on this point. That

this is of little practical significance, however, follows from the fact that the most significant clotting-
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1136 ACTIVATION OF PROTHROMBIN

times are measurable in a matter of seconds after a long (often hours or days) period of activation. More-

over, it tends to’enhance the differences between a long clotting-time (due to slow rate of thrombin forma-

tion) and a short ct. (due to rapid approach toward complete activation). A larger dilution factor, e.g.,

o.i cc. T + 1.0 cc. B.F. has been tried on a number of occasions without significant benefit. Indeed, it is

less suitable for use with very weak thrombins and the volumes are less conveniently measured and pi-

petted.

We have a number of objections to the use of oxalate or citrate in the fibrinogen,’ e.g., (i) continued

thrombin formation is still possible, especially in the presence of protease (see thromboplastic enzyme);

(2.) with unduly large amounts of anticoagulant (fig. t), there may be reversion of incompletely-formed

thrombin to prothrombin (see section on calcium and thrombin- “intermediary”); (3) there is certainly

some second-phase inhibitory effect which may be excessive with very weak thrombins (compare T,

and T,, table 8); (�) the ct. end-point is less sharp: (a) in the case of oxalate, because of opacity due to

CaC,04 (whenever calcium is present); (b) in the case of citrate, because of undue translucency at the

alkaline pH � of our borate buffer, although o.I to 0.4 per cent citration is permissible, at least with

ct. <3oseC., without significant clot-timing interference.

It is to be emphasized that the significant differences between the activation (and other) data are

readily appreciated by simple inspection.

Seci’nd phase controls. Whenever any question arises of possible clotting-time modifications due to a

reagert having some effect on the second-phase (thrombin-fibrmnogen interaction), we always run suitable

controls, with several thrombins or thrombin dilutions. Examples will be noted in the tables.

TABLE �.-S:ability of Prothrombin in Presence of (Erain) Thromboplastin

X = 2.0 cc. PRO. D (o.t%) + to cc. tpln. A (o.t�%), at room temperature.

T= 4 cc. X (aged as indicated) + 0.75 cc. buffer + 0.2.5 CC. Ca, activated at room temp. for

periods cited (i.t.).Clotting-times (c.t.), in seconds for o.2.5 cc. T + 0.5 CC. B.F. (i%).

1 m. 10 m. 20 m. 30 m. 1 hr. 3 hr. 4 hr. 18 hr.
T age x (�.t.)

time in seconds

I 2.0 sec. 334 2.9 9 6 4 3 3 3
2. 2.4 hr. �68 8� 30 15 7 3 3 3

3 48 hr. 640 it6 39 19 8 5 4 3

4 72. hr. 72.7 155 52. 2.4 10 54 4 3

Control* II4� 6� 4�34� 3� 3� 3� 3

* Control: t cc. PRO. D (72. hrs. older) + 2. cc. fresh tpln. A (o.a.�%) + 0.75 buffer + o.2.5 Ca.

N.B. The initial prothrombin solution (in X) had been prepared 6 days previously and stored

in ice-box. Unfiltered tpln. A was used in T,.

III. EXPERIMENTAL DATA

“Stability” of prothrombin in solution. The tests of table 4 were made on a 0.2.

per cent solution, in borate buffer, of PRO. B, which, according to the stated

(Seegers) potency of 15,2.03 thrombin “units” p:r mg. tyrosine N (after activation)

is one of the purest preparations. Initial tests, about 2. hours after making the

solution, show a trace of active thrombin estimated to be < 0.5 per cent of the

total potential thrombin yield, according to c.t. data in the accompanying dilu-

tion series (B).

Activation tests (A) were made initially on Oct. 8, 1946, with (T,) Ca, alone,

and CT,) Ca + tpln. A (o.i per cent). The latter series was repeated (T3) two
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FERGUSON, TRAVIS AND GERHEIM 1137

months later, on Dec. 9, with another thromboplastin (tpln. D), the prothrombin

solution having been kept in the ice-box and now showing considerable increase

in thrombin content. Nevertheless, it is apparent from the data that there is still

much prothrombin requiring activation. Although the activation is much slower

in T1 (Ca, alone), it finally (� days) reaches a stable optimum of thrombic potency

which, as measured by the 3” C.t., is identical with that in the other two series.

While, therefore, the prothrombin solution is “unstable” in the sense that it

slowly changes to thrombin and the more rapidly, the more favorable the condi-

tions for activation, yet it is amazingly stable in the sense of yielding a reproducible

amount of thrombin (identical c.t.) even after two months storage and (ultimately)

independent of the mode of activation used.

The absence of clot-lysis, or even of clot-retraction, in the T, series, observed for io days at 37 C, is

noteworthy. The extremely weak (6 to 7 day) fibrinolysis in the T2 series confirms other data pointing

to a trace of proteolytic enzyme in the thromboplastin preparation. The possible significance of protease

contaminants received special attention throughout these studies and the tests for lytic factors will be

noted in the majority of the experiments. There is no detectible trace of such factors in PRO. B, nor in

the bovine fibrinogen (B.F.).

TABLE 6.-Stability of Prothrombin in Presence of Ca� and Thrombin

T�a = i� cc. PRO F. (0.35%) + s cc. buffer + i cc. CaCl2 LM/Io).

A = Activation data on thrombic mixture consisting of 2. cc. T�a (i mm. old at start) + 0.2.5

cc. buffer.

B = Maximal activation data, selected from series of tests (but always reached within i hr.)

on thrombic mixtures consisting of 2. cc. T#{231}�,(age cited) + 0.2.5 tpln. (var. fresh prepara-

tions).

Ct. (in seconds), at room temp. (2.3 ± t C): o.5 cc. fibrinogen (o.�% B.F.) + 0.2.5 CC. thrombic

mixture.

Age Tea:
1 hr. 1 dy. 2 dy. 3 dy. 8 dy. Clot-lysis

(37’C)
Time in seconds

A

B

t�o 8� 43 2.5 4 0 (�‘ day)

4 4 4 4 4 3-4day

Stability of prothrombin during thrombin formation. As we shall note more fully

in a subsequent section, Seegers’ purified prothrombins invariably show a trace

of active thrombin immediately on making the solution. A great deal more throm-

bin forms “spontaneously” on standing in solution at room temperature or in the
ice-box for several days. The activating factors resposible for this will be brought

out in the sequel. In the data (table 4) just considered, it is apparent that this

thrombin can coexist in solution with unaltered prothrombin without demon-

strable effect on the final thrombin yield. The persistence of unaltered prothrombin,

still able to be activated and thus complete the (Ioo per cent) thrombin yield,

after 2.2. days at room temperature, is recorded in the T,* footnote to table 8 A. In

the following tables (� and 6) are data to show that the same is true in the presence

of amounts of (a) thromboplastin or (b) calcium salt, that are ordinarily optimal

for their respective roles in the activation process.
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TABLE 7.-Experimental study of tertain activators of prothrombin

A. Activation series

T: � cc. vol., containing 4 cc. PRO. F. (o.t%) and, when indicated, ACTIVATORS, e.g. o.2.5

cc. of M/zo Ca or tpln. A (o.t�%), and o.5 cc. of tryp. (4o-unit) or strep. (i%)-see Reagents.

C.t. (in seconds), at room temp. (2.4 ± t C): 0.5 CC. B.F. (o.�%) + 0.2.5 CC. T (at incubation

periods stated).

Incubation Period: room temperature
T.

2.

3

4

5
6

7

8

9
I0

idy. 2dy.�3dy.1Idy.

Activators

(buff. only)

tpln. only

Ca only

Ca + tpln.

Tryp. + Ca

Tryp. + tpln.

Tryp. only

Strep. + Ca

Strep. + tpln.

Strep. only

Sm. lOmJ2Om.

82.0 72.61 679

88o 863, 803

192. 172. 134

94� 5� 4

io� 6� 4

2.0 1 II� 74
2.0� II� 74

2.32. I67� 152.

2.95 152. 8i

39’ 32.5 352.

30 m.

68i

807

I00

34

4

142.

52.

360

1 hr. 2 hr. 4 hr.

648 517 409

830 8ix 809

6� 45 t6

3 3 3

4 6 �3

54 8 i�

54 8 ‘5

135 110 100’

35 2.5 2.2.

343 330 360

2.46

4”
‘4

3

2.7

35
33

37
i8

‘97

Clot-lysis
(37 C)

i8i 145 0 (,o day)

tt6� i86 o (�o day)

10 7 4day

3 3 4day

‘�H- 3 day
377, - 3 day

343� - 3 day

I7� II� 7 day

2.0 19 0 (io day)
90� � o (io day)

2.15

t88

‘3

3

99

93

2.0

2.I

‘55

B. Thrombin dilution series

0.5 cc. B.F. (0.5%) + 0.2.5 cc. T dilutions (T4, � hr. old = i:i)

Rd. T. conc 1:1 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256

Clotting-time, in seconds 3 44 13 2.4 43 8o i8o 2.87

C. Second phase control. Effects of Streptokinase. Same cone. as in A. Various thrombins (I-IV)

Thrombin

�
0

�
I II

I
III IV

seconds

Controls

Strep

3

3

45

t6

360

2.30

748

32.0

1138 ACTIVATION OF PROTHROMBIN

A. Effects of thromboplastin. The addition of thromboplastin, alone, is without

significant influence on the “spontaneous” activation of purified prothrombin (see

table 7, T,). In the tests of table �, 0.2. per cent PRO. D is mixed with an equal

volume of dilute thromboplastin (tpln. A, 0.2.5 per cent) and kept at room tem-

perature for three days. Equal samples were recalcified (a) immediately (2.0 sec.)

and (b) after aging 2.4, 48, and 72. hours, respectively. At the end of the series, a

control (c) was made up to contain the same amounts of prothrombin (now 72.

hours older), calcium, and a fresh thromboplastin suspension. The prothrombin

activation was followed in the usual way on each of the thrombic mixtures. Except

for the minor difference of a slower activation in T2, T3, T4 (probably explained by

the thromboplastin in the mixture showing the same sort of deterioration as in

ordinary solutions), the thrombin-forming ability is unchanged and results in a
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FERGUSON, TRAVIS AND GERHEIM 1139

final potency of 3” (ct.) in every case. It can be concluded, therefore, that the

prothrombin preserves its essential integrity in the presence of the crude brain

thromboplastin.

TABLE 8.-Effects of Citrate and of Trypsin-inhibitors on Activation of Prothrombin

A. Activation (and inhibition) data

T: 5 cc. vol., containing 2 cc. PRO. G (0.4%), with cited Activators (0.25 cc. M/10 CaCl, and dil. tpln. D) and In-
hibitors (0.5 cc. vol. and final strengths noted in mg. per cc. T)-see Reagents.

Clotting-times, at room temp. (23 ±2 C): 0.25T X 0.5B.F. (0.5%), after stated incubation periods.

Incubation Period: room temperature
T. Activators Inhibitor __________ ______________________ Clot-lysis

4 hr. 4 hr. 1 hr. 2 hr. 4 hr. 1 dy. 2 dy. 4 dy. 1 wk.� 2 wki 3 wk.

(buff. only) 0 46m. 44m. 36m. 33m. 25m. 7m. 5m. 4m. 130’ 39” 15”” 0 (10

day)

2 “ citr. (4.0) 76m. 73m. 76m. 73m. 72m. 68m. 69m. 7lm. 61m. 210” 75”” 0 (10

day)

3 Ca only 0 233” 210” 178” 150” 88” 23” 20” 10” 6” 4” 4” 3 day

4 “ “ TI. (0.2) 220” 215” 188” 174” 115” 23” 22” 14” 84” 5” 4” 4 day

5 “ S.B.I. (0.2) 336” 335’ 340’ 335” 365” 223” 280” 345” 290” 75” 21” 0 (10

I day)

6 Ca + tpln. 0 5” 4” 4” 4” 4’ 4” 4” 4” 4” 4” - 3 day

7 “ “ TI. (0.5) 11” 7” 54” 44” 4” 4” 4’ 4” 4” 4” 5” 4 day

8 “ “ S.B.I. (0.2) 120” 103” 103” 103” 118’ 110’ 117” 100” 43” 25’ 13” 0 (10

day)

* After 1 hr. incub. with Ca + tpln., on 22nd. day, T, was brought to 4” and T2 to 44” (but the T2 tube was contam-

inated by mold)

B. Thrombin dilution serieg

0.5 cc. B.F. (0.5%) + 0.25 cc. T dilutions (T, 3 days old: 100%)

Rd. T. conc. (%) 100 50 25 10 5 0.5

Clotting-time, in seconds 4 8 11 22 40 1 84 127

C. Second Phase controls

Effects of citrate and trypsin-inhibitors (same strengths as in A). Various thrombins (I-IV).

Thrombin I

(seconds)

It

(seconds)

III

(seconds)

IV

Controls:

Citrate:
T.I.:
S.B.I.:

n

�

�

�

54
54

5

54

7

7
6

7

20

21
19

21

105

110

-
-

The trace of protease in tpln. A (shown by clot-lysis tests of T, in table 4) is

evidently insufficient for any detectible prothrombinolysis.’

B. Effects of calcium. The addition of optimal amount of calcium salt causes a

significant but very minor increase in the slow nate of “spontaneous” thrombin

formation and in the purest prothrombins studied full activation may not be ob-

tained even in a week. Table 6 shows such a recalcified prothrombin solution

(PRO. E), followed over an activation period of eight days. At any intervening

period, as the data show, it is merely necessary to add adequate amount of thrombo-
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1140 ACTIVATION OF PROTHROMBIN

plastin (three different preparations were used on successive days) in order, within

less than an hour, to bring the c.t. value to the same stable optimum (� seconds)

in every case. This identical thrombin value is reached on the eighth day in the

presence of added Ca, alone. Such reproducibility of thrombin c.t. value is taken

to indicate (I) complete (ioo per cent) activation of all the prothrombin, and (2.)

perfect stability of the unaltered prothrombin and of the thrombin which it yields.

C. Conclusion as to effects of thrombin.’9 From these three experiments, therefore,

it is significantly concluded that the presence of thrombin during the intervening

period, i.e., prior to complete activation, shows no demonstrable effects on the

unaltered prothrombin, either (a) destructive (cf. 50), or (b) as an ‘ �

(?) activator (cf.’).

Mechanism of activation of purified prothrombins. The data already considered suggest

that the ‘ ‘ spontaneous’ ‘ activation of these purified prothrombins depends upon

certain ‘ ‘ trace impurities. ‘ ‘ By (a) controlling individual factors discovered to

participate in the activation mechanism, and (b) by testing for individual differ-

ences in behavior of the several prothrombin preparations, much detailed informa-

tion can be gathered as to the factors involved.

Experimental study of certain factors in modifying the activation of a partially purified

prothrombin. Table 7 presents data on certain factors studied in relation to the ac-

tivation of PRO. F, which is a fairly typical representative of Seegers’ prothrombin,

somewhat aged.

(T1) shows very slow and incomplete (� day) “spontaneous” activation, with

buffer only; (T,) shows essentially no effect of thromboplastin, alone (the slight

retardation is not very significant); (T,) shows a minor increase in activation on

optimal addition of Ca-salt, alone, although the 4-day c.t. value of �“ denotes only

about 2.0 per cent of complete activation (according to the thrombin dilution

series B.); (T4) shows rapid (< i hour) and complete activation by Ca + tpln. A

(o.i� per cent).

Pancreatic try psin (tryp.), in a final concentration (chosen in an effort to minimize

interfering proteolytic effects) of 4 “units” per cc. of thrombic mixture, is an

excellent activator, especially in the presence of Ca (T5). In this experiment (cf.

fig. 3), trypsin was also very effective when used alone (T5) or with thromboplastin

(T7;, i.e., without added Ca. T7 and T6 are almost identical.

The lengthening of the clotting-times after the optimum, in these three series, is due to a throm-

binolytic action of the trypsin. Even the ,“-i” difference between the optima (as compared with the 3”

c.t. optimum ofT,) may be significant of some prothrombinolysis. Speeding up of fibrinolysis by a day, in

T,, is significant, and the 3-day clot-lysis in T6 and T, even more so (cf. T, and T,).

Streptokinase (strep.) was included in these experiments (‘F8, T9, T,0) in order to

control later tests (table 13) in which this agent was to be used as an activator of

tryptogen (protease precursor) in certain plasma materials.33

Tests show only minor effects which can be explained in two ways, viz. (,) some calcium content

of the strep. preparation; (t) some speeding up of the second-phase of the clotting process. The latter is

shown in the control tests C. It is an example of the nonspecific effect of many adsorptive colloids, the

action of which we refer to as “fibrinoplastic.”8 In the absence of thrombin, the streptokinase has no
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FERGUSON, TRAVIS AND GERHEIM 1141

coagulant properties (C, 0). Neither does it show proteolytic effects (T9, T10) but, if anything (T8),

lessens the effectiveness of the fibrinolytic factor noted in T,.

Before going on to a detailed consideration of the individual prothrombin-ac-

tivators, we shall present some data on the effects of certain inhibitors because of

the light they shed upon the activator mechanisms.

Effects of certain inhibitors on activation of purified prothrombin.

(Tables 8 and 9). Citrate (citr.): The “spontaneous” activation of these pro-

thrombin solutions is very greatly inhibited by 4 mg. per cc. (final concentration)

of tnisodium citrate. Only after a week is there evidence of a trace of activation, but

this is still barely noteworthy at the end of two weeks, and only i per cent (ap-

proximate) in three weeks (table 8, T2). The persistence of unaltered prothrombin,

on the twenty-second day, is shown by incubating the residual T,, T,* with Ca +

TABLE 9.- inhibitory Effects of Heparin During Prothrombin Activation

T, = 4 CC. PRO. E (o.3�%) + 0.5 cc. buffer soln. + 0.2.5 cc. tpln. A (0.2.5%) + 0.2.5 cc. M/io

CaC1,.

T, = 4 CC. PRO. E (o.��%) + 0.5 CC. hep. (ioo unit) + 0.2.5 tpln. A (o.t�%) + 0.2.5 cc. M/io

CaCl,.
Clotting tests: Ia. - 0.2.5 T, + o.2.5 buffer soln. + 0.5 B.F. (1%).

ib. -o.t� T, + 0.2.5 hep. (,o unit) + 0.5 B.F. (,%).

2.. - 0.2.5 T, + o.2.5 buffer + 0.5 B.F. (,%).

T, = 4 cc. PRO. + o.t5 buffer + o.2.5 Ca + 0.5 trypsin (io unit), mci. for future reference (table

18)*.

Thromb�c�Iixture
5 m.

63”

15 m.

42.”

30 m.

2.0”

1 hr.

9”

2 hr.

6”

8 hr.

4”

1 dy.

4”

2 dy.

4”

3 dy.

4”

7 dy.

4”Ia. (without heparin).. ..

ib. (md. phase control) 840” 6o” 2.9” 12.” 8” �“ 44” 45” 45” 44”

2.. (with heparin) 2. hr. 375” 6o” 19” 134” 10” 9” 8” 74” 44”

3. (with trypsin)* 32.” - 8” 5” 4” 4” 8” 14” 40” -

tpln. for i hour. T1 is brought to the “complete” c.t. of 4 seconds. T, fellonly to

44 seconds and proved unstable (48 seconds in 4 hours), but the obvious growth of a

mold in the solution could explain the lysis of prothrombin (and thrombin). In a

very similar but unspoiled test, T1 of table i6, the citrated PRO. G was brought to

the full ct. 4 seconds value, on the seventeenth day (v.p. 1149). The citrated pro-

thrombin, from the start, shows a faint trace of coagulant activity, which is the

best evidence that the prothrombin actually contains this as a trace impurity and

not as the result of activation proceeding only in solution.

Crystalline pancreatic trypsin inhibitor22’ �“ (TI.): table 8, T4, shows that o.i mg.

per cc. (final concentration) of crystalline pancreatic trypsin-inhibitor is almost

without effect on the activation of prothrombin by Ca-alone, while o.5 mg. per cc.

has only a slight delaying action on the activation by Ca + tpln.

(The enzyme-inhibitor does delay clot-lysis by about a day (37 C).)
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1142. ACTIVATION OF PROTHROMBIN

Ctystalline soybean trypsin-inhibitor44 (S.B.I.): in final concentration of o.z. mg.

per cc., is markedly inhibitory to the activation of prothrombin both by Ca-alone

(T,) and by Ca + tpln. (T8). Its inhibition of the fibrinolytic enzyme is complete.

The differences between S.B.I. and T.I. may be significant, suggesting that the

soybean inhibitor has certain direct “antithromboplastic” (?anticephalin) effects

not seen (to any important extent) with TI. and probably unrelated to its effects

on any protease present.

The second phase effects of citrate and the trypsin-inhibitors are negligible in the

control tests (table 8, C).

IJeparin” (Hep.): It is important to note Seegers’ claim6’ that his purified pro-

thrombins are “antithrombin’ ‘-free, and there is no reason, therefore, to suspect

that heparin, as used in the tests of table 9, is acting other than directly; i.e., in

the absence of “co-factor” or “heparin-complement.” In the amount used (ioo

units, = i mg. per cc.), heparin has some “antithrombic” inhibitory (clot-dc-

TABLE io.-Effects of Varying Amounts of Ca� During Prothrombin Activation

T: thrombic mixtures, � cc. vol., containing (in borate buffer) i cc. PRO. H (o.i%) + 0.2.5 cc-

tpln. B (0.5%) + 0.2.5 CC. CaCI, (final strengths cited). Clotting-times (sec.), at 2.9 C, pH = 7.7,

for cc2.5 cc. T + 0.5 CC. B.F. (o.�%) + 0.2.5 CC. diluent (containing same amount of tpln. B as in T

and exactly enough CaCl, to bring to same final cone. (o.oit� M) in each clotting ( T + B.F.)

mixture.

T.

I

CainT.

0

4 m. S m. 10 m. 15 m.

,
30 m. 1 hr. 2 hr.

,

seconds

12.7 ,t6 12.5 12.5 12.9 139 145

2. o.ootM 104
It

44 4 4 4 4

3 o.oo�M 99 6 44 41 4 4 4

4 o.om5M 98 6 1 5
4� 4 4 4

o.o� M 139 75 52. 2.1 74 5 4

laying) effect on the second-phase, which can be seen by comparing series lb. (in

which hepanin was added to the fibninogen in amounts exactly corresponding to

those entering the clotting mixtures in series 2. with the hepanin-free mixtures of

series ia. It is noteworthy that this antithrombic action is most marked in the

case of the weak initial thrombins but almost negligible (� second) in the powerful

fully-formed thrombins at the end of the series. Series ib, therefore, is the proper

control for the first-phase action of heparin, which series 2. shows to consist in

a marked delaying (“antiprothrombic,” in a general sense)’8 action on the

prothrombin activation. After a week, however, the 4 seconds c.t. is identical

with the control, proving that there is no difference in the ultimate thrombin

yield. These results closely resemble those obtained” by a slight reduction of the

thromboplastic factor (table i i) and are best termed “antithromboplastic”7

(cf. 5).

(From data published elsewhere,” it is established that heparin, acting alone, is

unable to inhibit the fibrinolytic enzyme.)
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FERGUSON, TRAVIS AND GERHEIM 1143

Consideration of individual prothrombin-activators.

I. CALCIUM

The ability (a) of citrate (or oxalate, etc.) to prevent the “spontaneous” activa-

tion of prothrombin solutions and (b) of added ioni�edCa-salt to speed up thrombin

formation, to a degree depending upon certain “thromboplastic” factors (see

below) confirms the long-established fact” that ionized calcium (Ca��) is or-

dinarily essential for the activation of prothrombin to thrombin.

Amount of calcium present. Paucity of materials precluded any attempt at quanti-

tative Ca analysis of these prothrombins, particularly since the inability to im-

prove the extremely slow “spontaneous” activation by simply adding thrombo-

plastin (e.g. table 7, T2) was believed to indicate that very little calcium could

be present. However, a qualitative test, in which i cc. of 0.4 per cent PRO. G was

treated with an equal volume of M/i K,C204, showed a definite turbidity and over-

night sedimentation of a trace of calcium oxalate. In this particular preparation,

TABLE I i.-Effects of Varying Thromboplastin Concentration on Activation of Prothrombin, with Special

Reference to Thrombin Yield

cc. vol. of (T) thrombic mixtures (A-E) containing m cc. PRO. A + 0.2.5 M/io CaCl, +

tpln. A (final dilutions stated), in borate buffer (pH = 7.�). C,t, (sec.), at room temp. (2.5 ± 2. C):
0.5 B.F. (1%) + 0.2.5 T.

Thrombic Mixtures: A B C

1:4000

D

140,000

E

1:400000Cone. of thromboplastin... 1:500 i:iooo

Re!. cone. “ ... 8oo 400 100 JO I

Optimal thrombin c.t 4” 4” 6” 8” 1 to”

Time needed to reach opti-

ma! activation I hr. 2. hrs. i8 hrs. 3 days 4 days

CLOT-LYSIS (at 37 C)... 3 day 5 day >7 day5 0 (� day) o (� day)

* Good clot-retraction, but lysis incomplete.

therefore, contamination with some available calcium was actually demonstrated.

PRO. G was used in the experiments of table 7, but neither in this case nor in the

data of similar studies (see tables) can the test with buffer alone be taken as evi-

dence of differences in the amount of calcium operating (as compared with the

recalcified mixtures), since the thromboplastic factor is also a variable. Only when

thromboplastin, alone, is added, as in T, of table 7, without improving the ac-

tivation, can it be suggested that inadequate amount of available calcium (in

PRO. F, in this case) is responsible for the extremely slow and inadequate thrombin

formation. It is not possible in the 4 day observation period of this particular ex-

periment to predict the ultimate thrombin yields in T, and T,. The mode of action

of “thromboplastic enzyme” is discussed later (pp. i 146, i i �o) but it may be stated

from the data of table 7 that trypsin appears able to make both calcium and throm-

boplastic factor (prob. cephalin) “available” from otherwise inert combinations

with the prothrombin protein (T,, T6, T7).

Effects of varying Ca++ concentration in first phase of clotting. (Table io.) It has long

been recognized” that the essential action of Ca-ions in the clotting process is
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I 144 ACTIVATION OF PROTHROMBIN

limited to the first phase (activation of prothrombin) and requires a Ca concen-

tration above a certain ‘ ‘minimum’ ‘ and not in excess of a certain “optimum”

because of inhibitory effects.’4’ �‘ The exact working out of the effects of varying

the amount of calcium during first phase tests is rendered difficult70 because of a

significant second phase action, at least with higher Ca concentrations, due to

relatively nonspecific ion effects during the thrombin-fibrinogen interaction.58 The

experiments summarized in table io represent a new attempt to clarify this problem.

All reagents, including CaCl2, were dissolved in borate buffer. The (added) Ca

content was varied from o-o.o�M (T,-T5) and the amount of thromboplastin

was kept constant throughout. A series of diluents was prepared containing the

same amount of thromboplastin and exactly enough CaC1, for admixture with an

equal volume (0.2.5 cc.) of the respective thrombic mixtures and 0.5 cc. B.F. to

OXALATION
.ZONEIII ZONE III

5 5 30 60 90

MINUTES

Fio. 2.. EFFECr5 OF OxALATE AT VARIOUS STAGES (Zowas) en’ PROTHROMBIN ACTIVATION. (ref.

Am. J. Med. 3.’ 6�’, 1947). Clotting- and incubation-times at t50C, pH = 7.7 (borate buffer)

I. Thrombic mixture (Ti): 13.5 cc. PRO. C (0.5%) 0.75 cc. tpln. A (o.t�%) + 0.75 cc. M/io CaCl,.

Clotting tests: i cc. B.F. (i%) + 0.2.5 CC. buff. o.2.5 cc. T,. II. Clotting tests: i cc. B.F. (i%) + 0.2.5 CC.

M/i K,C.204 + 0.2.5 cc. T,. III. Thrombic mixture (‘[‘2): 3 cc. T1 (� mm. old) + 3 CC. M/l K,C,O4. Clotting

tests: i cc. B.F. (,%) + 0.5 Cc. T,. IV. Thrombic mixture (T,): 3 CC. T1 (30 mm. old) + 3 CC. M/, K2C204.

Clotting tests: i cc. B.F. (i%) + 0.5 cc. T,.

bring the Ca concentration in the final clotting mixture to o.0IL5M in every test.

The control of Ca and tpln. in the “second phase” is, therefore, complete. The

optimal 4 seconds ct. was identical in T,-T4 and no difference was noted in another

test, not included in the table, with T, + buffer (instead of diluent) whichreduced

the Ca concentration to o.ooii�M. Thus, in a range of Ca concentration without

second phase effects, there is seen (table io) marked variations in the rate of pro-

thrombin activation, but no effect on the amount (potency) of thrombin ultimately

formed. For this “first phase” action of Ca salt, there is a definite optimum at

about o.oo�M (T3), with delayed activation below this (T,), and an inhibitory

slowing at higher Ca� concentrations (T5).

Effects of oxalate (or citrate) during prothrombin activation. The thrombin-’ ‘inter-

mediary.” In 1937 we published some experiments in support of the view that
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FERGUSON, TRAVIS AND GERHEIM I I 45

thrombin formation proceeds via an ‘ ‘intermediary’ ‘ (calcium-prothrombin-

cephalin) complex or compound.’2 Although this idea seems to have been well re-

ceived (ref.7#{176}),the intervening decade has not brought forth confirmatory publica-

tions from other laboratories. We have, therefore, taken the present opportunity

to repeat the same kind of experiments with the newer highly purified prothrom-

bins. Fig. 2., reproduced from a recent review,’9 shows what we believe to be a

typical result. In this experiment, a control (I) thrombic mixture (PRO. C (o.�

per cent) + Ca + tpln.) was followed without oxalate. A portion of the same

mixture was removed (a) after � minutes (�) and again (b) after 30 minutes (�),

in each case being added to an equal volume of M/i K,C204 and the further activa-

tion studied, by using double the volume of the new mixture in the clotting-test. A

second-phase control (2.) consisted in adding, to the fibrinogen, a single volume of

the original thrombic mixture shortly (6o sec.) after the addition of a like volume

of M/i K2C2O4. Buffer was used instead of oxalate in i.

Under these fully-controlled conditions, therefore, it is highly significant that

the earlier (5 mm.) oxalation (�) of the prothrombin-thrombin mixture showed

progressive loss of thrombic potency, in marked contrast to the “riper” (30 mm.)

mixture (�), which is unaffected by addition of oxalate. Our earlier paper12 may

be consulted for evidence that the final thrombin may be “decalcified” by oxalation
and electrodialysis without significant loss of thrombic potency.

II. THROMBOPLASTIC PHOSPHOLIPID

A. Cephalin (ceph.): The phosphatide, or more accurately the group of phos-

pholipids (since there are isomers and homologues with varying fatty acid radicals,

not all of which are clot-aiding14), designated chemically as phosphatidyl ethanol-

amine,’5 is a “thromboplastic” agent. At least this is true of the P-lipid as isolated

from brain and other tissues as well as from plasma, etc., the fact being first clearly

recognized by Howell’9 and Zak7’ in 1911, although the identification of the

phosphatide required later work and may still be incomplete.” In some earlier

quantitative studies’4 on crude (Howell-type) prothrombin, we showed (i) as

little as one part of cephalin in several millions has distinct thromboplastic ef-

fects; (i) thrombin yield depends upon amount of “free” (or “available”) cephalin

present, (�) considerable amounts of cephalin (and other substances) can be demon-

strated in combination with the prothrombin protein’0 even when it shows little,

if any, ability to be activated by Ca, alone.’0

It would be highly desirable to repeat these data, especially (a) the analytical

and (b) the full study of thrombin yields, upon the newer prothrombin prepara-

tions. At present, however, we are handicapped by lack of cephalin and of sufficient

prothrombin. With two old (several years) and weak cephalin preparations, we

were able to confirm the thromboplastic action of the P-lipid, but this is the extent

of the data which, for the present, we can include under this head.

B. Thromboplastin (tpln.): We have had no opportunity to study the thrombo-

plastic “lipoprotein” which Chargaff et al.4 claim to have isolated from lung tissue

and plasma. The present data were obtained with the use of various crude thrombo-

plastin (thrombokinase) preparations described under Reagents. Mertz, Seegers and
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1146 ACTIVATION OF PROTHROMBIN

Smith5#{176}found that the amount of added thromboplastin (a lung preparation)

determined the thrombin yield from purified prothrombin. Table ii shows the

essential data when we follow for 7 days the effects of varying concentration of

brain thromboplastin (tpln. A) added to recalcified dog prothrombin (PRO. A),

a partially purified preparation. The least amount of the tpln. in the thrombic mix-

ture was I �400,000 which was weak, but by no means minimal. The i : iooo and

I : �oo concentrations are clearly maximal. Owing to the limited amount of pro-

thrombin available, there was insufficient thrombin for a dilution series, but it is

clear, nevertheless, that (i) above a certain ‘ ‘maximum,’ ‘ increasing the thrombo-

plastin concentration speeds up the rate of prothrombin activation without in-

creasing the thrombinyield (as shown by c.t. value), whereas (2.) below a certain

. ‘optimum,’ ‘ lessening the thromboplastin definitely reduces the final amount of

thrombin formed, in addition to greatly slowing the rate of activation. Thus, the

main facts, previously reported with regard to the thromboplastic action, whether

of cephalin’4 or crude thromboplastin,5#{176} are adequately confirmed in the present

study.

The data of table i i again clearly show the trace of fibrinolytic factor, which, since it diminishes with

the thromboplastin concentration, must come chiefly from this source.

Deterioration of thromboplastic impurity in prothrombin preparations. During the

course of these investigations we had occasion to secure prothrombin activation

data of similar kind on repeated experiments with the same prothrombin prepara-

tion over some weeks or months. It became apparent that a change in the character

of the activation could often be noted. An especially good example of this is seen

in data obtained, as little as three weeks apart, in the case of PRO. G, as is clearly

seen from the data collected in table IL. The rate and degree of “spontaneous”

activation are particularly affected (ia vs. ib), but there is also much weakening of

the ability to be activated by Ca, alone (2.a, Lb). Even the better start which the

Ca gets in a repetition (2.c) of the last test, after � hr. keeping the PRO. G solu-

tion (in ice-box), does not significantly hasten completion of thrombin formation.

However, there is no appreciable difference in the response to Ca + tpln. (3a, 3b),

which is complete (� seconds c.t.) in one-fourth to one-half hour in both instances,

thus proving that the properties of the prothrombin itself are stable. The lengthen-

ing of the clot-lysis time by about one-half day in ib, 3b hardly seems significant.

The conclusion favors the idea of a deterioration of a more essential thromboplastic

factor than the protease impurity. Our guess is that this refers to the thrombo-

plastic phospholipid (“cephalin-like” in character),*

III. THROMBOPLASTIC ENZYME

Thromboplastic en z,yme in relation to blood-clotting and proteolytic phenomena

The Ferguson blood-clotting theory2’ centers around a special thromboplastic

role of small amounts of natural plasma or tissue proteolytic enzyme (try ptase” or

* It is possible that we were here encountering the effects of an unstable “accessory factor’ ‘�‘ called

accelerator globulin by Ware, Seegers et al. (see Addendum).
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plasmin6 or fibrinolytic protease42). However, this is not regarded as a basic factor,

since prothrombin, in our experimental systems, is rapidly and completely con-

verted into thrombin by calcium (Ca�) and .cephalin (thromboplastic phospho-

lipid) even when no protease can be demonstrated. We had shown this previously’0

when using crude prothrombin. Trypsin, in vitro, corrects the thromboplastic

defect of hemophilia.’6 In the present study, all the thromboplastic preparations

( except cephalin) showed at least a trace of tryptase impurity, revealed by the

clot-lysis test. The role of the thromboplastic enzyme we believe to be of the nature

of a weak digestive action (“disaggregation,” Pope57:) upon the complex unions

of plasma proteins with phospholipid and calcium, thereby mobiliting or making

‘ ‘ available’ ‘ these necessary activators and thus, in a sense, ‘ ‘ catalyzing’ ‘ the pro-

thrombin activation. The high fidelity with which the new purified prothrombins

permit us to follow the course of the activation process has enabled us to con-

tribute the following highly significant data on (I) the thromboplastic activity of

natural tryptase in a variety of plasma products and (i) certain interrelationships

between thromboplastic and proteolytic properties. Highlights of these data are

( 3) use of streptokinase (v. infra), instead of the less reliable Delezenne and

Pozerski66 (I�o3) ‘ ‘chloroform-method,’ ‘ for activation of protease precursor

( tryptogen) and (�) study of effects of certain recently isolated crystalline trypsin-

inhibitors, of protein or polypeptide nature, from pancreas52 (T.I.) and soybean44

(S. B.I.)-see Reagents.

Thromboplastic action of tryptase (streptokinase-activated tryptogen) in human, and

other, fibrinogen-containing plasma fractions.’ Our first clear demonstration of the

“thromboplastic action” of natural plasma tryptase was made with streptokinase-

activated human plasma Fraction-I (HF.) and the more refined fibrinogen (H. Fb.)

obtained from the Harvard laboratories (see Reagents). The data of table 13 are

reproduced, with minor modifications (including clot-lysis data), from Proc. Soc.

Exper. Biol. & Med. 64: 311, 1947.��

The preliminary fibrinogenolytic tests (A): show that streptokinase (strep.) acti-

vates the plasma tryptogen, in H.F., to a proteolytic potency comparable to that

of 2.0-unit (final concentration = 2. units per cc.) trypsin (tryp.)-(see Reagents).

The thrombic mixtures for the activation tests (B) consist of � cc. vol., contain-

ing 2. cc. PRO. B (protease-free-v. T,), 1.5 cc. of lysate (or buffer) + 0.2.5 cc. buffer

+ 0.2.5 cc. Ca. Thus, the trypsin concentration (final) in T4 is only i unit (=s 0.01

mg.) per cc. Obviously, the amount of protease in these activation tests is very

small indeed.

The activation data, in the presence of optimal calcium (added in all tests),

clearly show the “thromboplastic” improvement in thrombin formation by the

lysates A (tryptase) and B (trypsin) in T,, T4, respectively. Heat-defibrinated H.F.

(C) is used to control the possibility of some thromboplastic factor, other than

the proteolytic agent, being the cause of the T, result. The series T2 is practically

identical with series T, (Ca only). Thus, we conclude, the enzyme acts in con junc-

tion with the trace of thromboplastin mobilized from the prothrombin prepara-

tion.

We have previously noted (table 7) that the streptokinase (protease activator) is devoid of significant

thromboplastic, thrombic, or proteoiytic effects.
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Other data.’ on streptokinase-activated human fibrinogen (H.Fb.), dog

(NH 4)2SO4-pptd . fibrinogen (D.fb.)-see Reagents-are essentially similar.

Thromboplastic (and thrombic) actions of 111-3 and effects of trypsin-inhibitors (see

Reagents): Table 14, modified (by inclusion of (i) thrombin ‘ ‘percentages’ ‘ and (i)

clot-lysis tests) from data in the above-cited publication,’4 shows a definite

‘ ‘ thromboplastic’ ‘ action of the protease contained in the Harvard human plasma

fraction III_3.9a

The c.t. data of the thrombin dilution series, in section B, enable us to express

the degree of activation in relative thrombin “percentages” (v. p. 1134). Those

for the I hr. incubation are included in section A. Note:

I . The zoo per cent activation by Ca + tpln. (T,) was actually obtained in � hr.

and remained stable for a week or more.

2.. Ca, alone (T2), gave only I per cent, in i hr.

3 . Ca + enzyme (iT,), increased this to 2.5 per cent, a considerable ‘ ‘ thrombo-

plastic’ ‘ effect.

4. 111-3 15 not an ideal tryptase preparation, because it has some ‘ ‘ thrombic ac-

tion’ ‘ of its own, but the control (T6) shows this to be only i per cent; quite unable,

therefore, to account for the above effect.

5. Pancreatic trypsin-inhibitor (T4) reduces the thrombin formation to io

per cent.

6. Soybean trypsin-inhibitor (T5) diminishes it to less than i per cent, com-

pleting inhibiting the thromboplastic enzyme. The question of an additional direct

“antithromboplastic” action of S.B.I. was raised on p. 1142. (and see table 8) and

is fully answered below.

Nomenclature. Our nomenclature Fa of the fibrinolytic and thromboplastic plasma protease as ‘ ‘ tryp

tase” (cf.’�) is tentative and based on the practical consideration of many similarities (despite differ-

ences in origin, etc.) to pancreatic trypsin. There is no current agreement on nomenclature,9’ however’

and there are certainly several plasma proteases, e.g., cathepsins,4’ and possibly papain-like enzyme. The

coincidence of thrombic and proteolytic actions in 111-3 might suggest a papainase (cf.32), were it not

for the fact that our other . tryptase” preparations lack the coagulant effect.

Modes of action of trypsin-inhibitors.

‘Antitryptic” effect: These known pancreatic-trypsin inhibitors were shown to inhibit plasma tryp-

tase in fibrinogenolytic and fibrinolytic tests.’3

2.. ‘Antithromboplastic” effect: The later tests of T, series (table 14) suggest that S.B.I. antagonizes not

only the protease but also the natural thromboplastic (phospholipid) factor which continues to operate

in the control (T,). There is no good evidence for this in the case of TI. The control tests (without added

enzyme) in table 8, were made with the same prothrombin (PRO. G) as the table 14 series. They clearly

show inhibition of prothrombin activation by S.B.I., both CT,) with Ca, alone, and, more significantly

(‘F8), with Ca + tpln. The TI. shows negligible effects of this sort.

It is concluded, therefore, that the soybean- (not the pancreatic-) trypsin-inhibitor has additional direct

antithromboplastic” (?anticephalin) effects, somewhat like the first-phase action of heparin (table 9).

3. Second-phase controls. The negligible effects of trypsin-inhibitors in the second-phase are proved in

the data of table 8, C. An additional possibility that SB.!. (under certain circumstances) might serve as

a “co-factor” for the antithrombic effects of heparin was also ruled out by some tests noted in table i�.

Observe the slight “immediate” antithrombic effect of 2.5 Toronto units per cc. (final concentration) of

heparin on the thrombin (o.� per cent h.g.) tested (in which there is no reason to suspect the presence of

any co-factor). The SB.!. had no antithrombic action (a) immediately or (b) after i hr., whether tested

alone or with heparin.
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Other active tryptase preparations. None of the other plasma fractions studied,

except the less purified prothrombins G and A (see table i) and some commercial

thrombins (e.g. table io, TL6) showed coagulant activity as well as protease effects.

Protease could not be detected (table i8) in the highly purified prothrombins

( B-E), nor in certain thrombin preparations (table io, TL4). It is certain, there-

fore, that it must be regarded as an impurity. Excepting cephalin (purified P-lipid),

all the thromboplastic agents (see Reagents) tested were found to contain a trace

of tryptase (cf.40). In view of this ubiquity of tryptase in all but the most highly

purified plasma and tissue products, it is not surprising that we were able to demon-

strate both the lytic and thromboplastic (weak) effects of this protease in crystal-

line serum albumin preparations (Harvard Laboratory9”�see Reagents) of both

human (H .S.A.) and bovine (B.S. A.) origin.

TABLE 12.. Prothrombin Activation Tests. Effects of Aging (.s weeks)

T: 10 cc. vol., containing 4 cc. PRO. G (0.4%) and cited naivalors: 0.5 cc. M/l0 CaCl�; 0.5 cc. tpln. B (0.75%), in

borate buffer, pH = 7.7. PRO. in 2c. same as in 25. but 24 hours older (kept in ice-chest).

Ct. (sec.), at room temp. (21’-22�C), for 0.5 cc. B.F. (0.5%) + 0.25 cc. T.

I Incubation Period: room temperature

T. Date Activator ____ ________________________________________ ________________ Clot-lysis

i hr. 4 hr. I hr. 2 hr. 4 hr. 24 hr.1 2 dy. 4 dy. 7 dy 11 dy 21 dy

in 1-14-47 (buff. only) 610” 555” 360” 210” 145” 58” 36” 26” 12” 54” 54” 0 (7

day)

lb 2- 6-47 “ “ 2760” 2660” 2190” 2000” 1500” 428” 350” 245” 130” 39” 15” 0 (10

day)

2a 1-14-47 Ca only 167” 133” 87”i 45” 31” 13” 9” 54” 4” 4” - 2 day

2b 2- 6-47 “ “ 233” 210” 178” 150” 88” 23” 20” �0” 6” 4” 4” 24 day

2c 2- 7-47 “ “ 126” 119” 105” 92” 60” 38” 32” 18” 6” 4” 4” 24 day

3a 1-14-47 Ca + tpln. � � �“I � � �“ 4” 4” 4” - - 2 day

3b 2- 6-47 I “ “ � 4”� 4”� �“I �“ �“ �“ 4” 4” 4” 4” 24 day

4” 1-16-47 Ca + trypt. D � 6”I 8”� Il”� - 2 Jar.

* Tryplase expt., uncontrolled, incub. at 39 C (md. for future ref., see table 18).

Dog plasma tryptase. Our current preparations of high-potency plasma tryptase

are not yet perfected (see Reagents), but the preliminary data are confirmatory

of those on other tryptase preparations, with a few important additions.

Table i6 shows some prothrombin (PRO. G) activation data, using dog plasma

tryptase (trypt. D), with and without trypsin-inhibitor and other activators.

In T2, � :5oo tryptase slightly improves the weak clotting in citrate (cf. T,),

but the most significant point is the virtual absence of activation in i to i days, in

both series. The 95 per cent (approximately) unactivated prothrombin, at the end

of a 17-day period, was completely converted, to 4 seconds c.t., after i hr. incuba-

tion with Ca + tpln. D. (see Footnote,* table i6, A). (Fibrinolysis was advanced

but not quite complete in T2 series on the 7th day � C.), whereas the control

(T,) series were negative.)

The “thromboplastic” action of the tryptase is seen in T4 and T5, as compared

with the T, control (Ca, only). When thromboplastin plus Ca are the activators

(‘F9), the tryptase is hardly necessary, but it does reduce the total activation time

from 2. to i hr. (T,0).
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The fibrinolytic potency of the added tryptase is marked in T, and evident in T4 (by completion of

lysis in a day less than in T,). The same is true of T10 versus T9.

Two reasons are suggested for the failure of the thromboplastic action to be as

strikingly evident as the fibrinolytic effect: (i) Deterioration of thromboplastic

(? P-lipid) impurity, as previously noted (table IL); (2.) Prothrombinolysis, in

case of stronger protease T5, as shown by the longer early c. t. values, together with

some thrombinolysis, definitely shown in the late ct. values. The failure to reach

TABLE 13.-Thromboplastic Action of Plasma Tryptase, Compared with “Standard” Trypsin. I.

A. Preparation of activators. Timing of fibrinogenolysis

Clotting-time test: o.� cc. mixt. + 0.2.5 CC. thrombin, enzyme-free (h.g. i%), at 2.4 C, after stated

incubation periods, at 3� C.

�!

A�

(cc). Mixture 4 mm. 4

15”

4

45”

4

8�”

1

�

14 hrs.

!

(incub.at39�C,

(c.t., at 2.4 C)4.0 HF. (i%) 6”

0.4 strep. (1%) I

B 4.oH.F.

0.4 tryp. (to-u.) 6” ti”

!

1 90”

I

+

I

� ( “““ )
C 4.oH.F.

0.4 buffer heat-d

!

efibrin ated at 56C (� mm.);
wool

filtered through glass-

B. Prothrombin activation test!

T: cc. vol., containing t cc. PRO. B. (o.t%), recalcified (o.t� cc. M/io CaC!2), and mixed with

cc. of cited activators (A, B, C).

C.t. (sec.), at 2.4 C, pH = 7.7 (borate buffer), for o.5 cc. B.F. (o.�%) + 0.2.5 CC. T, after stated

incubation periods, at room temperature.

T.

i

2.

3

4

Activator

I Incu bation P eriod: roo m temperature

Clot-lysis
(37C)4mm. 4hr. lhr. I 2hr. 6hr. l8hr. I 24hr. 4dy. 7dy.

seconds

Ca only

mixt. A

“B

“ C

2.68

307

32.4�

335

2.2.8

2.47

132.

�8

195

2.07

86

40

163

I 172.

62.

2.7

iio

98

45

13

72.

68

36�

8f1

t8I

7

t6

t8

2.01

�

13

�t

it

�

0(7day)

0(7 day)

i8hr.

,8hr.

less than a 13 second ct. is especially significant. With the weaker tryptase, how-

ever, the first of these two reasons must be invoked. The similarity to the trypsin

data of figure 3, in the section to follow, is noteworthy.

Mode of action of thromboplastic enzyme. We have already (p. 1146) mentioned our

theory that trypsin (experimentally) or tryptase (naturally) are only accessory

to the basic mechanisms of prothrombin activation by calcium ions and thrombo-

plastic phospholipid (cephalin), Tryptase, therefore, can be expected to work only

in the presence of adequate amounts of the true activators. In the original presenta-

tion of the thromboplastic enzyme theory,2’ it was commented that the final answer

must await the preparation of prothrombin entirely free from all traces of its ac-
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tivators. This difficult goal is, obviously, not fully achieved by Seegers’ methods

of purification. Nevertheless, some highly significant facts emerge from a critical

consideration of certain differences in behavior of individual prothrombin prepara-

tions, particularly when the preparations act in the presence of thromboplastic

enzyme.

Limitations of thromboplastic action of trypsin. The differences between the data of

figure 3 and table 17 are especially interesting.

A. Data for figure 3 were obtained on an old prothrombin preparation (PRO. C).

Thrombin ‘ ‘percentages’ ‘ (ioo per cent = complete activation) were obtained

from a thrombin dilution series, plotted as 1000 - ct. (sec.) in the dotted line,

and used to construct the ‘ ‘ activation curves’ ‘ I�IV. The � cc. volume thrombic

mixtures all contained 4 cc. PRO. C. (0.3 per cent) + 0.2.5 cc. M 10 CaCl,, with

the following additions: (I) 0.75 cc. buffer only, (II)o .2.5 cc. buffer + o.� cc. trypsin

( 40-unit ‘cc.), (III) o.� cc. buffer + o.i� cc. tpln. A (0.15 per cent), (IV) 0.2.5 cc.

tpln. + 0.5 cc. trypsin. Note the results: (I) Ca (alone) produces slow activation

complete in 50 hours; (II) Ca + tryp. is not significantly better; (III) Ca + tpln. is

adequate but rather slow in the later stages, thus extending the complete activation

to about 2.4 hrs.; (IV) Ca + tpln. + tryp. is significantly best and completes over

9o per cent of the activation in less than i hour, although, here again, the penulti-

mate stages are still rather slow and require up to i6 or i8 hours for 100 per cent

completion.

Clot-lysis: was followed for 4 days, only, in which time it was “absent” in I, “incomplete” in III,

and “complete” (448 hours) in II and IV. Other tests failed to show any protease in PRO. C. (table

i8).

B. Table 17 also gives “percentage” data, computed from a thrombin dilution

series. It gives a very good idea of the progress of the activation, under various

activator conditions. Omitted from the table are (i) Control tests, with Ca + tpln.,

which show the fibrinogen to be prothrombin- (and thrombin-) free; (i) Tests with

PRO. D and (a) buffer only and (b) + tpln. only, which show only negligible

traces of thrombin already present in the prothrombin solution. (Weak as they

were, these traces of clot resisted fibrinolysis for a week at 37 C.)

Note the following results, in sharp contrast to those of PRO. C. (fig. 3): (T,)

a stronger tpln. + Ca gave complete (ioo per cent) activation in � hr., while

(T2), a weaker tpln. + Ca needs 48 hrs. This is reduced by �-u. of trypsin to only

3 hrs., but (T5) tryp. + Ca (without added tpln.) is nearly as good, except in the

earlier stages; (T4) Ca, alone, is slower to start than Ca + tpln. (T,) but is com-

plete in the same length of time (48 hrs.). (T6) Trypsin, alone, produces maximal

activation in 6 hours, but this amounts to only 2.0 per cent of the potential activity,

and even this rapidly falls off in the next 2.4 hrs. Loss of thrombic potency after

maximal activation is also seen in T, and T5. Clearly, the trypsin has prothrom-

binolytic and thrombinolytic powers.

Clot-lysis: fails to reveal any tryptase in the prothrombin (T4) but there is evidently a trace in tpln.

C (T,). The tryptic fibrinolysis is readily detected (T3, T,, T6).
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The activation tests (with ‘ ‘ tryptase’ ‘) in tables 13 and 14 resemble those of table

17, while the data in table 16 are suggestive of those in figure 3. The significant

differences in enzyme (protease) effects incidentally noted in a large, but not always

complete, set ofstudies on PRO’S A, B, C, D, E, F, and G, are collected in table i8.

Without entering into a detailed analysis of the data it can be concluded, with

considerable probability, that the differences consist in the varying amount

of (a) thromboplastic phospholipid factor, and (b) calcium (especially note ‘F7

table 7 versus T2 table i6) ‘ ‘available’ ‘ (i) immediately or (i) because of the ac-

tions of the proteolytic enzyme, for the prothrombin-activation. Lack of tryptase

is a simple explanation of the unduly long incubation period necessary for Ca +

tpln. to activate highly purified prothrombins, if it can be assumed that the ac-

FIG. 3. EFFECTS OF TRYPSIN ON THROMBIN FORMATION, FROM PURIFIED PROTHROMBIN apparently CON-

TAINING INSUFFIECENT TRACE OF THROMBOPLASTIN (ref. Ann. N. Y. Acad. Sci. �9.’ 486, 1948)

Experimental data given in text. Thrombin formation at successive incubation times (it.) computed

from inverse clotting times (iooo -i- t (sec.)) of thrombin (III) dilution series (dotted line) for the fol-

lowing mixtures: I. PRO. C + Ca; II. PRO. C + Ca + tryp.; III. PRO. C. + Ca + tpln. A; IV. PRO. C

+ Ca + tpln. A + tryp. 2.5 C, pH 7.7.

celerator globulin (see Addendum) is adequate. The data are all very clear in terms

of the “thermoboplastic enzyme theory.”

Suggested scheme for routine testing for “trace impurities” in prothrombin preparations.

The foregoing experimental analysis of the activation mechanisms suggests four

simple routine tests which should be made on all prothrombin preparations.

A o.5 per cent prothrombin solution in our borate buffer (see Reagents) is recom-

mended, with the addition of 0.4 per cent (final concentration) of trisodium citrate

(except in IV). Thrombic mixtures (T): � cc. vol., containing i.� cc. PRO. (o.�

per cent) + activators, as follows (v. infra). Clotting-tests, at room temperature,

on o.5 cc. prothrombin- and enzyme-free fibrinogen (e.g. o.5 or 0.2.5 per cent B.F.,

the “half-strength” being recommended for protease tests, I).

I. Test for protease (tryptase), by clot-lysis at 37 C: T, is activated by 0.2.5 cc.

M,’io CaCl2 for suitable periods (e.g., I, 4, 2.4, 48 hrs.), timing the clotting (at

room temperature) and then incubating � C) for fibrinolysis. If a suitable enzyme-

free thromboplastin (e.g., I woo cephalin) is available, it would greatly shorten

the necessary incubation. Owing to tryptase contaminants commercial thrombo-
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FERGUSON, TRAVIS AND GERHEIM 1153

plastin preparations are usually unsuitable. The protease may be assayed in

“fibrinolytic” units by our “method A” (p. 1156)21 using standard trypsin dilutions

(i mgm. - ioo units) and an enzyme-free thrombin (e.g. i per cent h.g.-see

Reagents) to clot the fibrinogen.

By this test, significantly, all Seegers’ highly purified prothrombins, except

PRO. F, (table i8) are quite free from tryptase. This is definitely not the case,

however, with (a) partially purified prothrombins (G, A), nor (b) with most of

the currently available thrombin preparations (table 2.0).

TABLE I4.-Thromboplastic Action of Plasma Try plase. 11. Human Plasma Fraction 111-3 (Harvard).

Effects of Trypsin-inhibitors

A. Prothrombin activation data

Ct. (sec.), at 2.4 C, pH = �.7 (borate buff.): o.5 cc. B.F. (0.5%) + 0.2.5 cc. T.

T: � cc. vol., containing t cc. PRO. G (o.4%), 0.2.5 CC. M/io CaCl,, 2. cc. 111-3 (0.1%), 0.2.5

cc. tpln. B (o.��%), 0.75 CC. trypsin-inhibitor (from pancreas: TI., o.t%; from soybean, SB.!.,

o.t%), where indicated.

T.

i

t

3

4

s

4 m. 4 hr. 4 hr. I 1 hr.
Activators Inhibitor

seconds

Ca + tpln. I 0 78 4 4 4

Ca only 0 2.18 167 I 133 87

Ca + 111-3 I to 34 io

“ + “ TI. 71 6i 39 2.5

“ + “ SB.!. 75 92. 100 io8

�, 1 hr.

I dy. 7 dy.

!

(seconds)

.
Clot-l�sis

t day

t day

7 hr.

4 day

0 (� dy)

37 hr.

100

i

2.5

10

<I

4 4

33 �

8 5

9 6

150 45

8� -6 Ca + 111-3 0 78 - I - 8o i

B. Thrombin dilution (“percentage”) data

C.t. (sec.), at 2.4 C: o.5 cc. B.F. (0.5%) + 0.2.5 CC. T1 (� day old), dilutions stated.

Rel.T.conc.� I ioo� 50 25 10 S 1 0.5

Clotting-time, in seconds 4 8 ii 2.2. 41 84 32.7

II. Test for thrombin.’ Provided that the prothrombin is free from protease (or,

possibly, by ensuring this by the addition (with controls) of a little trypsin-

inhibitor), the addition to 0.5 cc. of the test fibrinogen of 0.2.5 cc. of citrated PRO.

is at least a qualitative test for the presence of even very minute traces of thrombin.

III. Test for thromboplastic factor (? cephalin; ?? lipoprotein): Test I gives some

indication of the immediately available thromboplastic factor, but supplementing

T,witho.� cc. of io-unit cc. trypsin (see Reagents) before the clot-timing (T2,o.i� cc.

+ B.F., 0.5 cc., at room temperature) test series will greatly speed up the activa-
tion (to minutes or an hour or two, instead of days) if “available” thromboplastic

factor is present. On the other hand, deficiency of this factor will be shown by the

lack of difference between III and I (Ca-alone), control.

IV. Test for available calcium.’ This must be made in the absence of “decalcifying”
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TABLE i5.-Lack of Antithrombic (second-phase) Effects of Crystalline Soybean Trypsin-inbibitor, with and

without Heparin

Ct. (sec.) for o.� B.F. (o.�%) + 0.5 thrombic mmxtures (I-TV), consisting of o.t� cc. h.g.

(o.�%) + 0.12.5 cc., each, of inhibitors noted. Tests made immediately (i� sec.) and repeated after

thrombic mixtures had stood at room temp. (tt C) for x hr.

Mixture I II III IV

Inhibitor none S.B.I. (0.5%) hep. (100 unit) S.B.I. + hep.

sec. incub

i hr. incub

,�“ ‘s”

,5” 15”

37” 37”

35” 35”

TABLE i6.-Effects of High-Potency Plasma Tryptase on Aged Prothrombin.’ Activation and Inhibition

(kv Crystalline Pancreatic Trypsin-inhibitor)
Activation data. Expts. started 2-11-47 (cf. tables 8 and 12)

T: 5 cc. vol., containing 2 cc. PRO. G (0.4%), citrated (0.4%), and Activators (0.25 cc.) and Inhibitors (0.5 cc.) cited.

Tryptase (trypt. D) used in (final) dilutions noted. Final conc. (mg/cc. T) of citrate = 160; of trypsin-inhibitor TI. =

0.5. Thromboplastin (tpln. B), 0.75%, weakened after 4 days in ice-box.
Ct., mm (m.) or sec. (“), at room temp. (22 ±2 C), for 0.25 cc. T + 0.5 cc. B.F. (0.5%).

Incubation Period: room temperature I
Activators _________________________________________________________________ Clot-lysis

1- 4 m. 4 hr. 17 dy.

0 0 I 76m. 76m. 39”” 0 (10

I day)
2 trypt. (1:500) 0 48m. 47m. 35”” 7 day

3 Ca only 0 204” 180” 4” 24 day

4� Ca+trypt.(1:500) !0 183” 136” 4” l4day

� Ca±trypt.(l:2O) 0 198” 403” 74” 50mm.

6 Ca+trypt.(1:20) 0.5 184” 156” 5” 3day

7i Ca+trypt.(l:500) 0.5 180” 142” 4” 4day

8� Ca only 05 188” 177” 4” 4 day

9! Ca + tpln. .0 100” 14” 4” 24 day

10 Ca±tpln.+trypt..0 88” 13” 5” l4day

1:500)

4 hr.

77m.

46m.

149”

117”
360”

135”

145”

159”

6”

1 hr.

78m.

43m.

125”

83”

345”

111”

121”

142”

5”

4”

2 hr.

79m.

45m.

86”

54”

238”

74”

101”

126”

4”

4”

4 hr.

75m.

44m.

48”

39”

180”

54”

86”

112”

4”

4”

1 dy.

Slm.

43m.

25”
22”

19”

27”
36”

43”

4”

4”

8 dy.

7m.

Sm.

8”

5”

48”

Il”

13”

20”

4”

4”

2 dy 4 dy.

49m. 20m.

4lm. l8m.

20” 13”

19” 9”

13” 16”

26” 19”

30” 25”

35” 28”

4” 4”
4” 4”

11 dy.

115”

90”

4”

4”

59”

7”

7”

7”

4”

4”

“54 ACTIVATION OF PROTHROMBIN

anticoagulant. “Spontaneous” activation and especially the acceleration of this by

added thromboplastin (alone) is indicative of “available” calcium. The most rapid

and satisfactory test, however, is to use (T3) a thrombic mixture containing PRO.

* After 1 hr. incub. with Ca + tpln. D, on 17th. day, Ti and T� were both brought to 4” ct, value.

(see T,), without calcium, but with 0.2.5 cc. thromboplastin (Ca-free) and o.5 cc.

2.0-unit/cc. trypsin (Ca-free).

By the use of these (or similar) tests, we secured the tentative data on “trace

impurities” of the various prothrombin preparations noted in table i.

V. TEST FOR ACCELERATOR GLOBULIN (see Addendum)

Proteolytic phenomena in relation to coagulation processes.

I. Fibrinolysis. It is clearly proven by the data of these and earlier’0 studies,

that thrombin itself, or its prothrombin precursor, are devoid of ordinary proteo-
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FERGUSON, TRAVIS AND GERHEIM “55

lytic properties. Fibrinolysis or clot-resolution occurs only when the clotting

system is contaminated with some protease (e.g., tryptase) of plasma or tissue

(e.g., crude thromboplastin) origin. Tryptase impurity of the prothrombin itself

TABLE 17.-Effects of Trypsin on Activation of Prothrombin, in Presence of Various Activators

Thrombin dilution series. See table 3

.‘ Percentage’ ‘ values of thrombin present, computed from clotting-time data, after stated in-

cubation periods, in tests on prothrombin-free fibrinogen.

T: � cc. vol., containing 4 CC. PRO. D (o.2.%) and stated Activators, per cc. T.

Activators Incubation Period: room temperature

_____________ _____ ______________ ______ ___________ ________________ Clot-lysis

. ‘1 I � (37C)

� �

I 0.05 0.15 0 40 8o ioo ioo 100 - - � - � - not tested

2. “ 0.05 0 I 5 9 2.0 30 35 70 � 8o ioo 6-7 day

3 “ 0.05 4 35 1 42. 6o 75 � sos 50 3 I ‘ - 3 day

4 “ 0 0 - � ± � :1: + I 4 40 � 8o ,oo o (io day)

5 “ 0 4 6 � 2.5 35 6o ioo 8o 4 � I - 3 day

6 � 0 � 0 � 4 � - � + � <I � >1 � 8 � 20 I t � + � - � 3 day

TABLE i8. Some Significant Differentes in Enzyme (Protease) Activator Effects on Individual Prothrombins

Composition of thrombic mixtures and times required for complete activation (I-V)

Agents, per 10 cc. vol. of Thrombic Mixture I II III IV V

Data cited Prothr. TpIn. Ca�5I Protease (clot-lysis)’ Ca1 + tpln.
prey. _________ ___________ ________________________ Calcium Ca± Ca + tpn. +

Prep. (%) Type(%) vol. (a) added P�.Ca alone zyme tpln. �

cc. cc. cc. u hr. hr. hr.

A(?)4 A(0.1)0.5 0.5 tryp. (40) ±(6 day)’ 48hr. lhr. 2 - -

Tab.4 B(0.2)8 A(0.1)0.S “ “ (40) 0(loday)’ 4dy. l4hr. 2

8 “ “ 4 - “ “ (10) 0(7 day)’ >7dy. 4dy. -

Fig. 3 C(0.3)8 A(0.25)0.S “ (40) 0(4 day)’ SOhr. 48hr. 24 16

Tab. 17 D(0.2)8 C(0.l)0.S ‘ (40) 0(10 day)’ 48hr 3hr. 48 3

Tab.9 E(0.35)8 A(0.25)0.5 “ (10) 0(7 day)’ 8dy. 2hr. 8

7 F(0.2)8 A(0.25)0.5 “ (40) +(4 day)’ >4dy. )hr. 1 4

12 G(0..&)4 B(0.75)0.5 tryptase +(2 day)’ 4dy. (4hr.) 4

16 “ ‘ “““ tryptase ±(24day)’ ildy. lidy. 2 1

‘Protease in pr3thrombin (recalciflei): testel by time re�uire�1 for complete clot-lysis.

t Uncontrolled test, at 39 C.

is ruled out in nearly all the highly purified products (table i8) studied, but is

shown in those that are only partially purified (esp. G, A). We are not yet fully

able to account for the fact that the protease impurity always shows up best in

recalcified thrombic mixtures. McDonald and Kunitz49 have shown the importance
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ii�6 ACTIVATION OF FROTHROMBIN

of calcium in the formation of trypsin from crystallized trypsinogen (pancreatic)

but our experiments, to date, have not definitely proved whether this kind of action

is involved in the plasma tryptase system.

Clot-retraction is evidently a preliminary stage of fibrinolysis in our in vitro tests,

where it is not at all uncommon to observe a very weak protease cause retraction

of the clot without complete fibrinolysis (e.g., T�, table II). In ordinary blood

clot retraction, platelets and other cellular elements” may very well contribute

proteolytic enzyme(s).2’ We have found tryptase in platelets by means of the

fibrlnogenolytic test. It is not improbable that colloidal syneresis, of the nature

of elastic retraction due to micellar rearrangement, may also be involved in clot-

retraction, but a partial fibrinolysis could be an essential initiating force.

In a somewhat analogous manner, a colloidal phenomenon (“coacervation,” Mommaerts”), charac-

terized by interlacing of the elongated (filamentous) fibrinogen molecules and micelles, may be the funda-

TABLE 19.-Prothrombinolysis by Plasma Tryptase

PT = ,o cc. PRO. H. (o.i%), citrated (0.4%) + o.6t� cc. Tryptase-D. t cc. samples of PT re-

moved at age cited and activated (T) by o.rt� cc, each of M/,o CaCI2, tpln. D, and borate buffer.

C.t. (sec.); o.5 cc. B.F. (0.5%) + 0.2.5 cc. T. Temp.: t� C; pH: 7.7.

T.

�

�

Age Pt

mm.

m.
�

I

S m. 20 m. 1 hr.
�

2 hr. ?�s
!

Clot-lysis’

(seconds)

I 136 6 4 34 34 34 I2.-15 m. � C); i hr. (t� C)
2.

3

15

30

2.92.

I 435

35

I 72.

7� 54i
2.2. 33

5�
10

4
6

“

“ ;
“

“

4 I 6o 612. 2.47 12.3 77 48 i6 “ ; “

* Alternate tubes tested at the respective temperatures.

mental explanation of their aggregation to form fibrin; but, here again, a specific causative agent is neces-

sary, and this is the function of thrombin. Thrombin is not proteolytic (v. supra) but the proteolytic

enzyme papain (see p. 1148), which can also produce true “fibrin,” also has fibrinolytic powers.”

II. Fibrinogenolysis.’ As we have previously shown, lysis of fibrinogen,2#{176} even

better than fibrinolysis,21’ 24 is an excellent quantitative method for assaying

trypsin-like enzymes, with a sensitivity of the order of I i ,ooo,ooo. The two tests,

which we term “method B” and “method A,” respectively, may be adapted for

the study of natural proteases related to the blood-clotting system, which study

is being further prosecuted in our laboratories.*

It is significant that small amounts of contaminating plasma proteases do not

greatly interfere with the clotting-system. In part this may be due to the wide

range of fibrinogen concentrations that give optimal clotting (table 2.). In certain

situations, however, such as the noncoagulability of cadaver64 and menstrual

blood,��’ a simple explanation is forthcoming on the basis of the fibrinogenolytic

action of larger amounts of tryptase, with or without thrombic clotting.

* More recent experimrnts emphasize practical difficulties due to differences in the shape of the lysis

curves (plotted against incubation time).
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FERGUSON, TRAVIS AND GERHEIM 1157

III. Prothrombinolysis is the other factor to be considered in poorly clotting blood,

plasma (e.g. after citrated storage), or exudates. Prothrombinolysis may precede

or accompany fibrinogenolysis. A simple test with thrombin will quickly show up

any fibrinogen present. If this is negative, fibrinogen should be added,69’ 67 but

otherwise this is unnecessary, before going on to a test for prothrombin by the ad-

dition of optimal amounts of calcium and thromboplastin (e.g., the Quick test’s).

We have long been aware of the prothrombinolytic action of trypsin,’#{176} and

Seegers and Loomis6#{176} have recently noted this with tryptase (“fibrinolytic en-

zyme”). Some evidence of prothrombinolysis is observed with the high-potency

tryptase in the activation tests (T,) of table i6, but the phenomenon is best seen

on incubating prothrombin solution with tryptase and testing samples, at intervals,

for activation with Ca + tpln. (table 19). The data of table 19 clearly show the

progressive weakening of the prothrombin by the added tryptase.

TABLE to.-Thrombinolytic Action of High-Potency Plasma Try ptase

TL: thrombin-lysis mixt., containing i cc. thrombin (type specified-see Reagents), i cc. trypt

D, and buffer (to t.� cc. vol.). Incub. (of TL) and clotting tests at room temp. C.t. (sec.): o.t5

TL + 0.5 B.F. (o.t�%). Tryptase used in i, 3, �; buffer only (controls) in t, 4, 6.

TL.

i

2.

Thr. (str.)

TL-incubation period: room temperature

Clot-lysis4 m. 1 hr. 2 hr. 4 hr. 8 hr. 1 dy. 2 dy. 4 dy.

seconds

T� (1%)

‘

io

10

10

10

io4

JO

it

10

13

JO

19

10

40

10

-

II

6-io mm. (2.2. C)
>7 day (2.2. C)

3

4

hg. (i%)

“

io

JO

io4

10

ii

10

it

10

23

10

17

io

36

10

-

II

6-io mm. (tt C)
o (� day; 37 C)

6

TpD (ioo u) 64

64

64

64

64

64

7

64

7

64

9

64

it

64

2.1

7

5-10 mm. (2.2. C)

<7 day (37 C)

IV. Thrombinolysis.’ Trypsin (pancreatic) also causes thrombinolysis akin to the

natural irreversible disappearance of thrombin in serum.’0 We have noted, however,

that this requires rather large amounts of trypsin.2#{176} Several recent workers,60 46

claim that thrombinolysis is not produced by tryptase. In the light of the trypsin

data (e.g., tables �: T4; �: T,, T6, T,; �: T,, but cf. 13, T4-with small amount of

trypsin) we were rather surprised at these claims and at our similar negative tests,

on a number of occasions (e.g., table 14, T3). Very recently we have obtained

some high-potency dog plasma tryptase (trypt. D) (see Reagents). One of these

preparations, tested at 39 C. (without control), in T4 of table IL, was highly sug-

gestive, but convincing evidence of the thrombinolytic action, even at room tem-

perature, was given by an even better tryptase preparation tested on half a dozen

different thrombins, including T,, T,, and T9 of table i6, and the commercial

thrombins shown in table 2.0. The perfect stability of the controls and the potency

in clot-lysis (and in fibrinogenolysis) of the tryptase are brought out in the data.

One incidental finding was that thrombinolysis could not be followed beyond a

certain point, because the tryptase, persisting in the lytic mixture, destroyed the
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xi�8 ACTIVATION OF PROTHROMBIN

fibrinogen in the clotting-test mixture more rapidly than the erstwhile potent

thrombin could clot it. A definite shortening of the fibrinolytic times in the tests

prior to this; i.e., while the thrombin, though weakening, was still present, could

be ascribed to the same cause. Trypsin inhibitors (TI. and S.B.I.) prevent the throm-

binolytic effect.

V. Lysis of accelerator globulin (see Addendum) is another possibility.

SUMMARY

A number of high-potency purified prothrombin preparations,6’ in o.i-o.5 per

cent solution in borate buffer (pH = 7.7), maintain for days or weeks a stable

thrombin-forming ability, whether (a) with buffer alone, (b) with brain thrombo-

plastin suspension, (c) with CaCl2. Nevertheless, they all contain a trace of throm-

bin and continue to activate ‘ ‘spontaneously’ ‘ at a very slow rate. Optimal addition

of Ca-salt somewhat accelerates this and usually leads to maximal (complete)

thrombin formation in i-u days at room temperature. Except in a few cases,

where ionized Ca� is demonstrable, thromboplastin, alone, is without effect, but

added with calcium, it completes the activation in a matter of minutes or hours

depending principally upon the concentration used.

Experimental analysis of the activation process stresses the participation of (i)

Ca-ions, (i) thromboplastic P-lipid factor (cephalin), (�) plasma and tissue tryp-

tase (proteolytic enzyme). Each of these factors is studied in detail with reference

to mode of action, optimal concentration, side-effects, and relation to inhibitors.

Inhibition of prothrombin activation may be considered under the following

heads: (i) “decalcifying” agents (e.g., oxalates, citrates, etc.), which (a) depress

Ca-ionization and thus prevent thrombin formation, and (b), under special circum-

stances, reverse the process of activation; (i) “antithromboplastic” (?anticephalin)

agents, (e.g., heparin, and probably soybean trypsin-inhibitor, to some extent);

(�) “antitryptase” agents (e.g., crystalline trypsin-inhibitors from pancreas and

soybean), which inhibit the thromboplastic enzyme (accessory factor). Excess

Ca� slows rate of thrombin formation.

The evidence suggests that thrombin formation proceeds via an “intermediary”

calcium-prothrombin-cephalin (thromboplastic phosphatide) complex or com-

pound. The amounts of (a) thromboplastic P-lipid (cephalin or “thromboplastin”)

and (b) Ca determine both the rate of activation and the final thrombin yield.

However, the ultimate (“ripe”) thrombin owes none of its activity to the presence

of any calcium or phospholipid.

The three types of activator (Ca, thromboplastin, and thromboplastic enzyme)

occur as “trace impurities” in prothrombin preparations, but Seegers’ most purified

materials are tryptase-free. Tryptase (and trypsin) are “thromboplastic” only in

the presence of adequate calcium and phospholipid factors, which may, however,

be “mobilized” from protein combination, including prothrombin. In this way the

two basic activators are, in a sense, “catalyzed” in their prothrombin-activating

reactions.

The significance of proteolytic actions (fibrinolysis, fibrinogenolysis, prothrom-

binolysis, and sometimes thrombinolysis) by natural tryptase of plasma and tissue
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FERGUSON, TRAVIS AND GERHEIM 1159

origin is investigated and discussed in relation to the broader aspects of the blood-

coagulation problem.

ADDENDUM

Since this paper was submitted for publication, an entirely new aspect of the

process of prothrombin activation has been opened up by the discovery of a

new clotting factor, variously designated, but which may be referred to by the

term accelerator globulin (Ware, Seegers et al). Dr. Seegers assures us that all the

prothrombins here reported on contain an abundance of this factor (which is cx-

tremely potent). Further, the strength of our prothrombin solutions and the

experimental conditions noted make it improbable that the data herewith re-

ported will be invalidated by increasing knowledge of the new factor. One

possible exception is the change in activation properties in some of the pro-

thrombins discussed.
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