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Thrombin, a Proteolytic Enzyme.

u<~‘Int:§dugt;oﬁJ

. The nature of the chemicgllohggges involved in
the transformetion of fibrinogen into fibrin has remained
a matter of controversy since the work of Buchanan (1#2)
who, in 1835, showed that certain serous fluids could be
clotted bylthg additiqnaqf leucoqytgs or serum,. Egr}ier
workers, notably Chaptal (3), believed that fibrin ex-
isted in the plasma and that clotting was due to.a spon-
taneous solidification, . In 1859 Denis (4) found that
crude fibrinqgen preparations olotted on standing, yield-
ing fibrin and a protein left in solution.  From this
he concluded that the precursor of fibrin underwent
cleavage in the act of clotting. = Two years later Schmidt
(546) prepared fibrinogen and serum globulin which he be-
lieved .- to unite to form fibrin. Fractionation of plasma
with salts led Hammarstein (7) to the conclusion that not
serum globulin, but some other substance in.the blood was
responsible for the clotting of fibrinogen. He confirm-
ed the observations of Denis (4) and termed the soluble .
protein fibrino-globulin. In 1892 ,schmildthtg_s) prepered
thrombin and named it "fibrin ferment", thereby indicating
his bellef that it acted as an enzyme.. |
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' Many of the more recent workers have cast doubt
upon the enzymic nature of thromwbin. Kugelmass (9) con-
cluded that coagulation was due to the adsorption of -
fibrinogen on particles of thrombin, but the results on
which this hypothesis was based are open to criticism, ' -
Stuber and Sano (10) maintain that the action of thrombin
18 merely that of changing the degree of hydration of
fibrinogen. A very different interpretation is offered
by Hekma (11). He believes that thrombin is an agglu-
tinin which produces clotting by the aggregation of the
particles of fibrinogen. However, there are several
differences betﬁeen thrombin and agglutinins. Thus agglu-
tination is quite rapid at 0% C. and is somewhat reduced -
as the temperature approaches 40° C., whereas thrombin -
has almost no activity at zero}and“is'sa1d~to”be mo st
active at a little above body temperature. Furthermore,
agglutinins in serum retain their activity for months while
under the same conditions thrombin becomes inactive after
standing a few hours. = Lastly, autohaemagglutinins are
rarely found in serum although thrombin is always present
in fresh normsl. serum, = -

| ' Hekma also states that coagulation may be brought
about without the intervention of thrombin by the decom-
position of platelets with a. consequent diminution of
alkelinity. This hypothesis is almost identical with

a
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that of Wadsworth, Maltaner, and Maltaner (12) who say
that.calcium chloride reacts with cephalin with the .
liberation of hydrochloric acid.. They bel1evé‘the_acid,
cephalin, and fibrinogen react to produce fibrin. Ao~

~ “cording to;their‘theory th:omb1g,does.not’exigt,, A sim-
ilar- theory has been postulated by Leiri (13). He states
that upon being shed the hydrogen ion content of the
blood. increases to approximately the isoelectric point of
fibrinogen at which boint,thezlatter~substanqe flocculates
upon the fragments of the platelets and thus becomes
fibrin. .

These three theorles are open to several serious .
criticisms. . In the first place.theyvassume'that the iso-
electric point of fibrinogen is very near neutrality. Al-
though Kugelmass (9) places this isoelectric point at pH
8.0, Mellanby (14) and Stuber and Funck (15) agree that
1t is between pH 5.0 and pH 6.0. - Klinke and Ballowitz
(16) say that it is at pH 4.4, and Howell places it be-
tween pH 4.0 and pH. 5.0. Admittedly, blood never ap--.
proaches such an acidity during normal clotting and sel-

 dom goes below_apr\of.7,2.  Furthermore the acidifica-
tion of pure fibrinogen may ocause it to precipitate but
not to clot. The assumption of a purely physical change
is not justified, as Abderhalden and Buadze (17) have.
shown,that‘fibfinogen and fibrin give rise to different
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specifio protective‘enzymes. ..The appearance of fibrino-
globulin during the clotting of: whole blood -or of puri- .
fied congtituents 1s also proof of a chemical change. In
fegard to the belief that thrombin is not essential. to
the coagulation of fibrinogen, it has been shown by Mills
and Mathews . (18) and by Sumer (19) that it is practical-
1y impossible to clot specially. purified fibrinogen with-
out the addition of a specific coagulant. .

'Bome of the:conclusions of these authors are so
irreconcilable with others that an explanation of the
discrepancies is difficult. - Many of the contradictions
are doubtless due to the use of supposedly pure prepara-
tions which were contaminated with one or more substances.
Thrombin, prothrombin (serozyme),. tissue fibrinogen,' and
cephalin have frequently beenmisleading contaminants.
The lack of exact methods of determination of clotting
time, and consequently of the active participants in
clotting, has: added somewhat to the confusion. = The in-
stability of the clotting factors as usuelly prepared has
proven a serious obstacle by making the duplication of
‘results impossiblé,in-many»cases.;w,However,‘there‘are :
several apparently well founded observations which imply
contradiétions that cannot readily:be explained by such
disturbing factors. Thus Rettger (20) state. that pure
thrombin combines with fibrinogen in definite proportions
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and therefore is not an enzyme. - On the other hand Mills
(21), Mellanby (22), and Eagle (23) have shown that their
preparations of thrombin were capable of converting a "
thousand, times'théir'wéightS‘of fibrinogen into fibrin.
It is of interest to note that other natural coagulants
have been found by Nausenbach (24) and Grohmann (25) in
yeast and certain fungl, by Loeb (26), Gratia (27, 28 and
‘(29); and Cekada (30) in bacteria, and by Lamb (31), '
Martin (32),»Barratt'(33),“and10011;n5'(3u) in the venoms
of the snake Echis carinatus;, Notechis sentatus, Crotulus
terrificus, and Lanchesis lanceolatus. All of these sub-
stances are active in such smell amounts that their en—
zymic nature can hardly be doubted.»”‘Fbr~examp1elBérratt
(33) states that thé venom of Echis carinatus is active
as a coagulant in a concentration of one part in three
million.”.

Since there are several substances which are cap-
able of clottihé’fibrinogen; since, in some of these, the
properties of in vivo and in vitro coagulation have ‘been
shown to be distinct; and since Cekada (35) believes he
has separated thrombin into two physically and chemically
different but active substances; it is within the limits
of possiﬁility that blood may contain more than one throm-—
bin-1ike substance, or that the thrombin molecule may

under some conditions of préparation undergo a slight -~

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



denaturing effect without total destruction of -its clot-.
ting function. - If elther of these possibllities occurs
gsome of . the recorded differences in the manner of action
of thrombin may be explained. ' =

The opponents of the theory that thrombin is an
enzyme point outfthat:the.tihefof clotting does not fol-
low enzyme laws at the extreme ranges of thrombin and
fibrinogen concentrations although intermediate concen-.
trations indicate enzyme action. ' This has been dis- . -
cussed by Mellanby (22) who believes that the discrepan-.
cies found when large amounts of thrombin are used are |
due to.a time-1nterva1'dur1ng*which the thrombin unites
with the fibrinogen before acting upon it. = It is also
possible that the chemical changes may take place with.-
great rapldity although-a few seconds more are required -
for the completion of the physical changes necessary for -
actual olotting. - He explains excessively prolonged
clotting with highldilutionS'ofithrombin as due to the .-
adsorption of the thrombin by the fibrin particles.first
formed, . | ‘

Eagle (23) has shown that a disappearance of
thrombin takes place at the moment of clotting. A large
part'of-the~chemical traneformation‘of.fibrindgenrintou
fibrin takes.place before this as is shown by the forma-
tion of fibrin threads immediately prior to solidification.
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It thus seems probable that the disappearance of thrombin
when clotting takes place 1s due, as Mellanby says, to.
the adsorption of thrombin by fibrin particles. .This re-
moval of thrombin, together with the impurity of his-
materials,,might¢readily account for the conclusion of
Rettger (20) that thrombin combined with fibrinogen in
definite proportions.

Another objection to .the theory that thrombin is
~an enzyme arises from the fact that thrombin prepared ac-
cording to the method of Schmidt (8) is said by Rettger
(20) not to be entirely destroyed by rapid heating to. -
100° ¢. Hiroge (36) found .the same thing true of throm-
bin made from prothrombin by the action of cephalin and
calcium chloride. - The prothrombin had been prepared by
éalting it out from plasma.  However, purer preparations
are more thermolabile, those of Morawitz (37) and Mellanby
(28) being destroyed at 60° . . An even purer. thrombin more
recently prepared‘by,Mellanby»(22)'isgtotally destroyed by.
five minutes' heating at a temperature of 50° ¢, - Serum,
or recalcified citrated plasma if heated to 60° C. for
'fifteenvminutes;exhibit no evidence of either thrombin
or prothrombin, ,'In'thé preparations said to-be very re-
glstant to heat 1t is possible that the large amount of
cephalin preesent had a protective action. -

The correlation between time of clotting and - -
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temperature has been studied by Burker (39), Addis (40),
Kuwashima (41), and Mellanby (22), all of whom.obtained
the same type of curve and concluded that their results
were highly indicative of enzyme action. Two disturbing
factors were present however. In the first place:at -
the high temperature the destruction of thrombin, rather
than its mere inhibition by an other then optimum condi-
tion, might be responsible for a part of the increased
time of coagulation, Secondly the calcium content,
rather than the calcium ion concentration, was held con-
stant in the experiments of the first. three investigators
with the introduction of a second :variable factor as a
result. Thie criticism does not seriously affect the
work of Mellanby since the ionization of his purified
thrombin is practically nil. ‘

The recent work of Hsiii and Wu (42) shows- that
fibrinogen loses weight upon conversion to fibrin and
thus supports the hypothesis of hydrolysis, Fuchs and- .
Zahrzewskl (U43) take the same viewpoint on the basis of
their finding that an increase in non-protein nitrogen .
accompanies cloétiné. These changes are similar to . -
those fhat take place as a result of the autolysis of"
fibrin and strengthen the conclusions of some investi-

| gators who belleve that clotting and fibrinolysis are

two different steps of the same process. That fibrinogen
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can be clotted and subsequently lysed by the same sub-
stance 1is claimed by Gengou (U4lL) who states that a
single active principle secreted by certain staphylo--
cocel is capable of ‘causing ‘both theée changes. =

Haugardy (45) has reviewed irrefutable evidence -
that fibrinolysis is a phenomenon of chemical disinte-
gration of the”fibiin?molecule-1ntoﬂmore<simplé products,
among which have been distinguished two globulins, and
traces of proteose, peptone, and amino acids. He states,
but‘does'ndt prove, that the proteolytic action of throm-
bin 18 responsible for this hydrolysis.  Investigations"
of the globulin fraction of the autolysate have ‘shown
that 1n-add1tion to the fibrino-globulin of Hammarsten (7)
at least two other substances are present, ~ Mills (46):
has found a"proteih-coagulable“at 75° C., and Hirose (47)
has shown a protein with the properties of prothrombin
fo be present. . Welker, Gilman, and Hektoen (4&) present
rathér uncertain evidence that ‘pseudoglobulin and fibrin-
ogen arise from the -lysis of fibrin.

Waldschmidt-Leitz, Stadler, and Steigerwald (49) -
found that many éubsfances'digeSted by -trypsin-~kinasge but
not by:erepsin have an inhibiting effect upon blood clot-
ting;‘while substrates digested by erepsin but not by - -
trypsin-kinase have no such effect. They alsgo found ' -

that trypsin-kinase, but not trypsin, has an accelerating

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

effect updn blood clotting-and concluded that thrombin

is related to trypsin-kinase in 1its action. - On the’

other hand”Strughold,and.thiisoh.(50),deny~that trypsin-
kinase accelerates clotting;, state that the hydrolytic
degradation of fibrinogen by thrombin is not demonstrable,
and.say'that:thrombinfmerely'acts as a denaturing enzyme
specifio”towérd fibrinogen. = This objection is so con-
trary to the findings of most workers that 1t does not
invalidate the work of Waldschmidt-Leitz and his: associ~
ates.

-+ ‘The belief that thrombin acts in a manner simllar
to that of trypéin; which Northrop and Kunitz (51). showed.
to coagulate fibrinogen, is rather hard to reconcile. with
the results obtained by Collingwood (52) and Hugounenqg and
Loisleur (53). The former found that the methylenation
of the amino groups of thrombin:and fibrinogen with formal-
dehyde destroyed the activity of these substances.' ' The
latter showed that although amino groups were necessary in
pepsin substrates, they were not essential to the sub- .
strates of trypsin.. The work of Collingwood has been re-
ceﬁtly exténded by Dunn (54) who agrees that fibrinogen
is totally destroyed by even' relatively small amounts’ of

- formaldehyde, but shows that the partial blocking of- the
amino “groups of thrombin CauSesﬂa‘reduction,'ratherfthén

a‘..deetruction‘, of ‘ its 'aCtiVity.‘- o L
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Many of the foregoing observers did not differ-
entiate between the action of thrombin iﬁ clotting fibrin-
ogen and that of tissue fibrinogen. . It waé shown by Mills
and Mathews (55) and by Mills (56) that these substances
clotted under slightly different conditions, namely: ..
thrombin clots a fibrinogen solution containing oxalate;
tissue fibrinogen will not do so since calcium ions are
necessary for the exhiblition of its clotting powers; throm-
bin decomposes very rapidly and requires reactivation by
calcium and cephalin, while tissue fibrinogen requires no
addition of cephalin at any time and does not decompose
Teadily. On the other hand it was shown by Nakamura (57)
that the fibrin formed by thrombin and by tissue fibrin—
ogen was crystalline and appa:ently,ﬁas(the same in“éaohN
case. ‘ . | ‘. “ :. A
These‘facts together with those cited above indi-
cate the possibilityithat'mgny,differenp protequtic en~
zymes mey clot_fibiinqgen, just as they}will clot,cﬁseino-
gen but that thrombin and,the tisaue-fibrinogen{ehzymes
have a special.aqtivity onfibrinogen,justAas,rénnin has
on caselinggen. o - | -

~ Indeed it seemed probable that fibrin was to be
regarded as the “protean" of fibrinogen, just as casein
ig the protean Qf caseinogen and that as suggested by

Osbo:nefmany years ago, the proteansare. the first
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hydrolytic cleavage products of the proteins,

- At the suggestion of Professor Mathews the
present work was undertaken in an effort to determine
more certainly the mechanism of the action of thrombin-
upon fibrinogen with particular reference to the above

hypothesis.

Experimental
Materials

Horse blood wae obtained by bleeding through a
paraffined canula inserted in the carotid artery. ‘The |
blood was received “with stirring, into sufficient 50%;
sodium citrate to give a final conoentration of o. 5%.
Rabbit blood was obtained by heart puncture with an oiled
syringe containing the required amount of sodium citrate.
The citrated blood was thoroughly mixed and transferred
from the syringe to a centrifuge tube cooled with a salt-
ice mixture. In both cases the corpuscles and most of ’
the platelets were readily removed by centrifuging In
the preparation of the purified clotting factors the re-
maining platelets were Temoved. by paseing the plasma
through a Berke:feld filter or a fiber filter pad

| Fibrinogen was prepared bv precipitation from -
the plaema by an equal volume of neutral, saturated |

sodium chloride containing 0. 1% sodium citrate. Saturated
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solutionsvof many samples. of sodium chloride are not
quite neutral and give a less soluble precipitate. Re-
solution was effected with distilled water, sufficient
salt remaining in the precipitate to render it soluble.
From three to six such precipitations and re-solutions
were carried out. . The fibrinogen so obtained contained
minute quantities of prothrombin and cephelin since on
recalcification it would usually form a weak clot within
twenty-four hours in the incubator., Most such prepara-
tions became incoagulable in from three to seven days in.
the refrigerator, but when rabbit blood was used and all
operations carried out in the cold the product was much
more stable. One sample, kept ax'59_¢., showed no ap-
‘preciable deterioration after four weeks and clotéed -
faiTly readily after the sixth week. S
Prothrqmbin‘wasvprepared'by,the addition of one
volume of saturateﬁ ammonium sulfate to four volumes of
plasma from whiphlfhe filbrinogen had been removed by pre-
cipitation with an equal volume of .éaturated sodium chlor-
1de. . The prothrombin was cqllected:by centrifuging, re-
dissolved in distilled. water and reprecipitated in the
Same manner. After the last, usually the third, such
precipitation, the excess salt was pressed out with fil-
ter paper and the precipitate dialyzed over night against

Tunning water. Finally the prothrombin was redissolved
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in &% sodium chloride. This preparation, containing
large amounts of globulin, gave a rather unstable product
which contained some cephalin as was shown by its ability
slowly to clot purified fibrinogen'on the addition of -
calcium chloride.

The method of preparing cephalin was a slight
modification of the unpublished method of D. D. Irish of
this laboratory.  Fresh sheep brains were ground thor-
oughly. and refluxed several hours with each of three. suc-
cessive portions of acetone. . The dried material was ex-
tracted with absolute ether and the extract concentrated

in vacuo until precioitation began to take place. It

was then placed.in the refrigerator for- two days, at the

end of which time a rather large amount of very: slightly
active material had settled out. The precipitate was
discarded by decantation and four volumes of absolute
isopropanol were added to the supernatant liquid. The
precipitated cephalin was redissolved in absolute ether

and reprecipitated as before. . When allowed to remain .

in a closed container under the ether-isopropanol mix-— . .

‘ture-the product was extremely stable and retained most
of its activity many months after being dried and stored
in a desiccator. ' |

- . Several methods were used for the preparation of

thrombin,  In the early part of the work it was made by
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incubating the previously described prothrombin with ~
cephalin and calcium chloride for half an hour at room
temperature, Later this method was superseded by .
others which yielded a far more stable and a purer pro-
duct, | |

The procedure of Mellanby‘(22) was found to give
a very satisfactory product but was attended by certain
difficulties. Beef plasma, kept fluid by the addition
of 0.2% sodium oxslate, was diluted with 10 to 15 volumes
of distilled water, the higher dilution being preferable.
The solution was brought to pH 5.3 by the addition of 1%
acetic 'acid (about 35 cc. of acid per liter of solution).
The prothrombin, together with a large part of the fibrin-
ogen, was preclipitated. "After two hours the supernatant
flﬁid"was‘p@ured off end the precipitate collected by
centrifuging. . The cOmpact“mass‘was re-suspended in an
amount of distilled water equal to half the volume of the
plasma used. A 0.;68% calcium hydroxide solution was
made by saturating water with calcium oxide at 16° C. and
diluting tenfold. This was brought to PH 7.0 by cautious -
‘treatment with carbon dioxide. Equal volumes of this
and the prothrombin suspension were mixed, allowed to
‘stand ten minutes, and filtered as rapidiy as possible,
This treatment removes the prothrombin from the fibrinogen

on which it was adsorbed. The clear filtrate was again
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brought to pH 5.3 by the addition of 1% acetic acid and
centrifuged ) After 2l hours'. standing the precipitated
prothrombin was converted spontaneously into a highly ’

: active thrombin which when dried with acetone, retained
its activity well over a year. ,

N Thrombin as prepared by Eagle (58) was also used
Citrated horse or rabbit plasma was diluted with from 10
to 15 volumes of cold distilled water and carbon dioxide
bubbled through for five minutes. The precipitate wes
collected by centrifuging, redissolved in saline to the
volume of the plasma used and made neutral to "1itmus

_ with sodium bicarbonate. - The solution was recalcified
with one-twentieth its volume of 0.1 M calclium ohloride
and completely defibrinated by stirring. The resulting
thrombin solution remained very active for several days

when kept in the refrigerator.
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The Clotting of Fibrinogen -

The firet question to be answered was whether or
not the transformation of fibrinogen into fibrin was due
to the hydrolysis of the former. To decide this point .‘
the total nitrogen and the free amino groups of equal a—
mounts of fibrinogen before and after clotting were de-
termined | | | |
. Equal amounts of rather dilute fibrinogen eolu—
tion were placed in two tubes, one of which was heated to
58° . for half an hour and the coagulum filtered and
“washed repeatedly with s‘% sodium chloride.' To the other
tube a very small amount of Mellanby's thrombin was added
and the contents completely defibrinated The serum

| from this clotted additional fibrinogen in each case,
proving the sufficiency of the amount of thrombin added.
The fibrin removed was washed ae had been the coagulum
jobtained at 580 C and the two were analyzed for nitrogen.
dThe heat coagulated fibrinogen was washed from the harden-
‘ed filter paper into ‘the digestion flask with ammonia-free
’ﬂwater to eliminate analyses of the filter paper."
"‘ | All determinations of total nitrogen were made by
the gasometric micro—kjeldahl method of Van Slyke (59)
with a modified procedure of digestion. To each 100 cc.
flask containing the material to be analyzed were added

' 2 ce. of the digestion mixture which consisted of 100
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parts of saturated potassium sulfate and 1 part of sele-
neium oxychloride by volume. = Glass beads were added to
reduce bumping and the digestion carried out over micro
burners until the mixtures were perfectly clear and color-
less. .10 cc. of ammcnia-free,distilled water were added
to each flask and the solidified material dissolved. 5
| drops of alizerin red were added to each digest and 40%
sodium hydroxide was run in from a burette until the indi-
cator turned pink. At the same time the flask was kept.
immersed in a beaker of cold water to prevent the loss of
ammonia, 10% sulfuric acid was then added until the in-
dicator turned yellow again.  The contents of each flask
were then washed into graduate cylinders and sufficient
ammonla-free water added to make the volume to 25 cc.
Before meking a serlies of analyses, the Van Slyke appar-
atus,‘cleaned,,and with the stopcocks well greased, was
carefully tested to be sure no leaks existed. It was
found,beet;tOJuse“a~stopcock grease with a high content
of rubber and paraffin and a rather low content of vage-
line. The ingredients were dissolved in toluol which
‘was 1ater evaporated at 110° C., this procedure elimi—
nating the charring which accompanies melting of the in-
gredients at higher temperatures. o
10 cc. of the digest to be analyzed was Tun into

the extr ction chamber and the external chamber was
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washed with 2 cc. of distilled water, making a total vol-
ume of 12 cc. in the extraction chamber. = The dissolved
alr was pumped out by lowering the mercury level within
the extraction chamber to the 50 cc. mark and sheking‘for.
two minutes. . The extrected gas was ejected and 1 cc. of
alkaline sodium hypobromite wée drawn into the extraction
chamber, The external capillary orifice was sealed with
mercury and the gas formed was pumped out of solution.
After shaking the extraction chamber for three minutes all
the ammonis hed been converted into nitrogen by.the action
of the hypobromite, . The liquid level within the chamber
| wae'then'raieed,to the 2 cc. mark and the preseure,.Pl,
wag read on the manometer scale.  The extracted nitrogen
was ejected and the vapor pressure of the 1iquid,”P2,‘wes
noted with the liquid at the 2 oc. .level. The temperature
of the~ﬁater,beth surrounding the extraction chamber was
recorded. . The quantity of nitrogen present was .calculated

according to the formula:

mg. Ny = (P; - Pp ~ o)f , where ¢ = P, - P

1 2
-of a blank and f is a faotor varying with the temperature
and tabulated by Van Slyke. 1 mm. on the manometer ecale
oorresponde to about 0. 003 mé. of nitrogen.

| The reeulte obtained by this procedure in a series
of determinations are expreesed in Table I and show that

fibrinogen 1oeee about 9 6% of ite nitrogen upon convarsion
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to fibrin, These results are very similar to those of
He'il and Wu (42) and indicate the hydrolysis of fibrino-
" gen into fragments very dissimilar in size, rather than

into two almost equal parts as Schmledberg (60) believed.
(Insert Table I.)

A feﬁ workers have found that fibrinogen increases
ﬁma:kedly in welght upon clotting.  This may possibly have
been dué fo the adsorptibn 6f impurities ﬁresnnt in the
thrombin or prothrombin ‘solution used, or to the incom-
’plete removal by washing of impurities surrounded by fibrin,.
That such an 1ncrease is not necessarily due to the union
of thrombin with fibrinogen is shown by the previously
cited statements of Mills (21), Mellanby (22), and Eagle
(23) thath1brinbgen can be clotted by one-tenth of one
pef ¢ent of 1ts omn weighf of thrombin. These observa-
tlons have 5een conflirmed by the present worker with
Mellanby's thrombin and fibrinogen from which all pro-
thrombin had been removed.
| | For the determination of free amino groups, the
method of Van Slyke (61) was first employed with whole
plasme, one sample being analyzed while citrated and the
other being allowed to clot in the extraction chanmber
after recalcification. In all cases the values were im-

possibly high and indicated an increasse of almost 50%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table: I.

Loss of nitrogen of fibrinogen

upon conversion to fibrin.

-Samplé ~Fibrinogen'| “Fibrin. ”% ﬁitrélr.
o ;‘,vhqipyggen ‘nitrogen S gen
mg. mg. - lost
1 1.92 1.71 110.94
2 2,81 2.59 7.83
3 2.65 2.0 9.3
y 217 | 1.1 11.98
5 2.46 . 2.27 1.72
xAveiage | | 9.58
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after clotting. Beyond doubt these results were-.due to
the excessivé andiunpreVentable foaming in the extraction
chanber which made it iﬁpossible'to transfer the gas to
the Hemple pipette accurately or within the required time
limit, . The large apparent increase in the number of
amino groups after clotting may have been partly due to

a s8light decrease in foaming dependent upon the reduced
-qmbunt of soluble protein. ' This would result in a more
complete transfér of gas to the pipette.

- Sprenson's titration method was also used and.
found to give better results than the gasometric proced-
ure. However, vhen the determinations were made on whole
'plasma, the maskingmofrfhé ehd-pbihf by the original color
of the solution.and the increased percentage of error due
to‘the:presence‘ofwamino compounds other than those in-
volved in clotting caused too large an error in the method.
Because of this the determinations were run on purified
samples of iibiinogén‘to which a small quantity of cepha-
lin and prothrombin had been added. Dilute solutions of
4£ibrinogen were used as 1t was found that in dilute sam-
.ples that were recalcified and allowed to clot the fibrin
codld be’broken up into less compact masses than could be
obtained with concentrated sqlutions.'

The titrations were éarried out in small, covered

flasks to reduce the influence of atmospheric carbon
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dioxide. Since it was necessary to read the final,
rather than the initial, end-point, both the clotted and
the unclotted samples were allowed to stand sbout the

same length of time before the final reading. 0.005 N
sodium hydroxide and hydrochloric aoid were used for ti-
trating., Table II gives the results of a series of these

determinations and Bhows ‘that an increase of about U — 5%

; in free amino qroups takes place when fibrinogen clots.

- Each titration value represents the average of two titrap

_ tions on identical samples, the readings of which varied
; by not more than 0 25 ce.

‘(Insert Table II.)

That fibrinogen loses almost a tenth of. 1ts nitro—
. gen content upon clotting and that when fibrinogen clots
i the number of amino groups increases, indicate hydrolysis.
Since the»rateuof clottingfdepends upon the thrombin con-
tent, thrombin must be the catalytic agent or enzyme that
is responsible for the hydrolysis,
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'Tabie Ii;

- Sorensen titration values of fibrinogen before

. and after clotting.

,;,.‘Titration‘before Titration after
Sample clotting clotting % increase
' ' (cc. NaOH) (cc. NaOH)
1 2).32 25,9 6.25
2 21.00 - 22.39 6.21
3 34.17 - 35.43 . 3.56
b - 23.64 24.58 3.83
5 32,79 34,20 . ha2
Average Wl.ﬂ.79
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The Autolysis of. Fibrin and of Fibrinogen

The re—solution of fibrin in dilute salt solu—
tions was first observed by Denis (62), Dastre (63)
confirmed the observation in sterile solution and called N
attention to the similarity of the spontaneous lysis of
fibrin to its digestion by trypsin. As has been pre-
viously mentioned Haugardy (45) shows fibrinolysis to
be a hydrolytic process and believes thrombin to be the |
enzyme which causes it. -

Fibrinogen also undergoes changes upon standing
in sterile solution as is shown by its loss of clotting
activity and the appearanoe of a more or less heavy pre-.
Cipitate. | That such changes might be due to the pres—
ence of amounts of thrombin too small to cause clotting
is entirely possible. In suoh a case the lytio pro-
ducts of both fibrin and fibrinogen might be expected to
be very similar in nature whereas if the denaturation of
fibrinogen were due to a different faotor the produots '
obtained would probably be different To compare the d
products of autolysis several methods were used the first
of which was a study of the temperatures of coagulation.

_ Fibrinogen was prepared from horse blood as pre-
Viously described four precipitations being carried out.
A part of this was further purified by a. combination of
the method of Mills and Mathews (18) and of Sumner (19)
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The concentrated solution of fibrinogen was first treat-
ed with freshly precipitated tri-calcium phosphate which
had.beén neutralitéd‘Wifh“oéfbonateafiéé”sodium hYdrdxide.
After shaking this suspension for fifteen minutes the pre-
cipitate was removed by Gentrifuging and ten grams of Norite
were added to each hundred cubic centimeters of the super-
natant fluld. After ten minutes' shaking the mixture was
filtered and the charcoal washed with several portions of
1% sodium chloride the total volume of which was equal to
that of the solution treated with charcosl. The washings
were combined with the filtrate and contained most of the
fibrinogen but no demonstrable prothrombin, - The fibrino-
gen was finally reprecipitated with sodium chloride and
redissolféd“in4distillediwaﬁef to concentrate it.

"~ Re-suspension of the tri-calcium phosphate in dis-
tilled water followed by the passage of carbon dioxide -
through the mixturé;resuited’ihithe liberation of the ad-
sorbed prothrombin, ' This was demonstrated by filtering
the carbonated 1iquid, adding a little cephalin and cal-
cium chloride to & small portion of the filtrate, end
alléWing 1% to stand thirty minutes at room temperature.
A% the end of this time it caused clotting in from five
to fifteen minutes when added to an equal portion of
Pgrified fibrinogen. No satisfactory method was found

fé? eluting the prothrombin from the charcoal, but when
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a heavy suspension of the charcoal was incubated with .
calcium and cephalin the mixture found a weak clot, the
serum from which clotted purified fibrinogen very slowly.
This shows that nearly all of the prothrombin is adsorb-
ed by the calcium phosphate and that the rest of it, as
far as can be measured by clotting.activity, is taken up
by the charcoal. . ‘It~also»shows that,some”of the fibrin-
ogen remains in the charcoal. However, it does not :

_ prove that prothrombin is the onl& substance removed by
the procedure.

- : Fibrin was prepared by allowing a small quantity
of Mellanby's thrombin to clot the ordinary preparation
of fibrinogen.  About ‘one part of thrombin to eight hun-
dred parts of fibrinogen, on the basis of dry weights,
was used. ‘Both preparations of fibrinogen gave heavy:
Coagula at 560 C. and fainter ones at 66° C. The three
Preparations, ; fibrin, fibrinogen, and purified fibrin-_
ogen were covered with toluene and placed in the incu-

' bator at 37° ¢. At intervals samples were removed for. -
the determination of salt precipitation and heat coagu-
lation. The disapﬁearanqe of clotting activity was .
measured by incubating portions of the fibrinogen with
Mellanby's thrombin for two hours. . Absence of clotting
. within this,period\was Interpreted as loss of activity.
Balt pPrecipitability was determined by adding. an equal

/
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volume of saturated sodium chloride: Opalescence with-
out precipitation was not recorded. - In the determina-
tion of heat coagulation temperatures :the samples were
slowly heated until coagulation occurred, :and the temper-
ature maintained at that point for twenty minutes since |
smaller time intervals were insufficient to cause com-
Plete cosgulation at any given temperature. The material
was then filltered and. the process repeated with the fil-
trate.~'" _
*The disappearance of thrombin coagulability of
the ordinary preparation of fibrinogen»qu#found‘to be
complete in three days, whereas the purified preparation.
Temained active until the sixth day. : Precipitability
with half-saturated sodium chloride and coagulation at -
56° C. remained until the fifth day in.the impure fibrin-
ogen and until the ninth day in the purified material.
This shows that the purified material is much more stable
than that not so purified. . The purification hag"appar;
ently removed a proteolytic enzyme of some kind, possibly
 prothrombin;
- 'Within thirty minutes of the time of formation

of the fibrin the serum was found to contain substances
coagulating at 62°, 66 - 67°,.72°, 75°, and &4° ¢, - The .
Second and fourth of the coagula were quite heavy while

the others were very faint but definite, The same
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substances were found: in the digest of the impure fibrin-
ogen but did not appear-definitely for over a dey and . -
gradually becane more pronounced as the material coagu-
lable at 56° C. disappeared. . In the purified fibrino-:
gen the appearance of\these‘subatances required two days
and the coagulum at 72° C. was never definitely present
while that at &4° C. 'was extremely faint, = The substance
- coagulating at 66 - 67° C. was first discovered by Ham- -
marsten (7) and that coagulating at 75° C. was found by
Mills (y6).
~As 72° C. is recognized by some workers as the
temperature of coagulation of prothrombin,:  the absence of
coagulation at this point in the purified fibrinogen is
not sé@rizing; - Rather, it .tends to show that. the method
of purification removéd.onlyapnefheat coagulable substance,
and that that was prothrombin, .. Furthermore it demon-
strates that if the prothrombin-is directly or indirectly
responsib;e for the degradation of fibrinogen, which seems
highly probable, extremely minute amounts of it ‘ware cap-~
able of bringing about the change. - Whether prothrombin
may hove weak fibrinolytic properties, or whether its .
activity is dependent upon the formation of thrombin in
Very small amounts by cephalin and a trace of free calcium
18 not known, but in either case the minute quantity of

active substance.present in the purified fibrinogen .
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indicates that it is an enzyme. - -

As'Hirose“(BG)‘had.found rather large amounts of

a substance that appeared to be an albumose in autolyzed
fibrin solutions it appeared probable that the hydrolysis

might go even further.. The finding of Fuchs and Zahr-
zewskl (43) -that non-protein nitrogen increased during '
.clbtting'strengthenedvthis‘conclusion.uaiIt'was therefore
decided to . analyze both.fibrinogen and redissolved fibrin

to determine the extent of .the hydrolysis.

- The fibrin andufibrinogenxwere prepared as pre-
vViously described and allowed to:stand ‘in the iefrigerator
at 59 ¢, under toluol. - After periods of one.to three
weeks samplesﬁwereﬂremoved’andvexamined,but‘no~substance
8impler than metaprotein could be:found. -As the first .
stages of fibrinolyesis had been found to be comﬁaratively
rapid‘feven.at low temperatures this was at first believed
to be due to lack of further hydrolysis.: However, simi-
lar samples were stored for longer periods of time.and
others were allowed to stand at higher temperatures. :None
of these samples contained, before storage, detectable
amounts:'of nitrogen not precipitated by 2.0%-+triohlor-'
acetic acid.

- After various perlods of time the materials were
analyzed by the method of Was@peys and Borsook (6&) The

'_complioated procedure may be verv briefly outlined as
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- follows, Total nitrogen is.determined, protein and
meteprotein are precipitated with 2.0% trichloracetic
acld and the acid destroyed and its products removed by
bolling after filtering off the precipitate. Metapro-
tein is precipitated at its isoelectric point and filter-
ed off, Protease is precipitated from the trichloracetic
acid filtrate by saturation with sodium sulfate and re-
moved by filtration.. ‘From this filtrate peptones are
remOVed by acidified tannic acid and filtration. Alcohol
and zinc chloride are used to precipitate the subpeptone
nitrogen from this filtrate. The unpreoipitated nitro—
genous material consists of amino soids and simple pep-
tides. Total nitrogen determinations are made on each
filtrate and the various fractions determined by differ-
ence. The Van Slyke micro-kjeldahl method was used for
the’ analyses | ' A

' Several such series of fraotional analyses were
made and the results found to be quite comparable con-
sidering the durations and the temperatures of the var-
ious incubations., In Tables III, IV, and V are given
the results of three series of analyses. Each number
is the average of two analytical values differing by not

more than three per cent.

(Insert Tables III, IV, and V.)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table III.

Nitrogen distribution in autolysates of fibrinogen

~and fibrin expressed as percentages.

Samples~autbl§zed 6 months and 3 weeks at 5° C.

Fibrinogen | Fibrinogen | Fibrin
Protein 30,9 |  32.9 | 22.6
Metsprobetn | 32.0 | 3o | 11.7
Proteose | 7.0 : 5.6 - 29.7
Peptone - 9.1 9.1 | 10.2
Subpeptone 28.6 o 9.1 » ._ 4.7
Awmino and =~ 12,4 12,9 | 214
slmple peptide: ‘ ‘ :
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Teble IV.

Nitrogen distributiqg in_autolysates of fibrinogen

‘and,fibrin:expressed,as‘percentages.

Samples autolyzed three monthe at room temp.

-1 Fibrinogen Fibrin
Protein | sess o | 23.8
Meteprotein | - 109 | 11.8
Proteose | 9.5 7.9
Peptone Z, 12.h - - 11.2
Subpeptone ; 7.1 4 ;
Amino and Bimplé - 17.6 . 20.6
peptide:

A
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Nitrogen distribution in autolysates of fibrinogen

and fibrin eXpressed as percentages

- Samples autolyzed seven days at 370 C.:

Ifibrinogen Purified ‘fibrin
hakie .| Fibrinogen _
Protein = | 67.1° | 76.9 - 36,2
Metaprotein ‘| 17.3 194 |7 23,1
-Proteoee- ol 3.9 - 32 19,8
"Peptone | ¥ | 0.6 - - 7.8
‘Subpeptoﬁe ol 3.5 - 0.0 5.4
Amino and simple .2 0.0 7.7
peptide |

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- These-results show very definitely that the .
breakdown‘of.both fibrin and fibrinogen continues un- -
%1l very simple.substances are formed.. That this hy--
drolysis is caused by an enzyme'is~supported by the de-
‘pendence of the speed of the reaction upon the tempera-.
ture. ~That thrombin, or possibly prothrombin, is the
substance which accelerates the-reaction is strongly in-.
dlocated by the fact that the veloclity of the hydrolysis
is dependent upon the amount present of some substance -
which is precipitated and adsorbed under: the same condi- .
tions as is prothrombin.

It is of interest to.note that none of the more -
. highly dlgested products were detectable. until long: after
the initial changes had been observed. This indicates. :
that the first hydrolyses do not take place at or very..
near the terminal peptide linkages. = 8plitting at these
poiﬁts-with'the,formation-of small fragments takes place
mich more slowly.

. It appears qulte evident  that the action of. - .
thrombin/;s one of hydrolysis, -and that the formation of
.fibrin'iswonly,an.inﬁermediate step in the process. For-
mafion of appreciable amounts of fibrin ié.usually the
most-rapid_stepain‘the hydrolyéis,,butamay not occur even
though the digestion proceeds much further providing

. gufficiently small amounts of thrombin are present. This -

N\
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may posslibly be due to a union of the small amount of -
thrombin present with the fibrinogen, which union is not
broken until the undetectable amount of fibrin formed as

a result of it has been further hydrolyzed. . This hy-
pothesis:is rendered more‘prdbable by the work of Hirose
(36), of Mellanby (22), ‘and of Eagle (23) who present -
substantial evidence that fibrin possesses to a measurable
extent the powef of binding thrombin.

Whenever fibrin or fibrinogen is allowed to:auto-
lyze a more or less heavy flocculent precipitate is formed.
In samples of fibrin this is usually not noticed until the
bulk of the fibfin'is greatly reduced, but if the 'solution
containing the fibrin is gently shaken, the precipitate

Amay readily be detected after the fresh fibrin préparation
has been incubated for twenty-four hours at 37° c. In
ordinary preparations of fibrinogen the precipiﬁation ap-
pears to be complete after one day's incubation at that
temperature, but in samples of fibrinogen which have been
freed ag far as possible from prothrombin the brecipitate
can be detected only after three to ten days incubation
and remains very faint.

This observation suggested that tﬁe precipitate
might be an altered form of prothrombin or of thrombin.

Exeminations of the dried precipitates from solu-

tions of fibrin and ordinary fibrinogen were made but not

A}
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enough of the material could be collected from the puri-
fied fibrinogen to analyze it.  All the precipitates ex-
amined appeared to be identical, Between 4O and 50% of
the material was ether soluble whereas only 25 to 35%

was soluble in cold alcohol. . The remaining material

was fairly soluble in dilute sodium hydroxide and con-
tained from 13 to 16% of nitrogen. It thus appears

that the precipitate consists of a lipid and a protein.
Neither the whole precipitate nor the fractions obtained
by extracting it with ether showed the élottingsactivi—
ties of prothrombin, thrombin, or cephalin.  However, it
gseems probable that one or more of these three substances,

in an altered form, was present in the precipitate.

\
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‘Is Serum Globulin or Serum Albumin

Formed from Fibrinogen?

The orlgin of serum globulin and of serum albu-

. min is not definitely known -but there is some evidence
that the former, and possibly the latter, is formed
from fibrinogen. In embryonic development albumin is
the first substance to eppear, but serum globulin has
never been found until after both fibrinogen and pro--
fhrombin'have been formed. - In many.'diseases an in-.
crease of fibrinogen is accompanied by an increase of
serum globulin, and in some cases the serum albumin is
also increased.

‘More direct evidence has been found by Welker,
Gilman, and Hektoen (48).  These workers state that |
fibrin, digested with:pepsin: or allowed to autolyze,
glves rise to material possessing thekpreoipitin‘re4'"
actions of pseudoglobulin.of serum.: No indication of
the presence of serum albumin was found. However,
their fibrin was prepared by washing blood .clots and
could hardly be expected to be pure. That serum albu-
min was absent may readily be understood in view of the
finding of Kylin and Keistenson (65) that.albumin, be-
cause of 1its:smaller molecular size, passes more readily

into serum than does globulin, When the material was

A
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washed with water and the salt content thereby decreased,
the difference of diffusion rates of the two would be
even greater,

'~ The chemical evidence is strongly against the
transformation of globulin into albumin or vice versa al-
though such changes have been ‘stated to have occurred.

The serological evidence, with the exception of the work
of Welker and his associates, is equally opposed to' the
occurrence of such a change. - However, there is no reason
to believe that serum globulin or serum albumin might not
arise from fibrinogen.

Both serum globulin and serum albumin are usually
considered to coagulate at about 75° €., but Halliburton
(66, 67, and 68) has found coagulation temperatures of
the latter substence at 73°, 78°, and 85° ¢.' It will be
remembered that in the present work coagulation temperatures
of fibrin digeste have been found at 72°, 75°, and &4° ¢C.,
and ‘that small differences of salt or hydrogen ion con- |
centration will cause appreciable differences in-the tem-
peratures of coagulation, as will also variations- in heat-
ing time.

" To determine whether or not serum globulin and
serum albumin were among the products of fibrinolysis,
salt precipitations, heat coagulations, and precipitin

‘reactions were utilized.
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"Attempts to fractionate digests with ammonium
sulfate proved unsatisfactory because of the difficulty
of complete removal of the ammonia by dialysis. - Removal
of ‘ammonia by magnesium oxide caused such violent bumping
during the subsequent Kjeldahl digestion that it was. not
found practicable.  Sodium sulfate“was-found'to give
fairly good results as a précipitant and the method of
Howe (69), modified on the basis of later work by the
same - author. (70), was adopted, A brief outline of the
method is .as follows:.

" To tubes containing 0.5 cc. each .of the substance
to be.analyzed are added 15 cc. sodium sulfate of éuoh
concentrations that the final concentrations of the salt
in the various tubes will be 10.6, 13.5, 17.4, and 21.5%:
Fibrinogen is precipitated . in the first of these while
both fibrinogen . and euglobulin are precipitated in the -
second. In the third, in addition to these substances,
pseudoglobulin I was precipitated. - All globulins are -
preciplitated in the fourth. - Proteins are completely re

moved with trichloracetic acid, Analyses of these fil-
trates, together with a total nitrogen determination en-
ables the calculation of the amount of nitrogen in each
fraction. 'Analyses were by the method of Van Slyke.
The original procedure‘involved the estimation

of .fibrinogen by converting it into fibrin and analyzing

»
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"1t as such, and the modification of salting out the fi-
brinogen was found by Howe to give the same results when
whole plasme was used. This was verified in the present
work. It is therefore obvious that the quantitative
differences between fresh serum and plasma divested of
fibrinogen are too small to be determined by this method.
Tbideoréaéé fhelﬁéfqenfagé 6f“éir9} céﬁséd by the preéence
of othei‘prdteins fibrindgen‘édiufioﬁs weré éubstituted
for whole plasma.

To the usual. preparation of fibrinogen, cbntaining
sufficient sodium citrate to prevent clotting, was added
oné-fiftieth its volume of pidfhidﬁbin as prepared by |
Eaéle (58). This was equivalent to one mg. of prothr§m~

bin to two hundred of fibiinogeq, The solution was then
divided into ﬁwp portions one ofywhich was recalcified}and
aliowed‘tq;clgt, . Both were covg;gd wiih toluol and in-
oubated for three hours at 37° C. At the end of this
period samples}of.the fibéinogen and ofiserum were revaed
ana%analyzed by Howe's method. = The results of a typical
geries of analyses are given in Table VI. Each number
"represents the average of two analyses not varying by

more than three per cent.

(Insert Table VI.)
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Table VI,
‘Nitfogén distribution in prbtein ffaotiohs of fibrinagen
"and serum from fibrin, expressed as percentages.
Determinations by salt precipitation, -
Samples. autolyzed 3 hours at 37° ¢.

: Fibrinbgen Serum from
o D - fibrin
Fibrinogen - . 96.0 0.0
| Buglobulin 27 | osss
Pseudoglobulin I | 1,0 29,6
" Pseudoglobulin II |- ° 0.0 ' 0.0
~ Non-globulin protein 0.3 9.7
‘Nom-protein |~ 0,0 | B
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It 1s seen from this table that practically all
of the nitrogen of the fibrinogen remains precipitable
by,lo.é% sodium sulfate, whereas about 55% of the nitro-
gen of :the serum is precipitated. in the‘euglobulin frac-
tion and 24} in the pseudoglobulin I fraction. The ap-
pargnt increase in non-protein nitrogen after clotting
1s‘interest1ng.ﬁecause of the similar finding of Fuchs
and Zahrzewski (43), but is too small to be signifioant.

The method of salt precipitation’ is quite useful
but merely shows‘the‘olass to which a protein belongs, .-
In order to determine other characteristice of the pro-
teins found, to corroborate the salt precipitation data,
and tovascertain,whether or not albumin was present,
similar analyses were made by means of heat coagulation.

.~ 8ince concentrated solutions of fibrinogen were. .
found frequently to give unfilterable, gelatinous solu—.
tions upon heating, the solutions were diluted before
coagulation. = Fibrinogen preparations containing one-
fiftieth volume of Eagle's prothrombin were divided into
two portions. One‘portion was recalcified and allowed
to clot, both were'inoﬁbéted three hours at 37° ¢., and
samples of. the unclotted material and of the expressed
-serum were taken for analysis. To each of several test
tubes graduated at 10 cc. were added 0.5 cc, of the fi--

brinogen, or of the serum, and 9.5 cc. of ammonia-free .

N
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isotonic sodium chloride solution. The tubes were then
neated one to two degrees above the various coagulation
temperatures previously established. 4In each case the
temperature was maintained for half an hour to insure
complete coagulation, At the end of this time the tubes
werTe cooled and the water lost by evaporation replaced.
The contents were then filtered through dry filters and
1.0 cc. samples of the filtrates analyzed for nitrogen.
The total nitrogen and the non-protein nitrogen were de-
termined a8 in Howe's prooedure. Unfortunately in many
instances a portion of the coagulum passed through the
filter regardless of precautions. This was always found
true of the fraction coagulating at 62° C. althougn the
next higher fraction usually gave a clear filtrate. For;
this Treason these two fractione were determined together.
‘In other ocases in which the filtrates were not perfectly‘
clear it is believed that the‘error ‘80 incurred was not
great enough to affect the’ results seriously. Table VII
gives the data obtained from a typical series of analyses

(Insert Table vII.)

A.comparison of this'table with Table VI shows
‘that somewhat less of the fibrinogen is coagulated at 56°
C. than is precipitated by 10.6% sodium sulfate. It 1is
~also seen that the heavy coagula formed at 66 - 67° and
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Table VII.
Nitrogen distribution in protein fractions of fibrinogen

and serum from fibrin, expressed as percentages.

Determined by heat coagulation.
Saﬁplés autolyzed 3 hours at 37° c.

‘ ‘ . . Séruﬁ from
Coagulation temperature | Fibrinogen ”fibrih \
~ s6°¢. | 88 .| . 0.0
.. 62° @ana, 67° | 6.1 |.. u9.h
72° s |97
75° e 2.9 SO - % EE
| el *:j‘. 0.0 .| 1.7
~ Non-coagulable protein |.. 0.7 | &5
Non-protein . S . 0.0 6.6v‘;€
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at.75° C. correspond roughly, but not necessarily re-
spectively, to the euglobulin and pseudoglobulin I .
fractions. This indlcates that serum globulin might
be one. of" the products. ' That nearly all of the non-
globulin protein is incoagulable by heat indicates.the
absence of any but small-amounts of albumin,. . The un-
identified fraction possibly consists largely of the
albumose found byugirose*(BG); -

:Although the preceding findings are suggestive.
of the formation of serum globulin as a result. of the.
action of thrombin on fibrinogen they. by:mo ﬁeans,prove
it. In order to settle this question precipitin re-
actlons were employed.  :For this purpose horse fibrino-
gen was prepared and purlfied by six-precipitations with
sodium.chloride.  .This procedure should, by dilution,
reduce the serum globulin prgsenﬁ‘tp less than a billionth
of its origineal coh;ehtrafiéﬁ.n bTﬁis;preparation'was
clotted with Mellanby's thrombin and allowed.to autoliyze
two ‘weeks under toluol at room temperature, practically .
8ll of the fibrin being dissolved within that time. The
material was filtered, and to the filtrate was added an
equal volume of saturated ammonium sulfate. . .The pre-
cipitate was collected by centrifuging and redissolved in
dilute salt solution. . Three such precipitations were

carried out, the final solution being one-fourth the
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volume of the plasma from which the fibrinogen was made.
Each of four normal male gﬁinea pigs was injecfed intra~
peritoneally at four day iﬁtéivals;with three éuccessive
0.5 oc., doses of this globulih. Serum globulin was
similarly prepared from hofsé'plasma, the fibrinogen of
which had been previously removed with sodium chloride.
Four weekslaftér the first injections blood sam-
ples were taken“froh each qf‘thelguinea pigs and the
serums tested,by meéﬁs of ﬁreoipitiﬁ reactions; against
the injected globulin solution to be certain that immn-
1ty had developed. - As controls, bipod samples from
four non-immunized‘éuinea pigé were similarly tested.
Saﬁples of‘seruﬁ from éll eight animals were then tested
against thé’preparation of:hoise seium'globuliﬁ: Table
VIII gives the iesﬁltsg ‘Altﬁough fhere isﬁan indication

~ (Insert Teble VIII.)

of the presence of fhegsame gubstance in both the horse
serum globulin and the globulin recbvered from fhe fibrin
autolysate, not much of the substance couldfhavp been
presént unless it was someﬁhat denaturéd. Since the
globulindpsed were purified only byiprébipitation 1t is
quite possible that the'horse‘serﬁm globulin may have
been contaminated with traces'of autolytic broducts of

fibrinogen formad before the;réﬁbval of this substance.

\
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_ Table VIII.

Dilutions at which precipitin reactions could be detected

with normal guinea-pigs and with those immunized

-'against the globulin‘récovéred'from_autolyzed fibrin.

Substance . Imminized anlmals Normal animals
tested 1 e 3 Y 1 2 3
Recovered globulin | 1:300 1:500 1:400 1:400 | 1:10 1:10 1:20 1:10
Horse serum globulin | 1:10  1:20  1:50  1:20 | 1:10 . 1:10 1:20 1:10

st



Each of the four animels sensitized to the globu-
1lin derived from fibrinogen as stated above was injected
‘intraperitoneally with an amount of the horse serum glob-
ulin representing 2‘ccr of plasma The second animal of
the series developed symptoms of shock and died in 25
minutes but the others appeared unaffected |

A similar procedure was made use of to determine
the presence of serum aIbumin in the fibrin autolysate.
In this case the “albumin" was prepared by removing the
globulin from the autolysate by the addition of suffi-
cient solid ammonium sulfate to make the solution half
saturated and centrifuging | The supernatant 1iquid
was dialyzed under toluol for ten hours against running
water to eliminate excess salt 10 cc. of this liquid
were used for each of the three injections. | Crystalline
horse serum albumin, made according %o the methods of
Young (71) and Adair and Robinson (72) was used as the
known protein 4 The serum from the guinea pigs sensi-
tized to the albumin prepared from the fibrin autolysate
showed no stronger precipitin reactions against the ory-
stalline serum albumin than did the ‘8erum from the con-
trol animals. The intraperitoneal injection of 0 02 -
grams of the crystalline serum aIbumin into each of
these sensitized guinea pigs oaused no apparent shook |

These results indicate that no undenatured serum albumin
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was present in the fibrin autolysate used.

Effect of Temperature*on‘the Velocity of Clotting.

The earlier discussion of the findings in regard
to the relation of temperature to clotting time showed
that with the poseible exception of the work of Mellan—
by (22), theeffect of the calcium ion concentration had
been neglected.~ For this reason a study of this re-'
lationship was made in which optimum calcium ooncentrations
were used These optima were established for a sample of
citrated plasma at each of 2 number of different temper-
atures by adding various quantities of calcium ohloride
to equal volumes of plasma at a given temperature and de-
termining the clotting times. The additions were such
that the calcium conoentrations increased in O 005 molar
steps., The plasma volumee were kept equal by the addition
of the necessary quantity of isotonic salt before the cal-
cium was added. It was noticed that as the temperature
increased the optimum quantity of celcium decreased
slightly. Having determined the optimum calcium concen-
trations for a given sample, clotting time determinations
were made on the same plasma at the various temperatures
and using the optimum amounts of calcium, The'deter—

-+

minations were made simultaneously to avoid slight but

\
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appreciable errors due to the slow deterioration of the

~ plasma. The results are expressed in the graph on the

following page and indicate that the reaction is enzymic .

with an optimum temperature of 39°% ¢. The destruction
of thrombin at & 1ittle above 50° C. s evident. That
the decreased speed of clotting at temperatures above

~ the 6pt;mum was not eptirely due to the destruction of
thrombin is shown by the following experiment. Two
samples of plasma were clotted, the one atl39° C. and
the other at 46° C.  The ratio of coagulation times was
5.5:19,0 or 1:3.45- Thé.serums from each of these sam;
ples weie coliected by ceﬁtrifuging and 0.2 cc, of éach
éerum w&s added to different 1.0 cc. samples of plasmg;
ihe clotting times of these samples were 0.5 minutes and
‘0.75 miﬁutee; or in a rafio of 1: 1.5. There was near-
ly as*mpch thrombin in the serum frgm 46° ¢. as in tﬁat
from 39°. As Mellanby has shown th&tuthe time of clot-
ting is inversely proportional to the amoﬁht‘of tﬁrombin
present, it 1s Seen that not all of the increased time
of coagﬁlation at 45° c. is due to the destruction of
thrombin. | ) | |

(Insert Figure.)
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Effect of temperature on clotting time.
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. Thrombin Action,andschemical Constitution.

The work of Collingwood (52) and of Dunn (Su)
showed that the treatment of fibrinogen with even small
amounts of formaldehyde destroyed its activity Small
amounts of formaldehyde inhibited ‘the action of throm~
bin and 1arger amounts destroyed it completely. Formal-

' dehyde, however, is capable of causing drastic changes
in the physical properties of proteins, and for this
Teason it was deemed advisable to block the amino groups“
by Bome other means. For this purpose ketene, prepared
a8 deecribed 'by Herriott (73) was used %o aoetylate the
amino nd possiblv other groups. |

- Fibrinogen, prepared from horse blcod by the

usual procedure, and thrombin, prepared by Eagle's.
method were placed in separate collodion bags. 2,0 M
scdium acetate was placed in and around the bags to act
as a buffer. | During the preparation and treatment of
the fibrinogen and thrombin the solutions were kept cold.
Ketene was bubbled through the solutions at the rate of
about three bubbles per second. At various intervals
samples were withdrawn, carefully adjusted to pH 7;4 with
dilute acetic acid, and tested for activity by addition
to a portion of the other reactant which had not been so

treated. The results given in Table IX confirm the
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findings of Dunn (54). It is seen that the ability of
fibrinogen to olot upon the addition of thrombin is com-

pletely destroyed by ten minutes' exposure of the fibrin-
ogen to ketene. The activity of thrombin is also af-
fected but some acti?ity remains to a detectable extent
for forty minutes. M |

(Insert Tgble IX.)

B}

Within the period of time employed it is probable,
but not absolutely certain, that only amino groups were
attacked by the ketene. The 1loss of activity of thrombin
upon acetylation is quite possibly due to the destruction
of cephalin as rapidly as it was liberated by the dissoci—
ation of thrombin although this was not determined  In
any event, the relative stdbility of thrombin and the
rapid inectivation of fibrinogen by ketene indicate that

thrombin is an amino'proteingse\as Dunn believed.
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Table -IZ.
Effect of ketene on thrombin and fibrinogen

Time of clottino (in minutes) after addition of 2 cc of thrombin

to 5 cc. of fibrinogen, one“component having been treated with ketene.i

Total dilution 9 cc. Temperatire 250 C..

Substance | i ~ Time ofiexposure in minutes

exposed | L L
to ketene | O -~ 5 10 ~15 . 20- 25 30 35 4o U5
Fibrinogen [0.25 3 ~ - = - - = = = =

Thromwbin |0.25 1.25 2.5 4 6 12 20 32 U5 -
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The Effect of Cyanide on Clotting.

Since certain proteolytic enzymes are activated
by cyanides, Professor Mathews suggested that cyanides
might have some effect upon the activity of thrombin.
This possibility was strengthened by the fact that it
has long been known that oxygen plays a part in the clot-
ting of blood and that cyanides have the power of dis-
turbing oxydation-reduction mechanisms,

Dilute solutions of potassium cyanide were ti-
trated with dilute hydrochloric acid to as near pH 7. 36
as possible using brcmthymol blue as an external indi—
cator.‘ The solutions were then made up to ‘known values
with a borio acid—sodium borate buffer of pH 7. 36 |
Equivalent solutions of potassium chloride in the same
buffer were then prepared. To each of a series of test
tubes was added the same amount of citrated plasma and a
varying amount of the cyanide solution. | The potassium
content was made the same in each tube by the addition
of the necessary amount of the potassium chloride solu—
tion,,' Any further dilutions were made with the borate
buffer. After definite periods of incubaticn identical
amounts of calcium chloride were added to each tube and
the clotting times recorded. | The period of incubation
with the cyanide was found to have no effect Marked

| prolongation of the clotting times was found to take

A
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place.
The degree of -inhibition of clotting by a given

amount of cvenide varied with the sample of plasma. That

this might be due to the union of some of the cyanide with
factors not involved in clotting is possible, and the work

should be repeated with pure fibrinogen and thronbin,
Table X shows the degree of ‘inhibition.

.nflﬁserr Table X;)

| If,~in the ‘above experiment, the inhibition by
cyanide were due to ite_aCtion on eulfhydride‘greups, the
eddition of e1ep1§h?dride compeund‘should lessen.the in-
hibiting effect on clotting. Similarly, if the inhibi-
tion were due’ to an ‘interference with oxidation eleewhere
in the molecule, oxygenation should decrease the . inhibi-
tion. On the basis of these considerations an experiment
was performed similar. to- the preceding one, but in which
the cyanide conoentration was held ‘constant., In this ex-
periment oxygen was bubbled threugh some of the tubes for
three minutes, after the oyanide had been added; hydrogen
sulfide was bubbled through other tubes under the same
conditions.  Table XI gives.the results of one of these
experiments. In the instance tabulated the pH of the
tubes through which hydrogen sulfide was passed changed
from 7.36 to 7.2 but such a change would have no
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| Tmné X{‘

Inﬁpition by .cyanide. -

5 cc. of plasma used in each casé.,

Total volume 1.65 cc.

" Sample | Concentration | gy,t41ng time
_of‘Hcg
1 0.0000 % 10 minutes
2 . . 0,0673 % 30 minutes’
3 0.101 % 50 minutes
4 0.135 % 24 hours
5 0.168 % None in 72 hrs.
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appreciable effect on normal clotting.
(Insert Table XI.)

The decrease of inhibition by oxygen and the in-
crease by hydrogen sulfide are strongly indicative of
the dependence of thrombin action upon an oxidation ox
reduction mechanism, = In this connection it is signi-
ficant that Kuhnan and Morgenstein (7&) have shown sulf-
hydrile compounds to inhibit clotting, and Hirose (36)
has shown the re~solution of fibrin to take place most

frapidly when large amounts of oxygen were present
éCyanide is known to reduce oystine to oysteine and it
}may‘be acting on glutathione. The relatively.large a-
gmounts of cyanide necessary indicate some such action
%rather than its~comb1ning with minute amounts of iron or

. coppexr cétalysts;
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Table XI..
' Effeot of oxygen and of hydrogen sulfide
ﬁpon'thé inhibition of clotting by éyanide. -
0.5 cc. of plasma used in each case.

Total dilution 1.65 cc. .

Sample | CoPoentration) 4 1 pg | clotting time
. | ewen | HpS | C 1

OLOOQ%, | -\. N 3.0 minutes
'Vql¢o % . ,' - - : 3,o‘m1ﬁufés
'90,12'% I ;..» - '7;5umihu%es
To0a2g | - - 7.75 minutes
Comzg |- | 3em| a6 o

0,12‘%'%“d | ”; EBVQin;n. | i9uhdurs

O;lé %w'v | 3'm1h. h - v‘4.75/m1nutésl
©0.12 % ". 3 min. - | ;S.O-Qihufeé B

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

* Summary and Conclusions.

1. When a eolution'of purified fibrinogen is clotted by
“thrombin. about 9.5% of ite_ﬁitrogep:emeinslin the
eolutiop. :KThe fibrin contains only 91%_of the nitro—
gen in‘fibrinogen,‘n "

2. There is an increase of about 5% in free amino groups
a8 determined by the Sorensen method whenfpurified
fibrinogen clots to fibrin._ ‘ o A

3. Both fibrinogen and fibrin autolyse in sterile dilute

- salt solution but fibrin more rapidly.

. Purified fibrinogen treated in solution with precip—
itated caloium phosphate and oharcoal is much more
stable and autolyses very slowly.x Presumably pro-
thrombin or some other oroteolytic enzyme ‘has been
removed from it R v , N ,

5. In the prooese of autolysie of fibrinogen and fibrin
globulins are formed whioh have the coagulation
temperatures of and appear to be euglobulin and peeudo—

N globulin. . No serum albumin could be found but possi-
bly longer digestion might have yielded it i?;oteases
and lower.peptidesr(non~protein_nitrogen),are,also set
free. o o Hi o |

6. The clotting of :t‘i'brinogen by thrombin and of its
‘autolysis is blooked hy . acetylation or by formalinization

¢

of the fibrinogen.‘
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7. Acetylgtion also_inactiyateg_thrombin butrat‘akvery
much slower rate. How this 1s done is undetermined.
Nor were attempts made to regenerate the thrombin;r’

8. The marked slowing of clotting occurring at tempera-
tures of about u5° C. is not due chiefly to the de-
struction of thrombin.

9. Clotting is prolonged by HCN and by Has. Bubbling
oxygén through the HCN plasma before recalcification
removes the inhibition of the HCN; bubbling HpS
greatly increases the inhibition due to HCN.

10, The general conclusion 1ls that thrombin is a proteo-

. lytic enzyme; that fibrin is a first proteolytic
oleavage product of fibrinogen; that when fibrin is
formed some fibrinoglobulin and other forms of pro-
tein nitrogen are set free; that on further action
of thrombin other globulins similar to and possibly
identical with euglobulin and pseudoglobulin appear,
as well as préfeases and simpier hydrolytic splitting
products,

11. Thrombin is so far as known specific for fibrinogen,
and is an amino protease. An oxidation-~reduction
system possibly involving glutathione seems to be in-
volved in its activity.

12, Serum glbbulin possibly originates from the hydrolysis
of fibrinogen of the blood by the action of some
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proteolytic enzyme. No light has been shed by

these experiments as.to the origin of serum albumin,
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