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A clinical syndrome characterized by a coagula-
tion defect, hypofibrinogenemia, often an associ-
ated hemorrhagic diathesis and manifestations of
whole blood or plasma "fibrinolysis" (spontane-
ous lysis of whole blood or plasma clots), has
long been recognized. Usually developing acutely
after the trauma of surgery or in association with
certain obstetric complications, it may also present
as a chronic syndrome complicating the course
of long-term medical disease (reviews noted in
References 1, 2). Moreover, the iatrogenic in-
duction of the syndrome, usually in a mild form,
frequently accompanies the treatment of the acute
thromboembolic complications of vascular disease
by enzymatic means (3-6).

In an accompanying communication (1), it has
been demonstrated that a coagulation defect de-
veloping during such pathological "fibrinolytic"
states (states of abnormal plasma proteolytic ac-
tivity) arises as a direct consequence of fibrinogen
proteolysis. The defect is not the consequence of
hypofibrinogenemia, for it may arise in patients
with normal or near normal plasma fibrinogen
values, but results from the presence of fibrinogen
proteolysis products in plasma; these products
interfere with normal coagulation mechanisms
and produce the defect.
The essential laboratory features of the defect

comprise hypofibrinogenemia (frequently mild),
an increased thrombin clotting time, an increased

*This work was supported by a grant from the Na-
tional Heart Institute (H3745), United States Public
Health Service, Bethesda, Md. Presented in part at the
Fifty-first National Meeting of the American Society for
Clinical Investigation, Atlantic City, N. J., May, 1959
(J. clin. Invest. 1959, 38, 1005) and at the Thirty-third
Annual Meeting of the Central Society for Clinical Re-
search, Chicago, Ill., October, 1960 (J. Lab. clin. Med.
1960, 56, 813).

one-stage "prothrombin" time, and associated ab-
normalities in clot formation.
The evidence presented in the accompanying

report (1) indicated that: 1) the major features
of the coagulation defect observed in vivo could
be reproduced by adding fibrinogen proteolysis
products to plasma in vitro; 2) the severity of
the defect observed in vivo was well correlated
with the observed extent of fibrinogen proteoly-
sis and could be predicted by in vitro experiment,
which would account quantitatively for the entire
in vivo defect; 3) the severity of the in vivo de-
fect was only poorly correlated with the actual
plasma fibrinogen concentrations, and severe co-
agulation defects were observed even when plasma
fibrinogen was in the normal or low normal
range; and 4) the characteristics of the coagula-
tion defect studied either in vivo or in vitro could
be attributed to an interference by fibrinogen pro-
teolysis products with the over-all coagulation
step of fibrinogen-fibrin conversion.

Theoretically, fibrinogen proteolysis products
might directly inhibit the enzymatic action of
thrombin (conversion of fibrinogen to fibrin mon-
omer), the subsequent spontaneous polymeriza-
tion of fibrin monomer, or the gelation of fibrin
polymer. Alternatively, the action of fibrinogen
proteolysis products could inhibit more than one
of these reactions. It will be the purpose of this
communication to demonstrate that, although
fibrinogen proteolysis products prolong the throm-
bin clotting time of plasma or purified fibrinogen
solutions, the enzymatic actions of thrombin are
not inhibited. Evidence also will be presented to
show that the fibrinogen proteolysis products in-
hibit the polymerization of fibrin monomer and
thus necessarily the gelation of polymer; struc-
turally abnormal polymers, incorporating molecu-
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lar fragments of proteolysed fibrinogen, are
formed, and this anomaly is responsible for aber-
rant clot formation. Moreover, purification stud-
ies indicate that the biochemically significant
action of fibrinogen proteolysis products on co-
agulation resides in a single high molecular weight
fibrinogen fragment, formed by plasmin action
on fibrinogen, but resistant to further enzymatic
digestion by plasmin.

This type of coagulation defect (i.e., the for-
mation of abnormal polymers) has been termed
defective fibrin polymerization; it may occur in-
dependently of or in conjunction with other co-
agulation defects. Possibly, defective fibrin poly-
merization may be involved in the pathogenesis
of certain other clinical coagulation disorders,
especially those observed in association with the
dysproteinemias, which have hitherto lacked ade-
quate explanation.

MATERIALS AND METHODS

Preparations
Single batches of bovine fibrinogen 1 (99.2 per cent of

the fibrinogen being clottable by thrombin) and human
fibrinogen2 (92 per cent of the nitrogen being clottable
by thrombin) were used throughout. Distinction between
the species origin of fibrinogen used in various experi-
ments has not been made in the text, since human and
bovine fibrinogen yielded similar results in all experi-
ments. Fibrinogen was iodinated with I"' by a previ-
ously described procedure (8).

Fibrinogen proteolysis products (labeled with I"a and
unlabeled) were prepared by a previously described
method (1). The heat-precipitable portion (15 minutes
at 560 C) of the I1"'-labeled products was determined by
centrifuging off the precipitate, washing once, and assay-
ing precipitate supernatant and wash for isotopic activity.
Thrombin 3 was a commercial preparation standardized

in NIH units. Buffered saline refers to 0.1 M phosphate
with 0.9 per cent saline at pH 7.6. Dextran gel was of
G 50 grade.4 Soybean trypsin inhibitor5 (SBTI) was
used at a concentration of 1 mg per ml.

Methods
Isotopic assays were made using a well-type scintilla-

tion counter and a pulse-height analyzer (1).
Ultrafiltration was performed using cellulosic mem-

branes of graded porosity.6 Analytical ultracentrifugal
1 Kindly supplied by Dr. Birger Blomback (7), Karo-

linska Institute, Stockholm, Sweden.
2 Kabi Company, Stockholm, Sweden.
3 Parke, Davis Company, Detroit, Mich.
4 Pharmacia Co., Stockholm, Sweden.
5Worthington Biochemical Corp., Freehold, N. J.
6 Millipore Filter Corp., Bedford, Mass.

runs were made with a Spinco 7 model E at 52,640 rpm
using the double-sector cell, and at 59,780 rpm using
standard and wedge analytical cells. Preparative separa-
tion was performed using a Waugh-Yphantis 7 cell.
Fibrin clots for ultracentrifugal examination were pre-
pared by clotting 1 to 2 ml of a 1 to 3 per cent solution
of purified fibrinogen, with or without added fibrinogen
proteolysis products (concentration specified in text),
with 0.1 ml thrombin (100 U per ml) at 370 C. Two
hours later the formed clots were placed in 1 L of buff-
ered saline and washed for 24 to 72 hours at 20 C with
stirring. Clots were then drained and completely dis-
solved in 30 per cent urea (by weight).
Thrombin clotting times were determined as previously

described (3) ; buffer was omitted from the titration
mixture when the determination was performed at other
than pH 7.4. Fibrinogen assays were performed as pre-
viously described (1). The diagnosis of a coagulation
disorder secondary to hyperplasminemia was established
by previously described criteria (1).

Polymerization rates in plasma and in fibrinogen solu-
tions, in the presence or absence of fibrinogen proteolysis
products, were quantitated by a method modified from
that of Ferry and Morrison (9). Serial absorbance read-
ings at 3,500 A were made in a Beckman DU spectro-
photometer 7 at room temperature (25° C). The clotting
mixture contained 0.5 ml SBTI, 2 ml 0.05 M phosphate
buffer at pH 6.0, 0.5 ml of plasma or fibrinogen solution,
and 0.1 ml thrombin (2 U per ml). Fibrinogen proteol-
ysis products in 0.05 M phosphate buffer at pH 6.0 were
substituted for plain buffer as required. The final re-
action pH was 6.3. Thrombin esterase activity was as-
sayed on BAMe 8 using a previously described method
(10).
The proteolytic action of thrombin on fibrinogen at pH

5.4 was studied by a method slightly modified from that
of Ehrenpreis, Laskowski, Donnelly and Scheraga (11).
The modifications were: fibrinogen concentration, 3 mg
per ml; thrombin, 250 U per ml; and proteolysis products
(when used) 3 mg per ml. BAMe to a final concentra-
tion of 0.04 M was substituted for TAMe 8 to inhibit
thrombin action. (This substitution partly obviated the
troublesome high blank value problem inherent in the
original technique.) Fibrin monomer (f) and fibrinogen
originally available (F) were determined by tyrosine
assay on the isolated washed clot.
The proteolytic action of thrombin on fibrinogen, at

near neutral pH was studied by the method of Ehrenpreis
and Scheraga (12). Reaction conditions were: 1.3 mg
fibrinogen and 1 U thrombin in 5 ml 0.1 M phosphate
buffer at pH 7.0, with or without 1.3 mg fibrinogen pro-
teolysis products; the TAMe concentration of 0.04 M
gave a high blank value for control assays. In a further
experiment, reaction conditions were modified: 1 mg
fibrinogen and 1 U thrombin in 5 ml 0.1 M phosphate

7 Beckman Spinco Corp., Palo Alto, Calif.
8 Benzoylarginine methyl ester (BAMe) and tosylar-

ginine methyl ester (TAMe), Mann Laboratories, New
York, N. Y.
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buffer at pH 7.6, with or without 1 mg fibrinogen proteol-
ysis products; BAMe 0.03 M final concentration was used
to stop the reaction.
Assay for intcorporation of I3"-labeled fibrinogen pro-

teolysis products into clots. Aliquots (0.2 ml) of fibrino-
gen-fibrinogen proteolysis product (IP3`-labeled) mixtures
were added to 0.7 ml thrombin titration mixture and
clotted with 0.1 ml thrombin, 10 U per ml (the thrombin
titration mixture facilitated the complete recovery of
fibrin). Thirty minutes later the clots were wound out
on wooden applicator sticks, drained, and then washed for
10 minutes in 2 ml Radiacwash.9 The drained clot, the
original supernatant, and the wash were assayed for
isotopic activity. Plasma-fibrinogen proteolysis product
mixtures were treated similarly except that the aliquot
volume was 0.5 ml, saline was substituted for the throm-
bin titration mixture, and clot formation took place over
a 12-hour period.

RESULTS

The effect of fibrinogen proteolysis products on
thronibin action. The thrombin clotting time of
plasma (or purified fibrinogen solutions) is pro-
longed by the addition of fibrinogen proteolysis
products, and this finding suggested that fibrino-
gen proteolysis products might inhibit either the
enzymatic actions of thrombin or fibrin polymer-
ization (1).

9A proprietary versene detergent solution; Atomlab
Products, Center Moriches, Long Island, N. Y.

Figure 1 shows (left-hand portion) clotting
times as a function of thrombin concentration in
a plasma test system alone, and in the same test
system when fibrinogen proteolysis products (2
mg per ml) have been added. In both instances
the thrombin clotting times shortened with in-
creasing thrombin concentration, but at all throm-
bin concentrations the original difference between
the thrombin clotting times of the two systems
was preserved. The right-hand portion of the
figure illustrates assays for thrombin esterase ac-
tivity, using the synthetic substrate BAMe and
employing the same thrombin concentrations used
in the left-hand portion of the figure. The solid
circles represent determinations with thrombin
alone and the open circles, thrombin plus fibrino-
gen proteolysis products. The data from both
sets of determinations fitted the same regression
line and the results indicate that a concentration
of fibrinogen proteolysis products sufficient to
double the thrombin clotting time of the test sys-
tem did not inhibit thrombin esterase activity.

Because of the high affinity of thrombin for
BAMe, these experiments were repeated using
fibrinogen rather than BAMe as the substrate.
Figure 2 illustrates assay of thrombin proteolytic
activity, measured on fibrinogen, in the presence
and absence of fibrinogen proteolysis products at

*-* Thrombin Alone o-o Thrombin+ Fibrinogen Proteolysis Prod. 2MG/ML
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FIG. 1. (LEFT) THROMBIN CLOTTING TIMES (ORDINATE) AS A FUNCTION OF THROM-
BIN CONCENTRATION (ABSCISSA) FOR A NORMAL PLASMA AND FOR THE SAME PLASMA

CONTAINING FIBRINOGEN PROTEOLYSIS PRODUCTS (2 MG PER MIL). (RIGHT) BAME
ESTERASE ACTIVITY (ORDINATE) AS A FUNCTION OF THROMBIN CONCENTRATION (AB-
SCISSA) IN THE PRESENCE AND IN THE ABSENCE OF FIBRINOGEN PROTEOLYSIS PRODUCTS

(2 MG PER ML). Despite the striking increase in thrombin clotting time that results
from the presence in plasma of fibrinogen proteolysis products (left-hand panel), the
enzymatic actions of thrombin on BAMe were not inhibited by these products (right-
hand panel).

R

0s400

z
3C(.)

z
co 20
0

Ir-

919

c



NORMA ALKJAERSIG, ANTHONY P. FLETCHER AND SOL SHERRY
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FIG. 2. ENZYMATIC ACTION OF THROMBIN MEASURED ON FIBRINOGEN AND DETERMINED IN THE

PRESENCE AND ABSENCE OF FIBRINOGEN PROTEOLYSIS PRODUCTS. The ordinate f/F is the ratio of
fibrin monomer formed by thrombin action (f) and total potential monomer (F). On the left,
the abscissa is time in hours, but in the other two panels it is in minutes. Three series of reaction
conditions are illustrated (see Methods): on the left the reaction pH was 5.4, in the middle 7.0,
and on the right 7.6. Equal proportions of fibrinogen and fibrinogen proteolysis products were
used, but in none of the experiments did fibrinogen proteolysis products inhibit the enzymatic
actions of thrombin on fibrinogen.

pH 5.4, 7.0, and 7.6. Techniques designed to
measure only fibrinogen-fibrin monomer conver-
sion (see Methods) were employed, a require-
ment imposing technical restrictions on the assay
conditions. In the left-hand panel, reaction con-
ditions were pH 5.4 and 1 M sodium bromide
concentration; these conditions permitted mon-
omer formation, but prevented polymer or gel
formation. BAMe was used as a thrombin in-
hibitor. In the middle and right-hand panels,
polymer formation from monomer could not be
prevented because of the pH employed, but the
reactions were stopped using TAMe and BAMe
as thrombin inhibitors. In all three panels the
ordinate f/F is the ratio between f, the amount of
monomer formed during the experiment (esti-
mated by inhibiting thrombin action and recover-
ing the monomer in polymer form), and F, the
fibrinogen originally available in the assay sys-
tem; the abscissa is reaction time. At near neu-
tral pH, very low thrombin concentrations (0.2 U
per ml) were mandatory, and the assays were not
as reproducible as those made at pH 5.4. In all
three panels of Figure 2, the solid circles represent
assays made using the thrombin-fibrinogen sys-
tem alone and the open circles the same system
with the addition of fibrinogen proteolysis prod-

ucts (the same relative concentration employed
in Figure 1).
The left and middle panels indicate that at

pH 5.4 and pH 7.0, even though the ratio of
fibrinogen proteolysis products/fibrinogen corre-
sponded to a coagulation defect of considerable
severity (see Figure 1), monomer production
from fibrinogen by thrombin was unimpaired in
the presence of fibrinogen proteolysis products.
Although the data in the right-hand panel of
Figure 2 suggest that thrombin action may have
been slightly potentiated by the presence of fibrin-
ogen proteolysis products, this appearance is arti-
factual due to precipitation of a portion of the
proteolysis products by BAMe. The insignifi-
cance of the apparent difference is shown by the
fact that the reaction slopes are identical, whereas
potentiation of thrombin action would have pro-
duced divergent slopes. Because of the low
thrombin concentrations employed, this small dis-
placement between the reaction slopes would be,
in any case, of negligible importance.
The effect of fibrinogen proteolysis products on

the polymerization step. The data displayed in
Figures 1 and 2 demonstrated that, although the
addition of fibrinogen proteolysis products to
fibrinogen or plasma prolonged the thrombin
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clotting time of the solution, the enzymatic ac-
tions of thrombin itself were unaltered. These
findings suggested that the action of fibrinogen
proteolysis products was to inhibit the polymer-
ization or gelation of fibrin monomer, or both, and
validated the approach illustrated in Figure 3, in
which spectrophotometric methods were used to
study polymerization rates. As shown by Ferry
and Morrison (9), the rate of absorbance in-
crease, measured at 3,500 A during the coagula-
tion of fibrinogen, is an indirect measure of light
scattering and consequently a measure of poly-
merization rates.

The left-hand portion of Figure 3 shows serial
absorbance readings (ordinate) made on diluted
plasma to which has been added successive incre-
ments of fibrinogen proteolysis products. The
abscissa is time in minutes, and thrombin was
added at zero minutes. Inhibition of fibrin poly-
merization, its magnitude dependent on the con-
centration of added fibrinogen proteolysis prod-
ucts, is clearly demonstrated. At 12 hours (not
illustrated) the absorbance of all solutions was
found to be approximately similar. The right-
hand portion of Figure 3 illustrates similar de-
terminations on a normal plasma, on plasma from

TURBIDITY MEASUREMENTS

BUFFER pHl6.3,10.1,
Normal. Plasma + Varying Amounts of

Fibrinogen Digest

THROMBIN 0.05 U/ML.
Patients with Coagulation Defect

0'-

0'
0

U1

20 30 10
INCUBATION TIME- MINUTES

FIG. 3. SERIAL ABSORBANCE READINGS AT 3,500 A (ORDINATE) MADE ON VARIOUS PLASMAS TREATED

WITH THROMBIN AT ZERO TIME (ABSCISSA, TIME IN MINUTES). The left-hand panel displays results
with normal plasma and with aliquots containing fibrinogen proteolysis products (3 concentrations).
Inhibition of polymerization was roughly proportional to the concentration of fibrinogen proteolysis
products. On the right are shown results with a normal plasma, plasma from a leukemic patient who
developed an abnormal plasma proteolytic state with a coagulation defect, and plasma from a SK-
treated patient exhibiting a coagulation defect. Inhibitory curves in both panels exhibit marked
similarity.
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FIG. 4. CLOTS FORMED IN 1-CM CUVETS ON THE LEFT FROM PURIFIED FIBRIN MONOMER

(0.65 MG PER ML) AND ON THE RIGHT UNDER THE SAME CONDITIONS EXCEPT THAT
FIBRINOGEN PROTEOLYSIS PRODUCTS (1 MG PER ML) HAD BEEN ADDED PRIOR TO CLOTTING.
The macroscopic abnormality in clot formation occurring in the presence of fibrinogen
proteolysis products is clearly visualized. (Photographic reproduction has somewhat
exaggerated the differences observed visually.)

a patient suffering from acute granulocytic leu-
kemia, and on plasma from a patient receiving
streptokinase (SK) therapy; these latter two pa-
tients demonstrated evidence of excessive plasma
proteolysis (1). Substantial inhibition of fibrin
polymerization rates was demonstrated in both
abnormal plasma samples.
The macroscopic changes in clot structure re-

sulting from inhibition of fibrin polymerization by
fibrinogen proteolysis products are illustrated in
Figure 4. To insure that inhibition of fibrin
polymerization was the only mechanism respon-
sible for the difference in clot appearance, the
clots were prepared from fibrin monomer stored
in 1 M bromide at pH 5.3 (11). The use of
thrombin was not required, since fibrin monomer
stored in this fashion polymerizes spontaneously
on dilution and with alteration of pH. The left-
hand control monomer clot was formed from 0.1
ml fibrin monomer (8.0 mg per ml in 1 M bro-
mide at pH 5.3) and 1.1 ml 0.1 M phosphate
buffer at pH 6.5; the right-hand clot was formed
similarly except that 0.1 ml fibrinogen proteolysis
products (13.0 mg per ml) was substituted for
an equal volume of buffer. Both clots are viewed

by transmitted light and the characteristic dis-
turbance to clot structure is well visualized. Al-
though Figure 4 illustrates an extreme variation
from the normal, it is often possible, when per-
forming a fibrinogen assay on the plasma of a
patient suffering from a pathological proteolytic
state, to make a presumptive diagnosis on the
basis of gross aberrations in clot appearance.

Properties of the polymerization inhibitor and
its isolation from fibrinogen proteolysis products.
An ultracentrifugal pattern illustrative of the
general characteristics exhibited by crude fibrino-
gen digests is shown in Figure 5 (a plasmin di-
gest of fibrinogen). The direction of migration
is from left to right and the pattern shows the
fastest moving component (5S class) as a well
defined peak. The slower moving components
are not resolved in this pattern, but will be shown
later to be comprised of two main molecular
classes with sedimentation constants centered
around 1.4 and 3. However, these lowest molec-
ular weight components exhibited differences in
various preparations according to the. method of
digest preparation.
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Figure 6 displays observations made during the
proteolysis of bovine fibrinogen (3.6 mg per ml)
by plasmin (2.7 casein units per ml) at 370 C.
Polymerization inhibitor was assayed by its effect
on prolonging the thrombin clotting time of the
test solution, and the results are expressed in sec-
onds (left-hand ordinate). TCA 10-soluble tyro-
sine was expressed as per cent of total tyrosine
(right-hand ordinate), and the abscissa is time of
incubation in minutes.
The titer of polymerization inhibitor rapidly

increased during the first few minutes of diges-
tion; at 25 minutes, by which time it had become
stable, a sample aliquot was withdrawn for
ultracentrifugal examination (arrow on diagram).
No further alteration in polymerization inhibitor
titer occurred during the remainder of the experi-
ment, although the TCA-soluble tyrosine in-
creased slowly from 14 per cent at 25 minutes to
17 per cent at 180 minutes. A second sample
for ultracentrifugal examination (arrow on dia-

'0 Trichloroacetic acid.

FIG. 5. ULTRACENTRIFUGAL PATTERN OF A PLASMIN

DIGEST OF FIBRINOGEN (DIRECTION OF MIGRATION FROM

LEFT TO RIGHT). The fastest moving component (5S
class) presents as a single well defined peak; the slower
moving components are not resolved in the pattern, but
exhibit wide nonhomogeneity. Planimetry shows the 5S
peak to be in a 1: 1 ratio with the other components.

DIGESTION OF FIBRINOGEN BY PLASMIN
I SPECIMENS TAKEN FOR ULTRACENTRIFUGATION

PLASMIN ACTIVITY: 2 CAS U/ML AT 3 HOURS

1.1
w 30

0 20 POLYMERIZATION INHIBITOR

0- 10 T.C.A. SOLUBLE TYROSINEt -a-- -FE
zZ

0z

[ 40J
20

I U

20 40 60 80 100 120 .140 160 180

INCUBATION TIME-IN MINUTES

FIG. 6. PROTEOLYSIS OF FIBRINOGEN (3.6 MG PER ML)
BY PLASMIN (2.7 U PER ML). Inhibitor assay (seconds)
is plotted on the left-hand and TCA-soluble tyrosine
(per cent) on the right-hand ordinate; the abscissa is
time in minutes. Inhibitor titer increased rapidly and
reached a plateau in 20 minutes, but TCA-soluble tyrosine
increased slowly throughout the 180-minute incubation
period. Arrows mark the time of sample removal for
ultracentrifugation (Figure 7).

gram) was withdrawn at 180 minutes and the
solution assayed for plasmin activity; a consid-
erable residual excess of plasmin (2 casein units
per ml) was demonstrated. These observations
indicate that the polymerization inhibitor pro-
duced from fibrinogen during proteolysis by plas-
min is stable against further enzymatic digestion
by plasmin.

Figure 7 displays the two ultracentrifugal pat-
terns from the Figure 6 experiment; the upper
pattern (the 25-minute specimen) was run in a
prismatic cell and the lower pattern (the 180-
minute specimen) in a standard cell during the
same rotor run. The fastest moving component
observed in each pattern had exactly the same
mobility during the run (S20, 4.9), and by plani-
metry after rerun in double-sector cells the two
component areas were determined to be of equal
size (49 per cent of the total pattern area). Iden-
tical results were obtained when fibrinogen of
human origin was substituted for fibrinogen of
bovine origin in these experiments.

Ultrafiltration studies suggested that the poly-
merization inhibitor was a substance of relatively
high molecular weight. Aliquots of a tryptic
fibrinogen digest, giving a thrombin clotting time
of 55 seconds in the assay system and containing
1.3 mg tyrosine per ml, were filtered through 50-
mnu and 100-mju cellulosic ultrafiltration mem-
branes at pH 7.0. The 50 mju filtrate contained

923



924NORMA ALKJAERSIG, ANTHONY P. FLETCHER AND SOL SHERRY

fast-running fraction contained 1.74 mg tyrosine
per ml and gave a thrombin clotting time of 127
seconds in the assay system. The original plas-
min digest contained 1.29 mg tyrosine per ml and
gave a thrombin clotting time of 69 seconds. The
results of this and two similar experiments sug-
gested (bearing in mind that contamination be-
tween the two sections of the ultracentrifugal
separation cell is often difficult to prevent) that
the inhibitory activity to fibrin monomer polymer-
ization resided largely or perhaps solely in the
large fast-rumiing component of the digest pat-
tern, and that the components with lower molec-
ular weight did not inhibit polymerization.

Selective heat precipitation offered an alterna-
tive approach to the characterization of the com-
ponent(s) in the fibrinogen proteolysis products
responsible for inhibiting fibrin polymerization.
Proteolysis of J'31-labeled fibrinogen was pro-
duced by plasmin digestion, and an aliquot was

removed for ultracentrifugal examination. The
solution was then heated at 560 C for 15 minutes
and the precipitate which formed xx'as removed

FIG. 7. SAMPLES FROM THE EXPERIMENT SHOWN IN
FIGUJRE 6 SUBJECTED TO ULTRACENTRIFUGATION DURING
THE SAME ROTOR RUN (MIGRATION FROM LEFT TO RIGHT).
Thle upper pattern is the 25-minute and the lower the
180-minute sample from Figure 6. The fastest running
components in the two patterns exhibited identical ultra-
centrifugal sedimentation constants, and by planimetry
their areas were equal.

0.102 mg tyrosine per ml and gave a thrombi
time of 14.7 seconds in the assay system, while
the 100 m~t filtrate contained 1.02 mg tyrosine per
ml and gave a thrombin clotting time of 40 sec

onds. .
Figure 8 illustrates an ultracentrifugal fraction-

ation performed with the aid of a Yphantis-
Waugh separation cell on a plasmin digest of
fibrinogen. The figure is a reproduction of a

doubly exposed plate, the first exposure being
made just prior to braking the centrifuge, and
the second after the partition had closed during FIG. 8. FRACTIONATION OF FIBRINOGEN PROTEOLYSIS
deceleration. An excellent separation between PRODUCTS IN A YPHANTIS-WAUGH SEPARATION CELL (MI-
the slow and fast running components was ac- GRATION FROM LEFT TO RIGHT). The upper tracing is the
complished. Assays on the two samples showed pattern at the time of rotor deceleration; by means of asecond exposure after the partition had closed, the excel-
the slow-running fraction to contain 0.64 mg lent separation obtained between fast and slow moving
tyrosine per ml and this gave a thrombin clotting components is demonstrated (dark band over the right
time of 35 seconds in the assay system, while the half of the pattern).

924



DEFECTIVE FIBRIN POLYMERIZATION

by centrifugation and washed once before assay
for I's31

Figure 9 displays ultracentrifugal patterns on
both the original solution and on the heat-treated
supernatant; the lower pattern is that of the
original digest (diluted 1: 2, standard cell) and
the upper that of the supernatant (undiluted,
prismatic cell) during the same rotor run. The
lower pattern shows three components with ap-
proximate sedimentation constants of 1.4, 3, and
5, and by planimetry, after superimposition
against the appropriate baseline, the respective
component areas were 29.7, 20.7, and 49.6 per
cent of the total pattern area. The upper tracing
shows only two components with sedimentation
constants of 1.4 and 3; the pattern areas, 58.5
and 41.5 per cent, bear a similar ratio (29.7
: 20.7) to the 1.4 and 3S components measured
in the lower tracing. The 5S component, occupy-
ing 49.6 per cent of the original pattern area,

FjIG. 10. ULTRACENTRIFUGAL PATTERN (MIGRATION
FROM LEFT TO RIGHT) OF THE PARTIALLY PURIFIED POLY-
MERIZATION INHIBITOR AFTER FRACTIONATION OF FIBRINO-
GEN PROTEOLYSIS PRODUCTS ON DEXTRAN GEL (G 50
GRADE). The main peak, the 5.27sm, , fragment (see
Figure 11) appears to be homogenous, but contamination
with 3S material is still present.

99 :S
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Anti.... ..........
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FIG. 9. EFFECT OF HEAT ON FIBRINOGEN PROTEOLYSIS

PRODUCTS. The top. ultracentrifugal pattern is from an

aliquot heated at 56° C for 15 minutes with precipitated
protein removed. The bottom pattern is the unheated
aliquot (diluted 1: 2). Heating has caused complete pre-

cipitation of the 5S fragment, but of no other (see text).

was absent from the supernatant pattern. This
component had been precipitated by the heating
process, and assay for J131 in the precipitate
showed that 48 per cent of the original I131 ac-
tivity was present, as compared to the 49.6 per
cent loss calculated by planimetry. This observa-
tion indicated that the extent of I31-labelling
between the 5S fragment and the other fibrinogen
fragments was similar. Other experiments in-
volving fractionation of fibrinogen digests, by
ultracentrifugation, ultrafiltration, dextran gel
filtration, and differential chemical precipitation,
confirmed this finding.
The original solution (1: 5 dilution) prolonged

the thrombin clotting time of the assay system
from 12 to 33 seconds, while the heated super-
natant (1 :5 dilution) only prolonged it from 12
to 15 seconds. These observations were consist-
ent with the hypothesis that precipitation of the
5S component by heat had removed thepolymer-
ization inhibitor, although the possibility that heat
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FIG. 11. S20,W AS A FUNCTION OF PROTEIN CONCENTRA-
TION FOR FIBRINOGEN, FIBRIN MONOMER, AND FIBRINOGEN

DIGESTED WITH TRYPSIN AND PLASMA. The upper graph
displays ultracentrifugal mobility data as a function of
protein concentration for the large molecular weight en-

zyme-stable fragment formed from fibrinogen by plasmin
or trypsin action: the fragment formed by either enzyme

exhibited identical sedimentation characteristics, the smw
extrapolated to zero concentration being 5.27. The lower
graph shows similar data for fibrinogen run in 0.1 M
borate buffer and for fibrin monomer in 5 M urea; the
identity between the two confirms the validity of the cor-

rections applied for use of this medium.

had denatured the polymerization inhibitor could
not be excluded. The relative electrophoretic mo-

bilities of the heat-precipitable fibrinogen proteo-
lysis product and purified fibrinogen were studied
by zone electrophoresis using cellulose acetate
strips. Simultaneous electrophoretic runs were

performed using purified fibrinogen, fibrinogen
digest, and heat-treated fibrinogen digest at pH's
between 7 and 9. The results indicated that
within methodological limitations fibrinogen and
the heat-precipitable fibrinogen proteolysis prod-
uct possessed similar electrophoretic mobilities.
Two ml of fibrinogen proteolysis products

(plasmin digest) was fractionated by dextran
gel chromatography (G 50 grade). The column
void volume was 22 ml, and the ultracentrifugal
pattern shown in Figure 10 was run on the 22- to

25-ml specimen. Good separation of the 5S frag-
ment was obtained, although the ultracentrifugal
pattern demonstrated contamination with the 3S
component. Assay of both the original solution
and this column fraction demonstrated that more
than 80 per cent of the original polymerization
inhibitor activity was present in the column frac-
tion. Evidently, the whole or at least the major
portion of the polymerization inhibitory activity
resided in the 5S fragment, although participation
of the 3S fragment in this reaction could not be
excluded.

Figure 11 displays ultracentrifugal sedimenta-
tion data as a function of protein concentration
for the 5S fragment, fibrin monomer, and fibrino-
gen. The upper section of the figure demon-
strates that the sedimentation characteristics of
the 5S component, whether formed from fibrin-
ogen by plasmin or trypsin action, were similar;
the S20,w for this component, extrapolated to zero
protein concentration, was in both instances 5.27.
The lower section of Figure 11 cites sedimenta-
tion data on fibrin monomer and fibrinogen; these
gave an S20,w value of 7.89 for both materials.
This finding validates the corrections applied to
the crude sedimentation values in cases (vide
infra) where ultracentrifugal runs were made in
30 per cent urea (5 M).

Pathogenesis of defective fibrin polymerization.
Theoretically, inhibition of fibrin polymerization
by fibrinogen proteolysis products could arise in
either of two ways. First, the forces of inter-
molecular attraction between monomer units
could be diminished through the presence of fib-
rinogen proteolysis products, resulting in purely
physicochemical inhibition of polymerization; or
second, fibrin monomer could combine with the
proteolysis products and the latter complex, per-
haps lacking a sufficiency of suitable linkage sites,
fail to unite with other monomer or polymer units.
In the first case polymerization would be in-
hibited but a structurally normal clot would be
formed, while in the second, not only would poly-
merization be inhibited, but a structurally ab-
normal clot would result. Resolution of this
problem was undertaken by an analysis of clots
formed in the presence and in the absence of fib-
rinogen proteolysis products.
Figure 12 shows ultracentrifugal patterns on

two clots dissolved in urea. One clot was formed
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from purified fibrinogen and thrombin, and the
other from a similar mixture to which fibrinogen
proteolysis products had been added. After thor-
ough washing (48 hours at 2° C), the clots were
dissolved in urea and examined in double sector
ultracentrifugal cells (the greatly curved base
lines reflect the presence of urea). Whereas the
clot formed from purified fibrinogen showed only
one component, fibrin monomer (Figure 12A),
the clot formed in the presence of fibrinogen pro-
teolysis products (Figure 12B) revealed the in-
clusion of substantial quantities of other com-
ponents. Since the clots had been washed thor-
oughly, this finding suggested the incorporation
of fibrinogen proteolysis products into the clot
structure. Moreover, pattern planimetry revealed
that the 5.27S20,, fragment had been prefer-
entially taken up into the clot structure; the ratio
of this component to the other proteolysis products
was 2: 1 in the clot pattern, whereas in the crude
digest patterns (Figures 5, 7, 9) the ratio was
1: 1.

Quantitation of this phenomenon was under-
taken using I131-labeled fibrinogen proteolysis
products. In these studies, the small physical size

A

B

FIG. 12. A. ULTRACENTRIFUGAL PATTERN OF A CLOT DIS-
SOLVED IN 5 M UREA, FORMED FROM PURIFIED FIBRINOGEN
AND THROMBIN, WASHED AND SOLUBILIZED. Fibrin mon-
omer is the only component present. B. A SIMILAR
STUDY EXCEPT THAT THE ORIGINAL SOLUTION HAD CON-
TAINED FIBRINOGEN PROTEOLYSIS PRODUCTS. Three compo-
nents are present, from right to left: fibrin monomer, the
5.27swo,. fibrinogen fragment, and fibrinogen proteolysis
products of lower molecular weight, chiefly 3S. The
5.27s20, fragment has been preferentially incorporated
into the clot, since the ratio of this fragment to the others
is 2:1 (determined by planimetry), whereas in the orig-
inal digest it was 1: 1.

of the clots facilitated the removal of contaminat-
ing protein not incorporated into the clot struc-
ture. Figure 13 displays the results of studies
involving the degree of proteolysis product in-
corporation with varying pH. The top section
of the diagram illustrates the variation in throm-
bin clotting time observed when native plasma
and plasma containing fibrinogen proteolysis
products were tested between pH 6.5 and pH 9.0.
Both the normal and the abnormal plasmas
showed similar prolongation of the thrombin clot-
ting times at extremes of the tested pH range,
and the curves for thrombin clotting time against
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FIG. 13. CLOT FORMATION AS A FUNCTION OF PH. The
top section displays thrombin clotting times (ordinate) as

a function of pH (abscissa) for normal plasma and for
plasma containing fibrinogen proteolysis products (3 mg

per ml, P1`5-labeled). The two curves, although separated
from each other throughout their course, are similarly
influenced by change of reaction pH. The lower section,
isotopic content of clots (ordinate) and reaction pH
(abscissa), displays analyses on clots formed from the
mixtures examined in the top section. The quantity of
fibrinogen proteolysis products (estimated as I...) present
in the clots was independent of reaction pH.

reaction pH approximately paralleled each other.
However, despite the variation in thrombin clot-
ting time observed with altered* pH-a finding
attributed to the effects of pH both on thrombin
action and on polymer formation (9)-the lower
section of the diagram demonstrates that the per-
centage incorporation of I181-labeled fibrinogen
proteolysis products was constant (limits, 7 to 8

per cent) at different pH reaction values.
To provide information as to the class of fibrin-

ogen proteolysis products (1.4S, 3S, or 5S com-

ponents) incorporated into the clot, advantage
was taken of the experimental findings displayed
in Figure 9 (namely, that the 5S component of
fibrinogen digests was precipitated selectively by
heating at 56° C for 15 minutes). The experi-
ment cited in Table I was conducted in a manner

similar to that described in Figure 13, except that
after the clot had been removed and assayed for
radioactivity the supernatant was heated at 560
C for 15 minutes. The resulting precipitate was
centrifuged off and assayed for radioactivity (col-
umn 2, Table I), and the residual supernatant
radioactivity was also determined (column 3,
Table I). The difference in radioactivity between
the findings recorded in columns 2 and 3 for the
solutions which had been clotted and for the un-
clotted control solution permitted calculation of
the percentage of heat-precipitable fibrinogen
proteolysis products removed with each clot.
This calculation (column 4, Table I) indicates
that, in the different experiments, between 82 and
100 per cent of the I131 assayed in the clots was
heat precipitable and consequently in the form of
5S fibrinogen proteolysis product, the particular
component previously implicated as responsible
for inhibition of fibrin monomer polymerization.

Further data pertaining to the extent of fibrin-
ogen proteolysis product incorporation into clots
are presented in Figure 14. Fibrinogen concen-
tration varied from 0.5 to 5 mg per ml, but the
concentration of fibrinogen proteolysis products
(I'31-labeled) was held constant (1.5 mg per ml).
Since the thrombin concentration (10 U per ml)
was also held constant, the difference in thrombin
clotting times between the control and the solu-
tions containing proteolysis product measured the
severity of the coagulation defect produced by

TABLE I

Properties and type of fibrinogen proteolysis products
incorporated into plasma clots

Clot
Ila in I111 in

residual heat-
I111 sunnt. precip-

(from after itable
supnt.) clotting form

Jig' in in heat and (calcu-
clot ppte heating lated)

% % %o %
Proteolysis product No clot 48 52
Plasma pH: 6.0 7.8 39.2 53 100

6.5 7.8 41.4 50.5 82
7.0 7.1 37.4 55.1 100
7.5 7.8 40.6 51.6 87
8.0 7.5 41.4 51.0 93
8.5 7.5 41.0 51.3 92

* Experimental conditions as in Figure 13. The first three columns
are Il8 determinations expressed as a percentage of total radioactivity.
The last column is the calculated proportion of I31-labeled fibrinogen
proteolysis products expressed as a percentage of the total proteolysis
products incorported into the clots. The results indicate that at
plasma pH values between 6.0 and 8.5 (ur the experimental condi-
tions described) 82 to 100% of the incorp f8±ed fibrinogen proteolysis
products were of the heat-precipitable type; i.e., of the 5.27s2o,, class
(see Figure 8).
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alteration of the ratio of proteolysis products/fib-
rinogen. The top section of Figure 14 displays
thrombin clotting times plotted against the re-
ciprocal of fibrinogen concentration for solutions
either lacking or containing fibrinogen proteolysis
products. For both sets of determinations, a
linear relationship exists between the variables,
although each set is divergent from the other.
Indeed this double reciprocal plot, analagous to
a Lineweaver-Burk plot, suggested that the poly-
merization of fibrin monomer was competitively
inhibited in the presence of fibrinogen proteolysis
products (vide supra).
The extent of fibrinogen proteolysis product in-

corporation in these clots is illustrated in the
lower portion of Figure 14. The ordinate plots
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FIG. 15. RELATION BETWEEN SEVERITY OF COAGULATION
DEFECT AND CLOT COMPOSITION. The degree of coagula-
tion anomaly, produced by adding varying concentrations
of fibrinogen proteolysis products (P31-labeled) to fibrin-
ogen, is quantitated as increase of thrombin clotting time
on the ordinate. Washed clots formed from these fibrin-
ogen solutions were analyzed for radioactivity and tyro-
sine content, and the findings shown on the abscissa in
terms of clot composition (mg proteolysis products per
mg fibrin). A linear relationship existed between the
degree of coagulation anomaly and clot composition ex-
pressed in this manner.

- QO"S < the percentage of the original I'31-labeled fibrin-
qto

cxocL~cO~ ogen proteolysis products contained in the clot;
the abscissa is the reciprocal of the original fibrin-
ogen concentration. A linear relationship be-

,,,,,, tween these variables is apparent, more J131-
.2 .6 1.0 1.4 i.8 labeled proteolysis products being contained in
_ lFIBRINOGEN CONC. ( MG!/ML.) g'/FIBRINOGEN___________(MG./ML.) ___ clots formed from solutions with higher fibrinogen

AI__, concentrations. Nevertheless, even under these
- conditions, utilizing a single concentration of

fibrinogen proteolysis products, a tenfold varia-
tion in fibrinogen concentration resulted in only

.2 .6 1.0 1.4 1.8 a twofold change in clot radioactivity.
I/FIBRINOGEN CONC. (MG./ML.) Figure 15 displays data from Figure 14 ana-

14. COMPETITIVE INHIBITION OF CLOTTING BY PRO- lyzed, together with that of two other experiments
IS PRODUCTS. The top section shows the influence of similar design, to determine whether the sever-
inogen concentration (1/fibrinogen concentration, ity of the coagulation defect influenced clot com-
a) on clotting time (ordinate) for a control fibrin- * * e
)lui~nandidntial liqot cotinn ,131aee position. In the two other experiments, fixed.uioan idnia aliut cotinn P-Abele fibrinogen concentrations (5 and 2.1 mg per ml,gen proteolysis products (1.5 mg per ml). A single fibrivnoge c eration 5d 2.1 mg perml

)in concentration was used and the results suggest respectively) were employed, but the concentra-
petitive inhibition of fibrin polymerization by the tion of fibrinogen proteolysis products (I131_
lysis products. The lower section (abscissa iden- labeled) was varied. Increase of thrombin clotting
'ith the top section; ordinate per cent of total 1" time (the difference between the two sets of as-
in the clots) demonstrates that clot composition,
spect to the incorporation of I-labeled fibrinogen ays top section of Figure 14 and smlar dlffer-

lysis products, was related reciprocally rather than ences for the other experiments) was plotted
y to the original fibrinogen concentration. against the ratio of fibrinogen proteolysis prod-
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ucts/fibrin determined by clot analysis. As
shown in Figure 15, a linear relationship between
severity of the coagulation defect (increase of
thrombin clotting time on ordinate) and clot
composition (ratio fibrinogen proteolysis prod-
ucts/fibrin) existed. However, when the per-
centage of proteolysis products in the clot rose
above 12 per cent, increasing severity of the
coagulation defect was not reflected by a propor-
tionate change in clot composition.

These results suggest that the mechanism by
which fibrinogen proteolysis products inhibit fib-
rin polymerization involves the formation of ab-
normal polymers composed of fibrin monomer
units and the 5.27S20W fibrinogen proteolysis frag-
ment. These abnormal polymers, probably lack-
ing a sufficiency of binding sites, then inhibit
polymerization and result in the formation of a
structurally abnormal clot. Such a hypothesis
also would explain the ultimate deviation from
linearity shown in Figure 15.

DISCUSSION

Coagulation studies, especially clinical coagu-
lation studies, have hitherto suffered from an ex-
traordinary restriction of the available experi-
mental approach, as has been stressed by Biggs
and Macfarlane (13). Fibrin formation, involv-
ing the full complexity of fibrinogen-fibrin con-
version, has necessarily had to serve as the prime
measure and sole indicator of each of a long
series of interrelated reactions; yet recent evi-
dence (14, 15) has demonstrated that fibrinogen-
fibrin conversion is itself a complex of multiphasic
reactions, each of which is susceptible to influence
by altered reaction conditions. The present evi-
dence demonstrates that such altered reaction
conditions arising clinically (1) may themselves
inhibit fibrinogen-fibrin conversion in a striking
fashion. Consequently, if "specific coagulation
factor assays" are made using such plasmas, er-
roneous results may be obtained unless precau-
tions to obviate this difficulty are observed.
The present findings concerning the physico-

chemical nature of fibrinogen proteolysis products
formed by plasmin action are in close agreement
with those recently reported by Nussenzweig,
Seligmann, Pelmont and Grabar (16-18), whose
admirable studies of the antigenic determinants

contained in fibrinogen included physicochemical
characterization of proteolysis products resulting
from plasmin action on fibrinogen. Their com-
ponent D, which carries one of the fibrinogen anti-
genic markers, is clearly identical with the fibrin
polymerization inhibitor with a sedimentation con-
stant of 5.27S2ow described in this communication.
In fact, if allowance is made for the relatively
limited centrifugal data in their paper, which
hinder extrapolation of their calculated S20,w
values to zero concentration, agreement on the
sedimentation findings can be regarded as com-
plete. These investigators determined the dif-
fusion constant on their large molecular weight
fragment to be 5.3 X 10-7 cm2 sec'1, which per-
mitted them to calculate a molecular weight of
83,000 for this fragment. Moreover, the prop-
erties of the 5.27S fibrinogen fragment with
respect to all the characteristics studied-heat pre-
cipitability, relative electrophoretic mobility com-
pared to fibrinogen, relative abundance in the
fibrinogen digest, and chemical behavior-ap-
peared to be identical with the a-fibrinogen de-
rivative described by Seegers, Nieft and Vanden-
belt (19). Of particular relevance to the present
investigation was their finding that the a-fibrin-
ogen derivative, studied over an extensive range
of pH by free boundary electrophoresis, exhibited
a mobility identical with that of fibrinogen. Con-
sequently, it may be inferred that the 5.27S
fibrinogen fragment and fibrin monomer (20)
probably differ significantly, but not widely, in
net charge.
The biophysical data pertaining to fibrinogen

proteolysis products formed by trypsin action are
subject to some uncertainty in interpretation:
although our data suggested that the fragments
formed by plasmin and trypsin action were iden-
tical, none of our fibrinogen batches was plas-
minogen-free. Consequently, since trypsin is a
plasminogen activator, the possibility exists that
our "trypsin" digests may have been subjected to
both plasmin and trypsin action.

Indeed in some experiments with other fibrin-
ogen batches there have been indications that the
large molecular weight fibrinogen fragment pro-
duced by tryptic digestion may exhibit a some-
what higher sedimentation constant than the
5.27S2oW determined for the fragment formed by
plasmin digestion. However, both large molec-
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ular weight fibrinogen fragments (formed respec-
tively by plasmin and trypsin action) appear to
inhibit fibrin polymerization in a quantitatively
identical manner.
The preliminary data of Mihalyi and Godfrey

are in general agreement with our findings con-
cerning the properties of fibrinogen proteolysis
products formed by trypsin digestion. They de-
termined an S20,w of 5.6 and calculated a molecular
weight of 102,000 for the large fragment. How-
ever, their fibrinogen batches presumably were
not plasminogen-free, and consequently their sedi-
mentation data may be subjected to the same
artifactual influence as our own.
The evidence implicating the large molecular

weight fibrinogen fragment (5.27S20,W) formed by
plasmin action as the component responsible for
the polymerization defect is strong. This frag-
ment when isolated, although not in a state of
complete purity by ultracentrifugal, ultrafiltra-
tion, or gel filtration procedures, alone possessed
inhibitory activity in the assay system. More-
over, both heat-stability studies on fibrinogen
digests and the data displayed in Table I, which
indicated that the moiety of fibrinogen proteolysis
products incorporated into clots was predomi-
nantly of the 5.27S variety, confirmed this hypoth-
esis. Nevertheless, the data do not exclude the
possibility that the 3S fragment may exert a
minor role as an inhibitor of polymerization, since
the 5.27S fibrinogen fragment was contaminated
with the 3S fragment.
Our findings indicate that fibrinogen proteoly-

sis products inhibit and alter the character of the
polymerization reaction so that a structurally ab-
normal clot is formed. This abnormality of struc-
ture results from the incorporation of a specific
fibrinogen proteolysis fragment (5.27S) within
the clot structure, and the degree of such struc-
tural abnormality (determined by clot analysis
with respect to the 5.27S fibrinogen fragment)
correlates well with the degree of polymerization
defect (Figure 15).

Although consideration must be given to the
possibility that these latter results could have
been influenced by nonspecific absorption of fib-
rinogen proteolysis products onto or into the
fibrin gel network, the evidence would suggest

11 Fed. Proc. 1961, 20, 385.

either that this did not occur or that it was rela-
tively unimportant. First, the method of clot re-
covery involved thin film syneresis, draining, and
washing-all procedures that have been shown
to reduce clot contamination by extraneous pro-
tein to a very low figure (21). Second, the
incorporated fibrinogen proteolysis product, de-
termined by clot analysis, was shown to consist
primarily of only one class of fibrinogen frag-
ment (the 5.27S fragment implicated in the path-
ogenesis of the polymerization defect) rather than
the several present in the original digest. Finally,
as discussed above, the quantity of 5.27S fibrin-
ogen proteolysis product recovered from the clot,
while well correlated with the degree of polymer-
ization defect was but poorly correlated with the
original fibrinogen concentration (Figure 14).
Moreover, the inferential evidence (as apart from
the direct) implicating the polymerization-gela-
tion stage of fibrinogen-fibrin conversion as the
site of the biochemical lesion in this coagulation
defect is of an overwhelming character; for in
sensitive assay systems, employing the substrates
BAMe and fibrinogen, we have demonstrated that
fibrinogen proteolysis products do not interfere
with the enzymatic actions of thrombin. Thus the
experimental data pertaining to the incorporation
of the 5.27S fibrinogen fragment into clots are
a logical extension of the other findings.
The concept that fibrinogen proteolysis prod-

ucts interfere with fibrinogen-fibrin conversion at
the polymerization-gelation stage of the reaction,
and only at this stage, is contrary to the original
interpretations of two other groups (22-27).
These investigators inferred that, since fibrinogen
proteolysis products when added to plasma or
fibrinogen solutions increased the thrombin clot-
ting time of the mixtures, thrombin action was in-
hibited. One group (22) suggested that these
proteolysis products should, on the grounds of
their presumed action, be designated "Antithrom-
bin VI." However, recently (28, 29) both
groups interpret newer findings to indicate that
both polymerization and thrombin action may be
inhibited. In these circumstances the suggested
designation for fibrinogen proteolysis products,
Antithrombin VI, would clearly be unsatisfac-
tory. If further work confirms the concepts ad-
vanced in this communication, and in the event
that a descriptive term is needed, nomenclature
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such as "Polymerization Inhibitor I" would be
appropriate.
Our evidence regarding inhibition of polymeri-

zation rates by fibrinogen proteolysis products
during the early stages of this reaction is neces-
sarily imperfect. The modified light-scattering
procedure used for quantitation of polymerization
rates is a method which, although exceedingly use-
ful for the stt.dy of this complex reaction' yields
a relative rather than an absolute measure of rate.
Although inhibition of polymerization was roughly
proportional to the concentration of added fibrino-
gen proteolysis products, it is clear that, since only
relative rates were determined, calculation of ki-
netic data would be invalid. Nevertheless these
data, in conjunction with those cited earlier, suf-
fice to establish that all phases of polymerization,
both early and late, are inhibited by the presence
of fibrinogen proteolysis products.

Support for these concepts has been provided
by investigations involving study of polymeriza-
tion rates of purified fibrin monomer in the pres-
ence and in the absence of fibrinogen proteolysis
products (30, 31). In this assay system, in which
polymerization rates are dependent solely on physi-
cochemical reaction conditions, we have demon-
strated, in line with the present findings, that poly-
merization rates involving both early and late
phases of the reaction are progressively inhibited
over a wide range of reaction conditions by fibrino-
gen proteolysis products. Moreover, in an ac-
companying manuscript (32), electron microscopic
studies of clots formed from both purified fibrino-
gen solutions and plasma containing either crude
fibrinogen digests or purified 5.27S fragments
have permitted visualization of the presumed ab-
normal polymer. These studies have confirmed
our present hypothesis concerning disordered clot
structure.
The mechanism by which defective fibrin poly-

merization produces such obvious macroscopic
changes in clot structure as are illustrated in Fig-
ure 4 is conjectural. As discussed earlier, al-
though net charge differences probably exist be-
tween the 5.27S fibrinogen fragment and fibrin
monomer, these net charge differences are unlikely
to be of significant magnitude although it is pos-
sible that the net charge of the polymers them-
selves may differ more widely than that of their
components. Nevertheless it is tempting to specu-

late that the abnormal polymer, formed by com-
bination of fibrin monomer and the 5.27S fibrino-
gen fragment, probably lack sufficient free linkage
sites to permit normal polymerization. Support
for this concept can be drawn from the work of
Wallen and Bergstr6m (33). The conversion
by thrombin of a fibrinogen molecule to the reac-
tive fibrin monomer form, capable of spontaneous
polymer formation, involves the splitting off of
fibrinopeptides A and B (14) (3 per cent of the
total molecule nitrogen), a reaction presumably
related to the unmasking of polymerization link-
age sites. Wallen and Bergstrom (33)- observed
that when plasmin digests of fibrinogen were
treated with thrombin the release of fibrinopeptides
A and B was only half that of the original fibrino-
gen solution similarly treated, evidence compatible
with the hypothesis that half the reactive sites
involved in polymerization may have been de-
stroyed by plasmin action.
The main significance of the present studies

and those contained in the accompanying manu-
scripts (1, 32) resides in the demonstration that
interference with the last stage of coagulation-
polymer and gel formation from fibrin monomer-
may occur independently, or at least relatively in-
dependently, from other coagulation anomalies.
However, if only conventional coagulation studies
are performed and special methods designed to
quantitate polymer gel formation rates are omitted,
the coagulation defect may appear to be due to
depletion of multiple specific coagulation factors.
That defective fibrin polymerization is a biochemi-
cal lesion of considerable clinical significance is
obvious from the present and accompanying (1)
findings, but further investigation may well extend
the scope and importance of this concept.
The demonstration that clot formation is not

merely delayed but is also structurally defective
carries important implications with regard to he-
mostatic and other clot functions, for these clots
are mechanically fragile and have altered bio-
chemical qualities. Indeed preliminary observa-
tions suggest that defective as apart from delayed
clot formation involving altered polymer forma-
tion may be of significance in other coagulation
disorders.

Moreover, these findings may have a wider
biological implication than has been discussed in
this communication. In vivo fibrin deposition is
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a homeostatic mechanism of wide general function,
of which the securing of hemostasis is only a part.
Consequently, it is conceivable, in view of the
presence of proteolytic enzymes in tissues and in
inflammatory exudates, that fibrin deposition be-
cause of the possibilities inherent in its structural
alteration may possess functions of wider scope
than has hitherto been appreciated.

SUMMARY

1. Patients suffering from pathological plasma
proteolytic ("fibrinolytic") states develop, as a

consequence of fibrinogen proteolysis, a coagula-
tion defect dependent on the presence in plasma
of fibrinogen proteolysis products. The two ma-
jor coagulation anomalies observed are increase of
the thrombin clotting time, and a macroscopically
apparent defect in clot appearance and character.

9. The enzymatic actions of thrombin measured
on the substrates BAMe and fibrinogen were not
inhibited by the presence of fibrinogen proteolysis
products; consequently, it would be inferred that
fibrinogen proteolysis products inhibit the poly-
merization-gelation phase of coagulation. This
inference was confirmed by the use of modified
light-scattering procedures.

3. Fractionation of fibrinogen digests by several
means revealed that a single large molecular
weight fibrinogen fragment (5.27S20W), itself re-
sistant to enzymatic digestion by plasmin or tryp-
sin, was predominantly responsible for inhibition
of fibrin polymerization.

4. Analysis of clots formed from plasma con-
taining fibrinogen proteolysis products revealed
that the large molecular weight fibrinogen frag-
ment (5.27S2o0,) was preferentially incorporated
into clots and that the extent of such incorporation
paralleled the severity of the coagulation defect.
Consequently, the biochemical lesion responsible
for the coagulation anomaly has been termed de-
fective fibrin polymerization.
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