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Defective a-Polymerization in the Conversion

of Fibrinogen Baltimore to Fibrin

CLARENCEH. BROWN,III, and MARYF. CROWE

From the Hematology Section, Department of Medicine, Baylor College of
Medicine, Houston, Texas 77025

A B S T R A C T The subunit structure of fibrinogen
Baltimore and fibrin formed from this inherited dys-
fibrinogenemia was analyzed by polyacrylamide gel
electrophoresis in sodium dodecyl sulfate. The molecular
weights of the a-, f- and v-chains of fibrinogen Balti-
more were found to be identical to those of normal
fibrinogen. Noncross-linked fibrin formed from both
purified fibrinogen Baltimore as well as normal fibrino-
gen contained two a-monomers (al and a2). a2 was pre-
sumed to be a-monomer from which fibrinopeptide A
had been released. The evolution of a2 during clotting
of fibrinogen Baltimore was delayed and appeared to be
quantitatively reduced when compared to normal. Cross-
linked fibrin formed from fibrinogen Baltimore possessed
an abnormal subunit structure. a-polymers were not
generated in thrombin-induced, factor XIII-rich clots
of fibrinogen Baltimore under conditions of pH and
calcium concentration suitable for complete a-poly-
merization in normal fibrin. If clotting was carried
out with calcium concentrations twice that required for
normal clots or at pH 6.4, fibrin from fibrinogen Balti-
more was completely cross-linked. These structural
analyses of fibrin formed from fibrinogen Baltimore
substantiate earlier findings that indicate a defect in
the a-chain of this dysfibrinogenemia.

INTRODUCTION
Fibrinogen Baltimore is an inherited dysfibrinogenemia
which is different from normal fibrinogen in its rela-
tive anodal migration on immunoelectrophoresis, delayed
clotting by thrombin which is partially correctable by
the addition of calcium or acidification to pH 6.4, and
delayed release of fibrinopeptide A (1, 2).
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Studies (3, 4) of human fibrinogen and fibrin uti-
lizing polyacrylamide gel electrophoresis in sodium
dodecyl sulfate (SDS)' have revealed that normal
fibrinogen consists of a-, A- and v-polypeptide subunits
with mol wt of approximately 70,000, 60,000, and 50,000,
respectively. Fibrin formed in the absence of activated
factor XIII (fibrin-stabilizing factor) or calcium is
noncross-linked and contains a-, A-, and '-monomers
with molecular weights similar to those in fibrinogen,
whereas fibrin formed in the presence of activated fac-
tor XIII and calcium (cross-linked fibrin) contains
a-polymers (mol wt greater than 400,000), y-dimers
(mol wt approximately 105,000), and P-monomers.

We have employed SDS-polyacrylamide gel electro-
phoresis to study the subunit structure of fibrinogen
Baltimore and the fibrin formed from this fibrinogen
and find that fibrinogen Baltimore exhibits an ab-
normal a-chain pattern and defective a-polymerization
when converted to fibrin.

METHODS
Venous blood from normal donors and a patient with fibrin-
ogen Baltimore was collected in 1/10 vol of 3.8% sodium
citrate and centrifuged at 1,900 g for 30 min to prepare
plasma.

Factor XIII-rich fibrinogen containing trace amounts of
plasminogen was purified from 50 to 100-ml portions of
plasma by the method of Kazal, Amsel, Miller, and Tocan-
tins (5). Plasminogen-free, factor XIII-rich fibrinogen was
prepared by the method of Walker and Catlin (6). Purified
fibrinogen was dissolved in 0.05 M sodium citrate, pH 7.4,
and stored in Iyophilized aliquots at - 200C. Clottability
of purified fibrinogen, as determined by the method of
Laki (7), was 95-97% for normal fibrinogen and 80-85%
for fibrinogen Baltimore. Fibrinogen concentrations in
plasma and purified preparations were determined by the
methods of Clauss (8) and Ratnoff and Menzie (9).

Studies were carried out at pH 7.4 or 6.4. To control
pH conditions all reagents were adjusted immediately before
use to the appropriate pH by titration with 6 M hydro-
chloric acid or 10 M sodium hydroxide or by preparation

'Abbreviation used in this paper: SDS, sodium dodecyl
sulfate.
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in barbital buffer (0.01 M sodium diethylbarbiturate, 0.015
M barbituric acid, 0.13 M sodium chloride) which had been
adjusted to the appropriate pH with hydrochloric acid or
sodium hydroxide.

Bovine thrombin (topical thrombin; Parke, Davis, & Co.,
Detroit, Mich.) used in determining fibrinogen concentra-
tions and for preparing fibrin clots was dissolved at the
desired concentration and pH in the appropriate barbital
buffer. Highy purified bovine thrombin, kindly provided by
Dr. A. R. Thompson, Harborview Medical Center, Seattle,
Wash., was used in several studies to validate the effective-
ness of crude thrombin. Such studies gave results identical
to those in which crude thrombin was used; thus all results
reported employed crude thrombin.

Factor XIII was purified from pooled human plasma by
combining the methods of Lowey, Dunathan, Kriel, and
Wolfinger (10), Mosesson and Umfleet (11), and Kazama
and Langdell (12). This material was approximately 12,500-
fold purified compared to original plasma and was stored
in lyophilized aliquots at - 20'C until used. For use, puri-
fied factor XIII was reconstituted in water in a concen-
tration approximately 20 times that in the original plasma.

Fibrin was prepared from purified fibrinogen as follows:
In 13 X 75 mm siliconized glass test tubes, 0.128 ml of
fibrinogen (reconstituted at a final concentration of 2 mg/
ml) was carefully adjusted to the desired pH with sodium
hydroxide or hydrochloric acid, mixed with 0.064 ml of
0.02 M EDTA to prevent cross-linking or 0.064 ml of cal-
cium chloride (final concentrations as indicated) to permit
crosslinking, and clotted by the addition of thrombin (0.064
ml) at final concentrations ranging from 1.25 to 10 U/ml
as indicated. To assess the effect of additional factor XIII
on the subunit structure of clots formed from purified
fibrinogen (already factor XIII-rich) in the presence of
calcium, 0.016 ml of purified factor XIII, reconstituted for
use as described above, was added to some samples before
the addition of thrombin. Clots were allowed to form at
370C for periods ranging from 5 min to 24 h after which
they were washed in 0.15 M sodium chloride and frozen
at - 20'C until analyzed.

The subunit structure of purified fibrinogen and fibrin
clots were analyzed by polyacrylamide gel electrophoresis in
SDS by the method of Weber and Osborn (13) as modified
by Schwartz, Pizzo, Hill, and McKee (4). Briefly, purified
fibrinogen or clots prepared as above were incubated at a
protein concentration of approximately 1 mg/ml for 12 h
at 37°C in a 0.04 M sodium phosphate buffer, pH 7.1,
which contained 9 M urea, 3%o recrystallized SDS, and
3% /8-mercaptoethanol. Electrophoresis was carried out for
4 h in 7.5% polyacrylamide gels with 15-40 Atg of protein
per gel. Gels were stained with Coomassie Blue and de-
stained in a Quick Gel Destainer (Canalco, Inc., Rockville,
Md.).

RESULTS

Clotting of fibrinogen Baltimore. The clotting char-
acteristics of purified fibrinogen Baltimore were similar
to those for plasma from the patient with this inherited
dysfibrinogenemia. Results (Table I) indicated that the
fibrinogen concentration of purified specimens of fibrino-
gen Baltimore was measured as exceedingly low when
a test based on rate of clotting (Clauss method [8])
was used. However, when allowed to clot for 10 min
in the presence of 10 U of thrombin per ml, fibrinogen

TABLE I

Fibrinogen Determinations on Plasma and Purified
Fibrinogen from a Normal Control and a

Patient with Fibrinogen Baltimore

Method

Ratnoff and
Sample Clauss (8) Menzie (9)

mg/ml

Normal plasma 4.40 3.94
Patient's plasma 0.25 1.50
Purified normal fibrinogen 3.10 3.00
Purified fibrinogen Baltimore 0.10 2.63

Baltimore yielded a normal quantity of fibrin (Ratnoff
and Menzie method [9]).

Subunit structure of fibrinogen Baltimore. Based
on migration in SDS-polyacrylamide gels, the a-, /-,
and y-subunits of fibrinogen Baltimore appeared to have
molecular weights indistinguishable from those of nor-
mal fibrinogen (Fig. 1).

PURIFIED
F B R I NOGEN

_ ~ am

----UP----P

NORMAL BALTIMORE

FIGURE 1 SDS-polyacrylamide gel electrophoretic patterns
of purified normal fibrinogen and fibrinogen Baltimore.
Lyophilized fibrinogen was reduced with /8-mercaptoethanol
in SDS and urea and electrophoresed on 7.5% polyacryl-
amide gels in SDS.
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Is-monomers were present) when clots were formed for
15 min at pH 7.4 in the presence of 0.00625 M calcium
chloride and a final thrombin concentration of 1.25
U/ml. Fibrin from fibrinogen Baltimore prepared under
the same conditions, except that samples were allowed
to clot for 6 h, had no detectable a-polymers. Further-
more, a-monomers were still present in the abnormal
fibrin. By increasing the concentration of calcium to
0.0125 M it was possible to fully polymerize the a-sub-
units of fibrinogen Baltimore. However, increasing the
concentration of thrombin in the clotting mixtures only
resulted in a diminution in the quantity of a-monomers
with no enhancement of a-polymerization. This presum-
ably occurred as a result of progressive degradation of
a-chain in the presence of excess thrombin. One must
assume that the peptides resulting from this degradation
were not capable of polymerizing and were sufficiently
small enough to escape from the gels during electro-
phoresis. The presence or absence of plasminogen did
not affect the a-monomer pattern of cross-linked fibrin.

CROSS--LINKED FIBRIN

F IBRINOGEN

THRONIBIN (U{.'fl)
NORM. BALT. NORM. BALTI.

2.5 2.5 5.0 5.0

a-POLYETR ------- ---

FIGURE 2 Electrophoretic patterns of noncross-linked fibrin
formed from purified normal fibrinogen and fibrinogen Bal-
timore. Clots were allowed to form at pH 7.4 for 6 h in the
presence of 0.005 M EDTA and thrombin in the final
concentrations shown.

Subunit structure of fibrin formed from fibrinogen
Baltimore. Noncross-linked fibrin formed from puri-
fied fibrinogen Baltimore contained A- and y-monomers
indistinguishable from normal (Fig. 2). However,
there were differences in the a-monomers of the fibrins
formed from fibrinogen Baltimore and normal fibrino-
gen. In both fibrins two distinct a-monomer bands were
present. These were designated a, and a2, a2 presumably
having its origin from a, as a result of removal of
fibrinopeptide A from the parent a-chain of fibrinogen.
In normal fibrin, a2 was more apparent than in fibrin
from fibrinogen Baltimore. With high concentrations
of thrombin, a2 in the abnormal fibrin became more ap-
parent. These differences were seen regardless of the
pH at which clotting was carried out and also regard-
less of whether or not plasminogen was present in the
source of purified fibrinogen.

The subunit structures of cross-linked fibrin formed
from normal fibrinogen and from fibrinogen Baltimore
were markedly different (Fig. 3). Normal fibrin was

fully cross-linked (i.e., only a-polymers, y-dimers, and

7 -DIMER _______

a-MONOMER K:- -:
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FIBRINOGEN NORM.
THROMBIN (Ulm ) 1.25

Ca' + (moiiiter 0.00625
pH 7.4

BALT.
125

000625

BALT.

10
0.00625

7.4 7.4

BALT.
1.25

0.0125

BALT.

1.25
0.00625

7.4 6.4

FIGURE 3 Electrophoretic patterns of cross-linked fibrin
formed from purified normal fibrinogen and fibrinogen
Baltimore. Normal fibrin was analyzed 15 min after the
addition of thrombin and fibrin from fibrinogen Baltimore
after 6 h. Environmental conditions of pH, calcium concen-

tration, and thrombin concentration should be noted.
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\Wlhen clotting wvas carried out at pH 6.4 the defect in
a-polymerization that occurred at pH 7.4 was no longer
apparent (Fig. 3).

Increasing the concentration of factor XIII by the ad-
dition of purified factor XIII to clotting mixtures that
contained factor XIII-rich fibrinogen Baltimore failed
to correct the defect in a-polymerization. It should be
noted that -y-dinmerization always appeared to be nor-
manl in the clotting of fibrinogen Baltimiore.

DISCUSSION

After its exposure to thrombin,, fibrinogen is converted
to a stable fibrin clot in a step-wise manner. Three dis-
tinct reactions occur. These include first, fibrinopeptide
release, then monomer aggregation. and finally poly-
merization or cross-linking. Fibrinopeptide release re-
sults from the cleavage by thrombin of arginyl-glycine
bonds at the NH2-terminal end of the a- and A-chains
of the fibrinogen molecule. The small peptide fragments
removed during this reaction are designated fibrinopep-
tides A and B. After the release of these peptides fibrin
monomers are formed which then aggregate into a gel.
In the presence of calcium and activated factor XIII,
covalent linking of a-chains into polymers and y-chains
into dimers will occur.

Abnormalities of clotting involving any one or more
of these steps have been described. Several of the
inherited dysfibrinogenemias exhibit defective fibrino-
peptide release and/or abnormal monomer aggregation
(14), and faulty clot stabilization exists in patients with
inherited or acquired deficiences of factor XIII activity
( 15) .

Beck, Charache, and Jackson and Beck, Shainoff,
Vogel, and Jackson (1. 2) have shown that the release
of fibrinopeptide A from fibrinogen Baltimore is de-
layed. They also present evidence that monomer aggre-
gation is defective when fibrinogen Baltimore is clotted,
but that clots formed this fibrinogen are insoluble in
urea or monochloroacetic acid, indicating that cross-
linking does occur at least to an extent that prevents
dissolution of clots in these solvents.

The present studies in which SDS-polvacrylamide gel
electrophoresis was used to analyze the subunit com-
ponents of fibrinogen Baltimore and its fibrin reveal that
while the molecular weights of a-,, -, and y-chains of
the abnormal fibrinogen are normal, both noncross-
linked and cross-linked clots formed from fibrinogen
Baltimore are structurally abnormal. Furthermore, all
abnormalities detected in these studies involve onlv the
a-chain.

Noncross-linked clots from fibrinogen Baltimore con-
tained an a-monomer pattern different from normal in
that the smaller molecular weight a-monomer, desig-
nated a2, was retarded in appearance and quantitatively
reduced. If a2-moiloiner represents a-chain from which

fibrinopeptide A has been released, our observations
substantiate those of Beck and associates regarding de-
fective fibrinopeptide A release from fibrinogen Balti-
more. It does not appear that a2-nmonomer is residual
a-chain which has been partially digested by plasmin.
because we also found a2-monomer in fibrin prepared
from plasminogen-free fibrinogen.

Cross-linked fibrin derived from the abnormal fibrino-
gen did not possess a-polymers when clotting was car-
ried out under conditions of pH and calcium concentra-
tion that permitted a-polvmerization in normal fibrin.
This defect in a-polymierization was corrected by al-
tering the pH to 6.4 or by increasing the calcium conl-
centration, but not by adding additional thrombin or
factor XIII.

Lorand (16) has suggested that the cross-linking of
fibrin by the action of factor XIII and calcium de-
pends upon the unmasking of cross-linking sites on the
fibrinogen molecule during fibrinopeptide release. Be-
cause fibrinopeptide A release is abnormal during the
clotting of fibrinogen Baltimore, it might be argued
that a-polymerization in the fibrin deriving from this
fibrinogen is defective because an insufficient number
of cross-linking sites are exposed during clotting. To
further speculate, when calcium and/or hydrogen ion
concentrations are increased in the clotting mixture.
perhaps an abnormal negatively charged locus in the
a-chain is neutralized allowing for the unmasking of
additional cross-linking sites. Evidence from the pres-
ent study which would not support these theories is
that even after seevral hours of clotting under con-
ditions that should have permitted a normal quantity of
fibrinopeptide A release no a-polymers appeared. Fur-
thermore, Boyer, Shainoff, and Ratnoff (17) have
shown that calcium ions actually retard fibrinopeptide
release. They found that calcium accelerates fibrin for-
mation by potentiating the aggregation of fibrin
monomers.

We suggest, therefore, that the functional defect in
fibrinogen Baltimore is the result of an abnormality of
a-chain aggregation such that a-polymers are not pro-
duced under physiologic conditions. Because noncross-
linked fibrin appears to be more friable and more easily
lysed bv plasmin than polymerized fibrin (16), perhaps
the hemostatic defect associated with fibrinogen Balti-
more resides in its failure to produce a clot sufficiently
cross-linked to resist physiologic fibrinolysis. These
studies do not explain why patients with fibrinogen
Baltimore may encounter the problem of recurrent
thromboembolism (1).

ACKNOWLEDGMENTS
The authors wish to thank Dr. W. R. Bell for assistance
in preparing purified factor XIII used in this study, Dr.

a-Polymerization and Fibrinogen Baltimore 1193



E. A. Beck for critically reviewing the manuscript, and
Dr. D. P. Jackson for assistance in planning these studies.

This work was supported in part by the Hemostasis Re-
search Fund, Baylor College of Medicine and from research
funds provided by the Howard Hughes Medical Institute.

REFERENCES
1. Beck, E. A., P. Charache, and D. P. Jackson. 1965. A

new inherited coagulation disorder caused by an ab-
normal fibrinogen ("Fibrinogen Baltimore"). Nature
(Louid.). 208: 143-145.

2. Beck, E. A., J. R. Shainoff, A. Vogel, and D. P. Jack-
son. 1971. Functional evaluation of an inherited abnormal
fibrinogen. Fibrinogen "Baltimore". J. Clin. Invest. 50:
1874-1884.

3. McKee, P. A., P. Mattock, and R. L. Hill. 1970. Sub-
unit structure of human fibrinogen, soluble fibrin, and
cross-linked insoluble fibrin. Proc. Natl. A cad. Sci.
U. S. A. 66: 738-744.

4. Schwartz, M. L., S. V. Pizzo, R. L. Hill, and P. A.
McKee. 1971. The effect of fibrin-stabilizing factor on
the subunit structure of human fibrin. J. Clin. Invest.
50: 1506-1513.

5. Kazal, L. A., S. Amsel, 0. P. Miller, and L. M. Tocan-
tins. 1963. The preparation and some properties of fib-
rinogen precipitated from human plasma by glycine.
Proc. Soc. Exp. Biol. Med. 113: 989-994.

6. Walker, L., and A. Catlin. 1971. A simplified method
of preparation of fibrinogen. Thromb. Diath. Haemorrh.
27: 99-102.

7. Laki, K. 1951. The polymerization of proteins: the
action of thrombin on fibrinogen. Arch. Biochem. Bio-
phys. 32: 317-324.

8. Clauss, V. A. 1957. Gerinnungsphysiologische schnell-
methode zur bestimmung des fibrinogens. Acta Haema-
tol. (Basel). 17: 237-246.

9. Ratnoff, 0. D., and C. Menzie. 1951. A new method
for the determination of fibrinogen in small samples of
plasma. J. Lab. Clin. Mcd. 37: 316-320.

10. Lowey, A. G., K. Dunathan, R. Kriel, and H. L. Wolf-
inger, Jr. 1961. Fibrinase. I. Purification of substrate and
enzyme. J. Biol. Chem. 236: 2625-2633.

11. Mosesson, M. W., and R. A. Umfleet. 1970. The cold-
insoluble globulin of human plasma. I. Purification, pri-
mary characterization, and relationship to fibrinogen and
other cold-insoluble fraction components. J. Biol. Chemn.
245: 5728-5736.

12. Kazama, M., and R. D. Langdell. 1969. Purification of
fibrin stabilizing factor (FSF). Fed. Proc. 28: 746.
(Abstr.)

13. Weber, K., and M. Osborn. 1969. The reliability of mo-
lecular weight determinations by dodecyl sulfate-poly-
acrylamide gel electrophoresis. J. Biol. Chem. 244: 4406-
4412.

14. Gralnick, H. R., and J. S. Finlayson. 1972. Congential
dysfibrinogenemias. Ann. Itntern. Med. 77: 471-473.

15. Alami, S. Y., J. W. Hampton, G. J. Race, and R. J.
Speer. 1968. Fibrin stabilizing factor (Factor XIII).
Am. J. Med. 44: 1-7.

16. Lorand, L. 1970. Physiological crosslinking of fibrin. In
Fibrinogen: Structural, Metabolic, and Pathyphysiologic
Aspects. K. M. Brinkhous, P. A. Owren, I. S. Wright,
H. R. Roberts, S. Hinnom, and T. H. Kiesselback, edi-
tors. Friedrich-Karl Schattauer-Verlag, Stuttgart. 75-
102.

17. Boyer, M. H., J. R. Stainoff, and 0. D. Ratnoff. 1972.
Acceleration of fibrin polymerization by calcium ions.
Blood J. Hematol. 39: 382-387.

1194 C. H. Brown, III, and M. F. Crowe


