4248 Biochemistry 1992, 31, 4248-4253

Involvement of the o Chain in Fibrin Clot Formation. Effect of Monoclonal
Antibodies’

Czeslaw S. Cierniewski? and Andrei Z. Budzynski*
Department of Biochemistry, Temple University School of Medicine, Philadelphia, Pennsylvania 19140
Received June 18, 1991; Revised Manuscript Received February 24, 1992

ABSTRACT: Murine monoclonal antibodies 9C3, 7B1, and 9E9 have been obtained using native human
fibrinogen as the antigen. The antibodies reacted with the epitopes in the COOH-terminal domain of the
Ac chain. Fragmentation of the Aa chain with plasmin, and, as in the case of the 9E9 epitope, with V8
protease, followed by isolation of the smallest reacting peptides, allowed the localization of the epitopes for
9C3, 7B1, and 9E9 to the amino acid sequences of «240-268, «#425-440, and a541-574, respectively. All
three monoclonal antibodies strongly inhibited the rate of fibrin polymer assembly from monomers, both
in the purified system and in the human plasma. The mechanism of this strong inhibition implied a rapid
formation of fibrin protofibrils, followed by capping with IgG molecules of protofibrils containing ap-
proximately ten monomers. These observations demonstrated that certain regions in the COOH terminus
of the a chain may play an important role in the assembly of a fibrin clot, presumably being involved in

lateral aggregation of protofibrils.

’I;:e intact fibrinogen molecule consists of three pairs of Aa,
BB, and v chains and has a dimeric structure that is func-
tionally bivalent. Of the three constituent chains of fibrinogen,
the A« chain is the largest, comprising 610 amino acids and
lacking carbohydrates (Doolittle, 1984). The NH,-terminal
one-third of the A« chain is contained within the D and E
domains and interconnecting segments, whereas the COOH-
terminal two-thirds resides outside the plasmin-resistant core
of fibrinogen (Doolittle et al., 1979). The COOH terminus
of the Aa chain forms a loose structure that is polar and
exposed on the surface of the fibrinogen molecule, which has
been implicated in 2 number of the biological functions. The
covalent cross-links introduced by factor XIIIa between the
a chains of fibrin have been localized to this region (Doolittle
et al.,, 1977; Fretto & McKee, 1978; Cottrell et al., 1979);
a,-antiplasmin (Sakata & Aoki, 1980), fibronectin (Mosher,
1975), von Willebrand factor (Hada et al.,, 1986), and
thrombospondin (Tuszynski et al., 1985) are also cross-linked
to fibrin in this region. Two Arg-Gly-Asp sequences, which
have been postulated to mediate the interaction of fibrinogen
with platelet membrane receptors, are located in the A« chain
(Gartner & Bennet, 1985; Plow et al., 1985). In addition, the
initial sites of plasmic cleavage of fibrinogen reside within the
COOH terminus of the A« chain (Mosesson et al., 1972;
Takagi & Doolittle, 1975; Cottrell & Doolittle, 1979).
Fibrinogen exposed to thrombin is converted to a fibrin
monomer which spontaneously polymerizes forming protofi-
brils; these intermediate species assemble both linearly and
laterally into a fibrin clot. Many investigators observed a slow
rate of polymerization and decreased coagulability of throm-
bin—treated derivatives of fibrinogen lacking parts of the
COOH terminus of the Aa chain. Recently, Hasegawa and
Sasaki (1990) compared several coagulation—related properties
of fibrinogen band I (having all intact chains) and band II
(with cleaved Aa COOH and B8 NH, termini) and proposed
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that the Ao COOH terminus plays an essential role in the
lateral polymerization of fibrin. However, there is a lack of
direct studies documenting the involvement of the A« chain
in clot formation.

Results presented in this work, together with previous ob-
servations, indicated that the COOH-terminal region of the
Aa chain may play a role in the polymerization properties of
fibrin. Three murine monoclonal antibodies reacting with the
epitopes in the COOH terminus of the Aa chain have been
characterized in this work and tested as to the effect on the
assembly of a fibrin clot.

EXPERIMENTAL PROCEDURES

Purification of Fibrinogen and Its Peptide Fragments.
Human fibrinogen (band I) was isolated from normal human
citrated plasma by precipitation with ammonium sulfate (0.85
M) and glycine (2.1 M), followed by gel filtration on Se-
pharose CL-4B (Pharmacia, Piscataway, NJ) and another
ammonium sulfate (0.65 M) precipitation, as described pre-
viously (Pandya & Budzynski, 1984).

After reduction and carboxymethylamidation of the protein,
the Aa, BB, and v chains of fibrinogen were purified by ion-
exchange chromatography on a CM-52 cellulose column (25
X 1.5 cm). Citrate-free fibrinogen (500 mg), in 0.3 M NaCl,
was reduced with 70 mg of dithiothreitol and carboxy-
methylamidated with 500 mg of iodoacetamide, according to
Murano and colleagues (Murano et al., 1971),

Analytical Procedures. Protein concentration was deter-
mined either by the microbiuret method (Itzhaki & Gill, 1969)
or by spectrophotometry at 280 nm using an absorption
coefficient of 1.5 and 1.35 for fibrinogen and IgG, respectively.
Protein concentration of the A, BB, and v chain solutions
was determined from absorption coefficients 1.18, 1,74, and
2.04, respectively, in 0.1 M NaOH.

The amino acid sequence from the NH, terminus was de-
termined by Edman degradation in an automatic gas-phase
sequencer (Model 470A, Applied Biosystems, Foster City,
CA). The PTH derivatives were directly identified and
quantified by HPLC (Hewick et al., 1981).

SDS-polyacrylamide slab gel electrophoresis (SDS-PAGE)
was performed according to Laemmli (1970). Completed gels
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were transferred electrophoretically (6V/cm for 15 h at 4 °C)
onto a nitrocellulose paper for staining with a specific antibody,
according to Towbin and colleagues (Towbin et al., 1979).

Preparation of Monoclonal Antibodies to Human Fibri-
nogen. BALB-c mice, 3—4 months old, were immunized with
purified human fibrinogen. The first injection (50 ug) was
given intraperitoneally with complete Freund’s adjuvant and
the second (50 ug) 30 days later, intravenously in saline. Three
days later, spleen cells were fused with P3/NS1/1-Ag4-1, a
nonsecretory variant of mouse plasmocytoma cells (Kohler &
Milstein, 1975). The culture fluids of growing hybrids were
tested for the presence of anti-fibrinogen antibody. The
positive hybridoma clones were recloned three times at limiting
dilutions of the cells and screened each time for antigen binding
affinity. Three hybrid cultures, appearing to be the most
productive clones, were propagated in the ascites of mice
primed with pristane. Monoclonicity was confirmed by re-
cloning at limiting dilutions and typing the immunoglobin light
and heavy chains. Conditioned media from hybridoma cell
lines or ascites fluids were screened for anti-fibrinogen anti-
bodies and anti-Aa chain antibodies with a direct ELISA on
polystyrene microtiter plates (Dynatech Laboratories Inc.,
Alexandria, VA) using ABTS (Engvall, 1980).

Characterization of Monoclonal Antibodies. Immuno-
globulins of three clones, 9C3, 7B1, and 9E9, were isolated
from the clarified ascites fluid by affinity chromatography on
a protein A-Sepharose column, which was washed sequentially
with 0.14 M phosphate buffer, pH 8.0, 0.1 M citrate buffer,
pH 6.0, and 0.1 M citrate buffer, pH 3.0. The heavy and light
chain subclasses for the monoclonal antibodies were deter-
mined using a screening/isotyping kit (Screentype, Boch-
ringer-Mannheim Biochemicals, Indianapolis, IN) for murine
monoclonal antibodies.

Determination of specificity of monoclonal antibodies to the
fibrinogen chains was performed using an ELISA test on
96-well microtiter plates (Immulon, Dynatech, Chantilly, VA)
coated separately with either fibrinogen or the Aa, BB, or v
chains, respectively. Monoclonal antibodies were diluted to
1 ug/mL with PBS containing 1% BSA, pH 7.4; 100 ug of
each monoclonal antibody was added to four wells coated with
each antigen. Reaction for the monoclonal antibody was
developed after incubation with goat anti-mouse IgG conju-
gated with horseradish peroxidase. The plate was washed and
then incubated with ABTS (0.4 mg/mL) in 0.1 M sodium
citrate, pH 3.0, containing H,0, (0.6 mg/mL), for 10 min and
read at 405 nm (Model 250 EIA Reader, Bio-Rad Labora-
tories, Richmond, CA). A semiquantitative determination of
the interaction of monoclonal antibodies wih fibrinogen
fragments was done directly on nitrocellulose paper, using a
dot technique (Hawkes et al., 1982).

The expression of the 9C3, 7B1, and 9E9 epitopes by the
isolated short-peptide fragments of the A« chain was analyzed
by the equilibrium competitive radioimmunoassay in which
125]-fibrinogen was used as a ligand. Assays were performed
in duplicate for each concentration of competing antigen by
adding to each microfuge tube '25I-fibrinogen (100 uL) and
competing antigen (100 uL) at varying concentrations from
0 to 10~° M, followed by 100 uL of the monoclonal antibody
(9C3, 7B1, or 9E9). !%I-Fibrinogen and unlabeled degradation
products were dissolved in 0.1 M borate buffer, pH 8.3, con-
taining 0.1% Triton X-100, heparin (100 units/mL), and
normal mouse serum (1:30 in borate buffer). Serial dilutions
of monoclonal antibodies were made in the same buffer. The
125T.fibrinogen concentration was 5 X 10719 M in all experi-
ments. The tubes were incubated at 4 °C overnight to achieve
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equilibrium. Free !%I-fibrinogen was separated from anti-
body-bound '25I-fibrinogen by goat anti-mouse IgG antiserum
(100 uL). After centrifugation, the supernate was discarded,
the precipitate was washed, and the radioactivity in the pre-
cipitate was counted. When the concentration of a multivalent
antigen, such as the dimeric fibrinogen molecule, exceeds the
K, value of the antigen—antibody complex, each antigen
molecule is likely to bind at most a single antibody molecule.
Consequently, multiple binding of antibodies will be negligible
(Scatchard, 1949).

The dissociation constant for the binding of monoclonal
antibodies to the native human fibrinogen was measured using
the assay procedure described for competitive inhibition RIA.
Purified monoclonal antibody (100 uL), 12’I-fibrinogen (100
uL), and the RIA buffer (100 uL) were mixed and equili-
brated. The concentration of monoclonal antibodies was 1 X
10 M throughout, and the !?’I-fibrinogen concentrations
ranged from 1.5 X 1075 to 5 X 107!° M in the binding ex-
periments. For the control assay to determine a nonspecific
binding of 1%’I-fibrinogen, monoclonal antibodies were replaced
with 100 uL of the RIA buffer. The binding data for mo-
noclonal antibodies were analyzed by the Scatchard method
(Scatchard, 1949). The data were plotted as r/c versus 7,
where r = bound antigen/total antibody and ¢ = free antigen,
expressed in molar concentration. The K value for binding
of monoclonal antibodies was determined from the binding
data by the method of Klotz (1982).

Identification of Epitopes in Fibrinogen. Fibrinogen (band
I) dissolved in 0.14 M NaCl buffered with 0.01 M phosphate,
pH 7.3 (20 mg/mL), was digested with plasmin (3 units/g)
at 37 °C for 20 min to produce peptide fragments containing
epitopes for 9C3, 7B1, and 9E9. Hydrolysis was stopped by
adding inhibitors to a final concentration of 1 mM PMSF, 0.2
M EACA, and Trasylol (50 units/mL) and heating at 80 °C
for 20 min. After removal of heat-denatured high molecular
weights products by centrifugation at 3000 rpm for 20 min,
supernates were analyzed in SDS-PAGE followed by immu-
noblotting (Towbin et al., 1979). Immunoreactive supernates
were fractionated by ultrafiltration on Amicon membranes
PM30 and PM10.

Monoclonal antibodies 9C3, 7B1, and 9E9 were coupled to
CNBr-activated Sepharose 4B (Pharmacia, Piscataway, NJ)
in 0.1 M NaHCO; and 0.5 M NaCl, pH 8.0, following the
instruction of the manufacturer. The amount of protein bound
per gram of dry resin was 10 mg, and the coupling efficiency,
as judged by absorbance of the protein in the supernates, was
greater than 95%.

Peptides expressing 9C3 and 7B1 epitopes were isolated
from the digest’s fractions containing fragments with M, below
10000 by affinity chromatography using respective monoclonal
antibodies immobilized on Sepharose 4B. The peptides were
further purified by HPLC using an analytical C18 reverse-
phase column (C18 uBondapak, Waters Associates, Milford,
MA). A linear gradient from 0.1% TFA to 80% acetonitrile
in 0.1% TFA was used at | mL/min, Peptides reacting with
antibodies 9C3 and 7B1 were recycled on the same column,
sequenced, and used as competitive inhibitors in the RIA
system. The shortest plasmic fragment isolated from a 20-min
digest of fibrinogen, containing 9E9 epitope, had M, 25000
(not shown). This fragment was isolated by affinity chro-
matography on immobilized 9E9 antibody and further digested
with V-8 protease (1:40, enzyme to peptide ratio) at 37 °C
for 6 h. The digest was fractionated by HPLC on a C18
reverse-phase column. The pepide reacting with 9E9 antibody
in a dot assay (Hawkes et al., 1982) was recycled, sequenced,
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and used in the RIA studies. The molecular weight of peptides
containing 9C3, 7B1, and 9E9 epitopes was determined by
SDS-PAGE.

Inhibition of fibrin polymerization was measured in three
systems. In the first system, 0.1 mL of human fibrinogen, 1.5
mg/mL, was mixed with 0.8 mL of 0.05 M Tris-HCI buffer
and 0.1 M NaCl, pH 7.4, containing various concentrations
of monoclonal antibodies. After a 10-min incubation, 0.1 mL
of human thrombin, 5 units/mL, was added, and the increase
in turbidity was recorded at 350 nm for 10 min (Budzynski
et al., 1979). For the second system, fibrin monomer was
prepared according to the method of Belitser and colleagues
(Belitser et al., 1968). Polymerization was measured spec-
trophotometrically at 350 nm for 10 min as described (Bud-
zynski et al., 1979). Each reaction mixture contained 0.1 mL
of 1.5 mg/mL fibrin monomer and 0.9 mL of the antibody
to be tested which was dialyzed in 0.05 M Tris-HCl and 0.1
M NaCl, pH 7.55. To measure the rate of polymerization of
the fibrin monomer alone (100% of the maximum rate plotted
on the ordinate), 0.1 mL of the fibrin monomer was added to
0.9 mL of buffer. In the third system, normal human citrated
plasma was used as a substrate; 0.06 mL of plasma, containing
2.5 mg/mL fibrinogen, was mixed was 0.84 mL of 0.05 M
Tris-HCI buffer, 0.1 M NaCl, pH 7.4, and 0.1 mL of human
thrombin, 5 units/mL. The maximum rate of polymerization
was calculated from the slope of the steepest part of the curve.

RESULTS

Immunochemical Characterization of Monoclonal Anti-
bodies 9C3, 7Bl1, and 9E9. Monoclonal antibodies against
the COOH terminus of the Aa chain were unusually strong
inhibitors of thrombin-induced fibrinogen clotting. To un-
derstand this phenomenon, the antibodies, 9C3, 7B1, and 9E9,
have been thoroughly characterized and epitopes determined.

Immunization of mice with native human fibrinogen resulted
in a predominant antibody response to the A« chain. Three
cell clones, 9C3, 7B1, and 9E9, all IgG1 immunoglobulins
containing the « light chain, were selected for further studies
on the basis of strong interaction with fibrinogen, the A« chain,
and the fibrin clot formation process. The three antibodies
did not react in ELISA with the BS and + chains of fibrinogen.
Monoclonal antibodies 7B1 and 9E9 reacted only with fi-
brinogen whereas 9C3 also reacted slightly with fragment X.
No reaction was observed with fragments Y, D, or E. These
results demonstrated that the epitopes recognized by these
antibodies resided in the COOH terminus of the A« chain that
was rapidly cleaved by plasmin.

A radioimmunoassay was developed using monoclonal an-
tibodies and radioiodinated fibrinogen. Antibodies 9C3, 7B1,
and 9E9 bound !%I-fibrinogen in the range of 1-1000 ng,
showing similar binding affinity. Scatchard analysis yielded
a value of K; equal to 5.70 X 10 M, 8.33 X 10 M, and 4.25
X 10° M for the 9C3, 7B1, and 9E9 antibodies, respectively.

The susceptibility of the epitopes recognized by 9C3, 7B1,
and 9E9 antibodies to proteolytic degradation by different
proteases was tested. Chymotrypsin and trypsin destroyed all
epitopes during 10 min of digestion while plasmin, after a
20-min incubation, produced short fragments with epitopes
recognized by 9C3 and 7B1 antibodies and an intermediate
product with M, of 25000 containing th 9E9 epitope.

In order to purify peptide fragments containing 9C3, 7B1,
and 9E9 epitopes, monoclonal antibodies 9C3, 7B1, and 9E9
were immobilized on CNBr-activated Sepharose 4B and used
for affinity chromatography. When peptides with M, below
10000 were applied to the immobilized 9C3 antibodies, a
significant amount of the material was recovered in a peak
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FIGURE 1: Separation of the A« chain peptide fragments containing
epitopes of the monoclonal antibodies 9C3 and 7B1, respectively.
Antigenically active peptides were isolated from the plasmic digest
of fibrinogen by affinity chromatography using 9C3 or 7B1 antibodies
immobilized on Sepharose 4B. Peptides were further purified by
HPLC using an analytical C18 reverse-phase column. HPLC profiles
show the purity of the peptides containing epitopes of monoclonal
antibodies 9C3 (A) and 7B1 (B). Peptides obtained in this way were
directly applied on the filter and subjected to Edman degradation in
an automatic gas-phase sequencer.

Table I: Amino Acid Sequencing of the Peptides Containing
Epitopes Recognized by Monoclonal Antibodies 9C3, 7B1, and 9E9¢

epitope sequence

9C3  Met-Glu-Leu-Glu-Arg-Pro-Gly-Gly-Asn-Glu-
Ile-Thr-Arg-Gly-Gly-Ser-Thr-Ser-Tyr-Gly-
Thr-Gly-Ser-Glu-Thr-Glu-Ser-Pro-Arg

7B1  Thr-Gly-Lys-Glu-Lys-Val-Thr-Ser-Gly-Ser-Thr- «425-440
Thr-Thr-Thr-Arg-Arg

9E9  Ser-Ser-Ser-His-His-Pro-Gly-Ile-Ala-Glu-Phe-
Pro-Ser-Arg-Gly-Lys-Ser-Ser-Ser-Tyr-Ser-
Lys-Gln-Phe-Thr-Ser-Ser-Thr-Ser-Tyr-Asn-
Arg-Gly-Asp

9Peptides were purified by affinity chromatography and HPLC on a

C18 reverse-phase column and sequenced by Edman degradation in an
automatic gas-phase sequencer.

location
a240-268

«a541-574

eluted with 0.5 M acetic acid. This peptide material, subjected
to further purification on HPLC, showed the presence of a
single component eluting at 18.35 min (Figure 1A). The
amino acid sequence of this peptide corresponded to fragment
a240-268 (Table I). Since the analyzed peptide was a
plasmic degradation product, lysine or arginine was the ex-
pected COOH-terminal amino acid, but neither was detected.
It was inferred, therefore, from the approximate M, of 3000
for the peptide that Arg 268 would terminate the sequence.
This peptide, tested in a radioimmunoassay system, consisting
of 125I-fibrinogen and 9C3 antibody, inhibited binding of the
ligand by the antibody; however, the binding affinity was lower
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FIGURE 2: Competitive inhibition binding curves for monoclonal
antibody 9C3 and '#I-fibrinogen used as a ligand in the presence of
unlabeled fibrinogen (Fg), the A« chain, and its fragment. B; is the
percent of '2°I-fibrinogen bound in the presence of inhibitor and B,
is the percent of '%I-fibrinogen bound in the absence of any inhibitor.
All samples were incubated at 4 °C for 16 h. The data have been
normalized so that binding in the absence of any competitive inhibitor
corresponds to 100% of '*’I-fibrinogen bound.
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FIGURE 3: Competitive inhibition binding curves for monoclonal
antibody 7B1 and 12’I-fibrinogen as a ligand in the presence of un-
labeled fibrinogen (Fg), the A« chain, and its fragment (see legend
to Figure 2).

than that of the intact fibrinogen or the A« chain (Figure 2).

The same approach was used to isolate the peptide fragment
containing an epitope reacting with monoclonal antibody 7B1.
After the fractions eluted from the column containing im-
mobilized immunoglobulin 7B1 were recycled, the major peak
eluting at 25.22 min (Figure 1B) contained a peptide with an
a425-440 sequence (Table I). This peptide, tested in the
radioimmunoassay system, containing !25I-fibrinogen and 7B1
antibody, caused a significant inhibition, demonstrating ex-
pression of the 7B1 epitope albeit with a decreased binding
affinity. The latter is evidenced by a more shallow slope of
the competitive inhibition curve (Figure 3). The plasmic
intermediate fragment (M, 25000) of the A« chain, reacting
with 9E9, was purified by affinity chromatography using the
monoclonal antibody immobilized on Sepharose 4B. Digestion
of this fragment with V-8 protease did not destroy the 9E9
epitope. The peptide reacting with 9E9 was purified by HPLC
on a C18 column and was eluted as a single component at
21.18 min. Its M, was 3300 in SDS-PAGE, and its amino
acid sequence corresponded to fragment a541-574 (Table I).
This peptide produced a partial inhibition of binding of 12°I-
fibrinogen to 9E9, indicating the presence of the analyzed
epitope (Figure 4).

Interference of Monoclonal Antibodies with Fibrin Clot
Formation. The rate of assembly of fibrin monomers into
polymers was calculated from the turbidity change. It was
found that certain antibodies had no effect on this process in
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FIGURE 4: Competitive inhibition binding curves for monoclonal
antibody 9E9 and '#I-fibrinogen used as a ligand in the presence of
unlabeled fibrinogen (Fg), the A« chain, and its fragment (see legend
to Figure 2).
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FIGURE 5: Inhibition of fibrin monomer polymerization by monoclonal
antibodies. Experiments were done in the presence of increasing
amounts of antibodies. As a control, a polyclonal antibody to fragment
E was used that was noninhibitory. FM = fibrin monomer.
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FIGURE 6: Effect of monoclonal antibodies on fibrinogen clotting.
Purified fibrinogen (0.15 mg/mL) or human plasma was mixed with
increasing concentrations of monoclonal antibodies, and thrombin (5
units/mL) was added. The increase of turbidity was recorded at 350
nm for 10 min. Fg = fibrinogen.

spite of the demonstrated binding to fibrinogen and fibrin.
Thus, rabbit polyclonal anti-E, IgG-type antibodies raised
against fragment E, as antigen (Figures 5 and 6) and murine
monoclonal anti-a603~610, IgM-type antibodies (not shown)
did not inhibit the polymerization reaction. Anti-D polyclonal
or monoclonal antibodies inhibited the polymerization reaction.
A decrease of the maximum reaction rate to 50% occurred at
a molar ratio between 1 and 3, depending on the kind of
antibody. In contrast, 9C3, 7B1, and 9E9 antibodies strongly
inhibited the polymerization rate in both fibrin monomer
(Figure 5) and fibrinogen—thrombin (Figure 6) systems. It
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appeared that the inhibitory effect was slightly more pro-
nounced with antibody 7B1 and slightly less with 9C3, yet the
curves shown in Figures 5 and 6 were computed as average
values for all three antibodies. A decrease of the maximum
reaction rate of 50% occurred at a molar ratio of 0.10 and 0.12
for IgG:FM and IgG:Fg, respectively. This meant that one
molecule of IgG was interacting with a fibrin oligomer con-
taining about five fibrin monomer molecules. The same in-
hibitory effect was evident in the presence of plasma proteins,
as shown, for example, for antibody 7B1 in Figure 6 (inset).

DiscussioN

Fibrinogen is a multifunctional protein possessing diverse
biological activities in the coagulation and hemostatic systems
and broadly participating in extravascular inflammatory re-
sponses (Girmann et al., 1976; Belew et al., 1978; Marguerie
& Plow, 1983). Biological activity of the fibrinogen molecule
is associated with its native structure, but the mechanisms by
which this protein expresses its functions are still poorly un-
derstood. Like many other proteins, fibrinogen may exist in
more than one conformational state depending on the post-
translational modifications, the degree of sialylation of oli-
gosaccharides, and the presence of calcium ions. Immuno-
chemical analysis of fibrinogen was particularly relevant,
permitting examination of conformation in solution and in
systems approaching physiological conditions (Plow et al.,
1983).

Recent studies have shown that antigenic sites of a protein
most likely are located on a highly mobile region of the amino
acid backbone. Such regions are frequently present at the
surface of the protein and correspond to the most accessible
parts of the molecule. Therefore, the study of the antibody
binding sites provides a unique way of probing the surface
structure of proteins, and such an approach has been suc-
cessfully applied to the determinations of local conformation
in several proteins (Gariepy et al., 1986; Van Regenmontel,
1987; Berlinev et al., 1988). In this study, monoclonal anti-
bodies to native fibrinogen were successfully produced and used
in probing the molecular structure of this protein. In good
agreement with previously published data describing the
predominant role of the A« chain in eliciting monoclonal
antibodies (Erhlich et al., 1983; Thurlow et al., 1987), most
of our clones recognized the epitopes on the Ax chain. Three
antibodies reacted with epitopes on the unfolded fibrinogen
Ac chain and also caused a significant inhibition of fibrin clot
formation. Purification of short peptides from digests of fi-
brinogen by affinity chromatography on immobilized mono-
clonal antibodies allowed identification of peptide regions of
the Aa chain involved in binding of antibodies 9C3, 7B1, and
9E9. These three antibodies recognized the epitopes located
in residues 240-268, 425-440, and 541-574, respectively, of
the Aa chain (Table I). As peptides are invariably largely
unfolded, the peptide containing the native folding represents
less than one among the 10* or 10° molecules having other
conformations (Leach, 1983; Cierniewski & Budzynski, 1987).
Hence, the epitopes recognized by antibodies 9C3 and 7B1
must be formed by amino acid residues which are close in the
sequence so that the expression of the epitopes is not affected
so much by conformational transition occurring in the peptide
in solution. The effect of such conformational changes on the
expression of the 9E9 epitope by a short peptide was more
profound. The hydrophobicity of the Ac chain revealed that
9C3, 7B1, and 9E9 epitopes are situated in highly hydrophilic
regions (Figure 7). It was postulated that the COOH-ter-
minal region of the Aa chain may represent a flexible free-
swimming domain of the molecule existing mostly as a random
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FIGURE 7: Hydrophobicity profile of 200—610. The ordinate shows
the mean hydrophobicity of three amino acid residues. The shaded
areas show the location of epitopes for antibodies 9C3, 7B1, and 9E9
in hydrophilic regions.

coil (Doolittle, 1984). This concept was supported by the
presence of several early plasmic attack sites and the absence
of a-helical structure within this region. A number of im-
munochemical and physicochemical studies demonstrated that
although the COOH-terminal segment of the Aa chain is
surface-oriented, it also contains ordered structures when these
regions are integrated into the native molecule (Huseby et al.,
1970; Lotter & Timpl, 1975; Medved et al., 1983; Cierniewski
& Budzynski, 1987). The presence of such ordered and less
mobile structures in this chain is compatible with the char-
acteristic hydrophobicity pattern depicted for the Aa chain
(Figure 7). Clusters of nonpolar amino acid residues, occurring
within the polypeptide chain in this region, suggest their in-
teriorization in the fibrinogen structure. However, peptide
segments between these clusters may be free to undergo
conformational transitions. Such properties and location of
the Aa chain on the surface of the native molecule explain
its significant and predominant role in the immunogenicity of
fibrinogen and its biological activity (Bang et al., 1962;
Cierniewski et al., 1984; Weisel et al., 1985).

A participation of the COOH terminus of the A« chain in
clot formation, due to the presence of lateral binding sites, is
implied by the following observations: (1) This region of the
Aa chain contains specific donor and acceptor NH, groups
involved in the covalent stabilization of fibrin catalyzed by
factor XIIIa. Formation of e-(y-glutamyl)lysine bonds must
be preceded by interactions of loosely spaced COOH termini
of the « chains around protofibrils, thereby bringing to close
vicinity donor and acceptor residues. (2) The low molecular
weight fraction of fibrinogen lacking almost half of the COOH
terminus of the A« chain forms a transparent, fine clot, in-
dicating impaired lateral aggregation of protofibrils (Bang et
al., 1962; Holm et al., 1985). (3) The clotting time of intact
fibrinogen, as compared to that of fibrinogen derivatives
lacking the COOH terminus of the A« chain, is more affected
by the synthetic peptide Gly-His-Arg-Pro postulated to be
involved in lateral aggregation (Hasegawa & Sasaki, 1990).
(4) Monoclonal antibodies 9C3, 7B1, and 9E9 recognizing
epitopes present in the A« chain have strong anticlotting ac-
tivity.

The unexpectly strong inhibition of fibrin polymerization
by antibodies 9C3, 7B1, and 9E9 (Figures 5 and 6) seems to
result from a novel mechanism. Considering an inhibitor of
polymerization that can occupy two binding sites on a fibrin
monomer, for example, fragment DD (Budzynski et al., 1979),
a 50% inhibition of the maximum reaction rate occurs at the
molar ratio of the reactants of 1:1. A 50% inhibition of the
maximum polymerization rate by the monoclonal antibodies
9C3, 7B1, and 9E9 was found at an approximate molar ratio
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of IgG to fibrin monomer or fibrinogen of 0.1. Extrapolating
the data to a total inhibition (=0% of the maximum rate), one
can calculate that in this condition one molecule of antibody
binds to five molecules of fibrin monomer. Since a protofibril
consists of two strands of fibrin oligomers, one should double
the number so that on the average the product of fibrin po-
lymerization in the presence of antibodies 9C3, 7B1, and 9E9
would have two staggered linear fibrin oligomers, containing
a total of ten monomers, with two IgG molecules attached at
each end. This reasoning implies that a double-stranded
protofibril is a rapidly forming intermediate that can be sta-
bilized by inhibitors of fibrin polymerization. In support, such
structures have been observed using fragment D, as an in-
hibitor of fibrin polymerization (Knoll et al., 1984). However,
it cannot be definitely concluded from this work whether some
segments of the COOH terminus of the « chain constitute an
integral part of polymerization sites located in the structural
D domain. The clusters of polar amino acid residues coinciding
with the determined amino acid sequence of the epitopes may
be localized in the vicinity of fibrin polymerization sites. Since
the IgG molecules used had a large size (M, 160000), steric
hindrance caused by the monoclonal antibodies must have been
considerable. Nevertheless, the inhibitory effect of these an-
tibodies was an order of magnitude stronger than that of anti-D
antibodies. Thus, the COOH terminus of the & chain appears
to be involved in the process of fibrin clot formation.
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