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Abstract
Background: We encountered two patients with hypodysfibrinogenemia and designated
them as Okayama II and Otsu I. Although the affected residue(s) in Okayama II and Otsu I
overlapped, functionally determined fibrinogen levels and the ratio of functionally to
immunologically determined plasma fibrinogen levels were markedly different. Methods:
DNA sequence and functional analyses were performed for purified plasma fibrinogen. A
recombinant protein was synthesized in Chinese hamster ovary (CHO) cells to determine the
secretion of variant fibrinogens. Results: A heterozygous A>G in FGG, resulting in
320Asp>Gly for Okayama II, and a heterozygous deletion of AATGAT in FGG, resulting in
the deletion of Asn319 and Asp320 (N319-D320) for Otsu I, were obtained.
SDS-PAGE and Coomassie staining revealed that the variant -chain was not clear in
Okayama II, but was clearly present in Otsu I. The lag period for the fibrin polymerization of
Okayama II was slightly slower than that of the normal control, whereas Otsu I fibrinogen
indicated no polymerization within 30 minutes. Both variant -chains were synthesized in
CHO cells and assembled into fibrinogen; however, the fibrinogen concentration ratio of the
medium/cell lysate of 320Gly was six-fold lower than that of N319-D320. Conclusions:
We concluded that the plasma fibrinogen of Okayama II, constituted by a lower ratio of the
variant -chain, led to the almost normal functioning of fibrin polymerization. However, the
plasma fibrinogen of Otsu I, with a higher ratio of the variant -chain, led to marked
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reductions in fibrin polymerization.
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Abbreviations: APTT: activated partial thromboplastin time, CHO: Chinese hamster ovary,
EDTA: ethylenediaminetetraacetic acid, ELISA: enzyme-linked immunosorbent assay, FpA:
fibrinopeptide

A,

FpB:

fibrinopeptide

B,

GPRP:

Gly-Pro-Arg-Pro,

HEPES:

N-[2-hydroxyethyl] piperazine-N′-[2-ethanesulfonic acid], PAGE: polyacrylamide gel
electrophoresis, PCR: polymerase chain reaction, PT: prothrombin time, SDS: sodium
dodecyl sulfate

1. Introduction
Fibrinogen is a 340 kDa plasma glycoprotein that is composed of two sets of three different
polypeptide chains: A, B and , which are stabilized by 29 disulfide bonds, including
intrachain and interchain connections and represented as (A-B- [1]. The fibrinogen
molecule has a trinodular structure in which the central E region contains the N-termini of all
six chains and the external D regions contain the C-termini of the B- and -chains and a
short segment of the A-chains. The C-termini of the B- and -chains are called the C and
C modules, respectively. The E and two D regions are linked by two coiled-coil connectors,
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consisting of all three chains [1]. The C-termini of the A-chains (C domains) extend briefly
through the D regions and fold back into coiled-coil connectors [1]. Three chains are coded by
FGA, FGB, and FGG [2], and synthesized, assembled into a six-chain molecule in
hepatocytes, and secreted into blood.
During coagulation, thrombin cleaves fibrinogen, releasing two fibrinopeptide A (FpA) and
two fibrinopeptide B (FpB) from one fibrinogen molecule, thereby converting it into a fibrin
monomer [3]. Fibrin monomers spontaneously polymerize through a two-step process, and
finally make fibers and coalesce to form a fibrin clot. In the first step, the release of FpA
exposes a hidden knob ‘A’ that binds to hole ‘a’ in the -module of another fibrin molecule.
These A:a interactions and subsequent D:D interactions (end-to-end junction) mediate the
formation of half-staggered, double-stranded fibrin oligomers [3]. In the second step, these
fibrin oligomers grow in length (20 to 25 half-staggered fibrin monomers; so-called
protofibrils) and thrombin cleaves FpB, which exposes a hidden knob ‘B’, dissociates the C
regions from the central E region, and forms C-polymers (so-called lateral aggregation).
Lateral aggregation then makes thicker fibers and coalesces to form a complex, branching
fibrin clot network [3]. Several important functional sites for fibrin polymerization and the
interaction site for platelet thrombus formation have been defined in the C module; hole ‘a’
(Q329, D330, and D364) [4, 5], high affinity calcium-binding site (D318, D320, F322, and
G324) [6], D:D interaction site (275-300) [5], lateral aggregation sites (350-360 and
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370-380) [7], FXIIIa-catalyzed cross-linking site (E398 on one molecule and K406 on
another molecule) [8], and platelet-binding site (the last four residues, 408-411) [9].
Almost 300 species of genetic mutations in the fibrinogen genes, FGA, FGB, and FGG,
have been associated with either the phenotype of afibrinogenemia, hypofibrinogenemia,
dysfibrinogenemia, or renal amyloidosis, as listed in the fibrinogen variant data base [10], and
the function and genetic and/or post-translational changes causing these phenotypes have
been analyzed by molecular bases. In addition, hypodysfibrinogenemia, which has the
characteristics of dysfibrinogenemia and hypofibrinogenemia, has mainly been reported in
FGB or FGG, caused by a heterozygous missense or one or two residue deletion mutations
[10]. The residue at N319 or D320, heterozygous deletion or substitution variants, have
been reported as dysfibrinogenemia or hypodysfibrinogenemia; N319 [10], N319K [10],
D320 [11,12], D320E [13], D320G [14], and the two residue deletions of N319 and
D320 [15,16], and many of these cases have manifested as a history of bleeding and/or
thrombosis.
We encountered two patients with hypodysfibrinogenemia and identified D320G, called
Okayama II, and N319-D320, called Otsu I, in the C module. Although the affected
residues in Okayama II and Otsu I overlapped, functionally determined fibrinogen levels and
the fibrinogen concentration ratio (ratio of functionally to immunologically determined
plasma fibrinogen concentrations) were markedly different. In the present study, fibrinogen
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concentrations, the assembly process, and secretion of variant fibrinogens were analyzed
using recombinant fibrinogen-expressing Chinese hamster ovary (CHO) cells in an attempt to
clarify differences between Okayama II and Otsu I.

Materials and Methods
This study was approved by the Ethics Review Board of Shinshu University School of
Medicine. After informed consent had been obtained from patients, blood samples were
collected for biochemical and genetic analyses.

Patient and coagulation tests
The proposita of Okayama II was a 29-year-old woman who had no history of bleeding or
thrombosis. Preoperative coagulation screening tests for cervix uteri carcinoma showed a
lower level of plasma fibrinogen. The proposita of Otsu I was a 37-year-old woman who also
had no history of bleeding or thrombosis. At 36 weeks of gestation, her fetus had been in the
breech presentation. Prior to Caesarean section, her coagulation screening tests also revealed a
lower level of plasma fibrinogen. Blood collection and plasma separation were performed as
described elsewhere [17].
Prothrombin time (PT), activated partial thromboplastin time (APTT), and fibrinogen
concentrations, which were determined by the thrombin time method, were measured with the
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automated analyzer, Coapresta 2000 (Sekisui Medical Co., Tokyo, Japan). Immunological
fibrinogen concentrations were determined by a latex photometric immunoassay using
anti-fibrinogen antibody-coated latex particles (Mitsubishi Chemical Medicine Co., Tokyo,
Japan) [18].

DNA sequence analysis
Genomic DNA was extracted from white blood cells using a DNA Extraction WB kit
(Wako Pure Chemical Ltd, Osaka, Japan), according to the manufacturer’s instructions. In
order to analyze all exons and exon-intron boundaries of the fibrinogen genes, long-range
polymerase chain reaction (PCR) for FGA, FGB, and FGG and direct sequencing were
performed as described elsewhere [19].

Purification and characterization of plasma fibrinogen
Fibrinogen was purified from citrated plasma obtained from the propositas of Okayama II
and Otsu I and from a normal control (NC) subject (Japanese woman). Purification was
performed by immunoaffinity chromatography, utilizing a calcium-dependent monoclonal
antibody (IF-1; Iatron Laboratories, Tokyo, Japan), as described [19]. Eluted fractions were
pooled and dialyzed at 4°C against 20 mM N-[2-hydroxyethyl] piperazine-N′[2-ethanesulfonic acid] (HEPES), pH 7.4, 0.12 M NaCl (polymerization buffer). Fibrinogen
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concentrations were determined at 280 nm, assuming that a 1 mg/mL solution had an
absorbance of 1.51. The purity and characterization of proteins were analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) under non-reduced
conditions (7% polyacrylamide gel) and reduced conditions (10% polyacrylamide gel),
followed by Coomassie Brilliant Blue R-250 staining.
After the separation of purified fibrinogen or plasma protein by a SDS-10% polyacrylamide
gel under reduced conditions, immunoblots were developed with a rabbit anti-human
fibrinogen antibody (DAKO, Carpinteria, CA, USA) and horseradish peroxidase-conjugated
goat anti-rabbit IgG antibody (Medical and Biological Laboratories Ltd, Nagoya, Japan), or a
mouse monoclonal antibody against the human fibrinogen -chain (2G10, specific for 15-35;
Accurate

Chemical

and

Scientific,

Westbury,

NY,

USA)

and

horseradish

peroxidase-conjugated goat anti-mouse IgG antibody (Medical and Biological Laboratories
Ltd), and enhanced with chemiluminescence detection reagents (Amersham Pharmacia
Biotech, Buckinghamshire, UK). Blots were exposed on Hyperfilm-ECL (Amersham
Pharmacia Biotech, Buckinghamshire, UK).

Thrombin-catalyzed fibrin polymerization and clottability
Thrombin-catalyzed fibrin polymerization was followed by measuring changes in turbidity
at 350 nm at ambient temperature using an UVmini-1240 spectrophotometer (Shimazu, Tokyo,
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Japan), as described elsewhere [19]. Three parameters: the lag time, maximum slope, and
absorbance change (Abs) for 30 minutes, were obtained from the turbidity curves, as
previously described [19]. The reactions were performed in triplicate for each sample.
The clottability (percentage of fibrinogen incorporated into a fibrin gel) of purified
fibrinogens was determined as described before [20].

Protection assay of the plasmin digestion of fibrinogen
The protection of the plasmin digestion of fibrinogen in the presence of 1 or 5 mM CaCl2,
and GPRP (the synthetic peptides Gly-Pro-Arg-Pro acetate salt, purity >97%; Sigma-Aldrich,
St. Louis, MO), was analyzed by SDS-PAGE under non-reduced conditions (10%
polyacrylamide gel) and followed by Coomassie brilliant blue R-250 staining, as described
before [19].

Factor (F) XIIIa-catalyzed cross-linking of fibrinogen
Factor (F) XIIIa was activated with human -thrombin, and, in order to examine the
cross-linking of fibrinogen, hirudin was added to thrombin-activated FXIIIa prior to its
incubation with fibrinogen. The reactions were stopped at various times by the addition of an
equal volume of SDS sample buffer with 2-mercaptoethanol and boiling. Samples were
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separated on 8% SDS-PAGE and stained with Coomassie blue R-250, as described previously
[19].

Expression of recombinant variant fibrinogens
Recombinant variant fibrinogens were prepared as previously described [17]. Briefly, the
variant fibrinogen -chain expression vectors, pMLP-D320G, pMLP-D320E,
pMLP-D320, and pMLP-N319-D320, were altered from the pMLP- plasmid, which
contained the wild-type -chain cDNA, by oligonucleotide-directed mutagenesis using the
Quick Change II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) and the
following primer pairs (the altered base is underlined);
5’-CCTGGGACAATGACAATGGTAAGTTTGAAGGCAAC-3’ (sense) and
5’-GTTGCCTTCAAACTTACCATTGTCATTGTCCCAGG-3’ (antisense) for D320G,
5’-CCTGGGACAATGACAATGAGAAGTTTGAAGGCAAC-3’ (sense) and
5’-GTTGCCTTCAAACTTCTCATTGTCATTGTCCCAGG-3’ (antisense) for D320E,
5’-CTGGGACAATGACAAT AAGTTTGAAGGCAACTGTG-3’ (sense) and
5’-CACAGTTGCCTTCAAACTT ATTGTCATTGTCCCA G-3’ (antisense) for D320. The
expression vector, pMLP-N319-D320, was used, as previously established [21].
The resultant expression vectors were co-transfected with the histidinol selection plasmid
(pMSVhis) into Chinese hamster ovary (CHO) cells that expressed normal human fibrinogen
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A- and B- chains (AB CHO cells), using a standard calcium-phosphate co-precipitation
method. The cell lines were designated as D320G-, D320E-D320-, N319-D320-,
and normal (N)-CHO cells, respectively. Cells were cultured and colonies were selected on
histidinol (Aldrich Chem. Co. Milwaukee, WI, USA), as described elsewhere [22]. Fibrinogen
concentrations in cell lysates or culture media from the selected clones were measured by the
enzyme-linked immunosorbent assay (ELISA), and the assembly of fibrinogen and/or
synthesis of three polypeptide chains in the cell lysate was analyzed by SDS-PAGE and
immunoblotting as described previously [22].

Statistical analysis
The significance of differences between wild-type and variant fibrinogen was determined
using a one-way ANOVA (analysis of variance) and Tukey-Kramer tests. A difference was
considered significant when p < 0.05.

Result
Coagulation screening tests, DNA sequence analysis, and molecular characterization of
variant fibrinogens.
PT and APTT of the Okayama II patient were 14.4 (normal range: 10.0 to 13.0 seconds)
and 33.3 seconds (normal range: 23.0 to 38.0 seconds), respectively. Her plasma fibrinogen
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concentration, determined by the thrombin time method, was 0.41 g/L and that determined by
the immunological method was 0.85 g/L (normal range: 1.80 to 3.50 g/L). A DNA sequence
analysis revealed a heterozygous mutation of A>G in FGG exon 8 (at c.1037A>G; NCBI
NM_000509.4), resulting in the substitution of Gly (GGT) for Asp (GAT) at the 320 residue
(mature protein) or 346 residue (native protein) (D320G). We designated this patient as
Okayama II (p.D320G) according to the patient’s residence.
PT and APTT of the Otsu I patient were 14.8 and 42.2 seconds, respectively. Her plasma
fibrinogen concentration, determined by the thrombin time method, was 0.09 g/L and that
determined by the immunological method was 1.43 g/L. A DNA sequence analysis revealed a
heterozygous deletion of AATGAT in FGG exon 8 (c.1033-1038; NCBI NM 000509.4),
resulting in the deletion of the Asn319 (AAT) and Asp320 (GAT) (mature protein) or
Asn345 and Asp346 residues (native protein) (N319-D320). The patient’s residence
was Otsu city and the variant was same as Otsu I which we previously reported [16], therefore
we designated this patient as Otsu I.
We purified plasma fibrinogens, as described in the Materials and methods section, and
analyzed them using SDS-PAGE. Coomassie staining indicated that Okayama II fibrinogen
was pure, the pattern of the fibrinogen band was normal under non-reduced conditions (Fig.
1A), and three bands corresponded to the A-, B- and -chains under reduced conditions
(-chain was broader than normal control -chain; Fig. 1B). An additional variant -chain that
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migrated faster than the normal -chain was detected in Otsu I fibrinogen (Fig. 1B). An
immunoblot analysis was performed for purified plasma fibrinogen in order to visualize the
presence of the variant -chain of Okayama II fibrinogen. As shown in Figure 1C with an
anti-human fibrinogen antibody, the variant -chain was not clear (the -chain was broader
than normal control -chain) in Okayama II fibrinogen, but was clearly present in Otsu I
fibrinogen. However, an anti-fibrinogen -chain antibody detected a faint variant -chain in
Okayama II fibrinogen and indicated that migration was slower than that of the variant
-chain in Otsu I fibrinogen (Fig. 1D).

Thrombin-catalyzed fibrin polymerization and clottability
Thrombin-catalyzed fibrin polymerization was performed using the procedure described in
the Materials and methods section. Under the conditions of 0.18 mg/mL fibrinogen in the
presence of 1.0 mM CaCl2, the polymerization of Okayama II fibrinogen was similar to that
of the normal control for Abs for 30minutes (0.385 ± 0.021 for Okayama II and 0.374 ±
0.001 for normal control) and the maximum slope (1.05 ± 0.04 Abs x 10-3/sec for Okayama II
and 1.15 ± 0.11 Abs x 10-3/sec for normal control), whereas the lag period (5.0 ± 0.0 minutes)
was slightly slower than that of the normal control (4.0 ± 0.0 minutes) (Fig. 2). The
polymerization of Otsu I fibrinogen was markedly less than that of the normal control and
Okayama II; namely, an increase in the turbidity of Otsu I was not observed 30 minutes after
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the addition of thrombin.
In order to determine whether variant fibrin monomers were incorporated into fibers, we
examined clottability in duplicate, as described in the Materials and Methods section. The
value obtained for Okayama II fibrinogen was 91.8 ± 2.1% and was not significantly different
from that of the normal control (92.5 ± 0.6%). The value obtained for Otsu I fibrinogen was
30.0 ± 3.9% and was markedly smaller than those of the normal and Okayama II fibrinogen (p
< 0.01).

Protection assay of the plasmin digestion of fibrinogen
We performed a protection assay of plasmin digestion to assess the impaired function of
hole ‘a’ and high affinity calcium binding sites, as described in Materials and Methods section.
In the presence of 5 mM ethylenediaminetetraacetic acid (EDTA) and the absence of GPRP or
CaCl2, D1 fragments derived from normal fibrinogen were cleaved to the smaller fragments
D2 and D3, indicating no protection from plasmin digestion. In the presence of 1 or 5mM of
CaCl2 or GPRP, D1 fragments derived from normal fibrinogen were not cleaved to the
fragments D2 and D3, indicating strong protection against plasmin digestion (Fig. 3A). The D1
fragments derived from Okayama II and Otsu I fibrinogen were mildly digested into the
fragments D2 and D3 in the presence of 1 mM CaCl2 or 1 mM GPRP, suggesting weak
protection against plasmin digestion (Fig. 3B and C). These results indicated that the
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functions of hole ‘a’ and high affinity calcium binding sites in Okayama II or Otsu I
fibrinogen were weaker than those in normal fibrinogen.

FXIIIa-catalyzed cross-linking of fibrinogen
We examined the FXIIIa-catalyzed cross-linking of fibrinogen to confirm differences in the
functions of D:D interactions between Okayama II and Otsu I fibrinogen. After FXIII had
been activated with thrombin, hirudin was added to inhibit thrombin, which catalyzes
fibrinopeptide release and fibrin polymerization. After a 30-minute reaction, - dimer bands
were clearly evident, and the intensity of the - dimer bands increased with a longer
incubation for normal fibrinogen and both variant fibrinogens (data not shown). These results
demonstrated that the functions of D:D interactions of Okayama II and Otsu I fibrinogen were
similar to those of the normal control.

Synthesis and secretion of recombinant variant fibrinogens in CHO cells
We established D320G-, N319-D320-, and N-fibrinogen-expressing CHO cells
together withD320E-D320-fibrinogen-expressing CHO cells. The latter two variants
were produced according to naturally occurring mutations [11-13]. Fibrinogen concentrations
in the culture media and cell lysates of each of the 10 to 12 fibrinogen-synthesizing cell lines
were measured by ELISA and the results are shown in Figure 4. Normal fibrinogen
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concentrations (mean ± SD, n=10) were 1043 ± 146 ng/mL for cell lysates and 1345 ± 119
ng/mL for the culture media. The fibrinogen concentration ratio of the medium/cell lysate was
1.31 ± 0.19. The concentrations in the cell lysates for each of the variant
fibrinogen-expressing cell lines were significantly higher than those of normal cells: D320G;
6525 ± 2323 ng/mL (6.3-fold), D320E; 11670 ± 9587 ng/mL (11.2-fold), and D320; 4322
± 1803 ng/mL (4.1-fold), respectively. Concentrations in the culture media of the variant
fibrinogen-expressing cell lines were lower than those of normal cells: D320G; 696 ± 212
ng/mL (0.52-fold), D320E; 590 ± 291 ng/mL (0.44-fold), and D320; 362 ± 59 ng/mL
(0.27-fold), respectively. The fibrinogen concentration ratios of the medium/cell lysate of the
variant cell lines were markedly lower than those of the normal cells: D320G; 0.11 ± 0.02
(0.08-fold), D320E; 0.06 ± 0.03 (0.05-fold), and D320; 0.09 ± 0.03 (0.07-fold),
respectively. These ratios were significantly different from those of the normal control (p <
0.001). In the N319-D320 fibrinogen-expressing cell lines, fibrinogen concentrations
were 1522 ± 885 ng/mL for cell lysates and 923 ± 402 ng/mL for the culture media, and the
fibrinogen concentration ratio of the medium/cell lysate was 0.66 ± 0.18. The ratio was
significantly different from that of the normal control (p < 0.001). Furthermore, the ratios of
the medium/cell lysate of the D320G-, D320-E, and D320-CHO cell lines were also
significantly different from that of the N319-D320-CHO cell line (p < 0.001).
In the selected cell lines for each variant -chain transfected cell, cell lysates were analyzed
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by SDS-PAGE and immunoblotting under non-reducing or reducing conditions to confirm the
assembly of fibrinogen and/or synthesis of three polypeptide chains inside the cells, as
described in the Materials and Methods section. All cell lines synthesized variant -chains as
well as A- and B-chains, as shown in Figure 5B (under reducing conditions). Furthermore,
variant -chains were assembled into fibrinogens inside the cells, as shown in Figure 5A
(under non-reducing conditions). A fibrinogen band at 340kDa, each of the non-assembled
A- B-, and -chains, and some intermediate complexes of the fibrinogen assembly process
were observed in all variant cell lines as well as the normal fibrinogen-synthesizing cell line.
Variant -chains derived from D320G-, D320-, and N319-D320-CHO cells migrated
faster than those derived from D320E and normal -chains. The faster migrating band
observed in D320E-CHO cells was speculated to be the degraded -chain of D320E (Fig.
5B).

Although

the

variant

-chains

derived

from

D320G-,

D320-,

and

N319-D320-CHO cells migrated at a similar speed to the normal -chain under
non-reduced conditions, the -chain of D320E migrated slower than the others, as shown in
Figure 5A.

Discussion
We encountered two patients with asymptomatic heterozygous hypodysfibrinogenemia,
Okayama II; D320G and Otsu I; N319-D320, and found that the affected residues
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overlapped each other in the C module. However, the fibrinogen concentration ratio (ratio of
functionally to immunologically determined plasma fibrinogen concentrations) of the Otsu I
proposita was 0.063 and markedly lower than that of the Okayama II proposita (0.482).
Therefore, we purified fibrinogen from plasma samples of the propositas and analyzed them
by SDS-PAGE and Western blotting. The results obtained showed that the proportion of the
variant -chain of Okayama II was less than that of Otsu I. In contrast, thrombin-catalyzed
fibrin polymerization for Otsu I fibrinogen was markedly weaker than that for Okayama II
fibrinogen, namely, the function of Okayama II fibrinogen was slightly weaker than that of
the normal control. Therefore, we speculated that some fibrinogen functions may have been
markedly impaired for both variant fibrinogens from Otsu I and Okayama II, whereas the
proportion of variant fibrinogen to normal fibrinogen in plasma was markedly different
between Otsu I and Okayama II (Otsu I > Okayama II). In order to investigate our speculation
regarding the characterization of the variant fibrinogens, Okayama II and Otsu I, we produced
and analyzed the corresponding recombinant fibrinogen-expressing CHO cells.
Heterozygous variant D320G had already been reported in a Chinese patient [14].
Although there was no personal or family history of bleeding or thrombosis, the plasma
fibrinogen concentration determined by the thrombin time method was 0.49 g/L while that
determined by the immunological method was 0.90 g/L, and the fibrinogen concentration
ratio was 0.544 [14]. These values were consistent with those obtained for Okayama II.
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However, the proportion of the variant fibrinogen in plasma and the electrophoretic mobility
of the variant -chains were not discussed. On the other hand, the heterozygous variant
N319-D320 was also reported as Vlissingen/ Frankfurt IV [15] and Otsu I [16]. The
former was reported as a thrombotic manifestation and the latter as an asymptomatic case.
Plasma fibrinogen concentrations determined by the thrombin time method were 0.40 g/L and
0.27 g/L while those determined by the immunological method were 3.10 g/L and 1.77 g/L,
respectively. The fibrinogen concentration ratios were 0.129 and 0.153, respectively.
Moreover, at the N319 or D320 residues, heterozygous patients with N319K [10], N319
[10], D320E [13], and D320 [11,12] were reported to have dysfibrinogenemia or
hypodysfibrinogenemia. Patients with D320E and D320 exhibited a mild bleeding
tendency and bleeding plus thrombotic complications, respectively. Furthermore, the
proportion of variant fibrinogen in plasma was reported to be 5 to 10% of all fibrinogen in
patients with D320E [13] and two D320 [11,12], and the electrophoretic mobilities of the
variant -chains were larger than that of the normal control. Therefore, the residuesatN319
and/or D320 may have crucial roles in the synthesis and functions of fibrinogen.
In order to clarify the reduced synthesis of variant -chains, we established the CHO cell
lines producing variant fibrinogen identified as Otsu I (N319-D320), Okayama II
(D320G), or others (D320E, D320) at D320 residue. The fibrinogen concentration ratios
of the culture media to cell lysates of D320G-, D320E-, and D320 fibrinogen-expressing
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cell lines were markedly lower than those of the normal- and N319-D320
fibrinogen-expressing cell lines. The fibrinogen concentration ratios of the N319-D320
fibrinogen-expressing cell lines were also significantly lower than that of the normal
fibrinogen-expressing cell line. Furthermore, the weakly reduced secretion of variant
fibrinogen was also demonstrated using CHO cells [21] and transgenic mice [23]. A
substitution or deletion at residues N319 and/or D320 induced aberrant secretion and not the
synthesis of fibrinogen, and our recombinant experiments demonstrated the markedly
different secretion rate of variant fibrinogen between Otsu I and Okayama II.
N319 and/or D320 have been identified as important residues for the function of
fibrinogen because high affinity calcium binding sites are composed of D318, D320, F322,
and G324 [6]. Yakovlev S et al. [24] demonstrated that one of two t-PA binding sites were
located in 312-324 residues, which were exposed after fibrinogen-fibrin transition, namely,
after binding of the so-called knob ‘A’ into the hole ‘a’. The functions of recombinant
N319-D320 fibrinogen have been extensively examined [25] and thrombin-catalyzed
fibrin polymerization did not occur more than 24 hours after the addition of thrombin. In brief,
the functions of hole ‘a’, the Ca ion binding site, and factor XIII cross linking were shown to
be markedly affected. These findings prompted us to speculate that the functions of variant
fibrinogens with a substitution or deletion at residues N319 and/or D320 were markedly
reduced, namely, the function of D320G fibrinogen may be similar to N319-D320
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fibrinogen and markedly affected. The residuesatN319 and/or D320 may have crucial roles
in the functions of fibrinogen, and variants at these residues manifest as bleeding and/or
thrombotic complications.
We concluded that the plasma fibrinogen of Okayama II was constituted by a higher
proportion of normal fibrinogen and less of the variant fibrinogen, resulting in almost normal
functions for fibrin polymerization. However, Otsu I plasma fibrinogen showed markedly
reduced thrombin-catalyzed fibrin polymerization due to the higher component ratio of
variant fibrinogen.
We speculated that marked reductions in the fibrin polymerization of Otsu I fibrinogen was
caused by marked decreases in lateral aggregation in addition to the aberrant protofibril
formation. The precise mechanisms responsible for the lateral aggregation of protofibrils
remain largely unknown [3]. The following portions of the fibrinogen structure have been
shown to contribute to lateral aggregation: knobs ‘B’ [7], holes ‘b’ [7], C modules [7], C
modules [7], C regions [26], coiled coils [27], and carbohydrates at residues B364Asn and
52Asn [28]. 350-360 and 370-380 residues in the C module are critical for lateral
aggregation, and the deletion of N319 and D320 (Otsu I) fibrinogen induced disruptive
conformational changes in these region, resulting in larger decreases in lateral aggregation
than the substitution of D320 (Okayama II) fibrinogen.
In conclusion, heterozygous variant fibrinogen, the deletion of the N319 and D320
21

residues (Otsu I) and substitution of D320 by G (Okayama II), affected the overall structure
of the C module and lead to marked reductions in the function and secretion of fibrinogen,
respectively. However, it is difficult to explain the paradoxical phenomenon in which the
secretion of fibrinogen composed of the two-residue deletion of N319 and D320 in the C
module was only slightly less than that of normal fibrinogen, whereas that composed of the
one residue substitution at D320 was markedly less.
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Figure legends
Figure 1. Characterization of purified fibrinogens.
Purified fibrinogens were resolved on 7% SDS-PAGE under non-reducing conditions (A) or
10% SDS-PAGE under reducing conditions (B) and stained with Coomassie Brilliant Blue
R-250. Resolved proteins on 10% SDS-PAGE under reducing conditions were electrically
transferred to nitrocellulose sheets and reacted with an anti-fibrinogen antibody (C) or
anti-fibrinogen -chain antibody (D), and reactive bands were detected by chemiluminescence,
as described in the Material and Methods section. N: normal control, Ok: Okayama II, Ot:
Otsu I, and M: molecular marker. ▷: variant -chain not observed, ▶: visualized variant
-chain.
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Figure 2. Thrombin-catalyzed fibrin polymerization.
The polymerization of fibrinogen (0.18 mg/mL) was initiated with thrombin (0.05 U/mL), and
the change in turbidity with time was followed at 350 nm for normal (●), Okayama II (▲),
and Otsu I () in polymerization buffer.
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Figure 3. Protection assay of the plasmin digestion of fibrinogen.
Fibrinogen (0.30 mg/mL) in polymerization buffer containing 5 mM EDTA (lane 1), 1 mM
(lane 2), or 5 mM CaCl2 (lane 3), and 1 mM (lane 4) or 5 mM GPRP (lane 5) was incubated
with 0.18 U/mL plasmin for 2 hours at 37°C. The digests were analyzed on 10% SDS-PAGE
and stained with Coomassie brilliant blue. The degradation products are indicated as D1, D2,
and D3 on the left side of the gel. Lane M: molecular marker.

29

Figure 4. Synthesis of variant fibrinogens in transfected CHO cells.
Fibrinogen concentrations in cell lysates (A) and culture media (B) were determined by
ELISA. The ratios of values of the culture medium to the cell lysate are shown in panel C.
The mean values are presented with standard deviations indicated by error bars for normal:
n=10; D320G: n=12; N319-D320: n=11; D320E: n=10; D320: n=11. Variants were
significantly different from normal (*: p < 0.01, **: p < 0.001) and from N319-D320 (††:
p < 0.001).
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Figure 5. Immunoblotting analysis of cell lysates.
Samples from cell lysates were subjected to 8% SDS-PAGE under non-reducing conditions
(A) or 10% SDS-PAGE under reducing conditions (B). The blots were reacted with an
anti-fibrinogen antibody and detected by chemiluminescence, as described in the Materials
and Methods. Samples from individual CHO cell lines were electrophoresed in lanes 2:
normal (N), 3: D320G, 4: N319-D320, 5:D320E, 6: D320; Lane 1: purified
fibrinogen from normal plasma. Int: intermediates of fibrinogen, Right sides of panels A and
B show molecular size markers.
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