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Abstract 
Background: To study the functions of residues γ326Cys and γ339Cys in the assembly 
and/or secretion of fibrinogen, recombinant fibrinogens were synthesized to replicate 
naturally occurring γ326Tyr and γ326Ser variants, along with γ326Ala and γ339Ala 
variants.  Methods: A fibrinogen γ-chain expression vector was altered and transfected 
into Chinese hamster ovary (CHO) cells. Cell lysates and culture media of the established 
cell lines were subjected to ELISA and immunoblotting analysis. In addition, pulse-chase 
analysis was performed.  Results: The CHO cells synthesized mutant γ-chains and 
assembled these into fibrinogen in the cells, although these variant fibrinogens were barely 
secreted into the culture media. Pulse-chase analysis indicated that the rates of both 
assembly and secretion of the variant fibrinogens were lower than that of normal fibrinogen.  
Conclusions: The present study indicated that the 326-339 intrachain disulfide bond has a 
crucial role in maintaining the tertiary structure of the C-terminal domain of the γ-module, 
which is necessary for fibrinogen assembly and specifically secretion. A combination of the 
present results and observations from naturally occurring heterozygous cases of γ326Tyr 
and γ326Ser suggest that heterozygous fibrinogen molecules containing variant γ-chains 
might be secreted into plasma and show impaired fibrin polymerization, resulting in a 
phenotype of hypodysfibrinogenemia. 
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1. Introduction 

Fibrinogen is a 340 kDa plasma glycoprotein composed of two sets of three different 
polypeptide chains, Aα, Bβ, and γ, which are stabilized by 29 disulfide bonds, including 12 
intrachain and 17 interchain disulfide connections [1-4]. The fibrinogen molecule has a 
trinodular structure where the central E region contains the N-termini of all six chains and 
the external D regions contain the C-termini of the Bβ- and γ-chains. The regions are 
linked by two coiled-coil connectors, consisting of all three chains [5]. The chains are 
synthesized, assembled into a six-chain molecule in hepatocytes, secreted into blood, and 
circulated at 1.8-3.5 g/L. Genetic mutations in fibrinogen chain genes have been associated 
with either afibrinogenemia, hypofibrinogenemia, or dysfibrinogenemia, as listed in the 
fibrinogen variant data base ( http://www.geth.org/databaseang/fibrinogen/), and the 
molecular bases for the genetic and/or post-translational changes causing 
dysfibrinogenemia or hypofibrinogenemia and afibrinogenemia are of substantial interest. 

It was reported that hypofibrinogemia can be caused by the heterozygous missense 
mutation γ153C>R [6]. Expression analysis using Chinese hamster ovary (CHO) cells 
demonstrated that assembly of this variant fibrinogen was defective and its subsequent 
secretion was impaired. In addition, it was indicated that this variant γ-chain was defective 
in the formation of αγ and βγ complexes, which are essential intermediate forms of the 
hexameric fibrinogen molecule [7]. These finding suggested that the tertiary structure of 
the C-terminal domain of the γ-nodule formed by the disulfide bond between γ153C and 
γ182C is crucial for fibrinogen assembly. Furthermore, there is another disulfide bond 
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between γ326C and γ339C in the C-terminal domain of γ-nodule. Zhang et al. studied the 
assembly and secretion of variants at these residues and showed that variants substituted at 
residues γ326C and γ339C can assemble into fibrinogen normally in cells but are not 
secreted into the medium [8]. At residue γ326, 2 naturally occurring heterozygous 
substitutions (C>Y and C>S) have been reported in 3 families [9-11] and they showed 
somewhat different pathological conditions, namely, two family showed dysfibrinogenemia 
(the presence of variant fibrinogen in plasma) and the other showed hypofibrinogenemia 
(little or no presence of variant fibrinogen in plasma; secretion of variant fibrinogen is 
absent or very limited). 

In this study, to confirm the secretion of variant fibrinogen substituted at residues γ326 
or γ339 into plasma, 2 naturally occurring variant fibrinogens (γ326Y and γ326S) and 2 
control variants (γ326A and γ339A) were expressed in CHO cells, and the synthesis, 
assembly, and secretion of fibrinogen were analyzed in vitro. 
 
2. Materials and methods 
2.1. Construction of mutant expression vectors 

The fibrinogen  γ-chain expression vector pMLP-γ [12] was altered by 
oligonucleotide-directed mutagenesis using a Transformer Site-Directed Mutagenesis kit 
(Clontech Laboratories, Palo Alto, CA, USA). Briefly, single-stranded pMLP-γ was 
annealed to 5’-phosphorylated mutagenesis primers (γ326A; 
5’-GAAGGCAACGCTGCTGAACAG-3’, γ326Y; 
5’-GAAGGCAACTACGCTGAACAG-3’, γ326S; 
5’-GAAGGCAACTCCGCTGAACAG-3’, γ339A; 
5’-GATGAACAAGGCTCACGCTGG-3’, the altered bases are underlined) and a 
5’-phosphorylated selection primer (5’-TCTAGGGCCCAGGCTTGTTTGC-3’), which had 
a deletion of a unique HindIII site in the vector. The second strand was synthesized using 
T4 DNA polymerase and ligated with T4 DNA ligase. 

Plasmids lacking HindIII sites were sequenced using a BigDyeR Terminator v1.1 Cycle 
Sequencing kit and an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, 
CA, USA). To confirm the insertion of each mutation, the complete γ-chain cDNAs of the 
plasmids were sequenced using 2 forward and 2 reverse primers (Table 1). 
 
2.2. Recombinant protein expression 

CHO cell lines that expressed normal human fibrinogen Aα- and Bβ-chains, 
AαBβ-CHO cells, were obtained by cotransfecting the plasmids pMLP-Aα, pMLP-Bβ, 
and pRSV-neo into CHO cells. Each of the variant pMLP-γ vectors and the original 
pMLP-γ vector was cotransfected with the histidinol selection plasmid (pMSV-his) into the 
AαBβ-CHO cell line [6], using a standard calcium-phosphate co-precipitation method [13, 
14]. Eight to fourteen colonies from fibrinogen-synthesizing CHO cells on both G418 
(GIBCO BRL, Rockville, MD, USA) and histidinol (Aldrich Chemical, Milwaukee, WI, 
USA) were selected at random on medium containing both G418 and histidinol, and these 
cell lines were examined for fibrinogen synthesis as described previously [14]. The cell 
lines were designated as γ326A-, γ326Y-, γ326S-, γ339A-, and normal (N)-CHO cells, 
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respectively. 
 
2.3. Immunoassays 

Fibrinogen concentrations in the cell lysates or culture media were determined using an 
enzyme-linked immunosorbent assay (ELISA) as described previously [15]. To analyze the 
assembly and secretion of fibrinogen and/or three polypeptide chains in the cell lysates, 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
immunoblotting analysis were performed as described previously [6, 7]. Samples for the 
immunological analyses were prepared as follows. For each of the cell lines, cells were 
grown to confluence in two 60-mm culture dishes (approximately 1.5– 2.0 × 106 cells), and 
the conditioned media from the first culture dishes were harvested 1 day after reaching 
confluence (6–8 days after seeding) for ELISA. Cells were harvested in trypsin-EDTA 
solution (Sigma, St Louis, MO, USA) from the same or second culture dishes, washed 3 
times with PBS, and finally lysed in either 300 μL of 0.1% IGEPAL CA-630 (Sigma) and 
10 mM phenylmethylsulfonyl fluoride (PMSF, Sigma) in 50 mM Tris-HCl buffer pH 8.0 
for ELISA, or 70 μL of Laemmli sample buffer for SDS-PAGE and immunoblotting 
analysis of cell lysates. Immunoblots were probed with a rabbit anti-human fibrinogen 
antibody (Dako, Carpinteria, CA, USA) and the reacting species were visualized using 
horseradish peroxidase conjugate-goat anti-rabbit IgG antibody (Medical and Biological 
Laboratories, Nagoya, Japan) and enhanced chemiluminescence (ECL) detection reagent 
(Amersham Pharmacia Biotech, Buckinghamshire, UK). Blots were exposed on 
Hyperfilm-ECL (Amersham Pharmacia Biotech). 

 
2.4. Pulse-chase analysis of protein synthesis using [35S]-methionine 

Pulse-chase studies were performed for selected cell lines, N-20 and γ326A-57, which 
had the most simple residues for the three types amino acid A, Y, S, and highest level of 
secreted fibrinogen into medium among all established cell lines. In addition, γ153A-10 
cell line was used as a control of abolished fibrinogen assembly and secretion, as described 
previously [6, 16]. In brief, the medium was replaced with 1 mL of methionine-free 
DMEM supplemented with 1.11 MBq (30μCi) L-[35S]-methionine (Amersham Pharmacia 
Biotech Inc). The cells were incubated for 60 min at 37°C. After the pulse, the cells were 
rinsed twice with PBS, then 1 mL of fresh DMEM containing 2 mM unlabeled 
L-methionine (Wako, Osaka, Japan) was added, and the cells were incubated for various 
chase periods (0, 1, 3, 6, 8, and 24 hours). The media were harvested, and cell lysates were 
prepared in 120 μL of lysis buffer containing 1% IGEPAL CA-630, 150 mM NaCl, 5 mM 
EDTA, and 10 mM PMSF in 50 mM Tris-HCl buffer, pH 8.0. Each 100 μL of medium or 
cell lysate was added to an equivalent amount of 1:1000 diluted rabbit anti-fibrinogen 
polyclonal antibody (DAKO) and incubated overnight at 4°C, and immunocomplexes were 
precipitated using Protein A-Sepharose. The precipitates were dissolved in 40 μL Laemmli 
sample buffer, boiled for 5 minutes, and resolved on SDS-polyacrylamide gradient gels. 
Radioactive bands were detected using a Fuji Bio-Imaging Analyzer BAS2000 System 
(Fuji Photo Film Co, Tokyo, Japan) 
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3. Results 
3.1. Synthesis and secretion of recombinant variant fibrinogens in CHO cells 

Four variant and normal fibrinogens were expressed in CHO cells, and the cell lysates 
and culture media of 8 to 14 fibrinogen-synthesizing cell lines were selected as described 
in the Materials and Methods. The fibrinogen concentrations in the cell lysates and culture 
media were measured by ELISA, and the results are shown in Figure 1. Normal fibrinogen 
concentrations (mean ± SD, n=8) were 1569 ± 297 ng/mL for cell lysates and 3400 ± 1006 
ng/mL for the culture media. Surprisingly, the concentrations in the cell lysates for each of 
the variant fibrinogen-expressing cell lines were significantly elevated compared with that 
in normal cells; γ326A, 2.3-fold; γ326Y, 1.8-fold; γ326S, 2.8-fold; and γ339A, 3.2-fold, 
respectively (Fig. 1A). Whereas, the concentrations in the culture media for the variant 
fibrinogen-expressing cell lines were significantly lower than that in the normal cells; 
γ326A, 0.07-fold; γ326Y, 0.02-fold; γ326S, 0.04-fold; and γ339A, 0.05-fold, respectively 
(Fig. 1B). The fibrinogen ratios of the medium/cell lysate of the variant cell lines were 
markedly lower than that of the normal cells (Fig. 1C). 

For selected cell lines for each variant fibrinogen-synthesizing cell line, SDS-PAGE 
and immunoblotting analysis were performed under non-reducing or reducing conditions 
for observation of the assembly and secretion of fibrinogen and/or three polypeptide chains, 
and the results are shown in Figure 2. In the normal-CHO cell lysate under non-reducing 
conditions intact fibrinogen, low levels of AαBβγ complex, intermediate complex, 
Aα-chain, and faint Bβ-, and γ-chains were observed (Fig. 2A, Lane N). In the γ326A-, 
γ326Y-, γ326S-, and γ339A-CHO cell lysates, variant fibrinogens, weak AαBβγ and 
intermediate complex, several unknown higher molecular mass bands, and a smear above 
the 100 kDa area were observed (Fig. 2 A). Furthermore, the three individual chains were 
also observed at higher level than in normal-CHO cells and an additional band was 
observed above the Aα-chain (Fig. 2 A). Under reducing conditions, in the normal-CHO 
cells, Aα-, Bβ-, and γ-chains were observed. For the γ326A-, γ326Y-, γ326S-, and 
γ339A-cells, Aα-, Bβ-, and γ-chains and at least four low-molecular-mass species below 
the γ-chain, which were presumed to be proteolytic degradation products (Fig. 2B). In 
addition, for the variant cell lysates several high-molecular-mass species above the 
Aα-chain were observed. Two bands were clear, and the upper one was a γ-γ dimer (present 
weakly in normal CHO cells) but the other was unidentified (Fig. 2B) 
 
3.2. Pulse-chase analysis 

Pulse-chase analysis was performed to examine the rate of fibrinogen synthesis, 
assembly, and secretion for normal and variant fibrinogen cell lines as described in the 
Materials and Methods. Analysis of the lysates from normal-CHO cells showed a 340 kDa 
band of intact fibrinogen (Fig. 3A). The band was present at a high level prior to the chase, 
increased in intensity by 1 h after the chase, and decreased thereafter. An additional 
lower-molecular-weight band was present in the samples, which was presuming to be a half 
molecule of fibrinogen, AαBβγ-complex. The normal fibrinogen band was seen in 
immunoprecipitates of the culture medium (Fig. 3D). This band became evident after a 1 h 
chase and increased with elevating incubation times. None of the fibrinogen bands were 

 5



seen in the γ153A cell lysates or culture media (Fig. 3B, E) during the 24 h chase period; 
whereas, a lower-molecular-weight band than the AαBβγ-complex was seen in the cell 
lysates without a chase and in a 1–6 h chase. (Fig. 3B*). 

For the cell lysates of γ326A cells, a low level of fibrinogen was present prior to the 
chase, and its intensity increased with chase periods between 1 and 24 h (Fig. 3C). In 
addition, an AαBβγ-complex band and an unknown lower-molecular-weight band (present 
in γ153A cell lysates) were seen prior to the chase and in all chase times. For the media of 
γ326A cells, a weak variant fibrinogen band was observed at 6 h, but it became fainter at 8 
h (Fig. 3F). These results indicated that the rates of both assembly and secretion for the 
γ326A variant fibrinogen were slower than those of normal fibrinogen. 

 
4. Discussion 

To examine the assembly and/or secretion of variant fibrinogens substituted at residues 
326 or 339 in the γ-chain, four variant fibrinogens, γ326Y, γ326S, γ326A, and γ339A, were 
expressed in CHO cells as stable transfectants. All these cell lines synthesized mutant 
γ-chains, assembled these into fibrinogen in the cells, and secreted small amounts of 
variant fibrinogens into the culture media. Of interest, the fibrinogen concentrations in the 
cell lines were much higher than those in the normal cell line, whereas the levels of 
secreted fibrinogen from these variant cells were much lower than those in the normal cell 
line. It was first speculated that the variant fibrinogens were assembled at a similar rate to 
normal fibrinogen in the cells but had a reduced rate of secretion into the culture media. 
Contrary to this expectation, pulse-chase analysis demonstrated that the rates of not only 
secretion but also assembly of γ326A fibrinogens was slower compared with that of normal 
fibrinogen. 

Chain-assembly and/or secretion of variant fibrinogens substituted at residues 326 or 
339 (γ326S, γ339S, γ339A, and γ326S+γ339S) have already been studied in transiently 
transfected COS-1 cells by Zhang et al [8]. They demonstrated that variant γ-chains 
assembled into fibrinogen in the cells but its secretion was not observed using a highly 
sensitive radiolabeling method [8]. Although there is a possibility that characteristics of 
secretion of fibrinogen might be somewhat different between COS-1 and CHO cells, 
variant fibrinogens substituted at residues γ326 or γ339 were essentially not secreted or 
only secreted at very low levels into the culture media. In the same fashion, Vu et al. 
demonstrated that truncated γ-chain variant, γ387X, was assembled into fibrinogen inside 
the COS-7 cells, yet this was not secreted into medium [17]. This result appears to 
contradict data from our study showing no fibrinogen is detected when this truncated 
γ-chain is transfected in CHO cells [15]. Profoundly different from the present analysis, 
Zhang et al did not measure the fibrinogen concentration in cells, so it is not clear whether 
the accumulation of variant fibrinogen in COS-1 cells was higher or not than that of normal 
fibrinogen [8]. 

Three heterozygous cases of two types of variant fibrinogen at γ326 substituted by Y 
or S have been reported [9-11]. Plasma fibrinogen concentrations of the γ326C>Y (Suhl) 
[9], γ326C>Y (Frostburg) [10], and γ326C>S (Córdoba) [11] were <0.6/1.5, 0.5/0.4, and 
0.12/1.42 g/L (functionally determined value/ immunologically determined value), 
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respectively (Table 1). Namely, in addition to functional levels all plasma protein 
concentrations were lower or minimum levels as normal. The expression level of the 
Frostburg variant fibrinogen was indicated as very low by mass analysis [10] and the 
plasma fibrinogen from the Suhl patient indicated the presence of a small amount of 
albumin binding fibrinogen [9]. In addition, all of the purified fibrinogens showed impaired 
fibrin polymerization [9-11]. These results indicated that variant fibrinogens were present 
in the patient’s plasma and showed severely impaired function or inhibited the function of 
the normal molecules in fibrin fiber formation. Experiments using CHO cells do not reflect 
the function of human hepatocytes properly in vivo; however, the present results 
concerning fibrinogen assembly and secretion are coincident with the observation of 
naturally occurring variant fibrinogens. 

In general, misfolded and/or secretion-impaired proteins are subject to quality control 
and degraded by the ubiquitin-proteasome system [18, 19]. When protein breakdown 
occurs by this system, an endoplasmic reticulum storage disease (ERSD) might be induced. 
ERSD caused by the storage of variant fibrinogen has been reported in four families of 
heterozygous variant fibrinogens, γ 284G >R [20], γ375R>W [21, 22]), and 
deletion of γ346-350 [23]). All of these patients showed no significant levels of the variant 
fibrinogen in plasma, namely, hypofibrinogenemia. Contrary to these variants, all of the 
three heterozygous families with γ326Y and γ326S have not been described as showing 
liver dysfunction as suspected for the presence of ESDR. Finally, the present results lead to 
the prediction that variant fibrinogens substituted at residues γ326 or γ339 might escape 
from the quality control system and/or degradation by the ubiquitin-proteasome system, 
resulting in the accumulation of variant fibrinogens in CHO cells for a long period but 
without the aberrant storage of fibrinogen in the endoplasmic reticulum. 

In conclusion, the current results indicate that the γ326-339 intrachain disulfide bond 
has a crucial role in maintaining the tertiary structure of the C-terminal domain of the 
γ-module and is necessary for fibrinogen assembly and specifically for fibrinogen secretion. 
Namely, the γ326-339 disulfide bond connects between a α-helix composed of residues 
γ326-331 and a random coil region (γ337-340). The combination of the present results and 
the observation of naturally occurring heterozygous cases of γ326Y and γ326S suggest that 
small amounts of variants might be secreted into plasma and show impaired fibrin 
polymerization, resulting in hypodysfibrinogenemia. 
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  Table 1.  Clinical data for three variant fibrinogens substituted at γ326C     

Mutation 
Variant 

name 
Patient Type 

Functional

fibrinogen

level (g/L)

Antigenic 

fibrinogen

level (g/L)

Variant 

fibrinogen 

 in plasma 

Thrombin  

catalyzed fibrin  

polymerization 

Haemorrhage Thrombosis Reference 

 

 γ326  

 Cys/Tyr 
 

  Suhl propositus dys <0.6 1.5 
albumin 

binding(+)
impaired No Yes 9 

 γ326  

Cys/Tyr 
  Frostburg propositus hypo/dys 0.5 0.4 very low impaired No Yes 10 

  sister 1  0.7 0.5 ND  No No  

 

 
 

 sister 2  0.6 0.6 ND  No No  

 γ326  

Cys/Ser 
  Córdoba propositus dys 0.12 1.42 ND impaired Yes No 11 

    son   0.25 0.81 ND   No No   

      ND: not described    
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Figure legends 
Figure 1. 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): n=8; 
γ326A: n=14; γ326Y: n=8; γ326S: n=8; and γ339A: n=12. Significantly different from N: 
(*P<0.01, **P<0.001). 
 
Figure 2. Immunoblotting analysis of the cell lysate. The same volumes of 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 probed using a polyclonal 
antibody to fibrinogen and reactive bands were detected by chemiluminescence, as 
described in Materials and Methods. Samples from individual CHO cell lines were 
electrophoresed in lanes 2: normal (N)-20; 3: γ326A-57; 4:  γ326Y-23; 5: γ326S-31; 
6:  γ339A-28; Lane 1: purified fibrinogen from normal plasma; and 7: from parent 
AαBβ-CHO cells. Int: intermediates of fibrinogen, Right sides of panel A and B show 
molecular size markers. 
 
Figure 3. Analysis of pulse-labeled fibrinogen in transfected CHO cells. Cells were 
labeled for 1 h with [35S]-methionine and chased for the indicated periods (0, 1, 3, 6, 8, or 
24 h) with an excess of unlabeled methionine. Immunoprecipitates from the cell lysates or 
conditioned media were analyzed by 4% to 12% gradient SDS-PAGE under non-reducing 
conditions and labeled bands were detected by autoradiography. Lane Inh in the normal 
cell lysate or medium includes the addition of excess purified plasma fibrinogen to the 
reaction mixtures of the 6 h chase experiment to demonstrate the antibody specificity, and 
lane PC is the medium after a 6 h chase in normal-CHO cells as a positive control. Fbg: 
synthesized mature fibrinogens, *: unknown band. 
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