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assembly intermediates for the AaBfy complex and intact fibrinogen
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Abstract

Background: Fibrinogen Matsumoto IV was found in a hypofibrinogenemia caused by a
heterozygous missense mutation, i.e., the substitution of the fibrinogen y-chain residue
Cys153 by Arg.

Methods: To examine the precise basis for the fibrinogen deficiency, mixtures of any
two vectors, the fibrinogen Aa-, BB-, y- (153Cys) or ym- (153Ala) chain were
transfected into Chinese hamster ovary cells (CHO-Aaly, -Aa/ym, -Bp/y, -Bp/ym).
Expression and constitution of each of two chains and their complexes in the individual
CHO cell lines were identified by SDS-PAGE and immunoblot analysis using
polypeptide specific antibodies and two-dimensional electrophoresis (2DE).

Results: In the CHO-Aa/y and -Bp/y, the Aa/y- or BB/y-complex was formed, whereas
in the CHO-Aa/ym and -Bp/ym, no Aa/ym- or BB/ym-complex was observed. These
results demonstrate that y153Ala can not assemble with the Aa- and Bf-chains, leading
to impaired fibrinogen assembly and secretion.

Conclusion: y153Cys is an essential residue for the fibrinogen assembly which is
dependent on Aa/y- and BB/y-complex formation.

Introduction

Fibrinogen is a 340 kDa plasma glycoprotein consisting of a dimeric molecule of 3
polypeptide chains Aa, B, and v, linked by an extensive network of 29 intrachain and
interchain disulfide bonds [1]. Fibrinogen is synthesized in hepatocytes at plasma
concentration of 1.8 - 3.5 g/L. The chains are encoded by three genes, Aa, Bf3, and y
respectively, located in a cluster spanning some 50 kb on the long arm of chromosome 4
at 4028-31 [2]. Each gene is separately transcribed and translated, and the nascent
chains translocated into the endoplasmic reticulum (ER), where assembly occurs in a
stepwise fashion [3]. Congenital hypo- and afibrinogenemia are associated with low
and non-detectable levels of antigenic fibrinogen, respectively, and have been
demonstrated in a variety of 54 cases mutations in all three genes, Aa-chain; 27,
Bp-chain; 14, y-chain; 13 cases [4], including missense, nonsense and frameshift
mutations; splice-site abnormalities, and larger deletions [5, 6]. It has not been
demonstrated clearly, however, what the molecular mechanisms might be by which one
amino acid substitution caused by a missense mutation can lead to impaired assembly or
secretion of the fibrinogen.

We have previously reported a hypofibrinogenemia caused by a heterozygous
missense mutation, the substitution of the y-chain residue Cys153 by Arg (Fibrinogen
Matsumoto 1V) [7]. To examine the molecular basis for this fibrinogen deficiency, the



variant fibrinogens of y153Arg and y153Ala were expressed in Chinese hamster ovary
(CHO) cells. Immunoblot and metabolic pulse-chase analyses indicated that CHO
cells transfected with the y153Arg- or y153Ala-coding vector synthesized the variant
chains, but did not assemble the variant fibrinogen and did not secrete it into culture
medium [7].

In a model of the processes involved in the assembly and biosynthesis of fibrinogen,
Ao/y and BB/y dimers linked by a disulfide bonds are proposed to be intermediates
which, upon addition of a third chain, form the Aa/B/y half-molecule and then mature
fibrinogen (Ao/Bp/y)2 [8, 9]. Fibrinogen Matsumoto IV strongly suggests that the
formation of the Aa/y- and Bp/y-dimer is disturbed. Even though the Aa-, Bp-,
y-chain are expressed together in CHO cells, it is a challenge to identify the components
of the complexes, so we co-expressed each of two pair chains in the CHO cell lines,
CHO-Aaly, -Aalym, -BB/y, -BB/ym. In this report, we provide a molecular
mechanism for inducing the impaired assembly of the intact y153Ala fibrinogen.

Materials and Methods
Recombinant protein expression

For synthesis of the y153Ala variant, the fibrinogen y-chain expression vector,
pMLPy, was altered by oligonucleotide-directed mutagenesis as previously reported
(ym-vector) [7].

CHO cells were cotransfected with mixtures of any two of the vectors, i.e., the
fibrinogen Aa-, Bf3-, y- or ym-chains, along with a neomycine selection plasmid
(pPRSVneo), using the standard calcium-phosphate coprecipitation method. Individual
cell lines were selected with a medium containing G418, and were examined for the
expression of each polypeptide by means of immunaoblot analysis under reducing
conditions, and clones were established producing high as well as approximately
equivalent levels of each of the two polypeptides, and were designated as CHO-Aa/B,
CHO-Aa/y, CHO-Aa/ym, CHO-BB/y, and CHO-Bp/ym, respectively. In addition, a
CHO cell line secreting intact fibrinogen, CHO-NC, was used as a control.

Immunoblot analysis

Cell lysates for immunoblot analysis were prepared as follows.  After the
individual cells were grown to confluence in 60-mm culture dishes, the media were
removed and the cells were scraped into 100uL of non-reducing sample buffer for
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). For the
reducing conditions, 5% 2-mercaptoethanol (2ME) was added to the samples.



SDS-PAGE and immunoblot analyses for fibrinogen or individual polypeptides were
performed according to the methods of Laemmli [10] and Huang et al. [11], respectively.
For two-dimensional electrophoresis (2-DE), the first-run was performed on an 8% gel
under non-reducing conditions and the second-run was performed on a 10% gel under
reducing conditions. Briefly, individual lanes were cut from the gel of the first-run,
incubated for 30 minutes in Tris-HCI buffer (pH6.8) containing 5% 2ME for sample
reduction, and laid on secondary gels and underwent a run of electrophoresis.
Immunoblots were developed with a rabbit anti-human fibrinogen antibody (DAKO,
Carpinteria, CA), or a rabbit anti-human fibrinogen Aa- or Bf-chain antibody (both
from Chemicon International Inc., Temecula, CA), or anti-human fibrinogen y-chain
mouse monoclonal antibody 2G10 (Accurate Chemical & Scientific Corp. NY) [12].
Cross-reacting species were visualized with horseradish peroxidase-conjugated goat
antirabbit 1gG or antimouse IgG antibody (Medical and Biological Laboratories,
Nagoya, Japan) and enhanced chemiluminescence (ECL) detection reagents (Amersham
Pharmacia Biotech, Buckinghamshire, UK). Blots were exposed on Hyperfilm-ECL
(Amersham Pharmacia Biotech).

Results

Expression of each of the fibrinogen chains in cell lysates from transfected CHO
cell lines was confirmed by reducing SDS-PAGE and immunoblot analysis with an
antifibrinogen antibody. CHO-NC as a control exhibited expression of the Aa.-, Bp-
and y-chains, and other cell lines also clearly expressed two polypeptides among the
Aa-, BB-, y-, or ym-chains (FiglA). CHO cell lines expressing the BB-chain also
exhibited an extra band under the y-chain (FiglA), which might be a degradation
product of the BB-chain because the bands reacted with the antiBp-chain antibody (data
not shown). Although it is well known that the apparent mass of the complexes as
estimated by SDS-PAGE under non-reducing conditions is usually larger than that
calculated from the amino acid sequence [3], non-reducing SDS-PAGE and immunoblot
analysis for established cell lines indicated the presence of some of the intermediates
necessary for intact fibrinogen assembly (in addition to the non-assembly
polypeptide-chain), except for CHO-Aa/ym and CHO-BB/ym. Briefly, CHO-NC
exhibited kDa bands of 340 (fibrinogen) and 280, 166, 148, 118, and 93, CHO-Aa/Bp;
the 166 and 148 kDa bands, CHO-Aa/y; the 166 kDa band, and CHO-Bf/y; 141
kDa band (Fig.1B). On the other hand, CHO-Ao/ym and CHO-B/ym exhibited no
apparent complexes (Fig.1B).

To identify the polypeptide constitution of the intermediates in fibrinogen assembly



non-reducing SDS-PAGE and immunoblot analysis were performed using each of three
polypeptide specific antibodies (Fig.1C-E). With the antiAa-chain antibody, in
CHO-Aaly, the 166 kDa band and Aa-chain were observed, but in CHO-Aa/ym, only
the Aa-chain were observed (Fig.1C). With the antiBp-chain antibody, in CHO-Bp/y
cells the 141 kDa band and Bf-chain were observed, but in CHO-NC, -A/B and -B/ym
cells, two faint bands around 141 kDa and the Bp-chain were observed (Fig.1D). The
two faint bands around 141 kDa remained indeterminate by analysis using each of three
polypeptide specific antibodies and 2-DE. These observations indicate that no Ao/Bf
complex was to be found in not only the CHO-Ao/BJ3 but also the CHO-NC cell line
(Figs.1C and D). Unfortunately, some of the undetermined, non-specific bands were
observed when using the antiy-chain monoclonal antibody (Fig.1E).

Therefore an effort was made to examine the complex formation using 2-DE
(Fig.2A-F). Briefly, the complexes were first separated by SDS-PAGE under
non-reducing conditions and then run on SDS-PAGE again in the presence of 2-ME.

In the CHO-NC cells, intact fibrinogen, Aa/B/y (280 kDa)- and Aa/y (166kDa)-
complexes, two types of Aa-oligomers (148 and 93 kDa), a BB-oligomer (118 kDa),
and single Aa-, B3-, and y-chains were observed on the 2-DE gel (Fig.2A). For the
CHO-Aa/B cells both the 166kDa band was composed only of the Aa-chain (Fig.2B).
For the CHO-Aal/y cells, the 166 kDa band was separated from the Aa- and y-chains
and the CHO-B/y cells, the 141 kDa band was separated from the Bp3- and y-chains,
respectively (Figs.2C and 2D). In contrast, for the CHO-Aa/ym the faint 170 kDa
band was an Aa-oligomer and for the CHO-B/ym no complex was observed (Figs. 2E
and 2F). These results suggested that ym-chain is not able to assemble with the Aa- or
Bp-chains.

Discussion

To examine the precise basis for the fibrinogen deficiency, mixtures of any two
vectors, the fibrinogen Aa-, Bf-, v- (153Cys) or ym- (153Ala) chain were transfected
into CHO cells. The expression and constitution of each of the two chains and their
complexes in the individual CHO cell lines were identified by immunoblot analysis
using polypeptide specific antibodies and 2-DE.

In this report, evidence is provided which clearly demonstrates that the Aa/y and
Bp/y complexes, which are the assembly intermediates of fibrinogen, are formed in
CHO-Aa/y and CHO-Bp/y cells, respectively whereas y153Ala did not form these
complexes with the Aa- or BB-chain.  These results reveal that the substitution of the
y-chain residue Cys153 by Ala completely impairs the assembly of fibrinogen in CHO



cells as well as the subsequent secretion into medium, as has already reported [7].

Two groups have examined and reported the process of fibrinogen assembly from
three polypeptide chains in BHK or COS-1 cells [8, 13]. They demonstrated that the
y-chain is a key polypeptide for fibrinogen assembly. Briefly, in a first step, Aa/y- and
Bp/y-complexes are formed, and in the second step, these two are assembled into the
Ao/Bp/ly complex and finally into intact fibrinogen, (Aa/Bf/y)2. Interestingly,
however, the Aa/BB-complex was not detected. Furthermore, Zhang JZ et al. [14]
directly demonstrated that disruption of the disulfide loop of the y-chain,
v153Cys-y182Cys, resulted in the formation of fewer Aa/y- and Bp/y-complexes and
abolished fibrinogen assembly in COS-1 cells. Thus, the loss of Cys at residue 153
necessarily disrupts the disulfide bond between y153C and y182C, and the loss of the
disulfide bond very likely induces profound changes in the overall structure of the
C-terminal domain of the y-chain.  Our data demonstrate that the 153Ala mutation did
not participate in assembly, and did not form intermolecular disulfide linked products
with either the Aa.- or BB-chains.

We have directly examined the role of the y-chain by monitoring the synthesis of
fibrinogen with increasing deletions from the C-terminus of the y-chain. We found that
residues near the C-terminus of the y-chain were essential for fibrinogen assembly, and
more specifically, that y11e387 was critical [15]. Crystal structures of this y-chain
domain show that yl1e387 lies within a region of B-strand composed of the residues
v381-388, which inserts in an anti-parallel fashion between the strands formed by
residues y190-197 and y244-251 [16, 17]. We propose that the loss of yl1e387
markedly changes the 5-stranded anti-parallel -strand sheet and thus the overall tertiary
structure of y—chain, preventing assembly ay and By dimers.  The recombinant
153Ala y-chain is speculated to have a marked disruption of tertiary structure of the
C-terminal domain because y153Cys-y182Cys is adjacent to 3-strand of y190-197.

Our data indicate that this disruption also leads to assembly of the variant chain into
fibrinogen, consistent with the conclusion that the overall structure of this region has a
unique role for the assembly of normal fibrinogen [15].

Recently, hypo- or afibrinogenemia, which are caused by an amino acid substitution
in the C-terminal domain of the y-chain, have been reported in 4 cases, i.e., substitutions
of y284Gly by Arg [18], y345Asp by Asp [19], y371Thr by lle [20], yY375Arg by Trp
[21]. Although all 4 cases are not determined in terms of the assembly of variant
fibrinogen by ex vivo protein expression analysis, two cases, namely y284Arg [18] and
v375Try [21], are associated with hepatic ER storage disease. We speculate from our
observation that in these cases the variant y-chains were not assembled into variant



fibrinogen. Interestingly, using transient transfection assays, Duga et al [22], Vu et al
[23], and Spena et al [24] demonstrated that B-chains with substitutions in the
C-terminal region of the BB-chain, i.e., BB353Leu by Arg, BB400Gly by Asp,
Bp414Gly by Ser, and BB437Trp by Gly, assembled into normal 6-chain fibrinogens,
but were not secreted into media. These data suggest that the tertiary structure of
Bp-module may be critical to fibrinogen secretion but not assembly. These studies
suggest that the tertiary structure of the y-chain C-terminal domain is critical for
fibrinogen assembly and the subsequent requisite secretion from hepatocytes.

Finally, the results presented here are completely in accord with the assembly
process proposed in the above, and further reveal that the structure of the y-chain
C-terminal domain and/or y153Cys per se is essential for fibrinogen assembly, in
particular the formation of the Aa/y- and Bp/y-complexes. This abnormality is
demonstrated to be one of the molecular mechanisms leading to congenital hypo- and
afibrinogenemia.

Acknowledgements
We gratefully acknowledge Dr. Susan T Lord for generous gift of Aa-, Bf- and

y-chain vectors and discussion on the manuscript, and Li Fang Ping for helpful advice to
establish CHO cell lines (Department of Pathology and Laboratory Medicine,
University of North Carolina, Chapel Hill, NC, USA).

This work was partly supported by a Grant from Hokuto Foundation for Bioscience
(Terasawa F) and a Grant-in-Aid for Science Research from the Ministry of Education,
Science and Culture of Japan (N0.16590451) (Okumura N).



References

[1] Doolittle RF, Bouuma IH, Cottrell BA, Strong D, Watt KWK. The covalent structure
of human fibrinogen. In Bing DH editor. The Chemistry and Physiology of the
Human Plasma Proteins. New York, NY: Pergamon,1979: 77.

[2] Kant JA, Fornace AJ, Saxe D, Simon MI, McBride OW, Crabtree GR. Evolution and
organization of the fibrinogen locus on chromosome 4: gene duplication
accompanied by transposition and inversion. Proc. Natl. Acad. Sci. USA 1985 82:
2344-48.

[3] Yu S. Sher B, Kudryk B, Redman CM. Intracellular assembly of human fibrinogen. J
Biol Chem 1983; 258:13407-10.

[4] Maghzal GJ, Brennan SO, Homer VM, George PM. The molecular mechanisms of
conjenital hypofibrinogenemia. Cell Mol Life Sci 2004;61:1427-38.

[5] Mimuro J, Hamano A, Tanaka T, Madoiwa KS, Sugo T, Matsuda M, Sakata Y.
Hypofibrinogenemia caused by a nonsense mutation in the fibrinogen Bbeta chain
gene. J Thromb Haemost 2003;1:2356-9.

[6] Asselta R, Duga S, Spena S, Peyvandi F, Castaman G, Malcovati M, Mannucci PM,
Tenchin ML. Missense or splicing mutation? The case of a fibrinogen Bbeta-chain
mutation causing severe hypofibrinogenemia.

Blood 2004;103:3051-4.

[7] Terasawa F, Okumura N, Kitano K, Hayashida N, Shimosaka M, Okazaki M, Lord
ST. Hypofibrinogenemia associated with a heterozygous missense mutation
v153Cys to Arg (Matsumoto IV): in vitro expression demonstrates defective
secretion of the variant fibrinogen. Blood 1999;94:4122-31.

[8] Huang S, Cao Z, Chung DW, Davie EW. The role of By and oy complexes in the
assembly of human fibrinogen. J Biol Chem 1996;271:27942-7.

[9] Roy S, Sun A, Redman C. In Vitro assembly of the component chains of fibrinogen
requires endoplasmic reticulum factores. J Biol Chem 1996;271:24544-50.

[10] Laemmli UK. Cleavage of structual proteins during the assembly of the head of
bacteriophage T4. Nature 1970;227:680.

[11] Huang S, Mulvihill ER, Farrell DH, Chung DW, Davie EW. Biosynthesis of human
fibrinogen. J BioL Chem 1993;268:8919-26.

[12] Kudryk B, Rohoza A, Ahadi M, Gidlund M, Harfenist EJ. Antibodies specific for
neoantigens expressed on chains or degradation products of fibrin(ogen). In:
Mosesson MW, Amrani DL, Siebenlist KR, DiOrio JP, editors. Fibrinogen 3.
Biochemistry, Biological Functions, Gene Regulation and Expression. Amsterdam,
Netherlands: Elsevier Science Publishers B.V., 1988; 129-32.



[13] Hartwig R, Danishefsky. Studies on the assembly and secretion of fibrinogen. J
Biol Chem 1991;266:6578-85.

[14] zZhang JZ, Redman C. Fibrinogen assembly and secretion. Role of intrachain
disulfide loops. J Bio Chem 1996;271:30083-88.

[15] Okumura N, Terasawa F, Tanaka H, Hirota M, Ota H, Kitano K, Kiyosawa K, Lord
ST. Analysis of fibrinogen y-chain truncations shows the C-terminus, particularly
vl1e387, is essential for assembly and secretion of this multichain protein. Blood
2002;3654-60.

[16] Pratt KP, Cote HCF, Chung DW, Stenkamp RE, Davie ER. The primary fibrin
polymerization pocket: Three-dimensional structure of a 30-kDa C-terminal y
chain fragment complexed with the peptide Gly-Pro-Arg-Pro. Proc Natl Acad Sci
USA 1997;94:7176-81.

[17] Spraggon G, Everse SJ, Doolittle RF. Crystal structures of fragment D from human
fibrinogen and its crosslinked counterpart from fibrin. Nature 1997;389:455-62.

[18] Brennan SO, Wyatt J, Medicina D, Callea F, and Georg PM. Fibrinogen Brescia:
hepatic endoplasmic reticulum storage and hypofibrinogenemia because of a
gamma284 Gly-Arg mutation. Am J Pathol 2000;157:189-196.

[19] Meyer M, Franke K, Richter W, Steinger F, Seyfert, Schenk J et al. New molecular
defects in the gamma subdomain of fibrinogen D-domain in four cases of
(hypo)dysfibrinogenemia:fibrinogen variants Hannover VI, Homburg VII,
Stuttgart and Suhl. Thromb Haemost 2003;89:637-46.

[20] Brennan SO, Wyatt JM, Fellowes AP, Dlott JS, Triplett DA, George PM.
Gamma371 Thr-lle substitution substitution in the fibrinogen gammaD domain
causes hypofibrinogenemia. Biochim Biophys Acta 2001;1550:183-188.

[21] Brennan SO, Maghzal G, Shneider BL, Gordon R, Magid MS, George PM. Novel
fibrinogen gamma375Arg-Trp mutation (fibrinogen aguadilla) causes hepatic
endoplasmic  reticulum storage and hypofibrinogenemia.  Hepatology
2002;36:652-8.

[22] Duga S, Asselta R, Santagostino E, Zeinali S, Simonic T, Malcovati M, Mannucci
PM, Tenchini ML. Missense mutation in the beta fibrinogen gene cause congenital
afibrinogenemia by imparing fibrinogen secretion. Blood 2000;95:1336-41.

[23] Vu D, Bolton-Maggs PHB, Parr JR,Morris MA, de Moerloose P, Neerman-Arbez
M. Congenital afibrinogenemia: identification and expression of a missense
mutation in FGB impairing fibrinogen secretion. Blood 2003;102:4413-5.

[24] Spena S, Asselta O, Duga S, MalcovatinM,Peyvandi F, Mannucci PM, Tenchini
ML. Congenital afibrinogenemia:intracellular retention of fibrinogen due to a



novel W437G mutation in the fibrinogen Bp-chain gene. Biochim Biophys Acta
2003;1639:87-94.

[25] Zhang JZ, Redman CM. Identification of Bb chain domains involved in human
fibrinogen assembly. J Biol Chem 1992;267:21727-32.

10



Figure legends

Figure 1. Immunoblot analyses of the expressed fibrinogen chains. Fibrinogen
chains in the cell lysates of transfected individual CHO cell lines were resolved on a
10% or 8% polyacrylamide gel under reducing (A) or non-reducing conditions (B-F)
and transferred to nitrocellulose membranes. Blots were incubated with either a rabbit
anti-human fibrinogen antibody (A, B), a rabbit anti-human Aa-chain (C) or BB-chain
antibody (D), or the mouse anti-human y-chain monoclonal antibodies, 4A5 (E) or 2G10
(F). Cross-reacting bands were developed by a horseradish peroxidase-conjugated goat
anti rabbit 1gG or anti mouse IgG antibody and enhanced chemiluminescence detection
reagents. Lines indicate the molecular weights estimated for the Aa- (67 kDa), Bp3- (56
kDa), y-chains (47.5 kDa) and intact fibrinogen (340 kDa). A: Aa-chain, B: Bp-chain, y:
y-chain, Fg: purified fibrinogen. Abbreviations of vector transfected CHO cell lines: NC,
Aa-, BB- and y-chain; A/B, Aa- and BB-chain; Aly, Aa- and y-chain; A/ym, Aa- and
ym-chain; B/y, BB- and y-chain; B/ym, Bf3- and ym-chain.

Figure 2. Constitutional analyses for the intermediate complexes in CHO cell
lines by two-dimensional SDS-PAGE. The first dimension was run on 8%
SDS-PAGE under non-reducing conditions and the second dimension was run on 10%
SDS-PAGE under reducing conditions. After transfer to nitrocellulose membranes, blots
were developed with a rabbit anti-human fibrinogen antibody and developed with
horseradish peroxidase-conjugated goat anti rabbit IgG and enhanced
chemiluminescence detection reagents. The reduced purified fibrinogens (Fg) are
shown on the left side and the constitutional polypeptides at the bottom of each gel as
A: Ao-chain, B: Bp-chain, and y: y-chain. Abbreviations of vector transfected CHO cell
lines: NC, Aa-, BB- and y-chain (A); A/B, Aa- and BB-chain (B); Aly, Aa- and y-chain
(C); Bly, BB- and y-chain (D); A/lym, Aa- and ym-chain (E); B/ym, Bp- and ym-chain
(F). (A):(a);280 kDa, (b);166 kDa, (c);148 kDa, (d);118 kDa, (¢);93 kDa band in NC
cells.
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