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ABSTRACT: Similarities between the N-terminal regions of the three subunits of the clotting protein 
fibrinogen-(a/ly)z-suggest that they evolved from a common progenitor. However, to date no human 
a chain has been found with the strong C-terminal homology shared by the /l and y chains. Here we 
examine the natural product of a novel fibrinogen a chain transcript bearing a separate open reading frame 
that supplies the missing C-terminal homology to the other chains. Additional splicing leads to the use of 
this extra sequence as a sixth exon elongating the a chain by 35%. Since the extended a chain ((YE) is 
assembled into fibrinogen molecules and its synthesis is enhanced by interleukin-6, it suggests participation 
in both the acute phase response and normal physiology. 

Fibrinogen acts as the main factor in the formation of a 
blood clot by polymerization to a fibrin network and by 
enabling platelets to aggregate. This multichain molecule- 
composed of two copies each of the a, 8, and y subunits-is 
encoded by three separate genes which are clustered in an 
-50-kb region on chromosome 4q23-32 (Blomback et al., 
1968; Kant et al., 1985). The N-termini of the subunits all 
contain a-helical regions which combine in assembled fibrin- 
ogen to form a disulfide-interlocked coiled coil (Rao et al., 
1991). Evolution of the three subunits by duplication from 
a common ancestral gene has been advanced on the basis of 
comparisons, particularly in these N-terminal regions (Doolit- 
tle, 1983;Henschenetal., 1983), but therehasbeennoevidence 
of a domain in the human fibrinogen a chain that is equivalent 
to the C-terminal domains of the 8 and y chains with stretches 
of -250 amino acids sharing marked homology. Recently, 
two studies, in chicken (Weissbach & Grieninger, 1990) and 
lamprey (Pan & Doolittle, 1992), have identified nucleotide 
sequences that could potentially encode this type of domain. 
In the present study, an extended a chain (a#-the actual 
product of a novel human fibrinogen a chain transcript, with 
extensive homology to the j3 and y chain C-termini-is 
described and its function explored. 
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EXPERIMENTAL PROCEDURES 

For Northern analysis, 2 p g  of poly(A) RNA from adult 
human liver was run on a 1.2% agarose gel and transferred 
to a nylon membrane. Single-stranded hybridization probes 
were generated by PCR with one (antisense) primer as 
follows: unlabeled dCTP was replaced with 200pCiof [(Y-~*P]- 
dCTP and the number of cycles changed to eight with an 
elongation time of 15 min. 

Vectors, containing full-length cDNAs for the three 
fibrinogen chains (pBC12BI-Aa, -B& and -y), and trans- 
fection procedures have been described (Roy et al., 1991). To 
generate an aE-containing vector, a cDNA covering the entire 
coding region was generated by PCR, then blunt-ended with 
TCDNA polymerase, cut with BglII, and ligated into 
pBC 12BI-Aa which had been digested with BgfII/SmaI. The 
insert begins 29 nt upstream of the initiating methionine and 
ends 8 nt after Gln 847 as verified by sequencing. For calcium 
phosphate transfection, each cDNA-containing vector was 
used at 5 p g  of DNA/mL; a vector containing no insert was 
used to maintain the DNA concentration at 20 pg/mL in all 
cases. 

For generation of anti-ae, an exon VI-containing cDNA 
clone was cut first with BamHI and then partially digested 
with HindIII; the longer BamHI/HindIII fragment was 
isolated and ligated into the BamHIIHindIII site of pQE-9 
(Qiaexpress) which contains six histidines in front of the 
cloning region. The resulting insert (nt 2664-3583, as verified 
by sequencing) codes for the 21 3 C-terminal amino acids of 
(YE. The exon VI-containing vector was expressed in Es- 
cherichia coli, and the recombinant protein, affinity purified 
via its N-terminal His tag with a nickel-NTA column, was 
used for antibody production in rabbits. 

RESULTS AND DISCUSSION 

It is widely held that the human fibrinogen a subunit (67 
kDa) is derived from an -2.5-kb mRNA (Kant et al., 1983; 
Rixon et al., 1983; Roy et al., 1990). In contrast, the chicken 
a subunit (54 kDa) is encoded on a much larger mRNA (3.9 
kb) that is bipartite (Weissbach & Grieninger, 1990); Le., it 
contains both an a coding region and an intriguing second 
open reading frame (termed FASORF) of unknown function. 
While exploring the substantial homologies between this open 
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FIGURE 1: Nucleotide and deduced amino acid sequence of the bipartite a- and FASORF-containing transcript. The midportion of the a 
coding region is abbreviated. Nucleotides are numbered beginning with the ATG coding for the initiating methionine of the signal sequence. 
The amino acids, using single-letter code, are numbered starting at the alanine of the mature protein. Exon sequences (coding regions only) 
are represented in capital letters; introns and other untranslated sequences, in lower-case letters. Splice sites are marked by square brackets. 
Potential N-linked glycosylation sites are marked with a diamond. Poly(A) signals are underlined, and poly(A) sites are indicated by vertical 
arrows. The horizontal, numbered arrows indicate the positions and orientations of selected PCR primers. Whereas the carboxy end of the 
extended a chain is encoded by FASORF (last exon), the C-terminal amino acids of the predominant a chain (italics) are produced by 
translation into the last intron. The sequence presented is based on the sequencing of several overlapping cDNA clones in combination with 
direct sequencing of PCR products generated by various primer pairs on human templates, including mRNA (adult and fetal liver, Clontech; 
Hep-3B2 cells) and cDNA libraries (adult liver and Hep-G2, Stratagene). Standard procedures were used (Berger & Kimmel, 1987; Sambrook 
et al., 1989). In the primary PCR, human genomic DNA was used as template for the mixed oligonucleotide primers 1 and 2. Primer 1 
[GT(ACGT)T(AT)(CT)TG(CT)GA(CT)CA(AG)GA] was biased toward FASORF among the other fibrinogen gene family members due 
to the presence of a unique glutamine near its 3’ end. When the resulting fragment (with 78% identity to chicken FASORF) was used to screen 
a human adult liver cDNA library in hgtl 1 (Clontech), several distinct 3’ clones were found that were polyadenylated at the different positions 
shown. The complete upstream sequence was initially obtained by reverse transcriptase PCR (RT-PCR) with adult liver poly(A) RNA as 
template using primer 3, followed by nested primer 4 in conjunction with upstream primer 5 based on the known 5’ sequence of the a gene 
(Chung et al., 1991). Removal of the last intron was first demonstrated by comparison of the two products obtained by RT-PCR of oligo- 
(dT)-primed adult liver poly(A) RNA in conjunction with different primer pairs such as 6 and 7; splice sites were identified by direct sequencing 
of the smaller product. 
reading frame and the human fibrinogen 0 and y chains 
(Chung et al., 1983a,b), tenascin (Nies et al., 1991), gene X 
(opposite strand of P450c21) (Morel et al., 1989), the mouse 
T cell transcript pT49 (Koyama et al., 1987), and the sea 
cucumber gene FReP-A (Xu & Doolittle, 1990), we encoun- 
tered the first evidence of a human counterpart. It was in the 
form of a genomic DNA fragment (corresponding to nt 2685- 
3141 in Figure 1) generated by PCR using mixed primers 
that corresponded to well-conserved amino acid clusters 
apparent in multiple sequence alignments [e.g., see Weissbach 
and Grieninger (1 990) and Pan and Doolittle (1 992)] of this 
apparent gene family. The nucleotide sequences of a number 
of human liver cDNA clones isolated by hybridization to this 
genomic DNA fragment were consistent with the existence 
of a long transcript with a bipartite structure like that of 
chicken a mRNA. Southern blot analysis of human DNA, 
using a- as well as FASORF-specific probes, suggested that 

the two coding regions are contiguous and present at only one 
copy per haploid genome (data not shown). 

The complete sequence of the bipartite human transcript 
was obtained by PCR methodology (Figure 1). The amino 
acid sequence deduced from its first open reading frame is 
identical to the consensus sequence for the human fibrinogen 
a chain precursor compiled from nucleic acid and protein 
sequence data,3 which confirms that all five established a 
gene exons are present. Moreover, the beginning of the second 
frame (FASORF) and its upstream region align with the 
sequence of the 3‘-flanking region of the previously described 
human a gene (Chung et al., 1991), indicating an extension 
of the known transcription unit. This physical connection 
between human FASORF and the established a coding region 
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parallels that of chicken FASORF but not that of the recently 
described counterpart to FASORF in a lower vertebrate, 
lamprey, where it appears to have evolved as part of a second 
fibrinogen a! gene (Pan & Doolittle, 1992). 

FASORF, whether human or chicken, lacks an initiating 
methionine codon, but its upstream nucleotide sequence bears 
3’-intron-like features (an AG dinucleotide preceded by a tract 
of 10 thymidines), suggesting that splicing to an appropriate 
N-terminal coding region might enable its translation. To 
test whether some portion of the human achain coding region 
could serve as such an N-terminus, we performed reverse 
transcriptase PCR (RT-PCR) with human liver mRNA as 
template using a series of primer pairs: sense in the a!- and 
antisense in the FASORF-coding regions (e.g., primers 6 and 
7 in Figure 1). In each case at least two products were found, 
one always 700 bpshorter than theother. Sequencing revealed 
the smaller to be derived from splicing within exon V at a 
donor site, which is located 14 codons upstream from the 
C-terminus of the common a! chain, to the anticipated acceptor 
site at the beginning of FASORF. Sequencing of the cDNA 
of the spliced transcript proved the presence of all five exons 
in their entirety in addition to FASORF, which we henceforth 
denote as exon VI. We refer to the predicted product of the 
spliced transcript, containing -35% more amino acids, as an 
extended a chain (a!& In Figure 2a,b the organization of the 
CY gene and these transcripts are summarized schematically. 
For clarity, the term uexon” is restricted to the protein coding 
sequences of this complex gene. 

The multiple fibrinogen a! gene transcripts in normal human 
liver were visualized by Northern blot analysis of poly(A)- 
containing RNA with hybridization probes specific to exons 
V and VI and intron E which separates them (Figure 2c). The 
band at 2.6 kb, hybridizing to only the exon V probe, 
corresponds to the predominant a! mRNA. Identification of 
the exon VI-containing transcripts was based on differential 
hybridization to exon VI and intron E probes and on size 
predictions, allowing for use of various polyadenylation sites 
in the 3‘ untranslated region (particularly at nt 3505 and 
4301). The band at 5.2 kb, hybridizing all three probes, is 
a bipartite transcript; the one at 3.3 kb, which was not 
recognized by the intron E probe, is a spliced CYE transcript; 
and the broad band at 4.2 kb contains both. The identity of 
two additional transcripts (2.4 and 1.7 kb) is being investigated. 
The fact that intron E is found on about half of the exon 
VI-containing species, Le., the bipartite transcripts, indicates 
that it is not spliced out as efficiently as are introns A-D. 

Todate, the strongest similarities evident between the human 
fibrinogen subunits have been between the carboxy ends of 
the /3 and y chains. With the discovery of the extended a 
chain, the common ancestry shared by all three chains is 
manifest (Figure 3). It is further underscored by the precision 
with which intron E, demarcating the 5’ end of exon VI, aligns 
with intron positions (all type I splice junctions) at the very 
beginning of the corresponding homologous regions of the /3 
and y genes (Chung et al., 1991). As shown in Figure 3a, the 
sequence of the C-terminal extension of a E  is as similar to the 
carboxy ends of the human fibrinogen /3 and y chains as the 
latter two are to each other (-40% identity). In light of this 
symmetry of homology, we propose a revision of earlier 
evolutionary schemes (Doolittle, 1983; Henschen et al., 1983; 
Weissbach & Grieninger, 1990) to indicate that the gene 
duplications leading to development of the three separate 
subunits occurred at a similar time, more than 700 million 
years ago (Figure 3b). On the basisof hydrophobicity analyses 
(Kyte & Doolittle, 1982) (not shown), it is expected that the 
extended a! C-terminus folds independently into a globular 
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FIGURE 2: Fibrinogen CY gene and its transcripts. (a) Organization 
of the gene. The term exon is restricted to protein coding sequences 
only. Exons are depicted as boxes: exons I-IV, light gray; exon V, 
white; FASORF (exon VI), dark gray. Introns A-E and the 3’ 
untranslated region are drawn as lines. The narrow region at the end 
of exon V that is alternately translated (to generate the C-terminus 
of the predominant CY chain) or spliced out (as part of intron E for 
formation of LYE) is depicted half-height in black. Arrows show 
polyadenylation sites. PCR with human genomic DNA as template 
was used to extend the structure of the known fibrinogen CY 

transcription unit, demonstrating that the 3’ cDNA sequence of the 
bipartite transcript, beginning with exon V, isidentical to thegenomic 
DNA. (b) Schematic presentation of transcripts. Levels of transcripts 
were estimated by RT-PCR and Northern blot analysis using different 
batches of human liver RNA (adult and fetal). Comparable levels 
were found with RNAs from various sources. Transcripts are 
presented in order of prevalence: predominant CY, -90%; bipartite, 
-5%; extended CY (CYE), -2%. The same symbols as in (a) are used. 
(c) Northern blot analysis. The same blot containing human liver 
RNA is shown hybridized successively to three different probes, each 
specific for a separate section of the CY gene: lanes 1 and 2 (the latter 
overexposed to make the higher molecular weight bands visible), 
exon V probe, lane 3, exon VI probe; lane 4, intron E probe. The 
following regions were covered by the probes: exon V, most of the 
exon downstream to nt 1896; exon VI, nt 2608-3288; intron E, its 
3’ end from nt 2403 to nt 2537. Transcript sizes, estimated relative 
to RNA size markers, are indicated in kilobases. 

region as do the corresponding regions of the /3 and y chains. 
The presence of CYE transcripts in normal liver (Figure 2c) 

suggests a possible role for this variant chain in basic fibrinogen 
metabolism. To explore the matter further, synthesis, as- 
sembly, and secretion of CYE were studied, as summarized in 
Figure 4, (a) in COS cells transfected with subunit cDNAs 
to manipulate fibrinogen subunit composition and (b) in human 
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FIGURE 3: (a) Comparison of the C-terminal regions of the LYE, 8, and y chains of human fibrinogen. Alignment of the amino acid sequences 
is presented using single-letter code. The consensus sequence (*) is composed of amino acids present in at least two out of the three sequences 
at the corresponding position; residues present in all three are underlined. The sequences begin with the following amino acids: LYE, Asp 612; 
8, Glu 210; and y, Asp 152 (Chung et al., 1983a,b). (b) Proposed scheme for evolution of the fibrinogen genes. The three subunits are derived 
by gene duplication from a common ancestor. Shapes are used to symbolize the coding regions for the various domains: wavy line, the a-helical 
segment bordered by cysteine brackets (short vertical lines); ellipse, the globular C-terminal domain; rectangle, the long segment of the cy 
chain-containing oligopeptide repeats-that bears no sequence homology to the /3 and y chains (Doolittle et al., 1979). The rectangular 
section, which also encodes the carboxv end of the common cy chain, may have been a subsequent insertion (as depicted) or part of the ancestral 
gene that was lost later from the /3 aid y genes. 
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FIGURE 4: Synthesis, assembly, and secretion of the fibrinogen LYE chain in COS cells and human hepatoma (HepG2) cells. (a) Expression 
of fibrinogen chain cDNAs in COS cells. COS-1 cells were transiently transfected with vectors containing human fibrinogen subunit cDNAs, 
either alone or in combination, as indicated below each lane. After the cells were incubated for 2 h with [3SS]methionine, the fibrinogen chains 
were immunoprecipitated from cell lysates and culture medium using a rabbit antibody to whole human fibrinogen (Roy et al., 1991). The 
chains were separated by SDS-PAGE under reducing conditions and detected by autoradiography. Positions of the individual chains are 
indicated. (b) Stimulation of fibrinogen chain synthesis by interleukin-6 (IL-6) in Hep-G2 cells. HepG2 cells werecultured (Roy et al., 1991) 
for 24 h in the absence (-) or presence (+) of 20 ng/mL recombinant, baculovirus-derived, human IL-6 (May et al., 1991). Cells were labeled 
and processed as above for COS cells. Anti-fibrinogen was used in all cases except in the lane marked (AE) where it was replaced by anti-are 
for immunoprecipitation of the lysate of IL-6-stimulated cells. In the right panel, the autoradiogram was overexposed to enhance visibility 
of the CYE chain. 

hepatoma cells stimulated by interleukin-6 (IL-6) to mimic 
the acute phase response of the liver (Sehgal et al., 1989). 
Fibrinogen was immunoprecipitated from cells as well as 
medium with antibody to whole human fibrinogen, and the 
reduced subunits were separated by SDS-PAGE. Since only 
assembled fibrinogen is secreted (Amrani et al., 1983; Kudryk 
et al., 1982; Plant & Grieninger, 1986)-and this holds true 
also for COS cells transfected with vectors containing 
fibrinogen cy, 8, and y cDNAs (Roy et al., 1991)-subunits 
detected in the medium by this procedure reflect the con- 
stituents of the oligomeric molecule. 

When COS cells were transfected with a vector containing 
CYE cDNA alone, they expressed a protein, immunoprecipi- 
table with anti-fibrinogen, of -95 kDa (Figure 4a), close to 
the predicted molecular size of mature CYE (92 843 Da) with 

its 847 amino acids. This protein was not detectable in the 
medium, as expected for an unassembled fibrinogen chain. 
When these cells were cotransfected with vectors containing 
the fibrinogen 8 and y cDNAs, all three chains were 
synthesized but not secreted into the medium. When thevector 
containing thecommon cy chain cDNA was included, however, 
fibrinogen molecules, some containing the CYE chain, were 
secreted. The apparent increase in molecular mass of CYE (to - 1 10 kDa) upon export to the medium indicates a significant 
degree of processing, possibly involving the potential glyco- 
sylation sites in the extended C-terminus (Figure l). 

The obligatory presence of the short cy chain for CYE 
incorporation may reflect steric prohibition against the joining 
of two elongated chains in the same fibrinogen molecule. 
Alternatively, it may indicate a specific active role for the 
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shorter a chain in the intracellular assembly of fibrinogen, 
one which could be related to its proline-terminated carboxy 
end (shown in italics in Figure 1). The fact that this segment 
of 14 amino acids, excluded from CYE, is also missing from the 
a chain as it has been characterized in circulating plasma 
fibrinogen (Doolittleet al., 1979; Henschen et al., 1980; Kant 
et al., 1983; Rixon et al., 1983) strengthens such a notion. 

When human hepatoma cells are exposed to IL-6 in culture, 
fibrinogen secretion is increased (May et al., 1988). In Figure 
4b (left panel) it can be seen that IL-6-treated Hep-G2 cells 
increase synthesis and secretion of fibrinogen a, B, and y 
chains to a similar extent. Overexposure of the autoradiogram 
(right panel) revealed, in addition, comparable stimulation of 
a protein (-95 kDa in cell lysate, - 110 kDa in medium) 
immunoprecipitable with anti-fibrinogen. This protein was 
positively identified as (YE by specific recognition with an 
antibody to its C-terminal domain; no significant cross- 
reactivity of the antibody with either the fl or y subunit was 
detected (Figure 4b, right panel, lane marked AE). Thus a~ 
appears to be a component of both normal and acute phase 
fibrinogen expression. 

The further potential significance of the novel C-terminus 
of CUE may derive from its similarity to carboxy domains in a 
number of non-fibrinogen proteins from fruit fly to man (Baker 
et al., 1990; Koyama et al., 1987; Morel et al., 1989; Nies et 
ai., 1991; Norenberg et al., 1992; Xu & Doolittle, 1990). 
Where functions are known, these proteins are constituents 
of the extracellular matrix and have adhesive properties. 
Whether the globular domain of OLE contributes in a subtle 
way to the primary function of fibrinogen (clot formation) or, 
following the exampleof other differentially used exons (Chan 
et al., 1991; Descombes & Schibler, 1991; Early et al., 1980), 
promotes an alternative function [e.g., in the less well studied 
associations of fibrinogen with wound healing and with 
malignant tissue epithelia (Dvorak, 1986)], the mere fact that 
it is preserved in the genome signals a vital role in fibrinogen 
metabolism. 
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