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Characterization of a Complementary Deoxyribonucleic Acid Coding for 
the a Chain of Human Fibrinogen? 
Mark W. Rixon, Wai-Yee Chan,t Earl W. Davie,* and Dominic W. Chung 

ABSTRACT: A human liver cDNA library was screened for the 
a chain of fibrinogen with a cDNA clone from the corre- 
sponding bovine molecule as a hybridization probe. Several 
human clones coding for the a chain were identified, and one 
of these was used to rescreen the entire cDNA library of 18 000 
recombinants. Plasmids with the largest cDNAs were isolated, 
and their inserts were sequenced. The largest cDNA insert 
contained 2224 base pairs, including a noncoding region at 
the 5'-end followed by a region coding for a signal peptide of 
19 (or 16) amino acids and a mature protein of 625 amino 
acids, a stop codon of TAG, another noncoding region, and 
a poly(A) tail at the 3'-end. Eight tandem repeats of 39 base 

F. ibrinogen' ( M ,  340 000) is a plasma protein that partici- 
pates in the final phase of blood coagulation (Marder et al., 
1982). Each molecule consists of two sets of three different 
polypeptide chains designated a, p and 7, with molecular 
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pairs were observed starting with nucleotide 905 (amino acid 
residue 270) and ending with nucleotide 1213 (amino acid 
residue 372). The identity in the nucleotide sequence in the 
tandem repeats ranged from 72 to 95% when compared to a 
consensus sequence. The predicted amino acid sequence for 
the mature polypeptide chain was 15 amino acids longer at 
the carboxyl-terminal end than that of the a chain isolated 
and sequenced from plasma fibrinogen. This indicates that 
minor proteolysis has taken place on the carboxyl-terminal end 
of the a chains, and this modification has probably occurred 
during secretion or circulation of the protein in plasma. 

weights of 66 000, 52 000, and 46 500, respectively (McKee 
et al., 1966). Fibrinogen is a glycoprotein containing four 
carbohydrate chains, including one on each of the @ chains 
and one on each of the y chains (Iwanaga et al., 1968; 
Topfer-Petersen et al., 1976). The a chain of fibrinogen is 
free of carbohydrate (Pizzo et al., 1972). The three pairs of 
chains in fibrinogen are held together by disulfide bonds and 

' The three chains in fibrinogen (factor I) have also been called Aa, 
BP, and y (Blomback, 1969). Plasmids were labeled as follows: p, 
plasmid; H,  human; B, bovine; I, fibrinogen; a, a chain; 1, first plasmid 
identified. 
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form a trinodular structure linked by long slender filaments 
(Hall & Slater, 1959; Fowler & Erickson, 1979). The com- 
plete amino acid sequences of the three chains of human fi- 
brinogen have been established by amino acid sequencing 
techniques (Henschen & Lottspeich, 1977; Lottspeich & 
Henschen, 1977; Doolittle et al., 1979; Henschen et al., 1979; 
Watt et al., 1979). The a chain contains 610 amino acids 
ending with a carboxyl-terminal valine. However, fibrinogens 
with different solubilities and chromatographic properties have 
been isolated and characterized (Mosesson et al., 1967), and 
proteolytic cleavage of the carboxyl terminus of the a chain 
has been proposed to account for some of these differences 
(Mosesson et al., 1972; Finlayson et al., 1972). 

During the coagulation process, thrombin removes the am- 
ineterminal fibrinopeptides A and B from both a and p chains 
by minor proteolysis, converting fibrinogen to fibrin monomers. 
The fibrin monomers then polymerize, leading to the formation 
of an insoluble fibrin clot (Doolittle, 1973, 1975). 

The three chains of fibrinogen are synthesized in liver he- 
patic parenchymal cells (Forman & Barnhart, 1964) from 
three individual mRNA species (Nickerson & Fuller, 1981; 
Chung et al., 1980). They are processed, glycosylated, as- 
sembled, and eventually secreted into the circulating plasma 
as the mature fibrinogen molecule. cDNA clones for the a 
and p chains of bovine fibrinogen (Chung et al., 1981, 1982) 
and the a, p and y chains of rat fibrinogen have been reported 
(Crabtree & Kant, 1981, 1982). The cDNA clone isolated 
for the a chain of bovine fibrinogen coded for the carboxyl- 
terminal 202 amino acids of the polypeptide chain (Chung et 
al., 1982). This report describes the isolation and charac- 
terization of cDNAs for the a chain of human fibrinogen, 
employing the bovine cDNA clone as a probe. The following 
two papers describe the properties of cDNAs coding for the 
p and y chains of human fibrinogen, as well as the gene for 
the p chain of human fibrinogen (Chung et al., 1983a,b). 

Experimental Procedures 
Materials. DNA restriction endonucleases were purchased 

from Bethesda Research Laboratories, New England Biolabs, 
or Amersham. 32P-Labeled nucleotides were obtained from 
New England Nuclear. Nitrocellulose (Schleicher and Schuell, 
Keene, NH) and Whatman 541 filters (Whatman Ltd., 
England) were used as hybridization solid supports. 

Preparation of Hybridization Probes. Initial screening of 
the human cDNA library was carried out with a fragment of 
a bovine cDNA (pBIal) that coded for the carboxyl-terminal 
202 residues of the a chain of fibrinogen, 251 base pairs of 
noncoding nucleotides, and a poly(A) tail (Chung et al., 1982). 
The bovine cDNA fragment was prepared by digestion of 
pBIal with A M  and TaqI restriction endonucleases and 
fractionation by electrophoresis in a 3.5% polyacrylamide gel 
(Maniatis et al., 1975a). DNA bands were visualized by either 
ethidium bromide staining or UV light shadowing on a 
fluorescent background. A band containing 161 base pairs 
corresponding to sequences coding for amino acid residues 
422-477 in the a chain of human fibrinogen was cut out of 
the gel and the DNA recovered by electroelution (McDonnell 
et al., 1977). The human cDNA probe was prepared from 
plasmid pHIa2 by digestion with TaqI, and a fragment was 
isolated that coded for amino acid residues 162-252 in the a 
chain of human fibrinogen. 

The cDNA probes were labeled to high specific radioactivity 
by the method of Maniatis et al. (1975b). The conditions were 
modified to include 40 KM calcium in addition to magnesium. 

Screening of Recombinant Plasmids. A cDNA library 
prepared from human liver was kindly provided by Drs. S. L. 

C. Woo and T. Chandra of Baylor College of Medicine. It 
contained approximately 18 000 recombinants with cDNA 
inserts in the PstI site of plasmid pBR322 (Chandra et al., 
1983). The library was initially screened for the a chain of 
fibrinogen with the bovine cDNA fragment from pBIal and 
then with the human cDNA fragment from pHIa2. Individual 
recombinants were stored in 50% glycerol in microtiter dishes 
at -70 "C. Prior to screening, they were plated directly onto 
nitrocellulose filters, and the filters were then layered on L-agar 
containing tetracycline (1 2.5 pg/mL). Colonies were lysed 
by soaking the filters in 0.5 M sodium hydroxide, and the 
DNA was immobilized onto the filters by the method of 
Grunstein & Hogness (1975). Hybridization of the filters with 
nick-translated cDNA was performed as described (Southern, 
1975), except in the cross-species hybridization where 0.09 M 
citrate-0.9 M sodium chloride, pH 7.0 (6X SSC), was used, 
and the prehybridization, hybridization, and washing were all 
carried out at 58 "C. In many experiments, Whatman 541 
filters were employed rather than nitrocellulose since they were 
less expensive, could be used in multiple screenings, and were 
much easier to handle in large quantities (Gergen et al., 1979; 
Wallace et al., 1981). 

DNA Sequence Determinations. DNA fragments were 
labeled at the 5'-end with [ Y - ~ ~ P ] A T P  by T4 polynucleotide 
kinase (Richardson, 1965; Maxam & Gilbert, 1980). Labeling 
at the 3'-ends was performed with either fill-in synthesis using 
the Klenow fragment of Escherichia coli polymerase I in the 
presence of [a-32P]dNTP~ (Smith et al., 1979) or with cor- 
dycepin [a-32P]triphosphate in the presence of terminal de- 
oxynucleotide transferase and cobalt (Tu & Cohen, 1980). 
Labeled DNA was separated from unreacted nucleotide tri- 
phosphates by gel-filtration chromatography employing U1- 
trogel AcA54 (LKB). The labeled DNA was digested with 
an appropriate restriction endonuclease for end separation and 
fractionated by electrophoresis in polyacrylamide gel. Base- 
specific chemical modifications were carried out according to 
the method of Maxam & Gilbert (1980) with the following 
modifications: the amount of dimethyl sulfate was reduced 
to half in the G-specific reaction and the G+A reaction was 
performed at 37 instead of 0 "C. DNA sequence was recorded 
and edited with the computer programs of Staden (1977). The 
TMATRIX computer program for the dot-matrix analysis was 
written and kindly provided by Drs. W. Barnes and M. Zyda, 
Department of Biological Chemistry, Washington University 
School of Medicine, St. Louis, MO 631 10. 

Containment. Experiments were performed in compliance 
with NIH Guidelines for Recombinant DNA Research. 

Results 
Approximately 4500 colonies from a human liver cDNA 

collection of 18 000 colonies were screened by the colony hy- 
bridization technique of Grunstein & Hogness (1975) em- 
ploying a cDNA probe coding for the a chain of bovine fi- 
brinogen (Chung et al., 1982). Fifty-seven positive colonies 
were identified on the basis of hybridization to the radiolabeled 
bovine cDNA probe. Small-scale preparations of plasmid 
DNA (Birnboim & Doly, 1979) for a number of these clones, 
followed by digestion with restriction endonuclease PstI to 
release the cDNA insert, revealed that one of the plasmids, 
designated pHIal ,  was approximately 1600 base pairs in 
length. A smaller cDNA (pHIa2), approximately 1000 base 
pairs in length, was also identified and shown by restriction 
enzyme mapping to contain additional nucleotides on the 
5'-end of the insert (Figure 1). DNA sequencing by the 
method of Maxam & Gilbert (1980) demonstrated that 
plasmid pHIa1 contained 1571 base pairs of DNA coding for 
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FIGURE 1: Restriction map and sequencing strategy for three cDNAs 
for then chain of human fibrinogen. The bars below the restriction 
map represent the three clones (pHIal, pHIa2, and pHln3). The 
5'- and 3'-nonmding regions are represented by slashed bars, the leader 
sequence is represented by a dotted bar, the coding regions are rep- 
resented by solid bars, and the poly(A) tails are represented by open 
bars; the extent of sequencing is indicated by the length of each arrow, 
and the site of labeling is represented by the vertical lines. 

amino acid residue 195 to the carboxyl-terminal end of the 
protein, in addition to a stop codon, 234 nucleotides of non- 
coding sequence, and a poly(A) tail. Plasmid pHIa2 contained 
1017 base pairs of DNA coding for amino acid residues 
153-491. From these data, it was estimated that 1.3% of the 
human liver cDNA library contained inserts coding for the 
a chain of fibrinogen. 

To identify a clone with a larger cDNA insert, the TaqI- 
TaqI fragment from plasmid pHIa2 was prepared and used 
as a hybridization probe. This fragment contained DNA 
coding for amino acid residues 162-252 and was used to screen 
the entire cDNA library of 18000 colonies on Whatman 541 
filters for the colony hybridization. Forty-two additional 
positive colonies were identified by this screening. DNA was 
then isolated on a small scale from each of these plasmids and 
subjected to restriction enzyme digestion. The plasmid with 
the longest cDNA insert (pHIa3) was sequenced and shown 
to contain a cDNA coding for the a chain of human fibrinogen 
(Figure 2). The predicted amino acid sequence for this cDNA 
is also shown in Figure 2. 

The cDNA insert of plasmid pHIa3 contained 2224 base 
pairs, including 11 G ' s  and 12 C's on the 5'- and 3'-ends, 
respectively. A stop codon of TAG was found 84 base pairs 
upstream from the amino-terminal alanine present in the a 
chain of the mature protein. This places the potential initiator 
methionine codon at position -19 or -16 in the putative signal 
sequence. The rest of the amino acids in the leader sequence 
of the a chain share the characteristics of a typical signal 
sequence, including a hydrophobic core, a positively charged 
residue (arginine at position -15), and an uncharged residue 
(threonine at  position -1) at the cleavage site for the signal 
peptidase (Blobel et al., 1979). The mature polypeptide was 
coded by 1875 base pairs corresponding to 625 amino acids 
followed by a stop codon of TAG. There were also 217 base 
pairs of 3'-noncoding in this plasmid and an apparent poly- 
adenylation signal (AATAAA) 22 base pairs upstream from 
the poly(A) tail (Proudfoot & Brownlee, 1976). 

The amino acid composition of the a chain of human fi- 
brinogen predicted from the cDNA was as follows: Asp,,, 
Asn,,, Thr,,, Sers9, Glu,,, G h ,  p1038, Gly,], Alaz3, Val,,, 
Metlo. I h ,  Leu,,, 5 r 9 ,  Phe,,, LYS,, His,,, Arg,~, 'l2-Cys8, 
and Trp,,. This corresponds to a molecular weight of 67 625. 
Two amino acid sequences that are potential sites for carbo- 
hydrate side chains are present in the mature molecule. These 
two sequences (Am-X-Ser) are present at asparagine residues 
269 and 400, but neither is attached to carbohydrate in the 

V O L .  2 2 ,  N O .  1 3 ,  1 9 8 3  3239 

Table I: Differences among Amino Acid Sequences of the 01 

Chain of Human Fibrinogen As Determined by Nucleic Acid and 
Protein Sequencing Techniques 

amino add =DNA protein protein 
residue sequence sequence la sequence 2 b  

128 GlU Gln GlU 
177 Asp Asn Asp 
196-197 Ser-AIg Ser-Arg ArgSer 
280 Ser Ser (GlY)C 
285 Ser Ser (G1Y)C 
298-299 Glv-Thr Ser-Glv Glv-Thr 
312 
388 

T L  
Asn 

390 Asp Asn ASP 
Data from Doolittle et  al. (1979). 

al. (1980a). Tentative assignment. 
Data from Henschen et 

mature molecule (Henschen et al., 198Oa). 
When the amino acid sequence as predicted from the cDNA 

was compared to that determined by protein sequencing 
techniques, some differences were observed (Table I). Most 
apparent was the fact that the nucleotide sequence predicted 
a polypeptide chain of 625 amino acids with a carboxyl-ter- 
minal proline, while the a chain isolated from plasma fihri- 
nogen ends with a valine at amino acid residue 610 (Doolittle 
et al., 1979; Henschen et al., 1980a). The DNA sequence 
coding for the mature polypeptide was identical in plasmids 
pHIal  and pHIa3, suggesting that an error by reverse tran- 
scriptase at a stop codon was unlikely during the construction 
of the cDNA library. Furthermore, these results are analogous 
to those observed for the a chain of bovine fibrinogen (Chung 
et al., 1982). In this case, there was also an additional 15 
amino acids on the carboxyl end of the a chain. 

The cDNA sequences of pHIa l  and pHIa3 were slightly 
different at their 3'-terminal ends. While the majority of the 
a chain cDNAs that were isolated contained only one internal 
EcoRI site at nucleotide 1745 (Figure l), pHIal  contained 
two EcoRI sites, the second being located at the extreme 3'-end 
of the cDNA insert. Sequencing of the cDNA insert for 
pHIa l  demonstrated that the poly(A) tract was located 17 
base pairs downstream from the poly(A) tract in pHIa3 
(Figure 3). This suggests that the DNA-dependent RNA 
polymerase may recognize more than one termination site, 
giving rise to mRNAs of different lengths on their 3'-ends. 
Alternatively, some nuclease activity or processing event at 
the 3'-end may result in some variation in the precise site of 
polyadenylation. Similar variations in the 3'-regions of the 
cDNAs coding for the 6 chains of human fibrinogen have also 
been observed (Chung et al., 1983a). 

Watt and co-workers (Watt et al., 1979) reported the 
presence of IO tandem repeats of 13 amino acids between 
residues 264 and 391 in the 01 chain of human fibrinogen. 
They postulated that a DNA duplication event was responsible 
for their origin. When the cDNA nucleotide sequence was 
determined, it was possible to make a detailed internal com- 
parison of the cDNA by using computer-assisted reiterated 
searches. These results showed that there are eight well-de- 
fined tandem repeats of 39 base pairs in the a chain cDNA 
(Table 11). These repeats start with nucleotide 905 (amino 
acid residue 270) and extend to nucleotide 1213 (amino acid 
residue 372). The degree of identity for each of the repeats 
ranged from 72-95% for the DNA and 54-92% for the amino 
acids when these sequences were compared to a consensus 
sequence. 

Discussion 
A cDNA (pHIa3) for the a chain of human fibrinogen has 
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-28 -19 -16 -10 -1 
STOP 'let Phe Ser  Met Arg I l e  \'a1 Cys Leu Val Leu Ser  Val  Val Gly Thr Ala Trp  Thr 

5 '  GGGGGGGGGG G T C  TAG GAG CCA GCC CCA C C C  TTA GAA AAC ATG TTT TCC ATG A6G ATC GTC TGC CTA GTT C I A  AGT GTG GTG GGC ACA G C A  TGG ACT 
10 20 30 40 50 60 70 80 90 

+1 10 20 30 
Ala Asp Ser  Gly Glu G l y  Asp Phr Leu Ala Glu G 1 y  G l v  !.ly Val A r e  G l v  P r o  Arg Val  Val i l u  Arg H i s  Gln S e r  Ala Cys L y s  Asp Ser  Asp Trp Pro  Phe Cys 
G C A  GAT AGT GGT GAA GGT GAC TTT CTA GCT GAA GGA LGA G G C  GTG CCT GCC CCA AGC GTT GTG GM. AGA CAT CAA TCT G C C  TGC AAA GAT TCA GAC TGG C C C  TTC T G C  
100 110 1 2 0  130 140 150 160 1 7 0  180 190 200 

40 50 60 70 
S e r  Asp G l u  Asp Trp Asn Tyr Lvs Cys P r o  Ser  Gly Cys Arg Met Lys  G l v  Leu Ile Asp Glu Val Asn Gln Asp Phe Thr Asn Arg I l e  Asn Lys Leu Lys Asn Ser 
TCT GAT GAA G A C  TGG AAC TAC A A A  TCC C C I  TCT GGC TLC 4GG ATG AAA L G G  TTT ATT GAT GAA GTC AAT CAA GAT TTT ACA AAC AGA ATA AAT A A G  CTC AAA AAT TCA 

210 220 240 250 260 270 280 290 300 310 

80 90 100 
Leu Phe Glu Tyr Gln Lys  Asn Asn Lys Asp Ser H i s  Ser Leu Thr Thr  Asn I l e  Met Glu I l e  Leu Arg Gly Asp Phe Ser  Ser Ala Asn A m  Arg Asp Asn Thr Tyr 
CTA TTT GAA TAT CAG AAG AAC AAT AAG GAT TCT CAT TCG TTG ACC ACT MT ATA ATG GAA ATT TTG AGA GGC GAT TTT TCC TCA GCC AAT AAC CGT GAT AAT ACC TAC 

320 330 340 350 360 370 380 390 400 410 420 

110 120 130 140 
Asn Arg Val Ser Glu Asp Leu Arg Ser Arg I l e  Glu Val Leu Lys Arg Lys '.a1 Ile Glu Lys Val Gln H i s  I l e  Gln Leu Leu Gln Lys Asn Val Arg Ala Gln Leu 
AAC C G A  GTG TCA GAG GAT CTG AGA AGC AGA A T 1  GAA GTC CTG AAG CGC AAA GTC ATA G A A  AAA GTA CAG CAT ATC CAG CTT CTG CAG AAA AAT GTT AGA GCT CAG TTG 

430 440 450 460 470 480 490 500 510 520 

150 160 170 180 
Val Asp Met Lys Arg Leu Glu Val Asp I l e  Asp I l e  Lys I l e  Arg Ser Cys Arg Gly Ser Cys Ser  Arg A l a  Leu Ala Arg Glu Val Asp Leu Lys  Asp Tyr Glu Asp 
GTT GAT ATG AAA CGA CTG GAG GTG GAC ATT GAT ATT AAG ATC CGA TCT TGT CGA GGG TCA T G C  ACT AGG GCT TTA GCT CGT GAA GTA GAT CTG AAG GAC T A I  G A A  GAT 

530 540 550 560 570 580 590 600 6 10 620 630 

190 200 210 
Gln Gln Lvs Gln Leu Glu Gln Val I l e  Ala  Lvs ASD Leu Leu Pro  Ser Are ASD Are G l n  H i s  Leu Pro  Leu I l e  Lvs Met L v s  P r o  Val Pro Aso Leu Val Pro Glv , .  .. . 
CAG CAG LG CAA CTT GAA CAG GIC ATT GCC AAA GAC TTA CTT ccc TCT AGA GAT AGC CAA CAC TTA CCA CTG ATA AAZ ATG A;L\ CCA GTT CCA GAC TTG GTT ccc GGA 
640 650 660 670 680 690 700 710 720 7 30 740 

220 230 240 250 
Asn Phe Lys Ser  Gln Leu Gln Lys Val P r o  Pro  Glu Trp Lys Ala Leu Thr Asp ?kt Pro  Gln Met Arg Met Glu Leu Glu Arg Pro  Gly Gly Asn Glu I l e  Thr Arg 
AAT TTT A A G  AGC CAG CTT CAG A A G  GTA CCC CCA GAG TGG AAG GCA TTA ACA GAC ATG CCG CAG ATG AM ATG GAG TTA GAG AGA CCT GGT GGA AAT GAG ATT ACT CGA 

750 760 770 780 790 800 810 820 830 840 850 

260 270 280 
Gly Gly Ser Thr  Ser  Tyr Gly Thr G l y  Ser G l u  Thr Glu Ser Pro Arg Asn P r o  Ser Ser Ala G l y  Ser Trp Asn Ser Gly Ser S e r  G l y  Pro  G l y  Ser Thr Gly A m  
GGA GCC TCC ACC TCT TAT GGA ACC GGA TCA GAG ACG GAA AGC CCC AGG AAC CCT AGC AGT GCT GGA AGC TGG AAC TCT GGG AGC TCT GGA CCT GGA AGT ACT GGA AAC 

860 870 880 890 900 910 920 9 30 940 950 960 

290 300 310 320 
Arg Asn Pro  Gly S e r  S e r  Gly Thr G l y  Gly Thr Ala Thr Trp Lys Pro  Glv Ser Ser G l y  Pro  G l y  Ser Ala Gly Ser  Trp Asn Ser Gly Ser S e r  G l y  Thr Gly Ser 
CGA AAC CCT GGG AGC TCT GGG ACT GGA GGG ACT GCA ACC TGG AAA CCT GGG AGC TCT GLA CCT GGA AGT GCT GGA AGC TGG AAC TCT GGG AGC TCT GGA ACT GGA ACT 

970 980 990 1000 ioio 1020 1030 1040 1050 1060 

330 340 350 360 
Thr Gly Asn Gln Asn Pro  Gly Ser P r o  Arg P r o  Gly Ser  Thr G l y  Thr Trp  Asn P r o  Gly Ser Ser Glu Arg Gly Ser Ala Gly H i s  Trp  Thr S e r  Glu Ser S e r  Val 
ACT GGA AAC CAA AAC CCT GGA AGT CCT AGA CCT GGT AGT ACC GGA ACC TGG rWT CCT GGC AGC TCT GAA CGC GGA AGT GCT GGG CAC TGG ACC TCT GAG AGC TCT GTA 

1070 1080 1090 1100 1110 1120 1130 1140 1150 1160 1170 

370 380 390 
Ser  Gly S e r  Thr Gly Gln Trp  H i s  Ser G l u  Ser  G l y  Ser Phe Arg Pro  Asp Ser  Pro  G l y  Ser Gly Asn Ala Arg P r o  Asn Asn Pro  Asp Trp Gly Thr Phe Glu Glu 
TCT GGT AGT ACT GGA CAA TGG CAC TCT GAA TCT GGA AGT TTT AGG CCA GAT AGC CCA GGC TCT GGG AAC GCG AGG CCT AAC AAC CCA GAC TGG GGC ACA TTT GAA GAG 

1180 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 

400 410 420 430 
Val Ser Gly Asn Val S e r  Pro  61s Thr Arg Arg G l u  Tyr H i s  Thr G l u  Lys Leu Val Thr Ser  Lys Gly Asp Lys G l u  Leu Arg Thr Gly Lys Glu Lys Val Thr Ser  
GTG TCA GGA AAT GTA AGT CCA G G G  ACA AGG AGA GAG TAC CAC ACA GAA AAA CTG GTC ACT TCT AAA GGA GAT AAA GAG CTC AGG ACT GGT AAA GAG AAG GTC ACC TCT 

1290 1300 1310 1320 1330 1340 1350 1360 1370 1380 1390 

440 450 460 
Gly Ser Thr Thr Thr Thr Arg Arg Ser Cys Ser Lys  Thr Val Thr Lys Thr Val I l e  Gly Pro Asp Gly H i s  Lvs Glu Val Thr Lys Glu Val Val Thr S e r  Glu Asp 
GGT AGC ACA ACC ACC ACG CGT CGT TCA TGC TCT AAA ACC GTT ACT AAG ACT CTT ATT GGT CCT GAT GGT CAC .AAA GAA GTT ACC AAA G A A  GTG GTG ACC TCC GAA GAT 

1400 1410 1420 1130 1440 1450 1460 1470 1480 1490 1500 

470 480 490 500 
G I Y  Ser ASV Cvs Pro  Glu Ala  Met ASP Leu Gly Thr Leu Ser Gly I l e  Gly Thr Leu Asp Gly Phe Arg H i s  Arp .  H i s  P r o  Asp Glu  Ala Ala Phe Phe ASP Thr Ala 
GGT TCT GAC TGT ccc GAG GCA ATG GAT TTA GGC ACA TTG TCT G G C  ATA GGT ACT CTG GAT GGG TTC CGT CAT AGE CAC CCT GAT GAA GCT GCC TTC TTC GAC ACT GCC 

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600 

510 520 530 540 
Ser Thr Glv Lvs Thr Phe Pro  G l v  Phe Phe Ser  P r o  Met Leu Glv Glu Phe Val Ser Glu Thr Glu Ser Are G l v  Ser  Glu Ser  Glv I le  Phe Thr Asn Thr Lvs Glu 
TCA ACT GGA AL ACA TTC CCA GGI TTC TTC T C A  CCT ATG TTA GGA GAG TTT GTC AGT GAG ACT GAG TCT A G G  CGC T C A  GAA TCT GGC ATC TTC ACA AAT ACA AAG GAA 

1620 1630 1640 1650 1660 1670 1680 1690 1700 1710 

550 560 570 
S e r  Ser Ser H i s  His P r o  Gly I le  Ala G l u  Phe P r o  Ser Arg Gly Lys Ser  Ser  Ser Tyr  Ser Lys Gln Phe Thr Ser  Ser Thr Ser Tyr Asn Arg Gly Asp Ser Thr 
TCC ACT TCT CAT CAC CCT GGC ATA GCT G A A  TTC CCT TCC CGT GGT AAA TCT TCA AGT TAC AGC AAA CAA TTT ACT AGT AGC ACG ACT TAC AAC AGA GGA GAC TCC ACA 

1720 1730 1740 1750 1760 1770 1780 1790 1800 1810 1820 

580 590 600 610 
Phe Glu Ser Lys Ser  Tyr Lys Met Ala Asp Glu Ala G l y  Ser Glu Ala  Asp H i s  G l u  Gly Thr H i s  Ser Thr  Lys Arg Gly H i s  Ala Lys Ser  Arg Pro  Val Arg Gly 
TTT GAA AGC A A G  AGC TAT AAA ATG GCA GAT GAG GCC GGA AGT GAA GCC GAT C A I  G M  GGA ACA CAT AGC ACC AAG AGA GGG CAT GCT AAA TCT CGC CCT GTC AGA GGT 

1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 

620 625 
I l e  His Thr Ser  P r o  Leu Gly Lys Pro  S e r  Leu Ser  Pro STOP 
ATC CAC ACT TCT CCT TTG GGG A A G  CCT TCC CTG TCC CCC TAG ACT AAG TTA APT ATT TCT GCA CAG TGT TCC CAT GGC CCC TTG CAT TTC CTT CTT AAC TCT CTG TTA 

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 

CAC GTC ATT G A A  ACT ACA CTT TTT TGG TCT GTT TTT GTG CTA G A C  TCT AAG TTC CTT G G G  GGC AGG GCC TTT GTC TGT CTC ATC TCT GTA TTC CCA AAT GCC TAA CAG 
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 

TAC AGA GCC ATG ACT CAA TAA ATA CAT GTT APA TGG ATG AAT GAA AAA AAA AAA AAA AAA AAA CCC CCC CCC C C C  3, 
2150 2160 2170 2180 2190 2200 2210 2220 

FIGURE 2: Complete nucleotide sequence of insert in pHIa3 coding for the a chain of human fibrinogen. The nucleotide sequence of the coding 
strand and the predicted amino acid sequence are also shown. Residues -1 to -19 (or -16) include the signal sequence, and residues 1-625 
include the amino acids present in the mature a chain. 
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Table 11: Amino Acid and Nucleotide Sequences for Tandem Repeats in the cy Chain of Human Fibrinogena 

tandem 
repeat homology 

no. (%) 

270 
Pro Ser 
CCT AGC 
283 
Pro Gly 
CCT GGA 
296 
Thr Gly 
ACT GGA 
309 
Pro Gly 
CCT GGA 
322 
Thr Gly 
ACT GGA 
335 
Pro Gly 
CCT GGT 
348 
Arg Gly 
CGC GGA 
36 1 
Ser Gly 
TCT GGT 

Pro Gly 

CCT GGA 

consensus 
sequence 

Ser Ala 
AGT GCT 

Ser Thr 
AGT ACT 

Gly Thr 
GGG ACT 

Ser Ala 
AGT GCT 

Ser Thr 
AGT ACT 

Ser Thr 
AGT ACC 

Ser Ala 
AGT GCT 

Ser Thr 
AGT ACT 

Ser Thr 

AGT ACT 

Gly 

Gly 

GGA 

GGA 

Ala 
G€A 

Gly 

G ly 

Gly 

G ly 

Gly 

Gly 

GGA 

GGA 

GGA 

GGG 

GGA 

GGA 

Ser 
AGC 

Asn 
AAC 

Thr 
ACC 

Ser 
AGC 

Asn 
AAC 

Thr 
ACC 

His 
CAC 

Gln 
CAA 

Asn 

AAC 

rrp 
TGG 

A rg 
CGA 

Trp 
TGG 

Trp 
TGG 

Gln 
CAA 

Trp 
TGG 

Trp 
TGG 

Trp 
TGG 

Trp 

TGG 

A sn 
AAC 

Am 
AAC 

LY s 
AAA 

A sn 
AAC 

A sn 
AAC 

A sn 
AAT 

Thr 
ACC 

His 
CAC 

Am 

AAC 

Ser Gly 
TCT GGG 

Pro Gly 
CCT GGG 

Pro Gly 
CCT GGG 

Ser Gly 
TCT GGG 

Pro Gly 
CCT GGA 

Pro Gly 
CCT GGC 

Ser Glu 
TCT GAG 

Ser Glu 
TCT GAA 

Pro 
Ser G1y 

TCT GGG 

Ser Ser 
AGC TCT 

Ser Ser 
AGC TCT 

Ser Ser 
AGC TCT 

Ser Ser 
AGC TCT 

Ser Pro 
AGT CCT 

Ser Ser 
AGC TCT 

Ser Ser 
AGC TCT 

S er 
TCT 

Ser Ser 

AGC TCT 

77 
92 

92 
95 

62 
85 

85 
95 

69 
79 

85 
85 

54 
79 

62 
72 

L 

a A gap was inserted in tandem repeat 8 for better alignment. 

pHIa3 T G T A T T C C C A A A T G C C T A A C A G T A C A G A G C C A T G A C T C  

pHIal  T G T A T T C C C A A A T G C C T A A C A G T A C A G A G C C A T G A C T C  

pHIa3 1 - I T A C A T G T T A A A T G G A T G A A T G A A A A A A A A A A A  

pHIal  A A T  A A A  T A C A T G T T A A  A T G G A T  Gl-lT T C C T C T G A - 
EcoRI - 

pHIa3 

pHIal A A C T C T A A A A A A A A A A A C C C C C C C C C C C C C C C C C C C C C  

A A A A  A A A A A  C C C C C C C C C C C C 

FIGURE 3: Comparison of 3’-nonccding regions of pHIa3 and pHIa l .  
The apparent polyadenylation signals (Proudfoot & Brownlee, 1976) 
for pHIa3  and pHIa1  are  shown in boxes. The additional EcoRI 
site in the extended 3’aoncoding region of p H I a l  is underlined. 

been isolated and characterized from a human liver cDNA 
collection with a cDNA fragment coding for the cy chain of 
bovine fibrinogen as the initial hybridization probe. The probe 
was chosen on the basis of amino acid homology between the 
amino acid sequence predicted from the bovine cDNA (Chung 
et al., 1982) and the amino acid sequence of the human pro- 
tein. The bovine cDNA probe covered a region of 55 amino 
acids starting with amino acid residue 422. In this region, 
there is 65% identity between the human and bovine amino 
acid sequences. The longest stretch of amino acid identity was 
nine residues in a row (amino acid residues 435-443 in the 
human molecule). A comparison of the corresponding DNA 
in this region revealed a nucleotide identity of 73%. The 
longest uninterrupted DNA sequence that was identical was 
20 nucleotides in a row (nucleotides 1493-1512j. 

The overall identity in nucleotides for the cy chain was 57% 
when the bovine cDNA was compared to the human cDNA. 
This low homology is due primarily to the presence of a hy- 
pervariable region in the cy chain that extends from amino acid 

472 to 552 in the human molecule (Henschen et al., 1980b). 
The divergence of DNA sequence in this region is best illus- 
trated by a matrix that compares the corresponding nucleotides 
in the human and bovine cDNAs. In Figure 4, identical 
nucleotides are represented by a dot when 8-10 nucleotides 
in a row are the same in each cDNA. Diagonal lines represent 
regions of homology, while shifts in the line result from in- 
sertions or deletions. The hypervariable region is identified 
by a discontinuity in the diagonal line. It is evident from the 
matrix that the two cDNAs share no significant homology in 
the hypervariable region. Beyond this region, the line of 
‘homology is displaced 78 nucleotides from the diagonal line, 
which indicates that the human cDNA contains 78 more nu- 
cleotides than the bovine molecule. Consequently, the human 
protein is 26 amino acids longer than the bovine molecule in 
the hypervariable region. Other small shifts in the diagonal 
line are located within the coding sequences and the 3’-non- 
coding sequences and are due to smaller insertions or deletions. 
The origin of the hypervariable region is not obvious from this 
comparison. Since there is no homology between the human 
and bovine molecules in this region, the event that created this 
region presumably occurred after the two genes diverged. One 
possible explanation is that it may involve differences in in- 
tervening sequence processing. Isolation and characterization 
of the gene for the cy chain may help to answer this possibility. 

The signal sequence predicted from the cDNA sequence was 
19 or 16 amino acids long, depending on whether the me- 
thionine at -19 or -16 is the correct start site for the signal 
sequence. Accordingly, the molecular weight for the signal 
peptide is either 2435 or 2016. This size is consistent with 
the molecular weight of 2000 that was estimated by Uzan et 
al. (1981) in a cell-free translation system employing human 
liver mRNA. Nickerson & Fuller (1981) have also observed 
the presence of a signal sequence in the cy chain of rat fibri- 
nogen. 
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FIGURE 4 Comparison of cDNA for the a chain of bovine fibrinogen (pBIal) with cDNA for the a chain of buman fibrinogen (pHla3) by 
a dot matrix. The bovine cDNA sequence is shown across the top axis, while the human cDNA sequence is shown on the left axis. Each 
dot represents nucleotide identity when 8-10 nucleotides in a row are identical. The corresponding protein sequences are indicated on the 
right axis (human) and the bottom axis (bovine). The bovine protein sequence was predicted from the cDNA in pBIul and was not numbered 
since the sequence for the aminetenninal twethirds of the protein was not known. The solid bars represent the higher homology regions between 
the two molecules, while the slashed bars represent the hypervariable regions. The carboxyl-terminal extension of 15 amino acids is indicated 
by the dotted bars. 

Table I shows the differences between the amino acids 
predicted from the cDNA and the amino acids as determined 
by protein sequence analysis for the a chain of fibrinogen 
(Doolittle et al., 1979; Henschen et al., 1980a). Most of the 
differences involve either amide assignments or inversion of 
dipeptides. One significant difference between the amino acid 
sequence predicted from the cDNA and that determined by 
protein sequence analysis is residue 312. Both Doolittle et al. 
(1979) and Henschen et al. (198Oa) have reported a threonine 
at this position, while the cDNA sequence for plasmids pHIa2 
and pHIa3 predicted an alanine. Since an error in the amino 
acid sequence assignment appears unlikely, it seems probable 
that this difference is due to minor polymorphism in the a 
chain. 

The 15 amino acid carboxyl-terminal extension predicted 
hy the cDNA sequence provides new insight into the structure 
of the fibrinogen molecule. The functional role of this car- 
boxyl-terminal extension is not clear. Presumably, it was not 
observed by protein sequencing techniques (Doolittle et al., 
1979: Henschen et al., 1980a) due to its low concentration or 
absence in plasma fibrinogen. It appears likely that the 15 
amino acids are removed during assembly, during secretion, 
or during the circulation of fibrinogen in plasma by limited 
proteolysis. 

The DNA sequence between nucleotides 905 and 1213 of 
pHIa3 contained eight homologous tandem repeats, each 
containing 36-39 base pairs. Five of the eight tandem repeats 
contained an SstI restriction endonuclease site corresponding 
to an amino acid sequence of Gly-SerSer. The restriction map 

for the a chaii of rat fibrinogen contained two Sac I restriction 
endonuclease sites a t  approximately the same position 
(Crabtree & Kant, 1981). Since Sac1 and SstI both have the 
same DNA recognition sequence, it appears likely that the a 
chain of rat fibrinogen also contains internal tandem repeats. 
Cottrell et al. (1979) have identified Gln-328 and Gln-366 as 
the cross-linkage acceptor sites in the a chain. Gln-328 is the 
seventh amino acid in tandem repeat 5, and (3111-366 is the 
sixth amino acid in tandem repeat 8 (Table 11). These are 
the only two glutamine residues in the eight tandem repeat 
structures. This suggests that the repeats have originated by 
some mechanism of gene duplication with two of the repeats 
evolving into cross-linkage sites. 

A number of abnormal fibrinogen molecules with specific 
changes in the amino acid sequence of their a c h a i i  have been 
reported (Blombiick et al., 1968; Henschen et al., 198Oa, 1982; 
Higgins & Shafer, 1981; Morris et al., 1981). The amino acid 
changes that have been reported thus far have occurred within 
the fmt 19 amino acid residues of the polypeptide chain (Table 
111). Accordingly, these amino acid substitutions often in- 
fluence the release of fibrinopeptide A during the conversion 
of fibrinogen to fibrin by thrombin. Most of these abnor- 
malities can be accounted for by a single base change in their 
gene involving both transversions and transitions (Table 111). 
Fibrinogen Munich, however, requires two base changes in the 
replacement of Arg by Asn at residue 19. The availability of 
human cDNAs for the a chain, as well as the 6 and y chains 
(Chung et al., 1983a,b), will now enable the study of other 
fibrinogen abnormalities at the gene level. Of particular in- 
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Table 111: Comparison of Normal and Abnormalcu Chains of 
Human Fibrinogen and the Proposed Nucleotide Changes' 

~~ 

normal fibrinogen abnormal fibrinogen 

aIilin0 amino 
acid codon acid codon identification 

Arg-19 A G  Ser-19 Detroit 

Arg-19 A Asn-19 A m  MunichC 

Arg-16 C U T  His-16 C @ T  Sydneyd*e 

Arg-16 m G  T Cys-16 m G  T Zurichdsf 

Asp-7 D A C  Asn-7 [;j;A - C Lilleg 

- - 

' Nucleotides shown in boxes are..those that have been changed 
by gene mutation. From Blomback et al. (1968). From 
Henschen e t  al. (1980a,b). From Higgins & Shafer (1981) and 
Henschen e t  al. (1982). e Fibrinogens Petoskey, Bicetre, 
Louisville, Manchester, and New Albany also contain histidine in 
position 16 (Henschen e t  al., 1981). From Morris et al. (1981). 

terest are individuals with afibrinogenemia in which there is 
a complete absence of fibrinogen in their plasma. 
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Characterization of Complementary Deoxyribonucleic Acid and 
Genomic Deoxyribonucleic Acid for the p Chain of Human Fibrinogen? 

Dominic W. Chung, Benito G. Que, Mark W. Rixon, Myles Mace, Jr., and Earl W. Davie* 

ABSTRACT: A total of 148 cDNAs coding for the p chain of 
human fibrinogen have been identified from a human liver 
cDNA library employing a bovine cDNA as a probe. The 
largest cDNA insert contained 1932 base pairs cloned into the 
PstI site of plasmid pBR322. This cDNA insert contained 
66 base pairs coding for a portion or all of a signal sequence, 
1383 base pairs coding for 461 amino acids in the mature 
protein, a stop codon of TAG, a noncoding region of 43 1 base 
pairs, and a poly(A) tail of 19 base pairs. Most of the cDNA 
inserts coding for the p chain were found to have a noncoding 
region of 98 or 167 base pairs rather than 43 1 base pairs at 
the 3’-end. The bovine cDNA for the p chain was also em- 
ployed as a probe for screening a X phage library containing 

x e  p chain of human fibrinogen ( M ,  52 000) is composed 
of 461 amino acids and one carbohydrate chain. The complete 
amino acid sequence has been elucidated by Henschen and 
co-workers and Watt and co-workers (Henschen & Lottspeich, 
1977; Watt et al., 1979). The p chain and the a and y chains 
are synthesized in hepatic parenchymal cells where the ex- 
pression of the individual genes for the three chains is coor- 
dinately controlled (Nickerson & Fuller, 1981; Chung et al., 
1980, 1982; Crabtree & Kant, 1981). To further understand 
the structure, function, and regulation of synthesis of fibri- 
nogen, we and others have used molecular cloning techniques 
for the isolation of cDNAs and the genes for the three chains. 
Complementary DNA for the a and p chains of bovine fi- 
brinogen (Chung et al., 1981, 1982) and the a, @, and y chains 
of rat fibrinogen has been isolated and partially characterized 
(Crabtree & Kant, 1981, 1982). In this paper, we describe 
the isolation and characterization of cDNAs and the gene for 
the @ chain of human fibrinogen. Accompanying papers de- 
scribe the isolation and characterization of cDNAs for the a 
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supported in part by Grants HL 16919 and HL 28598 from the National 
Institutes of Health. D.W.C. is an Established Investigator of the Am- 
erican Heart Association. 
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human genomic DNA. Seven positive phage were identified. 
One of the phage, which contained the entire gene for the p 
chain of fibrinogen, was examined by electron microscopy, and 
portions of its DNA sequence are presented. Seven intervening 
sequences were identified in the gene for the /3 chain of human 
fibrinogen. The largest intervening sequence (approximately 
1.3 kilobases) was found at the 5’-end of the gene and was 
located between amino acid residues 8 and 9, which are present 
in fibrinopeptide B. A sequence analysis of the 5’-end of the 
gene also indicated that the B chain of human fibrinogen 
contained a signal sequence of either 16, 27, or 30 amino acid 
residues. 

and y chains of human fibrinogen (Rixon et al., 1983; Chung 
et al., 1983). 

Experimental Procedures 

Enzymes. All restriction endonucleases were purchased 
from either Bethesda Research Laboratories or New England 
Biolabs and were used as recommended by the manufacturer. 
T4 polynucleotide kinase was purchased from Bethesda Re- 
search Laboratories, and the Klenow fragment of Escherichia 
coli polymerase I was purchased from P-L Biochemicals. All 
radioactive nucleotide triphosphates were supplied by New 
England Nuclear. 

Isolation of Liver DNA. Human liver, pulverized in liquid 
nitrogen, was homogenized in 10 volumes of buffer containing 
10 mM Tris-HC1,’ pH 7.5, 1 mM EDTA, and 1% sodium 
dodecyl sulfate (Chung et al., 1980). The homogenate was 
digested with proteinase K (100 pg/mL) at 40 OC for 1 h.  
Total nucleic acid was isolated by phenol-chloroform ex- 
traction followed by repeated ethanol precipitation (Palmiter, 
1974). High molecular weight DNA was separated from 
RNA by equilibrium density centrifugation in cesium chloride 
in the presence of ethidium bromide (Radloff et al., 1967). 

Abbreviations: EDTA, ethylenediaminetetraacetic acid; Tris, tris- 
(hydroxymethy1)arninomethane. 

0 1983 American Chemical Society 


