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Characterization of the Complementary Deoxyribonucleic Acid and Gene 
Coding for Human Prothrombin? 
Sandra J. Friezner Degen, Ross T. A. MacGillivray,t and Earl W. Davie* 

ABSTRACT: The DNA sequences of a complementary deoxy- 
ribonucleic acid (cDNA) and a portion of the gene coding for 
human prothrombin have been determined. The cDNA was 
2005 base pairs in length and was found to code for part of 
a leader sequence of 36 amino acids, 579 amino acids present 
in the mature protein, a stop codon, a noncoding region of 97 
base pairs, and a poly(A) tail of 27 base pairs. It is proposed 
that the leader sequence consists of a signal sequence and a 
pro sequence for the mature protein that circulates in plasma. 
The 10 glutamic acid residues that are present in the ami- 
no-terminal region of prothrombin and are converted to y- 

Rothrombin  ( M ,  72 000) is a vitamin K dependent protein 
that participates in the final phase of blood coagulation (Mann 
& Elion, 1980). It is synthesized in the liver and secreted into 
the blood where it participates in the coagulation process. 
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carboxyglutamic acid in the mature protein are coded by only 
the GAG codon. The cDNA for prothrombin was also em- 
ployed as a probe for screening a human fetal liver genomic 
DNA library. One of the strongly positive phage containing 
a human DNA insert of 5 kilobases was mapped with re- 
striction endonucleases and sequenced. This DNA contained 
approximately half of the gene for human prothrombin and 
included six introns and five exons coding for amino acid 
residues 144-448. The two largest intervening sequences in 
the genomic DNA contained two copies each of AluI repetitive 
DNA. 

When coagulation is initiated, prothrombin is converted to 
thrombin by minor proteolysis by factor X, (activated Stuart 
factor) in the presence of factor V, (activated proaccelerin), 
calcium ions, and phospholipid. Thrombin then converts fi- 
brinogen to an insoluble fibrin clot. The amino acid sequences 
for bovine and human prothrombin have been reported 
(Magnusson et al., 1975; Butkowski et al., 1977; Thompson 
et al., 1977; Walz et al., 1977; Seegers, 1979). Each protein 
contains approximately 8% carbohydrate, including three 
carbohydrate chains and 10 residues of y-carboxyglutamic acid 
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hanging ends were labeled with the appropriate [ c ~ - ~ ~ P ] ~ N T P  
(New England Nuclear; 800 Ci/mmol) by using the Klenow 
fragment of Escherichia coli DNA polymerase (P-L Bio- 
chemicals; Smith et al., 1979). The 3’ ends of fragments that 
were blunt or contained 3’-overhanging ends were labeled with 
cordycepin 5’- [CY-~~P]  triphosphate (New England Nuclear; 
approximately 6000 Ci/mmol) and calf thymus terminal 
transferase (New England Nuclear; Tu & Cohen, 1980) ac- 
cording to the manufacturer’s instructions. The 5’ ends of 
fragments that were blunt or contained 3’-overhanging ends 
were labeled with [ Y - ~ ~ P I A T P  (New England Nuclear; ap- 
proximately 3000 Ci/mmol) by using polynucleotide T4 kinase 
after prior treatment of the DNA with bacterial alkaline 
phosphatase (Maxam & Gilbert, 1980). The alkaline phos- 
phatase was purchased from Worthington Biochemical Co. 
Labeled fragments were subjected to base modification and 
cleavage (Maxam & Gilbert, 1980) and subjected to elec- 
trophoresis on 6% and 20% polyacrylamide gels (Sanger & 
Coulson, 1978). DNA sequences were stored and analyzed 
by the computer programs of Staden (1977, 1978). The 
programs were adapted for use on a local computer facility 
by Dr. Jon Herriott in our department. 

Screening of Human Genomic DNA Library. The A M /  
HaeIII human fetal liver genomic DNA library (Lawn et al., 
1978; Maniatis et al., 1978) was kindly provided by Dr. Tom 
Maniatis of Harvard University. The library containing 2 X 
lo6 phage was screened by the in situ plaque hybridization 
technique of Benton & Davis (1977) as modified by Woo 
(1979). In these experiments, a nick-translated bovine pro- 
thrombin AvaI/BamHI probe was hybridized and washed 
under the same conditions used for screening the human 
cDNA library. Twelve positive phage were identified, and 
three were found to code for human prothrombin. One of these 
phage, named X10, was fully sequenced. Another of the 
positive phage coded for amino acid residues 392-510 in 
prothrombin and was only partially characterized. 

Preparation of Phage DNA. Approximately 1 X lo6 phage 
were plated on each of 24 L-agar plates and incubated at 37 
“C for 9 h. Tris-HC1 buffer (10 mM at pH 7.6 containing 
20 mM MgC12) was overlaid on each plate, and the set of 
plates was stored at 4 OC overnight. The overlay was removed, 
centrifuged to remove agar, and digested with DNase I and 
RNase A (both 1 pg/mL) for 1 h at 37 OC. The phage were 
precipitated by addition of NaCl (to 0.4 M) and poly(ethy1ene 
glycol)-6000 (to 9%) followed by incubation on ice for at least 
2 h. Phage were pelleted at 6000 rpm for 30 min in a GSA 
rotor, resuspended, and again digested with DNase I (5 
pg/mL) and RNase A (25 pg/mL) for 30 min at 37 OC. 
After centrifugation, the supernatant was applied to a cesium 
chloride step gradient (1.3-1.7 specific density) and centrifuged 
at 30000 rpm for 1 h at 10 OC in a SW40 rotor. Phage were 
extensively dialyzed against 0.1 M Tris-HC1 (pH 7.6) con- 
taining 0.3 M NaCl and 1.25 mM EDTA. Phage DNA was 
extracted by digestion with proteinase K (100 pg/mL) in the 
presence of 1% sodium dodecyl sulfate at 37 OC for at least 
1 h followed by several phenol/chloroform extractions. Ap- 
proximately 50 pg of DNA was obtained by this procedure. 

Southern Hybridization Analysis. Restriction enzyme 
digests were subjected to electrophoresis on 0.7% agarose and 
transferred to nitrocellulose (Schleicher & Schuell, Keene, 
NH) by the Southern procedure (Southern, 1975) as modified 
by Smith & Summers (1980). This procedure was developed 
for bidirectional transfer but can be employed for transfer in 
one direction by placing a used X-ray film on one side to block 
the transfer in that direction. 

(Stenflo et al., 1974; Nelsestuen et al., 1974; Magnusson et 
al., 1975). Prothrombin also contains two regions of internal 
homology called kringle structures (Magnusson et al., 1975). 
These structures occur in the amino-terminal region of the 
protein. 

In order to gain a clearer understanding of the biosynthesis 
and regulation of prothrombin, we have recently isolated and 
characterized a cDNA coding for the bovine molecule 
(MacGillivray et al., 1980). In this paper, we describe the 
isolation and characterization of a cDNA coding for the hu- 
man molecule and a X phage containing a portion of the gene 
coding for the human protein. 

Materials and Methods 
Screening Human Liver cDNA Library. A human liver 

cDNA library containing approximately 18 OOO transformants 
was screened for human prothrombin by using two different 
probes. This cDNA library was kindly provided by Drs. S. 
L. C. Woo and T. Chandra of Baylor College of Medicine and 
contained cDNAs inserted into the PstI site of pBR322 
(Chandra et al., 1983). A portion of the library was screened 
initially with a nick-translated bovine prothrombin cDNA 
probe by the method of Grunstein & Hogness (1975). The 
probe was an AvaI/BamHI restriction fragment that contained 
1200 base pairs (bp)’ coding for amino acids 109-500.2 It 
was employed at reduced stringency. These conditions in- 
cluded hybridization at 60 OC in 2 X Denhardt’s solution, 6 
X SSC, 0.5% sodium dodecyl sulfate, and 1 mM EDTA and 
washing the filters at 60 “C in 6 X SSC with 0.5% sodium 
dodecyl sulfate. Two positive clones were identified (pHII- 1 
and pHII-2) and their plasmids purified (Katz et al., 1973, 
1977). 

The library was also screened by Drs. K. Kurachi, S. Leytus, 
and S. Yoshitake in our department by using a mixture of 
synthetic DNAs 14 nucleotides in length. This mixture was 
purchased from P-L Biochemicals and contained the following 
sequences: 

The probe was labeled with T4 kinase and [ Y - ~ ~ P ] A T P  and 
screened by a modification of the method of Wallace et al. 
(1981). Approximately 30 positive clones were found and 14 
hybridized with the cDNA probe coding for prothrombin. The 
remainder were primarily cDNAs coding for other serine 
proteases, including factor IX. Two of the positive clones for 
prothrombin (pHII-3 and pHII-4) were further characterized, 
and their plasmids were also isolated by the method of Katz 
et al. (1973, 1977). 

The four plasmids were further characterized by restriction 
enzyme mapping. All restriction enzymes (Bethesda Research 
Laboratories or New England Biolabs) were used according 
to the manufacturer’s instructions. 

DNA Sequence Analysis. Restriction fragments were la- 
beled in a number of ways depending on the restriction site 
and the desired strand to be labeled. The 5’ ends of fragments 
with overhanging 5’ ends were labeled with [Y-~~PIATP (New 
England Nuclear; approximately 3000 Ci/mmol) by using 
polynucleotide T4 kinase (New England Nuclear or Bethesda 
Research Laboratories) by the exchange reaction of Maxam 
& Gilbert (1980). The 3’ ends of fragments with 5’-over- 

Abbreviations: bp, base pair(s); SSC, 0.15 M sodium chloride and 
0.01 5 M trisodium citrate (pH 7.0); EDTA, ethylenediaminetetraacetic 
acid; kb, kilobase(s); Tris, tris(hydroxymethy1)aminomethane. 

R. T. A. MacGillivray and E. W. Davie, unpublished results. 
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FIGURE 1 : Restriction map and sequencing strategy for three human 
prothrombin cDNAs. The bars below the restriction map represent 
the three clones (pH11-1, pHII-2, and pHII-3). The region coding 
for the leader sequence is represented by a dotted bar, the coding region 
by a solid bar, and the 3’-noncoding region by a slashed bar, followed 
by an open bar for the poly(A) tail. The extent of sequencing is 
indicated by the length of each arrow, and the site of labeling is 
represented by a vertical line. Fragments labeled a t  their 3’ and 5’ 
ends are indicated by heavy and light arrows, respectively. The scale 
shown a t  the bottom represents nucleotides in kilobases. 

Subcloning. Preparation of phosphatase-treated linear 
pBR322 and subcloning conditions are as described by 
Goodman & MacDonald (1979). The vector to target DNA 
ratio was determined by the method of Dugaiczyk et al. 
(1975). 

E .  coli RRl  cells were subjected to CaClz shock (Bolivar 
et al., 1977) and transformed with the subcloning mixture. 
Colonies were plated on the appropriate antibiotic containing 
L-agar plates and grown at 37 “C  overnight. Colonies con- 
taining the desired subcloned plasmids were identified by 
colony hybridization (Grunstein & Hogness, 1975). 

Results 
Human Prothrombin cDNAs. A human liver cDNA library 

of 18 000 transformants was screened for cDNAs coding for 
prothrombin employing two different probes. The first probe 
was a cDNA of 1200 bp coding for residues 109-500 in the 
bovine molecule (AuaI/BamHI probe). The second probe was 
a synthetic nucleotide 14 bases in length containing 16 different 
DNA sequences complementary to the amino acid sequence 
of Met-Phe-Cys-Ala-Gly (amino acid residues 505-509). Four 
of the plasmids for prothrombin that were identified with these 
two probes were further characterized by restriction mapping 
and RNA sequencing. 

A partial restriction map of three of the plasmids (pH11-1, 
pHII-2, and pHII-3) is shown in Figure 1. pHII-3 has a DNA 
insert of approximately 2000 bp and was the longest cDNA 
clone obtained. Its entire DNA sequence was determined by 
the method of Maxam & Gilbert (1980) by using the strategy 
shown in Figure 1. The complete sequence for this plasmid 
is shown in Figure 2 along with the predicted amino acid 
sequence. The DNA for this plasmid coded for part of a leader 
sequence of 36 amino acids as well as the entire coding region 
of the mature protein present in plasma. This plasmid was 
2005 bp in length, including 16 G’s and 15 C’s on the 5’ and 
3‘ ends, respectively. 

pHII-1 was found to code for amino acids 224-427 in hu- 
man prothrombin and was 610 bp in length. It did not contain 
the 3’ end of the cDNA. This was probably due to excessive 
S1 nuclease digestion during the cloning procedure or failure 
of the reverse transcriptase to synthesize a second full-length 
strand. pHII-2 was found to be 1288 bp in length and con- 
tained DNA coding for amino acids 200-579, a 3’-noncoding 

Table I: Differences in the Amino Acid Sequence of Human 
Prothrombin As Determined by cDNA and Amino Acid 
Sequencing Techniques 

amino acid 
residuea cDNA Walzb Butkowski‘ Thompsond 

76 His Asn 
78 Asn Ser 

121 Asn Ile 
133 Val Ala 
140 Ile Thr 
1 5 1  Ala Met 
152 Met Val 
266 absent Glu 
267 absent Glu 
279(281) Thr Pro Thr 
283 (285) Pro Thr PI 0 

292(294) Asp Asp Asn ASP 
306 (308) Asp Asp Asn ASP 
310(312) Arg Lys Arg Arg 
326 (328) Asp Asp Am ASP 
355 (357) Asp Asp Asn ASP 
360(362) Thr Thr Thr Ser 
371 (373) Asp Asn Asn 
442(444) Asp Asp Asn ASP 
451 (453) Gln Gly Gly Gln 
461 (463) Trp Trp TY r TIP 
466 (468) Glu Ser Ser 
468(470) Trp Val Val 
471 (473) Asn Asp ASP 
486 (488) Pro Ala Ala 
487 (489) Ile Leu Leu 
489(491) Glu Gln Gln 

a The numbers shown in parentheses refer to the residue number 
as determined by amino acid sequencing techniques. From Walz 
et al. (1977) and Seegers (1979). ‘ From Butkowski et al. (1977). 

From Thomuson et  al. (1977). 

region, and a 14-bp poly(A) tail. The size of the insert in 
pHII-4 was estimated at 950 bp by restriction mapping. 

The amino acid sequence predicted by the DNA sequence 
of pHII-3 corresponds to a mature protein of 579 amino acids. 
When this sequence was compared to that reported by amino 
acid sequencing techniques (Butkowski et al., 1977; Thompson 
et al., 1977; Walz et al., 1977; Seegers, 1979), several dif- 
ferences were noted (Table I). The most notable difference 
was the absence of a Glu-Glu dipeptide reported by amino acid 
sequence analysis (Walz et al., 1977). Because of this dif- 
ference, the numbering system for human prothrombin fol- 
lowing residue 265 differs from that reported previously by 
amino acid sequencing techniques. 

The amino acid composition of mature human prothrombin 
was determined to be as follows: Asp,,, Amz6, Thr,,, Ser,,, 
Glu41, G h ,  Glalo, Gly4,, Ala36, Val3,, Met,, Ilezz, Leu427 
Tyrzl, Phezo, LYSZ~, H m ,  Arg39, Trp14, and 1 / ~ - C ~ s ~ 4 .  The 
molecular weight for the protein was calculated to be 65 740 
without carbohydrate and 71 612 with the addition of 8.2% 
carbohydrate (DiScipio et al., 1977). 

The amino-terminal sequence of the mature human pro- 
thrombin is Ala-Asn-Thr-Phe-Leu and is indicated in Figure 
2 as starting at +1. Preceding this sequence is a portion of 
a leader sequence of 36 amino acids (-1 to -36). This leader 
sequence is a partial signal sequence since it does not contain 
a potential methionine start site. This leader sequence includes 
a hydrophobic stretch of amino acids (residues -3 1 to -26) 
which is characteristic of signal sequences (Blobel et al., 1979). 
The leader sequence ends with Arg just prior to the amino- 
terminal Ala that is present in the mature protein. Since an 
Arg-Ala bond is not a typical cleavage site for signal peptidase 
(Blobel et al., 1979), it appears likely that the newly syn- 
thesized prothrombin contains a pre-pro leader sequence 
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5' GGGGGGGGGGGGGGGGTG 

-36 -30 -20 -10 -1 
Gln Leu P r o  Gly Cys Leu Ala Leu Ala Ala Leu Cys Ser Leu Val H i s  Ser Gln H i s  Val Phe Leu Ala Pro Gln Gln Ala Arg Ser Leu Leu Gln Arg Val Arg Arg 
CAG CTG CCT GGC TGC CTG GCC CTG GCT GCC CTG TGT AGC CTT GTG CAC AGC CAG CAT GTG TTC CTG GCT CCT CAG CAA GCA CGG TCG CTG CTC CAG CGG GTC CGG CGA 
20 30 40 50 60 70 80 90 100 110 120 

10 

+1 10 20 30 
Ala Asn Thr Phe Leu Glu Glu Val Arg Lys Gly Asn Leu Glu Arg Glu Cys Val Glu Glu Thr Cys Ser Tyr Glu Glu Ala Phe Glu Ala Leu Glu Ser Ser Thr Ala 
GCC AAC ACC TTC TTG GAG GAG GTG CGC AAG GGC AAC CTA GAG CGA GAG TGC GTG GAG GAG ACG TGC AGC TAC GAG GAG GCC TTC GAG GCT CTG GAG TCC TCC ACG GCT 
130 140 150 160 170 180 190 200 210 220 230 

40 50 60 70 
Thr Asp Val Phe Trp Ala Lys Tyr Thr Ala Cys Glu Thr Ala Arg Thr Pro Arg Asp Lys Leu Ala Ala Cys Leu Glu Gly Asn Cys Ala Glu Gly Leu Gly Thr Asn 
ACG GAT GTG TTC TGG GCC AAG TAC ACA GCT TGT GAG ACA GCG AGG ACG CCT CGA GAT AAG CTT GCT GCA TGT CTG GAA GGT AAC TGT GCT GAG GGT CTG GGT ACG AAC 

240 250 260 270 280 290 300 310 320 330 340 

80 90 100 
Tyr Arg Gly H i s  Val 4sn Ile Thr Arg Ser Gly Ile Glu Cys Gln Leu Trp Arg Ser Arg Tyr PrO H i s  Lys Pro Glu Ile Asn Ser Thr Thr H i s  Pro Gly Ala Asp 
TAC CGA GGG CAT GTG AAC ATC ACC CGG TCA GGC ATT GAG TGC CAG CTA TGG AGG AGT CGC TAC CCA CAT AAG CCT GAA ATC AAC TCC ACT ACC CAT CCT GGG GCC GAC 

350 360 370 380 390 400 410 420 430 440 450 

110 120 130 140 
Leu Gln Glu Asn Phe Cys Arg Asn Pro Asp Ser Ser Asn Thr Gly Pro Trp Cys Tyr Thr Thr Asp Pro Thr Val Arg Arg Gln Glu Cys Ser Ile Pro Val Cys Gly 
CTA CAG GAG AAT TTC TGC CGC AAC CCC GAC AGC AGC AAC ACG GGA CCC TGG TGC TAC ACT ACA GAC CCC ACC GTG AGG AGG CAG GAA TGC AGC ATC CCT GTC TGT GGC 

460 470 480 490 500 510 520 530 540 550 

150 160 170 180 
Gln Asp Gln Val Thr Val Ala Met Thr Pro Arg Ser Glu Gly Ser Ser Val Asn Leu Ser Pro Pro Leu Glu Gln Cys Val Pro Asp Arg Gly Gln Gln TYK Gln Gly 
CAG GAT CAA GTC ACT GTA GCG ATG ACT CCA CGC TCC GAA GGC TCC AGT GTG AAT CTG TCA CCT CCA TTG GAG CAG TGT GTC CCT GAT CGG GGG CAG CAG TAC CAG GGG 
560 570 580 590 600 610 620 630 640 650 660 

190 200 210 
Arg Leu Ala Val Thr Thr H i s  Gly Leu P r o  Cys Leu Ala Trp Ala Ser Ala Gln Ala Lys Ala Leu Ser Lys H i s  Gln Asp Phe Asn Ser Ala Val Gln Leu Val Glu 
CGC CTG GCG GTG ACC ACA CAT GGG CTC CCC TGC CTG GCC TGG GCC AGC GCA CAG GCC AAG GCC CTG AGC AAG CAC CAG GAC TTC AAC TCA GCT GTG CAG CTG GTG GAG 

670 680 690 700 710 720 730 740 750 760 770 

220 230 240 250 
Asn Phe Cys Arg Asn Pro Asp Gly Asp Glu Glu Gly Val Trp Cys Tyr Val Ala Gly Lys Pro Gly Asp Phe Gly Tyr Cys Asp Leu Asn Tyr Cys Glu Glu Ala Val 
AAC TTC TGC CGC AAC CCA GAC GGG GAT GAG GAG GGC GTG TGG TGC TAT GTG GCC GGG AAG CCT GGC GAC TTT GGG TAC TGC GAC CTC AAC TAT TGT GAG GAG GCC GTG 

780 790 800 810 820 830 840 850 860 870 880 

260 270 4 280 
Glu Glu Glu Thr Gly Asp Gly Leu Asp Glu Asp Ser Asp Arg Ala Ile Glu Gly Arg Thr Ala Thr Ser Glu Tyr Gln Thr Phe Phe Asn Pro Arg Thr Phe Gly Ser 
GAG GAG GAG ACA GGA GAT GGG CTG GAT GAG GAC TCA GAC AGG GCC ATC GAA GGG CGT ACC GCC ACA AGT GAG TAC CAG ACT TTC TTC AAT CCG AGG ACC TTT GGC TCG 

890 900 910 920 930 940 950 9 60 970 980 990 

290 300 310 3 2 0 6  
Gly Glu Ala Asp Cys Gly Leu Arg Pro Leu Phe Glu Lys Lys Ser Leu Glu Asp Lys Thr Glu Arg Glu Leu Leu Glu Ser Tyr Ile Asp Gly Arg Ile Val Glu Gly 
GGA GAG GCA GAC TGT GGG CTG CGA CCT CTG TTC GAG AAG AAG TCG CTG GAG GAC AAA ACC GAA AGA GAG CTC CTG GAA TCC TAC ATC GAC GGG CGC ATT GTG GAG GGC 

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 

330 340 350 360 
Ser Asp Ala Glu Ile Gly Met Ser Pro Trp Gln Val Met Leu Phe Arg Lys Ser Pro Gln Glu Leu Leu.Cys Gly Ala Ser Leu Ile Ser Asp Arg Trp Val Leu Thr 
TCG GAT GCA GAG ATC GGC ATG TCA CCT TGG CAG GTG ATG CTT TTC CGG AAG AGT CCC CAG GAG CTG CTG TGT GGG GCC AGC CTC ATC AGT GAC CGC TGG GTC CTC ACC 

1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 

370 380 390 
Ala Ala His Cys Leu Leu Tyr Pro Pro Trp Asp Lys Asn Phe Thr Glu Asn Asp Leu Leu Val Arg Ile Gly Lys H i s  Ser Arg Thr Arg Tyr Glu Arg Asn Ile Glu 
GCC GCC CAC TGC CTC CTG TAC CCG CCC TGG GAC AAG AAC TTC ACC GAG AAT GAC CTT CTG GTG CGC ATT GGC AAG CAC TCC CGC ACC AGG TAC GAG CGA AAC ATT GAA 
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 

400 410 420 430 
Lys Ile Ser Met Leu Glu Lys Ile Tyi- Ile H i s  Pro Arg Tyr Asn Trp Arg Glu Asn Leu Asp Arg Asp Ile Ala Leu Met Lys Leu Lys Lys PKO Val Ala Phe Ser 
AAG ATA TCC ATG TTG GAA AAG ATC TAC ATC CAC CCC AGG TAC AAC TGG CGG GAG AAC CTG GAC CGG GAC ATT GCC CTG ATG AAG CTG AAG AAG CCT GTT GCC TTC AGT 

1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 

440 450 460 
Asp Tyr Ile H i s  P r o  Val Cys Leu Pro Asp Arg Glu Thr Ala Ala Ser Leu Leu Gln Ala Gly TYK Lys Gly Arg Val Thr Gly Trp Gly Asn Leu Lys Glu Thr Trp 
GAC TAC ATT CAC CCT GTG TGT CTG CCC GAC AGG GAG ACG GCA GCC AGC TTG CTC CAG GCT GGA TAC AAG GGG CGG GTG ACA GGC TGG GGC AAC CTG AAG GAG ACG TGG 

1430 1440 1450 1460 1470 1480 1490 1500 1510 1520 1530 

470 480 490 500 
Thr Ala Asn Val Gly Lys Gly Gln Pro Ser Val Leu Gln Val Val Asn Leu Pro Ile Val Glu Arg Pro Val Cys Lys Asp Ser Thr Arg Ile Arg Ile Thr Asp A m  

1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 
ACA GCC AAC GTT GGT AAG GGG CAG CCC AGT GTC CTG CAG GTG GTG AAC CTG CCC ATT GTG GAG CGG CCG GTC TGC AAG GAC TCC ACC CGG ATC CGC ATC ACT GAC AAC 

510 520 530 540 
Met Phe Cys Ala Gly TYK Lys Pro Asp Glu Gly Lys Arg Gly Asp Ala Cys Glu Gly Asp Ser Gly Gly Pro Phe Val Mer Lys Ser Pro Phe Asn Asn Arg Trp Tyr 
ATG TTC TGT GCT GGT TAC AAG CCT GAT GAA GGG AAA CGA GGG GAT GCC TGT GAA GGT GAC AGT GGG GGA CCC TTT GTC ATG AAG AGC CCC TTT AAC AAC CGC TGG TAT 

1640 1650 1660 1670 1680 1690 1700 1710 1720 1730 1740 

550 560 570 
Gln Met Gly Ile Val Ser Trp Gly Glu Gly Cys Asp Arg Asp Gly Lys TYK Gly Phe Tyr Thr H i s  Val Phe Arg Leu Lys Lys Trp Ile Gln Lys Val Ile Asp Gln 
CAA ATG GGC ATC GTC TCA TGG GGT GAA GGC TGT GAC CGG GAT GGG AAA TAT GGC TTC TAC ACA CAT GTG TTC CGC CTG AAG AAG TGG ATA CAG AAG GTC ATT GAT CAG 
1750 1760 1770 1780 1790 1800 1810 1820 1830 1840 1850 

579 
Phe Gly Glu STOP 
TTl GGA GAG TAG GGG GCC ACT CAT ATT CTG GGC TCC TGG AAC CAA TCC CGT GAA AGA ATT ATT TTT GTG TTT CTA AAA CTA TGG TTC CCA ATA AAA GTG ACT CTC AGC 

1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 

GAA AAA AAA AAA AAA AAA AAA AAA AAA ACC CCC CCC CCC CCC C 3' 
1970 1980 1990 2000 

FIGURE 2: Complete nucleotide sequence of the insert in pHII-3 coding for human prothrombin. DNA sequence of the coding strand and 
the corresponding predicted amino acid sequence are also shown for human prothrombin (pHII-3). Residues -36 to -1 represent a part of 
the leader sequence for human prothrombin, and residues 1-579 represent in the sequence of the mature protein present in plasma. The apparent 
carbohydrate binding sites are shown with (+), and the cleavage sites for factor X, are shown by the heavy arrows. 
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Hybridizing Region - 
Subclones 

I pXIO-Eco 
2 pXIO-Pst-4Kb 

4 pXIO-BH-4 OKb 
5 pXIO-BH-0 8Kb  

3 pXIO-Pst-2Kb 

0 2 4 6 8 1 0 1 2  

Nucleotides (kb) 

FIGURE 3: Partial restriction map and subcloned fragments for X10. 
The orientation of the inserted DNA (13 kilobases) of A10 with respect 
to the left and right arms of the phage is shown. The 5' and 3' indicate 
the direction of the coding strand. The region that hybridizes with 
the bovine prothrombin AvuI/BarnHI probe is shown along with the 
fragments subcloned into pBR322. The scale shown at the bottom 
represents nucleotides in kilobases. 

analogous to some of the other plasma proteins, such as factor 
IX (Kurachi & Davie, 1982) and serum albumin (Patterson 
& Geller, 1977; Strauss et al., 1978; MacGillivray et al., 1979; 
Lawn et al., 1981). Accordingly, it is likely that the signal 
peptidase cleaves at  an Ala (-10) or a Ser (-8) resulting in 
a pro leader sequence of seven or nine amino acids. 

The coding sequence for human prothrombin is followed by 
a stop codon of TAG starting at  nucleotide 1864. Other stop 
codons are present in the 3'-noncoding region, but these are 
in different reading frames. The noncoding region of 97 bp 
also contains an AATAAA sequence that appears to be re- 
quired for polyadenylation (Proudfoot & Brownlee, 1976). 
This sequence is 14 bp upstream from the poly(A) tail of 27 

Human Prothrombin Gene. The AluI/HueIII human fetal 
liver genomic DNA library (Lawn et al., 1978; Maniatis et 
al., 1978) was screened with the bovine prothrombin A d /  
BumHI probe. These experiments were initiated before a 
human cDNA probe was available. Phage (2 X lo6) were 
screened at reduced stringency to accommodate some base-pair 
mismatching due to small differences in the two species. 
Twelve positive phage were identified that hybridized to 
varying degrees to the probe. Each phage was plaque purified 
and the DNA isolated. 

The phage that hybridized the strongest was named X l O .  
It contained a human DNA insert of approximately 5 kilo- 

bP. 

P =- -  
W 8 p i B  

Table 11: Location and Size of the Intervening and 
Coding Sequences in A 1  0 

intervening coding 
sequence location" size (bp) sequence regionb size (bp) 

1 144 1955+ 1 144-248 315 
2 249 3 24 2 249-291 129 
3 292 84 3 292-334 127 
4 334 1157 4 335-390 168 
5 390 497 5 391-448 174 
6 448 28+ 

a Location with respect to amino acid residue. Region of amino 
acid seauence. 

bases. This was much smaller than expected, since most of 
the human DNA inserts are 15-20 kilobases in size. On 
digestion of XI0 with EcoRI, two fragments of 7.8 and 5.0 
kilobases were observed in addition to the right and left arms 
of the X phage. By restriction mapping, size, and lack of 
hybridization, it was found that the 7.8-kilobase fragment was 
from the native Charon 4A bacteriophage (de Wet et al., 
1980). 

Restriction mapping of 110 was performed by digestion with 
one or two restriction enzymes at a time. In this manner, the 
orientation of the human DNA insert was determined with 
respect to the right arm (10.9 kilobases) and left arm (19.8 
kilobases) of the phage, as well as the 7.8-kilobase insert. A 
restriction map was then obtained for the A10 human DNA 
insert (Figure 3). 

A number of subclones were constructed in pBR322 to 
facilitate further mapping and DNA sequencing. A partial 
restriction map and the sequencing strategy for the 5-kilobase 
human DNA insert of A10 are shown in Figure 4. The 
distribution and frequency of the 6-bp restriction enzyme sites 
greatly facilitated sequencing by the method of Maxam & 
Gilbert (1980). As can be seen, all overlaps were obtained 
for the sequence of the human DNA insert. The actual size 
of the insert was 4957 bp (Figure 5). Sixty-one percent of 
the DNA was sequenced on both strands, and 94% was se- 
quenced two or more times. 

With the use of the computer programs of Staden (1977, 
1978), it was found that the 5-kilobase fragment coded for 
amino acids 144-448 of human prothrombin, representing 50% 
of the coding sequence present in the prothrombin gene. Six 
intervening and five coding sequences were located in this part 
of the gene (Figure 4). The size of the intervening sequences 
ranged from 84 bp to greater than 1955 bp, while the coding 
sequences were around 150 bp except for one of 3 15 bp (Table 

0 I 2 3 4 5 

Nucleotides (kb) 

FIGURE 4: Partial restriction map and sequencing strategy for the human DNA present in h10. The restriction map shows most of the enzymes 
that recognize six base sequences. The direction of transcription is indicated 5' to 3'. Dark boxes indicate regions coding for human prothrombin. 
The boxes with Alu inside indicate the placement of the four Alu repetitive DNA sequences within X10. The sequencing strategy is shown 
by the arrows; the vertical lines represent sites of labeling, and the horizontal arrows show the distance sequenced from each site. Fragments 
labeled at their 3' and 5' ends are indicated by heavy and light arrows, respectively. The scale shown at the bottom represents nucleotides 
in kilobases. 
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1 

101 

201 

301 

401 

501 

601 

701 

801 

901 

1001 

1101 

1201 

1301 

1401 

1501 

1601 

1701 

1801 

1901 

2001 

2101 

2201 

2301 

2401 

GAATTCATGCCACCTTCAGAGCTGGCGTCAGTCATTCAGATCATATCTGTGCCTATTGCTCAGTAAAGTCAGGGAATCAGGGGATCTGAGTGGGGGGATC 

TGCCAGCCTCCTCCTCCCCCTCCCCACTCTTGACTTCCTTATGGTCTAGGCTGTGGCZ%ATTCCAAACATGCCTCCTTTCTGATCAAGGCACTCCTCCCT 

CCGGGAAGCCCTCCCTAGCCATTTCAGTCCACACACCCTGTTCTGAGTATCACAGAGCAAGCCTTGTGCAGTTTGGCCCGCGGGATTCTGTCATTATTAT 

TTCCTTGGTGTGTTAAGTAGCTATAGCCACCCCTTCCCTGAGGCAGACCACAATAAGCATTTCTTTTTCCCATGAGGGTTGGCAGGTGTGGCTGCACTCG 

CTAATGCGTCTGTAGGGTCAACTGACGGAGGTTGGCCCTGGCTGGGTGGCTCTGATTCAAATAATGGGTCCAGCTGAGTCTGGCTCCTCGTTGAGGGTTG 

GGCCTAGATCTGCTCCACGTGCGTTCATGCTGGGGCTGAGGCTGAAAGAAGGTACCTGGGAAAACTCTTCTTATGCTGATGACAGACACAGAAAACAATG 

AACAGAAAAGCGTCTTCTGTCCTGAAGGCCTGGCTCAGAACAGGCACAGTCAGCCCTGCCCACGTTCCATTGGCCAGAGCAAGTATATGTTCAAGGCCAG 

GGTCAAGAGGTAAACTACACCTCAGCCTGTAAAATCACAGAGCAAGGGATGTGGATGCAGGCAGGGGTAAAGAATTTGTGCCGATTACCAGTCCACt\llAC 

ATGCGTTAGTGTTTGTTCTCTAGGCAACCCTGTCGGGCCCATTGCTCATTCCTGGGGTTGGTCTTTTTTTTTTTTCTTTCTAAGAAGGAGTCTCACTCCC 
c-------) 

TTGCCCAGGCTGTTGGAGTGCAGTGGCCCTATCTCAGCTCACTGCAACCTCCGCCTCCTGGGTTCAAGCGATTCCCCTGCTTCAGCCTCCTGAGTAGCTA 

GGATTACAGGCGTGTGCCACCACTCCTGGCTAATTTTTTTTTATGTTAGTAGAGACGGGGTTTCACCATGTTGGCCAGGCTGATCTCAAACTCCTGACCT 

TGTGATCCTCCCGCCTCGGCCTCCCAAACTGCTGAGATTACAGGGGTGAGGCACTGCGCCCAGCCATTTTTTTTTTTTTTTTTTTTTGAGATGGAGTCTC 

ACTCTCACCCAGGCTGGAGTGCAGTGGCATAATCTTGGCTCACTGCAACCTCCACCTCCTGGGTTCAGGCGATTCTCTGCCTCAGCCTCTCATATAGCTG 

GGATTACAGGCACACGCCACCACGCCTTGCTAATTTTGTATTTTTAGTAGAGACGGGGTTTCTTCATGTTGGCCTTGCCTGACTTGAACTCCTTGTTCCG 

FTGATCTGCCCAGCTC GGCCTCCCAAAGTTCTGGGATTACAGGTGTAAGCCACTGCGCCTGGCCCCTGGTATTGGTCTTATAGCAAGTTTTATCCCAACAA 
7 

AAACAGCTACTATTTACTCCCCAACCCCCATACACACGCACACACATTGATGATAAATAAGTTGCAGGCTTGCAGAAATTGGCCCATCCAGGTGAACAGC 

CTAGTGATCCGAGCAAGCGTCCTGCTGTGCAGCTATAAAAACATGACTCCTCCAGCAGCTCCAGGCAGCCACTACCAGTTGGTTACAGATGGCCTAGGAG 

GCCAAACCTGGTTACTATCTCTGGTTTATTATGTGCCAGACACTTATGCTGTATATTTTGTTTAATCCTCTCAACAAACCTGCAAAAGTGGCATTAGTAA 

CCCCTTTAAAGGCAAACGGTCAGAAGCCCAGAGAGGTTAAGTAACCTGAGGTCACACAGGCAGAAAGCAGCAAGACCGGGGTTCACACCCCTGTCTGTTC 

144 
GlyGlnAspGZnValaZThrVa ZA 1aMetaZThrProArgSerGluClySer 

CGGTCCATGTGTGGTCTCACTCACTCTGCTGCCTCCTTGCCCCTCACCCACCAGGCCAGGATCAAGTCACTGTAGCGATGACTCCACGCTCCGAAGGCTC 

SerValAsnLetLSerProProLeuGluGlnCysValProAspArgGlyGlnGlnTyrClnGZyArgLeWllaVallThraZThrH~sGlyLe~oCysLeu 
CAGTGTGAATCTGTCACCTCCATTGGAGCAGTGTGTCCCTGATCGGGGGCAGCAGTACCAGGGGCGCCTGGCGGTGACCACACATGGGCTCCCCTGCCTG 

AZaTrpA 1aSerA laGln4 laLysA 1aLeuSerLysHisGZnAspPheAsnSerA lava ZGlnLeuVa 1GZuAsnPheCysArgAsnProAspGlyAsp 
GCCTGGGCCAGCGCACAGGCCAAGGCCCTGAGCAAGCACCAGGACTTCAACTCAGCTGTGCAGCTGGTGGAGAACTTCTGCCGCAACCCAGACGGGGATG 

248 
GluGluGly Va ZTrpCys~rValAlaGlyLysProGlyAspPheGly~rCysAspLeuAsnTyrs 
AGGAGGGCGTGTGGTGCTATGTGGCCGGGAAGCCTGGCGACTTTGGGTACTGCGACCTCAACTATTGTGGTGAGCTGCCTGGGTAGGGGGCCTGAGTTGC 

AGGGACAAATCCTAGTGGGAATAACAACAGCCGCTTCTGCTTATCGAACGCTTACCTCATTGAGTGCGCTCATTACAGCCTTACAGTAACCAGGTGGGGG 

GTAAGGTCCTGTGCCCATTTCACAGATAAGTACACTGAGGCCCCAGGAGGTTATTGCCTAGTAGCCCAACTGTGCATGCACGCTTAACCTCTGCACCAAA 

249 
GluGluAla 

2501 TGGCCTCCAAGGCCCGTAGGGGAACTGGGGGGATCTAGGGGATGGGTGAGGAATGGCCCAGCCCAGTCCCGGCCGGTGCCTGGGTCCCAACAGAGGAGG~ 
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2601 

2701 

2801 

2901 

3001 

3101 

3201 

3301 

3401 

3501 

3601 

3701 

3801 

3901 

4001 

4101 

4201 

4301 

4401 

4501 

4601 

4701 

4801 

4901 

Va ~G~uC~uCluThrG~ y A e p G ~ y  LewlspG~uAspSerAspArgA laIleCluGlyArg!ThrA ~~rSerC~u~rClnThrPhePheAsnProArg 
CGTGGAGGAGGAGACAGGAGATGGGCTGGATGAGGACTCAGACAGGGCCATCGMGGGCGTACCGC~CCAGTGAGTACCAGACTTTCTTCAATCCGAGG 

291 
ThrPheGlySerGly GluA la 
ACCTTTGGCTCGGGAGAGGCAGGTGAGGTAGTGGGCATCCGAGGGGATGCGGGGCTGCGGGGCTGGTGGCCA~ACTTGCCCCTCACTGCTTGGCTTGCT 

292 
AspCysGZyLeuArgA.oLeuPheGluLysLysSerLeuGluAspLysThrC~uArgG~uLeuLeuG~uSer~rI~eAspG~yArgI~eVa ZGZu 

CTGCAGACTGTGGGCTGCGACCTCTGTTCGAGAAGAAGTCGCTGGAGGACAAAACCGAAAGAGAGCTCCTGGAATCCTACATCGACGGGCGCATTGTGGA 

334 
GlySerAspAlaGluSleClyMetSerProTrp 

GGGCTCGGATGCAGAGATCGGCATGTCACCTTGGTGTGTCCTGGAGCCCTGCGCTACCATTCACTCCTGGGGGCAGGTGTGCTGCTGGACCCCCACCCTC 

AGGCCCTGCCTGCAGGCCTGGGCTTTACAGATGACAACAGCTGAGCATCCAGGATCCCACCAACTCCACACAGCAGCCACATGAGATGGGTTGTTTA~T 
I 

CTTTTTTTTTTGTTTCTTAGATGGAGTCTTGCTCTGTCACCTAGGCTGGAGTGCAGTGCTGCAATCTCGGCTCACTACCTCGATCTCAGCTCACTGCAAC + 
TTCTGCCTTCCGGGTTCAAACGATTCTCTTGCCTCAGCCTCCTGAGTAGCTGAATTTACAGACATGCGCCACCACACCCGGCT~TTTTTGTATTTTAAG 

TAGAGACAGGGTTTCACCATGTTGGCCAGGCTGGTCTTGAACTCCTGACCTCAAGTGATCCACCTGCCTCAGCCTCCCAAAGTGCCGGGATTACAGGCAT 

GAGCCACCACACCCGGCCCATGGGTCCTTTACTTCTAAGCAGATGGTAAAGCTGAGACTGACGGAGCTGGTGGCTCACCTCCGCGCACAGCTAATGGGTT - 
CCCGTCTCTACTAAAAATGCAAIlAATTAGCCAGGTGTAGCAGCATGTCCCTGTAGTCCCAGCTACTAAGGAGGCTGAGGCGGGAGGATCGCCTGAGCCCA 

AGAGGCTGAGGCTTCAGTAAGCTGTGACTGTACCATTGCACTCCAGCCTGGGTGACAAGAGTGAGACCCTGTCTCAAAAATAAATAAATAAATAAATAAA -+ 

AAGTGTGAGGCAGCCCCTCAGCATCACACGGAGGCTCCAGCCCCAAAGGCGGCCAGCCCAAGCTTGGATCTGGGCCCCGGAGGCAGCTCTGCCCAGCTGG 

335 
GlnVa 1Me t 

GTTCTTAGACCTGGGATTGTTACTTCTAGGGCTGGTGTAGAGGCAGCCCCCTCATCCTCAGCTCCTAATGCTTCCTGCTGCCCCTCCCAGGCAGGTGATG 

Le*PheArgLgsSerProGlnC Z ~ e k L e k C ~ s ~ l ~ A l a S e r L e ~ l e ~ e r A s p A r 3 T ~ V a  ZLetcThrA l d  1aHisCjsLekLekTjrFrc.ProTm; 
CTTTTCCGGAAGAGTCCCCAGGAGCTGCTGTGTGGGGCCAGCCTCATCAGTGACCGCTGGGTCCTCACCGCCGCCCACTGCCTCCTGTACCCGCCCTGGG 

390 
AsFLysAsnPheThrGl~snAsFLel*Lel*Va'aIAroI ZeG& L$sHisSerArpThrArg 
ACAAGAACTTCACCGAGAATGACCTTCTi;GTGCGCATTGGC~GCACTCCCGCACAAGGTACAGAACTGGTGGCCCGTGGGTGTCTGGCAGGGGTCTGAG 

TCCTCCAAAGCGATCATGAGGGGCCTTGGTGGCTCCGGGACACATAGGATGTTCTGTATACCCCCCAGAATATAACATCCCAGCAGTCTCTGCTGGAAAG 

CCATTTGGTCACGTCCTGACTGAGGCTTGGAGCGCGGGGAGAATCCGTCTGTCTCTGGTCCCTCCAACACTAGGATATAGCCCATGTGGGAGTCTCTGAA 

AACACCCAGGGGGCTGCCATGGCAGGAACCAGCCCTATCCCCTCCCTGGTGGCCTGCAGGACACACTGTCTCCCAGAACCCCAAGGGCAGGCAGTTTCCT 

391 
TyrGZuArgAsnIZeGkLysI~eSerMetLeuG~uLysI~eTyr 

GCTCCTTGCTGGGTGAACCTGCAGCTTCTCCATTTCTTTCTTGGGGTCTCTGCAGGTACGAGCGAAACATTGAAAAGATATCCATGTTGGAAAAGATCTA 

IleHisProArgTyrAsnTrpArgGluAsnLeuAspArgAspIleAlaLeuMetLysLezcLysLys~oValAlaPheSerAspTyrIleHisPoVa 1 
CATCCACCCCAGGTACAACTGGCGGGAGAACCTGGACCGGGACATTGCCCTGATGAAGCTGAAGAAGCCTGTTGCCTTCAGTGACTACATTCACCCTGTG 

448 
CysLeuProAspArgGluTrAk?A laser 
TGTCTGCCCGACAGGGAGACGGCAGCCAGGT~CACCAGATGCTTGTTAGCATGA 

FIGURE 5 :  Complete nucleotide sequence of the 5-kilobase insert of A10 coding for human prothrombin. The DNA sequence for the coding 
strand is shown. Numbers on the left of each row indicate the nucleotide number of the first base in that row from the 5' end. Coding sequences 
are indicated with the predicted amino acid sequence above the DNA sequence. All Alu repetitive DNA sequences are underlined, and all 
flanking repeats are indicated by arrows. 
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ALU CoNsENSUS SEQ,  GAACCCAGGA GFTGGAGGTT GCAGTGAGCC GAGATCGCGC CACTGCACTC CAGCCTGGGC AACAGAGCGA GACTCCATCT CAAAAAAAAA AAAAAAAAAA 

_.________ _ _ _ _ _ _ _ _ _ _  _________. A--- -TAT- -  _ _ _ _ _ _ _ _ _ _  - - - - - - - - -T  E x x - - - - T - -  _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ - -  ______-- - -  REPEAT X2 

REPEAT 83 ------G-A- - -CA- -A- - -  - - - - - - - - - T  _ _  - - - - - -A- -T  G- - - - - - -A-  ---------- A - L - - - C - - -  -------6-- 
REPEAT $4 - -G- - - -A- -  - -CT- - - -C-  T- - - -A- - -T  -T- -CT-TA-  - - T - - - - - - -  - - - - - - - -TG -CA-- - -T- -  - - -C-TG-- -  - - - - - -T- - -  T - - - T - - - T -  

FIGURE 6: Alu repetitive DNA sequences within the human prothrombin gene. The four Alu repetitive DNA sequences of the human prothrombin 
gene are compared with the Alu consensus sequence of Deininger et al. (1981). Dashes represent identity with the consensus sequence while 
an x represents a deletion. Three insertion sequences are also shown. All differences are indicated. The position of each repeat with respect 
to the DNA sequence of A10 in Figure 5 is as follows: repeat 1 is from nucleotides 861 to 1167, repeat 2 from 1168 to 1464, repeat 3 from 
3097 to 3418, and repeat 4 from 7595 to 3898. 

11). The first two intervening sequences were located at amino 
acid residues 144 and 249. These amino acids immediately 
follow kringle structures 1 and 2 in human prothrombin. 
Intervening sequences within the human DNA insert of A10 
constitute 87% of the DNA. Splice junctions between inter- 
vening and coding sequences follow the GT-AG rule of 
Breathnach et al. (1978) and agree well with the consensus 
sequences of Mount (1982). All of the intervening sequences 
interrupt codons between the first and second nucleotide or 
the second and third nucleotide and thus are class I or I1 
introns (Sharp, 1981). 

The base composition of the gene thus far sequenced was 
fairly random, including 21.7% A, 23.4% T, 27.0% G, and 
28.0% C. The dinucleotide frequencies for the human DNA 
insert in A10 corresponded quite well with those found by 
Nussinov (1981). Most notable was a CG frequency of 0.32, 
suggesting some constraint on the occurrence of this di- 
nucleotide. 

The coding sequences for A10 are shown in Figure 5 along 
with the predicted amino acid sequence. The amino acid 
sequence corresponds exactly with that predicted from the 
cDNA sequence. Two differences were noted, however, in the 
DNA sequence, but these did not change the amino acid se- 
quence. The differences in the cDNA sequence were observed 
at  nucleotide 948 where an A was found in the cDNA and 
a C was found in the gene and at  nucleotide 1293 where a C 
was found in the cDNA and an A was found in the gene. In 
both cases, the sequence of the three different cDNAs was the 
same, indicating that an error by the reverse transcriptase was 
unlikely during the preparation of the cDNA library. This 
suggests that these differences are probably due to a small 
amount of polymorphism in the prothrombin gene. 

The two largest intervening sequences occur at amino acid 
residues 144 and 334, and each contains two copies of AluI 
repetitive DNA. The position of each Alu repeat within the 
5-kilobase insert of A10 is shown in Figure 4. The first two 
repeats are present in a head-to-tail orientation with no DNA 
in between. These repeats span nucleotides 861-1464 in the 
DNA sequence of the 5-kilobase insert. The second Alu se- 

quence starts at  position 1168. The other two Alu sequences 
are located at nucleotides 3097-3418 and 3595-3898. These 
two Alu sequences are present in an inverted orientation with 
respect to each other and have 141 bp of DNA in between. 
The sequence of each repeat with respect to the consensus 
sequence for Alu repeats of Deininger et al. (1981) is shown 
in Figure 6. Each repeat is approximately 85% identical with 
the consensus sequence and 77% identical with each other. 
There are regions that appear to be conserved when all the 
Alu repeats are compared, most notably in the regions of 21-50 
and 91-120. There are also regions with great variability, as 
can be seen by nucleotides 2-10, 51-57, and 151-156. It is 
interesting to note that the region at 151-156 in the consensus 
sequence has the sequence GCGCGC; in all of the pro- 
thrombin Alu repeats, this sequence has changed to ACACGC, 
GTGTGC, GCATGT, and ATGTCC. 

Also typical of Alu repetitive DNA is the presence of short 
flanking repeats on each end of the Alu sequence. These 
sequences are not conserved, and of the sequences reported 
so far, none are the same. The short flanking repeats present 
on the ends of the Alu repeats in the prothrombin gene are 
shown in Figure 7 .  The flanking sequences on the 5’ and 3’ 
ends of Alu repeats 1 and 2 are 15 bp in length. These se- 
quences are not present between the two Alu repeats. The 
flanking sequences at the ends of Alu repeats 3 and 4 are 17 
and 16 bp in length, respectively. Figure 7 also depicts the 
relative orientation of each Alu repeat with respect to each 
other. The sequences shown in Figure 6 for the three repeats 
with the same orientation are present on the strand comple- 
mentary to the coding strand for human prothrombin. 

Discussion 
A human prothrombin cDNA of 2005 bp was isolated from 

a cDNA library prepared from human liver mRNA. This 
cDNA was found to code for part of a leader sequence of 36 
amino acids followed by the entire coding region of human 
prothrombin and a 97-bp noncoding region at the 3‘ end. A 
poly(A) tract of 27 bp was found at the extreme 3’ end of the 
cDNA. 
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identical in 10 out of the 1 1  residues that were identified in 
positions -35 to -22. Since the bovine leader sequence contains 
an additional eight amino ?cids upstream from position -35, 
it appears very likely that the human prothrombin leader 
sequence is 43 amino acids in length. 

The size of the mRNA coding for human prothrombin as 
determined by Northern analysis (data not shown) was ap- 
proximately 2100 nucleotides in length. This indicates that 
the 5'-noncoding region is probably less than 50 nucleotides 
in length. 

The amino acid sequence of the mature human prothrombin 
molecule is coded by nucleotides 127-1863 (Figure 2), followed 
by a TAG stop codon. When the amino acid sequence for 
prothrombin as predicted by the cDNA sequence or the coding 
region from the genomic DNA was compared with that de- 
termined by amino acid sequence analysis (Butkowski et al., 
1977; Thompson et al., 1977; Walz et al., 1977; Seegers, 1979), 
a number of differences were noted (Table I). Many of the 
discrepancies involve amide-acid assignments. There were, 
however, other additional differences. A Glu-Glu dipeptide 
that was found in positions 266 and 267 by amino acid se- 
quence analysis was not present in the sequence translated from 
the cDNA and genomic DNA. Other differences include a 
histidine at position 76 instead of asparagine, and an aspar- 
agine at position 78 instead of serine. Position 76 was ori- 

15bp 15 bp 
5' q R E P E A T # I  >i R E P E A T # Z  >c3 3' 

17bp I6 bp 4 R E P E A T # 3  REPEAT # 4 3' 'i 
$A A A A A G c A G  G A G G  c A G  

A A A A A G T G T G A G G C A G  
Y J 5  

LATGG G T T G  T T T A C T T  C T  
5' 

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

FIGURE 7: Direct flanking repeats of Alu sequences in the human 
prothrombin gene. The orientation of each Alu repeat is shown with 
respect to each other. Repeats 1 and 2 are in direct tandem repeat 
orientation, and repeats 3 and 4 are in an inverted repeat orientation 
with 141 bp of DNA in between. Repeats 1 and 2 are flanked by 
direct repeats of 15'bp. Repeat 3 has a flanking repeat of 17 bp, while 
repeat 4 has a flanking repeat of 16 bp. The orientation of the coding 
strand is indicated by the 5' and 3'. The location of each repeat is 
indicated in Figure 4. 

The leader sequence for bovine prothrombin has been 
partially characterized in a cell-free translation system 
(MacGillivray et al., 1979). When this partial leader sequence 
starting with methionine was aligned with the human pro- 
thrombin leader sequence, the amino acid sequence was 

HUMAN PROTHROMBIN 
HUMAN FACTOR IX 

HUMAN PROTHROMBIN 

HUMAN FACTOR IX 

HUMAN PROTHROMBIN 
HUMAN FACTOR IX 

HUMAN PROTHROMBIN 

HUMAN FACTOR IX 

HUMAN PROTHROMBIN 

HUMAN FACTOR IX 

Ala L n  Thr 
10 

Phe Leu G& G& Val Arg 

Tyr &I Ser Gly Lys Leu G& G& Phe Val 

20 

Gln g y  &n Leu G& Arg $& E Met 

30 

GLu Lys CYs g r  Phe Glu GLu &a Arg G A  

49 
Ala Leu G& Ser Ser Thr Ala Thr Asp Val 

Val Phe GLu Asn Thr Glu Lys Thr Thr Glu 

50 
P& Trp Ala Lys Tyr Thr Ala Cys Glu Thr 

T T C T G G G C C A A G T A C A C A G C T T G T G A G A C A  
D T [ z ] A  A G C K ] T  G T T i A d G d a T  C A G 
P& E p  Lys Gln Tyr Val Asp Gly Asp Gln 

FIGURE 8: Comparison of the DNA sequences coding for the amino-terminal portions of the mature proteins for human prothrombin and human 
factor IX. The DNA sequences for human prothrombin and human factor IX (Kurachi & Davie, 1982) are compared at  the region coding 
for amino acid residues 1-50 in each mature protein. Regions of identity are indicated in boxes. The amino acid sequences are shown above 
or below each DNA sequence. Dashes represent gaps inserted for better alignment of the sequences. Amino acids that are identical are underlined. 
The first 10 and 12 glutamic acid residues in prothrombin and factor IX, respectively, are y-carboxyglutamic acid residues in the mature proteins. 
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sequences within the intervening sequences. Rat growth 
hormone (Barta et al., 1981; Page et al., 1981) and human 
corticotropin-@-lipotropin precursor gene (Tsukada et al., 
1982) have been shown to contain Alu repetitive DNA se- 
quences by DNA sequence analysis. 

Alu repetitive DNA in a direct tandem repeat orientation 
was found in one of the intervening sequences in the human 
prothrombin gene, and this has not been previously reported. 
Alu repeats are usually present individually in genomic DNA 
or in inverted repeat orientation. The latter situation occurs 
with the other two Alu repeats present in the human pro- 
thrombin gene. Whether additional Alu repeats are present 
in the human prothrombin gene remains to be determined. 
Experiments are now in progress to determine the sequence 
of the remainder of the prothrombin gene in order to identify 
the promoter region and additional intervening sequences that 
may also contain Alu sequences. 
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