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Characterization of Bovine Prothrombin 
Product? 

Ross T. A. MacGillivray and Earl W. Davie* 

AESTRACT: Prothrombin mRNA has been enriched 20-60-fold 
by using specific immunoadsorption of bovine liver polysomes. 
The enriched mRNA was translated in a cell-free protein 
synthesizing system derived from rabbit reticulocytes, and the 
radiolabeled translation product was isolated by immunopre- 
cipitation and sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis. The radiolabeled prothrombin synthesized in 
the cell-free system was then subjected to automated Edman 
degradation and shown to contain a leader sequence of at least 
30 residues that was rich in leucine, phenylalanine, and alanine. 
In order to fully characterize the leader sequence for pro- 
thrombin, a bovine liver cDNA library was constructed con- 
taining DNA inserts of over 1000 base pairs. Two cDNA 

I n  the final stages of blood coagulation, prothrombin is 
converted to thrombin by factor Xa in the presence of factor 
Va, calcium ions, and phospholipid. In this reaction, factor 
Xa cleaves two internal peptide bonds in bovine prothrombin, 
producing an activation peptide (residues 1-274) and thrombin 
(residues 275-323 and 324-582 held together by a disulfide 
bond). Thrombin, a serine protease, then converts fibrinogen 
to fibrin by limited proteolysis, releasing fibrinopeptides A and 
B. 

Bovine prothrombin is a glycoprotein consisting of a single 
polypeptide chain of 582 amino acid residues (Magnusson et 
al., 1975). It also contains y-carboxyglutamic acid in the 
amino-terminal region of the molecule (Stenflo et al., 1974; 
Nelsestuen et al., 1974; Magnusson et al., 1975). These y- 
carboxyglutamic acid residues result from the carboxylation 
of the first 10 glutamic acid residues in the protein by a 
membrane-bound vitamin K dependent carboxylase (Friedman 
& Shia, 1976; Sadowski et al., 1976; Helgeland, 1977). The 
physiological function of the y-carboxyglutamic acid residues 
appears to be the binding of calcium ions to the protein 
(Stenflo & Suttie, 1977). 

The y-carboxyglutamic acid region of prothrombin is fol- 
lowed by two regions of internal homology called kringle 
structures (Magnusson et al., 1975). These structures are 
composed of about 80 amino acids with a typical disulfide bond 
arrangement. Although kringles have also been found in other 
plasma proteins such as plasminogen (Sottrup-Jensen et al., 
1978) and plasminogen activator (Pennica et al., 1983), their 
function remains unclear. 
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mRNA and Its Translation 

clones coding for bovine prothrombin were isolated from the 
library and their nucleotide sequences determined. A leader 
sequence of 43 amino acids was predicted from the sequence 
of the cDNA, and the first 30 residues were in agreement with 
the partial sequence obtained by the cell-free protein syn- 
thesizing system. From the amino acid sequence of the leader 
sequence, it is proposed that bovine prothrombin is synthesized 
with a prepro leader sequence starting with a methionine 
residue at position -43. The amino acid sequence of the 
mature prothrombin molecule circulating in plasma was also 
predicted from the cDNA and shown to be in good agreement 
with that determined previously by conventional amino acid 
sequence analysis. 

The carboxyl-terminal half of prothrombin contains the 
catalytic region of the proteolytic enzyme. This region is highly 
homologous with the catalytic region in other serine proteases, 
including most of the blood coagulation factors (Davie et al., 
1979). 

The major site of prothrombin synthesis is the liver (An- 
derson & Bamhart, 1964). Nardacci et al. (1975) translated 
rat liver poly(A)-containing RNA in a cell-free protein syn- 
thesizing system and identified prothrombin among the 
translation products. MacGillivray et al. (1 979) reported 
similar experiments and showed that prothrombin represented 
approximately 1% of the translation products of bovine liver 
poly(A)-containing RNA. Besmond et al. (1981) have also 
reported similar results using human liver poly(A)-containing 
RNA. In the latter case, however, prothrombin represented 
only 0.1% of the in vitro translation products. 

Studies on the mechanism of prothrombin biosynthesis have 
been difficult due to the low level of prothrombin mRNA in 
liver. In this paper we report the 20-60-fold enrichment of 
bovine prothrombin mRNA by immunoprecipitation of poly- 
somes. This enriched preparation was then used to charac- 
terize the translation product of prothrombin mRNA in a 
cell-free system. We also report the isolation and charac- 
terization of a nearly full-length bovine prothrombin cDNA 
clone which codes for the complete amino acid sequence of 
prepro-prothrombin. This clone was much larger than that 
previously isolated (MacGillivray et al., 1980b) and was similar 
to a cDNA clone recently characterized for the human mol- 
ecule (Degen et al., 1983). 

Experimental Procedures 
Materials 

Restriction enzymes were purchased from Bethesda Re- 
search Laboratories (BRL) (Gaithersburg, MD) and New 
England Biolabs (Beverly, MA) and were used according to 
the manufacturer’s recommendations. BRL also supplied T4 
DNA ligase and terminal deoxynucleotidyltransferase. Es- 
cherichia coli DNA polymerase I was purchased from Boeh- 
ringer Mannheim. E .  coli DNA polymerase I (Klenow 
fragment) and T4 polynucleotide kinase were purchased from 
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pH 7 - 5 5  mM MgC12, 2 mM EGTA, and 0.3 M NaC1). Each 
wash consisted of suspending 1 g of cells in 30 mL of buffer, 
followed by centrifugation at 13OOOg in a Sorvall HB-4 rotor 
at 4 OC for 10 min. Cells were stored at 4 OC as a suspension 
in buffer C and centrifuged and resuspended in fresh buffer 
C prior to use. These washing steps removed contaminating 
ribonuclease in the Pansorbin as well as fines. 

For a typical enrichment experiment, bovine liver polysomes 
(3000 AZm) were diluted to 25 A,,/mL with ice-cold PB and 
gently stirred at 4 OC. Rabbit anti-prothrombin antibodies 
were added (3.3 pg/Azao polysomes), and the mixture was 
gently stirred at 4 OC for 1 h. Washed Pansorbin cells were 
added such that a 2-fold excess of Pansorbin over antibodies 
was present, assuming no losses during the washing steps. The 
binding capacity of each lot of Pansorbin was supplied by the 
manufacturer. The suspension was stirred gently at 4 OC for 
an additional 10 min, and 17-mL aliquots were layered over 
a step gradient of sucrose (4 mL of 0.5 mM sucrose in buffer 
C containing 0.5% sodium deoxycholate and 0.5% NP-40 
layered over 7 mL of 1 .O M sucrose in the same solution) in 
a 30-mL Corex tube. The gradients were centrifuged at 
13OOOg in a Sorvall HB-4 rotor at 4 OC for 15 min. The 
solution was aspirated into the 0.5 M sucrose layer, and the 
sides of the tube were rinsed with water. The solution was 
then aspirated to the pellet, and the sides of the tube were 
wiped with a tissue. The pellets were resuspended in buffer 
C and recentrifuged on the sucrose step gradient. After as- 
piration of the supernatant, the bound polysomes were released 
by resuspending the pellets in a total volume of 3 mL of 10 
mM Tris-HC1, pH 7.5, 20 mM EDTA, 0.15 M NaCl, and 
1.5% NaDodSO,. The suspension was heated at 50 OC for 
2 min and centrifuged at 27000g in a Sorvall SS-34 rotor at 
20 OC for 10 min. The supernatant was removed and the pellet 
resuspended in 1.5 mL of EDTA-NaDodSO, solution and 
centrifuged. The supernatants were pooled and extracted with 
an equal volume of phenol, followed by three extractions with 
an equal volume of chloroform. The enriched RNA was 
precipitated with ethanol in the presence of 0.2 M NaCl and 
recovered by centrifugation. Poly(A)-containing RNA was 
isolated by chromatography with oligo(dT)-cellulose. 

RNA was translated in a cell-free protein-synthesizing 
system prepared from rabbit reticulocytes (Pelham & Jackson, 
1976). For some experiments, the lysate was gel filtered on 
a column of Sephadex G-50 to reduce endogenous amino acid 
levels (Palmiter et al., 1977). Immunoprecipitation of the 
translation products with specific antisera was carried out as 
described (MacGillivray et al., 1979). Protein samples were 
analyzed by polyacrylamide gel electrophoresis in the presence 
of NaDodSO, (Laemmli, 1970) and visualized by fluorography 
after treatment of the gel with ENHANCE (New England 
Nuclear). 

Translation of RNA for Automatic Sequenator Analysis. 
For the large-scale translation of mRNA, 1 pg of enriched 
poly(A) RNA was incubated with the Sephadex G-50 treated 
reticulocyte lysate containing the labeled amino acid (200 
pCi/mL) in a final volume of 0.5 mL. After incubation at 
26 OC for 1.5 h, the translation reaction was terminated by 
the addition of Triton X-100 to 0.3% (v/v) and unlabeled 
amino acid to 1 mM. The radiolabeled product was immu- 
noprecipitated (Palmiter et al., 1977) and dissolved in a 
minimum volume of 2% NaDodSO, by warming at 37 OC for 
a few minutes. The product was then diluted with 10 mM 
Tris-HC1, pH 7.5, so that the final concentration of NaDodSO, 
was 0.02%. Thrombin was added (25% w/w compared to the 
amount of preprothrombin in the original immunoprecipita- 

New England Nuclear. Avian myeloblastoma virus reverse 
transcriptase (RNA-dependent DNA nucleotidyltransferase) 
was generously supplied by Dr. Joseph Beard (Life Sciences, 
St. Petersburg, E). Bovine prothrombin and a-thrombin were 
kindly supplied by Dr. W. Kisiel, University of Washington. 

P-L Biochemicals supplied deoxy- and dideoxyribonucleotide 
triphosphates, M13-specific primer (pentadecanucleotide), and 
oligo(dT)-cellulose (type 7). Tritium- and 3SS-labeled amino 
acids were purchased from New England Nuclear, Amersham, 
and Schwarz/Mann and were of the highest specific activity 
available. All 3ZP-labeled nucleotides were purchased from 
New England Nuclear. Human placental ribonuclease in- 
hibitor was purchased from Enzo Biochemicals Inc. (NY). 

Reagents for the automatic sequenator were “Sequenal” 
grade purchased from Pierce Chemical Co. or were sequencer 
grade from Beckman Instruments. Phenol was distilled prior 
to use and stored at -20 OC. Precautions taken during the 
preparation of RNA were as described (MacGillivray et al., 
1979). 

Met hods 
Bovine Prothrombin “ A .  Total RNA was isolated from 

frozen liver powder by using the method of MacGillivray et 
al. (1979) for the isolation of small amounts or the guanidi- 
nium chloride method of Chirgwin et al. (1979) for larger 
amounts of RNA. Poly(A)-containing RNA was isolated by 
chromatography with oligo(dT)-cellulose (Aviv & Leder, 
1972). 

Bovine mRNA was enriched for prothrombin by immu- 
noadsorption of polysomes using rabbit anti-prothrombin an- 
tibodies and protein A containing Staphylococcus aureus 
bacteria (Gough & Adams, 1978). The method described was 
developed in collaboration with Dr. Dominic W. Chung, 
University of Washington. 

Bovine liver polysomes were prepared from frozen bovine 
liver powder by a modification (MacGillivray et al., 1979) of 
the magnesium precipitation method (Palmiter, 1974). The 
polysomes were used immediately or stored at -70 OC for up 
to 6 months. After thawing, the polysomes were centrifuged 
at 27000g for 10 min to remove aggregates. The immu- 
noadsorption appeared to work equally well with either fresh 
polysomes or frozen polysomes. 

Rabbit anti-prothrombin antibodies were purified by affinity 
chromatography on prothrombin-cellulose. Prior to the 
chromatographic step, the antibodies were rendered ribo- 
nuclease free by employing the washing step of Gough & 
Adams (1978). In some experiments, the antibodies were freed 
of ribonuclease by chromatography on a column of DEAE- 
cellulose and CM-cellulose (Whatman DE-52 and CM-52) 
as described by Palacios et al. (1972). Bovine prothrombin 
was coupled to CNBr-activated Sepharose 4B by using the 
method of Cuatrecasas (1 970). 

Staphylococcus aureus cells (“Pansorbin”; Calbiochem) 
were used as the insoluble matrix for the isolation of specific 
polysomes. Prior to use, the cells were washed 3 times in buffer 
A [50 mM Tris-HC1,’ pH 7.5, 5 mM EDTA, 0.15 M NaC1, 
and 0.05% Nonidet P-40 (BDH Chemicals, Ltd., Poole, 
England)], 3 times in buffer B (50 mM Tris-HC1, pH 7.5, 5 
mM MgCl,, 0.3 M NaCl, 0.5% Nonidet P-40, and 0.5% so- 
dium deoxycholate), and twice in buffer C (50 mM Tris-HC1, 

Abbreviations: Tris, tris(hydroxymethy1)aminomethane; EDTA, 
ethylenediaminetetraacetic acid; EGTA, [ethylenebis(oxyethylene- 
nitrilo)]tetraacetic acid; PB, 10 m M  Tris-HCI buffer, pH 7.5, 0.15 M 
NaCl, 5 mM MgCI,, and 0.1 mg/mL heparin; NaDodS04, sodium do- 
decyl sulfate; bp, base pair@). 
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tion) and the reaction mixture incubated at 37 OC for 10 min. 
The reaction mixture was lyophilized, redissolved in sample 
loading buffer (75 mM Tris-HC1, pH 7.5, 1% NaDodS04, 5% 
glycerol, 5% 2-mercaptoethanol, and 0.02% bromophenol blue), 
and loaded onto a 10% polyacrylamide gel containing 0.1% 
NaDodS04 (Laemmli, 1970) with a 3% stacking gel. After 
electrophoresis, the gel was cut into 1-mm slices, and the slices 
were shaken overnight at 37 "C in a buffer containing 10 mM 
sodium phosphate, pH 7.2,0.1% NaDodSO,, and 0.25 mg/mL 
bovine serum albumin (Miles). Radioactive polypeptides were 
located by counting a small aliquot of each tube in a scin- 
tillation counter. Fractions containing radioactivity were 
pooled and prepared for the automatic sequenator by the 
acetone-HC1 precipitation method of Strauss et al. (1977). 

Automated sequenator analyses were carried out on a 
Beckman 890C instrument, employing the dimethylbenzyl- 
amine program of Hermodson et al. (1972). For protein 
samples labeled with a single amino acid, the phenylthio- 
hydantoin derivatives were counted directly (Palmiter et al., 
1977). For protein samples labeled with more than one amino 
acid, the phenylthiohydantoin derivatives were separated by 
high-performance liquid chromatography as described (Pal- 
miter et al., 1977). Under these conditions, the counting 
efficiency for 35S was >90%, and the counting efficiency for 
3H was 45%. 

Construction and Screening of the Bovine Liver cDNA 
Library. The cDNA library was prepared by employing hu- 
man placental ribonuclease inhibitor (Martynoff et al., 1980) 
at a concentration of 100 pg/mL during the first-strand 
synthesis. Double-stranded cDNA was then synthesized by 
using the method of Land et al. (1 98 1). The cDNA was tailed 
with dCMP residues (Deng & Wu, 1981) and subjected to 
electrophoresis on a 1% low melting point agarose gel (BRL) 
together with DNA size markers. After autoradiography, 
DNA fragments greater than one kilobase pair were recovered 
by the procedure supplied by BRL, annealed to dG-tailed 
pBR322 (Bolivar et al., 1977), and used to transform E. coli 
strain RR1 (Dagert & Ehrlich, 1979). The dG-tailed pBR322 
was a generous gift from Dr. W. R. McMaster, University of 
British Columbia. 

The bovine liver cDNA library was screened by in situ 
hybridization (Grunstein & Hogness, 1975) using the PstI 
insert of pBII3 (MacGillivray et al., 1980b) previously labeled 
by nick translation (Maniatis et al., 1975) as a probe. Colonies 
were also screened at high colony density by using the method 
of Hanahan & Meselson (1980). Plasmid DNA was isolated 
primarily by the methods of Katz et al. (1973, 1977). 

DNA Sequence Analysis. DNA sequence analysis was 
carried out by using both the chemical cleavage method 
(Maxam & Gilbert, 1980) and the chain termination method 
(Sanger et al., 1977) using the single-stranded phage M13 
(Messing et al., 1981; Messing & Vieita, 1982) as a cloning 
vector. Restriction endonuclease fragments were ligated in- 
dividually or in mixtures into the BamHI site of M13mp7 
(Sau3A fragments) or the SmaI sites of M13mp8 and 
M13mp9 (HaeIII, RsaI, or FnuDII fragments). This DNA 
was used to transform E. coli strain JM 103 (Messing et al., 
1981). Recombinants were screened by in situ hybridization 
(Benton & Davis, 1977), hybridization of phage DNA on dot 
blots (Kafatos et al., 1979), and "T-tracking" (Sanger et al., 
1982). These analyses were necessary because some clear 
plaques generated by blunt-end ligation into the SmaI site of 
M13 were found to be the result of religation of exonu- 
clease-digested vector DNA. Single-stranded DNA was 
prepared from single plaques (Winter & Fields, 1980) and 
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FIGURE 1 : Fluorogram of [3H ]leucine-labeled translation products 
of total bovine liver poly(A) RNA and enriched prothrombin poly(A) 
RNA. Samples were analyzed by NaDodS04-polyacrylamide gel 
electrophoresis after reduction with 2-mercaptoethanol. The stained 
gel was treated with ENHANCE, dried, and exposed to Kodak XRP- 1 
film. Lanes 1 and 6, tritiated protein standard comprised of bovine 
albumin ( M ,  69 OW), ovalbumin ( M ,  43 000), carbonic anhydrase 
( M ,  30000), and soybean trypsin inhibitor (M, 20000); lane 2, 
translation products in the absence of added RNA; lane 3, translation 
products of total bovine liver poly(A) RNA; lane 4, translation products 
of enriched prothrombin poly(A) RNA; lane 5,  immunoprecipitate 
of the sample shown in lane 4 employing antibodies to prothrombin. 
The positions of the origin and dye front are indicated. 

used as a template for the chain termination reactions with 
a synthetic pentadecadeoxyribonucleotide as a primer. The 
reaction products were analyzed by denaturing polyacrylamide 
gels. DNA sequence data were stored and analyzed by using 
the computer programs of Delaney (1982). 

Experiments were performed in compliance with NIH and 
MRC guidelines for Recombinant DNA Research. 

Results 
Enrichment of Bovine Prothrombin mRNA. Bovine liver 

polysomes were incubated with ribonuclease-free anti-pro- 
thrombin antibodies followed by incubation with protein A 
containing S. aureus cells. After extensive washing, bound 
polysomes were released with NaDodS04, and the poly- 
(A)-containing RNA was isolated. This enriched RNA and 
total liver poly(A)-containing RNA were translated in a 
cell-free protein-synthesizing system derived from rabbit re- 
ticulotyes, and the translation products were analyzed by 
NaDodS04-polyacrylamide gel electrophoresis followed by 
fluorography (Figure 1). In the absence of added mRNA, 
the reticulocyte lysate synthesized several short polypeptides 
that migrated with the dye front (lane 2). The addition of 
total liver poly(A)-containing RNA to the lysate, however, 
resulted in the synthesis of a large number of proteins (lane 
3). In the presence of enriched prothrombin mRNA, a single 
major protein (M, 71 OOO) together with several minor proteins 
of M, <71 OOO were synthesized (lane 4). Immunoprecipitation 
of the translation products employing enriched mRNA also 
showed a major band corresponding to prothrombin (lane 5) .  
Depending on the particular enriched mRNA preparation 
employed, 30450% of the translation products were immu- 
noprecipitated by the antibodies to prothrombin. 

Characterization of the Radiolabeled Product from a 
Translation Assay. The radiolabeled product from a trans- 
lation assay was further characterized by examining the 
degradation products generated by thrombin. In these ex- 
periments, enriched prothrombin mRNA was translated with 
the reticulocyte lysate in the presence of [3H]proline, and the 
newly synthesized prothrombin was isolated by immunopre- 
cipitation. The immunoprecipitate (containing [3H]pro- 
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FIGURE 2: Thrombin digestion of [3H ]proline-labeled prepro-pro- 
thrombin. Enriched prothrombin poly(A) RNA was translated in 
vitro in the presence of [3H]proline and the prepro-prothrombin isolated 
by immunoprecipitation with anti-prothrombin antibodies and carrier 
prothrombin (40 pg). The immunoprecipitate was solubilized with 
NaDodSO,, diluted with 10 mM Tris buffer, pH 7.5, to a final 
NaDodSO, concentration of 0.02%, and divided into aliquots each 
containing 4 pg of carrier prothrombin. Increasing amounts of 
thrombin were added, and the reaction mixture was incubated at 37 
OC for 10 min before lyophilization. Samples were analyzed by 
NaDodSO,-polyacrylamide gel electrophoresis as described in the 
legend to Figure 1. Lane 1, no thrombin added; lane 2, 0.1 pg of 
thrombin; lane 3,0.2 pg of thrombin; lane 4,0.5 pg of thrombin; lane 
5, 1 pg of thrombin. Protein standards are as in Figure 1 with the 
addition of phosphorylase (M, 99 000). The positions of the origin 
and dye front are indicated. 

thrombin, carrier prothrombin, and anti-prothrombin anti- 
bodies) was then incubated with increasing concentrations of 
thrombin, and the reaction products were analyzed by Na- 
DodS04-polyacrylamide gel electrophoresis, followed by 
fluorography. Initially, the [ 3H] prothrombin was present as 
a major single band of M, 70000 (Figure 2, lane 1). On 
addition of increasing amounts of thrombin, the prothrombin 
band disappeared with the concomitant appearance of two 
smaller bands of M, 49 000 and 27 000 (lanes 2-5). The M, 
49 000 band was tentatively identified as intermediate I* 
(residues 157-582; M, 48 143; Owen et al., 1974) and the M, 
27 000 band as fragment I (residues 1-1 56; M, 17 973) con- 
taining an amino-terminal extension. To test this possibility, 
automatic sequenator analyses were then performed on frag- 
ment I. In these experiments, enriched prothrombin mRNA 
was translated in the presence of [3H]leucine, and the radio- 
labeled product was recovered by immunoprecipitation. The 
immunoprecipitate was then dissolved in NaDodS04, diluted 
such that the NaDodS04 concentration was 0.02%, and di- 
gested with thrombin. Fragment I was isolated by preparative 
NaDodS04-polyacrylamide gel electrophoresis and subjected 
to 30 rounds of automatic Edman degradation. The PTH 
derivatives were identified and quantitated. In this analysis, 
radioactivity was released at rounds 8, 12, 14, 17,20, and 28 
(Figure 3, top panel). This procedure was repeated for 
fragment I labeled with [ 3H] phenylalanine, [3H]alanine, 
[3H]proline, or [3H]valine (Figure 3, bottom four panels). 
Sequenator analyses were also carried out with fragment I 
labeled with [3H] tyrosine, [3H]isoleucine, or [35S]methionine, 
but these analyses released no radioactive peaks during the 
first 28 rounds. By use of the criteria of Palmiter et al. (1 977), 
a partial amino-terminal sequence was deduced for the pre- 
cursor for bovine prothrombin (Figure 4). These data suggest 
that bovine prothrombin is synthesized as a precursor having 
an amino-terminal extension of at least 30 residues. Since the 
partial sequence data did not overlap the amino-terminal se- 

Intermediate I is also referred to as prethrombin I. 
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FIGURE 3: Automated Edman degradation of bovine prepro-pro- 
thrombin fragment I synthesized in five different reaction mixtures 
containing radiolabeled Leu, Phe, Ala, Pro, or Val. Numbers above 
the histograms indicate positive assignments in the sequence of 
prepro-prot hrom bi n. 

-4 3 -60 -35 
X Ala X Val X X Pro X Leu Pro X X Leu 

Met Ala Arg Val ArR Cly Pro Arg Leu Pro Cly Cys Leu 
Sequenator 
Predicted from cDNA 

-30 -25 -20 

Ala Leu Ala Ala Leu Phe Ser Leu Val Hts Ser Gln His 
Sequenator Ala Leu Ala Ala Leu Phe X Leu Val X X X X 
Predicted from cDNA 

-15 -10 -5 
X Phe Leu Ala - - - - - - - - - 
Val Phe Leu Ala His Cln Gln Ala Ser Ser Leu Leu Cln 

Sequenator 
Predicted from cDNA 

-1 +1 +5 

Arg Ala Arg Arg Ala Asn Lys Cly Phe Leu Clu Clu 
Ala Asn Lys Cly Phe Leu Cla Cla 

- - - - - - - - - - - _  Sequenator 
Predicted from cDNA 
Plasma prothrombin 

FIGURE 4: Amino-terminal sequence of bovine prepro-prothrombin 
as determined by automatic Edman degradation of prepro-prothrombin 
fragment I. The sequenator data are from Figure 3. X represents 
positions where no amino acid could be assigned from the automatic 
sequenator analysis. The alanine residue at position -42 was released 
at cycle 1 of the sequenator analysis and is preceded by an initiator 
methionine (see text for details). No residues could be assigned past 
cycle 29 of the sequenator analysis (corresponding to the alanine at 
position -14). The amino acid sequences are numbered backward 
from the site of cleavage that gives rise to plasma prothrombin. 

quence of prothrombin present in plasma, the exact size of the 
extension could not be deduced. It was rich, however, in 
hydrophobic residues (Leu, Phe, and Val) which is typical of 
signal sequences (Blobel et al., 1979). Final proof that the 
fragment I analyzed in these experiments originated from a 
prepro-prothrombin was established by cloning of the mRNA 
for bovine prothrombin as described below. 

Construction and Screening of a Bovine Liver cDNA Li- 
brary. Because of the difficulty of obtaining sufficient amounts 
of fragment I labeled with high specific activity, and because 
the sequenator analyses were providing little data past residue 
30, it was decided to prepare a full-length complementary 
DNA of prothrombin mRNA. The complete amino acid 
sequence for the amino-terminal extension could then be 
predicted from the DNA sequence, and the sequenator analysis 
would predict precisely where the leader sequence was initiated. 

A bovine liver cDNA library of 90 000 independent trans- 
formants was then constructed from 150 ng of sized DNA. 
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FIGURE 5: Restriction map and sequencing strategy for three bovine 
prothrombin cDNAs. The bars below the restriction map represent 
the three clones pBII3 (MacGillivray et al., 1980b), pBII102, and 
pBIIl11, The region coding for the leader sequence is represented 
by a dotted bar, the coding region by a solid bar, the 3'-noncoding 
region by a slashed bar, and the poly(A) tail by an open bar. Plasmid 
pBIIl11 contains 5 bp of 5'-noncoding sequence. The extent of 
sequencing is indicated by the length of the arrow. DNA sequence 
determined on the coding strand is indicated by an arrow pointing 
right; sequence determined on the noncoding strand is indicated by 
an arrow pointing left. The top two rows of arrows indicate DNA 
sequence determined by the chemical cleavage method; the bottom 
four rows indicate sequence determined by the chain-terminator 
method. The scale shown at the bottom represents nucleotides in 
kilobases. 

In order to maximize the synthesis of full-length cDNAs for 
this library, human placental ribonuclease inhibitor was in- 
cluded in the reverse transcription reaction. After base hy- 
drolysis of the mRNA, the cDNA was tailed with dCMP, and 
the second strand synthesis was primed with oligo(dG) (Land 
et al., 1981). The double-stranded cDNA was again tailed 
with dCMP and sized by agarose gel electrophoresis prior to 
insertion into the PstI site of pBR322 by homopolymeric G-C 
tailing. Approximately 40 000 recombinant colonies from the 
cDNA library were screened by in situ hybridization using 
nick-translated PstI insert of pBII3 as a probe (MacGillivray 
et al., 1980b). About 150 positive colonies were obtained, and 
seven (pBII106-112) were studied in detail. Restriction en- 
donuclease digestion of plasmids isolated from these colonies 
showed that they contained bovine prothrombin cDNA inserts 
of 1 100, 640, 1600, 1400, 1300, 1950, and 1000 bp, respec- 
tively. Plasmid pBII 1 1 1 containing the largest cDNA insert 
was subjected to restriction mapping (Figure 5 ) .  

DNA Sequence Analysis of Bovine Prothrombin cDNAs. 
Plasmids pBII102 and pBIIl11 were both employed for de- 
termining the nucleotide sequence of prothrombin cDNA. The 
sequencing strategy used is summarized at the bottom of 
Figure 5 .  Initially, the DNA sequences around the PstI, XhoI, 
SmaI, and BglII sites were determined by the chemical 
cleavage method. Extensive sequence data were then deter- 
mined by the chain terminator method by analyzing small 
fragments cloned into the single-stranded phage M13. The 
final overlaps were then determined by sequencing around 
three DdeI sites by the chemical cleavage method. Each 
nucleotide was determined at least twice, and 73% of the 

sequence was determined on both strands. Every labeling/ 
cloning site was overlapped, with the exception of the BamHI 
site (nucleotides 1636-1641). However, the sequence of this 
region has already been determined in pBII3 (MacGillivray 
et al., 1980b). 

The complete sequence of prothrombin cDNA and the 
predicted amino acid sequence for the protein are shown in 
Figure 6. Nucleotides 135-1880 code for residues 1-582 of 
plasma prothrombin. The coding region is followed by a stop 
codon TAG (nucleotides 1881-1883) and a 3'-untranslated 
region of 121 nucleotides (1884-2005). This is two nucleotides 
longer than the 3'-untranslated region of pBII3 (MacGillivray 
et al., 1980b). Plasmid pBII102 also contains a poly(A) tract 
of 30 nucleotides. The cDNA in pBIIl11 corresponded to 
nucleotides 1-1877 and terminated at Gly-581. Nucleotides 
6-1 34 code for an amino-terminal extension of 43 amino acid 
residues. An alignment of the predicted sequence of the ex- 
tension with the partial sequence of prepro-prothrombin de- 
termined by in vitro translation is shown in Figure 4. The 
partial amino acid sequence agrees well with that predicted 
from the cDNA sequence. Only the valine residue at -17 was 
not detected during the sequenator analyses. In addition, 
amino acids that gave no positive cycles during the sequenator 
analyses (isoleucine, tyrosine, and methionine) were not present 
in the first 30 residues of the prepro-prothrombin sequence 
predicted from the cDNA. As the reticulocyte lysate has a 
methinone aminopeptidase that removes methionyl residues 
in the sequence Met-Ala (Thibodeau et al., 1979), it is con- 
cluded that the methionine at position-43 is the initiator 
methionine. Accordingly, pBII 1 1 1 contains five nucleotides 
of 5'-untranslated sequence. 

Discussion 
From the present data, it is clear that bovine prothrombin 

is synthesized as a precursor having an amino-terminal leader 
extension of M, -4500. Partial amino-terminal sequence 
analysis indicated that this leader sequence was hydrophobic 
in nature and corresponded to the signal sequence found in 
most other secreted proteins (Blobel et al., 1979). The com- 
plete amino acid sequence of the precursor was predicted from 
the cDNA sequence, and this confirmed the partial sequence 
data obtained from fragment I synthesized in vitro (Figure 
4). Conversion of the precursor to plasma prothrombin occurs 
by cleavage of the peptide bond between Arg-l-Ala", where 
Ala" represents the amino-terminal residue of plasma pro- 
thrombin. This cleavage is not typical of signal peptidase 
which has an elastase-like specificity (Blobel et al., 1979). This 
suggests that the newly synthesized bovine prothrombin con- 
tains a prepro leader sequence that is cleaved first by the signal 
peptidase to yield pro-prothrombin, and this molecule is then 
cleaved by a second protease to yield plasma prothrombin. 
This biosynthetic pathway would be analogous to several other 
plasma proteins synthesized in liver, including albumin (Strauss 
et al., 1977; MacGillivray et al., 1979; Lawn et al., 1981), 
factor IX (Kurachi & Davie, 1982), and human prothrombin 
(Degen et al., 1983). It is also consistent with the presence 
of prothrombin precursors found in rat liver microsomal 
preparations (Suttie & Jackson, 1977). 

The position of the putative signal peptidase cleavage site 
in prepro-prothrombin and any possible functions of the pro 
peptide in pro-prothrombin are unknown at present. However, 
it might be expected that the sequences of functional regions 
of the precursor peptides may be conserved. Figure 7 shows 
a comparison of the leader sequence for bovine prepro-pro- 
thrombin, human prepro-prothrombin (Degen et al., 1983), 
and human prepro-factor IX (Kurachi & Davie, 1982; Jaye 
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4 3  -40 
k t  A l a  Arg Val Arg C l y  Pro 

AC ACC ATC CCC CCC CTC CCA CCC CCC 
10 20 

-30 -20 -10 -1 
*re Leu Pro C l y  Cy. L.u Ala Leu Ala Ala Leu Phe Ser Leu Val Mia k r  C h  M i l  Val Phc Leu A l l  Win Cln Cln A l a  Ser Scr Leu Leu Gln Arg Ala  Arg  Arg 
CCG CIG CCI 0% TGC clt CCC C I C  GCT CCC C I C  ITC ACC CIC G I G  CAC ACC I X C  CAT G I G  T I C  C I C  CCC CAT CAC CM CCA TCC TCC C I C  CIC i f f i  ACG CCC ccc m 

30 40 50 W 70 80 90 100 110 120 130 

*1 10 20 30 
Ala M Lya C1y RH Leu Clu Clu Val AI& Lym Cly Am Leu Clu Arg Clu Cya Leu Clu Clu Pro Cym S i r  Arg Clu Clu Ala P k  Clu Ala &u Clu Ser Leu Sar 
CCC MC M C  CCC I T C  clt UC GAG C I C  022 MC CCC MC C I G  CAC CCA CAC TGC C I C  GAC CAC CCA TCC ACC CCC CAC CAC CCC T I C  CAC CCC CTC GAG TCI  CTC ACT 

140 150 160 170 180 190 200 2 10 220 230 240 

40 50 60 70 
Ala Ihr Alp Ala ?he Trp Ala Lya Iyr Ihr Ala Cya Clu k r  Ala Arg Asn Pro Arg Clu Lya Leu Aln Clu Cy# Leu Clu Cly k n  Cy. Ala Clu C l y  Val C l y  mt 
CCC Aa GAT CCC T I C  TCC CCC MC I A C  ACA C C I  TCT GAG TCA CCG ACA MI C C I  O X  C M  MC CIC MI CM TCT C I C  CM CCA MC TCC CCT C M  CCI C T C  CGC ATC 

250 260 270 280 290 300 310 320 330 340 350 

80 90 100 
*m Tyc A r a  C l y  Aln Val k r  Val Thr Ara k r  Cly 11. C l u  Cy. Gln Leu Trp Arg k r  Arg I y r  Pro Rla Lye Pro Clu Ilc Asn Scr Thr Thr Win Pro C l y  Ala 
M C  TAC WA Gu: M C  CTG ACC CTC ACC CCC T U  CCC ATC CAC TCC CAC C I G  I C C  ACA U T  CCC TAC CCA C A I  MG CCA C M  A I C  MC TCT ACC ACC CAC CCC CU; CCI 

360 370 380 390 400 410 420 430 440 450 

110 120 130 140 
Alp Leu k g  clu Am ?he Cym Ar(  Aln Pro Asp C l y  k r  Ilc Thr G l y  Pro Trp Cy0 Tyr Thr Thr Ser Pro Thr Leu Arg Arg Clu Glu Cya k r  Val Pro Val Cya 
CAC C I C  CCC GAG MT ITI TCC CGC MC CCC CAT CCC ACC A T I  ACT CGC CCC TCC TGC TAC ACC ACA I C C  CCC A C I  C I C  CGG ACA GM CAC TCC AGC CTC CCC CTC TCC 

510 520 530 540 550 560 

170 180 
G 1 Y  Cln Amp Arg Val Ihr Val Clu Val 11. Pro Arg k r  Cly Cly Su Thr Thr Ser Gln k r  Pro Leu Leu Clu Thr Cya Val Pro  Asp Arg Sly ArK Clu Tyr Arg 

OC CAC CCA CTC ACA CTC CAG CTC A I C  CCC CCC TCG CCA CCC I C C  ACT ACC ACT CAC TCC CCI C I A  C I G  CM ACA I C C  CTC CCG CAC CCC CCC CGG GAC I A C  CGC 
620 630 640 650 660 670 

490 B Ib0 

460 470 480 

150 

570 580 590 600 610 

190 200 210 
Gly Ara Lu Ala Val Ihr Ihr H i m  C l y  Sar Arg Cy. Leu A l a  Trp Ser Ser Clu Cln Ala Lym A l a  Leu Scr Lye Asp Cln Asp Pha Asn Pro Ala Val Pro Leu Ala 
GCG CGA C I C  CCG CTG ACC ACA CAC GCG I C C  CGC TCC CCC I C C  ACC ACC CAC CAC GCC MC CCC CfC ACC M G  CAC CAC CAC TTC MC CCC CCC CTC CCC C I C  CCG 

6KO 690 700 7 10 720 7 30 1 40 7 SO 760 770 780 

220 230 240 250 
Clu Aln Pha Cy. Arg Asn Pro Alp C1y Alp CluClu  C l y  Ala Irp Cya I y r  Val Ala Alp Cln Pro Cly Asp ?he Glu Tyr Cy'. Asp Leu Aln I y r  Cy# Clu Glu Pro 
GAC MC ?IC ICC CCC MC CCA CAC u;C CAC CAC CAG CCC CCC I C C  TCC TAC CTC CCC GAC CAC C C I  GCG CAC m GAC TAT TCT CAC CIC MC TAC TCC CAC GAC CCG 

860 870 880 890 

ZM) 

990 .I 
960 970 980 

7 790 800 810 820 830 840 

260 270 
Val Alp Cly Amp Leu C l y  Asp Arg  Leu Cly Clu Asp Pro Alp Pro Asp Ala Ala Ilc clu c l y  Arg Ihr k r  Clu Alp n i l  Phe Cln Pro Phe Phc Asn Clu Lya r)lr 
CTC C A I  CCA CAC C I C  CCA GAC ACC C I C  CCT GAC CAC CCG CAC CCG CAC CCC CCC ATC CAC CCA CGC Acc TCI GAC CAC CAT T I C  CAC CCC TTC T I C  MC CAC MC ACC 

900 910 920 930 940 950 

290 300 310 320 
Phe G l y  Ala C l y  Clu A l a  Asp Cym C l y  Leu A ~ K  Pro Leu Phe Clu Lya Lya Cln Val C l n  Alp Cln Thr Clu Lya C l u  Leu Pha Clu k r  Tyr I l c  Clu G l y  ACE 11. 
ITI CCC CCC CCC CAC CCC CAC TCT CCC CIC CGA CCC C I C  ITC CAC M C  MC CAC CTC CAC GAC CM ACC CAC M C  CAC ITC GAG TCC TAC A I C  GAG CCC WC ATC 

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 

330 340 350 360 
Val Clu Cly Gln Aap Ala Clu Val Cly Leu Scr Pro Trp Cln Val kt Leu Phe Arg Lya Scr Pro Gln Glu Leu Leu Cya G1y Ala k r  Leu Ilc k r  Asp Arg T r p  
CIC GAC CGI CAC CAC CCC GAC m 0% CIC TCC CCC TCC CAC CTC A I C  CIC TIT CCT MG ACT CCC CAC GAG CIC CIC TCI CCC GCC AGC CIC ATC ACT CAC CGC TCC 

1110 ' 120 1130 1140 1150 1160 1170 1180 1190 1200 1210 

370 380 390 
Val L.u Ihr A b  Ala tlla Cy. Leu Leu Tyr Pro Pro I r p  Alp Lya Ann Phe Ihr Val Asp Asp Leu Leu Val Arg  I l c  C l y  Lye H i m  Scr Arg Thr Arg I y r  Glu Arg 
CTC CIC ACC CCT GCC CAC TR CIC C I C  TAC CCC CCI TCC CAC M C  MC T I C  ACC CTC CAT GAC CIC C I C  CTC CGC ATC CGC M C  CAC TCC CCC ACC A M  TAT GAG CCC 

1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320 

&lm I10 420 4 30 -- 
Lya Val C l u  Lye 11. k r  Met Leu Alp Lya 11. I y r  11. llii Pro Arg Tyr Asn Trp Lye Clu Aln Lcu ADP Arg Alp I l e  Ala Leu Leu Lym Leu Lya A r t  Pro Ilc 
MC cn CM MC ATC r a  AIC crc CAC MC ATC IAC AX CAC ccc ACC IAC MC TCX MC CAC MT crc WIC ccc CAC ATC GCC CIC CIC MC CIC MG AGC ccc ATC 

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 

440 450 460 
C l u  L.u k r  &p Tyr 11. ni. Pro val cy. Leu PTO u p  ~ y a  c h  Thr  la  la Lym L.U ~ e u  R i m  Ala C1y Phe LYD c1y Arg va l  Ihr c1y Irp c l y  ~m AC; A I #  
G*G T T A  TCC CAC TAC ATC Us CCC CTC TCC CTC CCC CAC MG CAC ACA CCA GCC M C  f 3 G  CIC CAC CCT CGC T I C  AM CGC CCC CIC ACC CGC TU; CCC MC CCG ACC 

1440 1450 l A 6 0  1470 1480 1490 1500 1510 1520 1530 

A70 480 490 500 
Clu Ihr Irp Ihr Ihr k r  Val Ala G h  Val Cln Pro Set Val Leu Cln Val Val Am Leu Pro Leu Val Clu Arg Pro Val cy# Lye Ala Ser Thr ACa 11. Ar: 11. 
GAG ACC TCC ACC ACE ACC I X G  CCC CAC CTC CAG CCC ACC CTC C I C  CAG C I G  CTC MC C I G  C C I  CIC G I G  CAC CGG CCC CTC I C C  M C  CCC TCC ACC CCC ATC CGC ATC 

1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 1640 

510 520 53a YO 
Ihr ASP M Met Pha Cya Ala Cly Tyr LI. P?o Gly Clu Cly Lya Arg Cly Alp Ala Cy. Clu Gly Amp Ser C l y  C1y Pro ?he Val W t  LI. Ser P I 0  TIC Am Am 
ACC CAC MC ATC lTC TCT CCC GCI TAC M C  CCI CGI C M  CCC AM CCA CCC CAC CCI  TCT GAG CCC CAC AGC CGC CCA CCC T I C  CTC ATC MC hCC CCC TAT MC MC 

1 0 0  1660 1670 1680 1690 1700 1710 1720 1730 1740 1750 

550 560 570 
A r @  Trp Ty? Cln Met Cly 11. v a l  Sac ~ r p  c l y  Glu c1y c y m  h p  Arg Asp Cly Lya Tyr G1y me Vr Ihr Mia Val Pho A r #  Leu Lya Lya Trp 11. Cln LYI Val 
CGC TlX TAT C M  A I C  CCC ATC CTC TCA TCC CCT CM GCC TCT CAC Au; CAT CCA M A  TAT GCC T I C  TAC ACA CAC CfC T I C  CGC clt MG MC TCC ATA CAC A M  CIC 

1760 1770 1780 1790 1800 1810 1820 1830 1840 1850 1860 

580 
Ile Alp Arg Lu Cly LrflOt 
ATT CAT CGG T T A  CCA &X I A C  CCA GCE ACC CAC ATT CU ACC CTC CTC A C I  CCA MA tc1 CAG ACC CCA ATC CAC TCA ATC MT T A 1 . m  TCT CGI TTG TTC C I A  AM 

1870 1880 1K90 lpoo 1910 1920 1930 l9bO 1930 l%O 1970 

FIGURE 6: Complete nucleotide sequence of bovine prothrombin cDNA. The sequence was determined by analysis of the three overlapping 
clones shown in Figure 4. The predicted amino acid sequence of bovine prepro-prothrombin is shown above the DNA sequence. Residues 
-43 to -1 represent the leader sequence for bovine prothrombin, and residues 1-582 represent the sequence of plasma prothrombin. The factor 
Xa cleavage sit= are shown by the solid arrows, and the thrombin cleavage site is shown by the open arrow. The attachment sites for carbohydrate 
on Asn-77, -101, and -376 are indicated by (e). 
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Bovine Prothrombin Met Ala Arg Val Arg Gly Pro ArglLeu Pro Gly Cys Leu Ala1 
Human Prothrombin GlnlLeu Pro Gly Cys Leu Ala1 
Human Factor IX Met Gln Arg Val Asn Met Ile Met Ala Glu Ser Pro G l y  Leu Ile Thr Ile 

-45 -40 -35 -30 

- 2 5  -20 - 1 5  

Bovine Prothrombin 
Human Prothrombin 
Human Factor IX 

Bovine Prothrombin 
Human Prothrombin 
Human Factor IX 

-10 -5 -1 1 

FIGURE 7: Comparison of the leader sequences of bovine prothrombin, human prothrombin (Degen et al., 1983), and human factor IX (Kurachi 
& Davie, 1982; Jaye et al., 1983; K. Kurachi and E. W. Davie, unpublished results) as predicted from the cDNA sequences. Identical residues 
in corresponding positions are shown in boxes. The sequences are numbered backward from the site of cleavage that gives rise to the mature 
proteins found in plasma. The recombinant plasmid encoding human prepro-prothrombin contained only 36 residues of the leader sequence. 
The exact position of the initiator methionine residue for factor IX is not known. 

et al., 1983). Considerable sequence homology is evident 
between the bovine and human leader sequences for pro- 
thrombin where 3 1 out of 36 residues in corresponding posi- 
tions are identical. Also, there is some homology between the 
prothrombin leader sequences and the factor IX leader se- 
quence, particularly at the carboxyl end where 7 of the last 
17 residues are identical in all three proteins. However, the 
amino-terminal region of the leader sequence shows no hom- 
ology between all three proteins. This is consistent with signal 
peptides being nonhomologous for proteins synthesized in the 
same tissue (Compere et al., 1981). However, if the prepro 
leader sequence of prothrombin and factor IX play a common 
role in the biosynthetic pathway of these two proteins, the 
signal peptidase cleavage site may be conserved in all three 
sequences. Since this enzyme has an elastase-like specificity, 
the most probable cleavage site would be between alanine at 
position -10 and the adjacent amino acid at position -9. This 
would leave a pro peptide of nine residues on each of the three 
proteins. 

There are seven differences between the amino acid sequence 
of bovine prothrombin predicted from the cDNA of pBII102 
and that determined by classical protein sequence analysis 
employing prothrombin prepared from pooled plasma (Mag- 
nusson et al., 1975). These include His-188, Asp245, Gln-310, 
Glu-312, Asp506, Asn-507, and Asp557 which were reported 
to be Ser, Asn, Glu, Gln, Asn, Asp, and Asn, respectively. Five 
of the last six differences very likely reflect errors in amide 
assignments. The codon for residue 557, however, was found 
to be AAU coding for Asn in pBII3 (MacGillivray et al., 
1980b) and GAU coding for Asp in pBII102. Thus, poly- 
morphism or errors by reverse transcri tase during the cDNA 

188 as determined by amino acid sequence analysis is con- 
vincing (Staffan Magnusson, personal communication), also 
indicating the likelihood of polymorphism or a cloning artifact 
at this position in prothrombin. 

The amino acid composition of bovine prothrombin pre- 
dicted from the cDNA sequence of pBII102 and pBIIl11 is 

synthesis cannot be excluded. The evi B ence for Ser in position 

As%,, Asp,,, T h b ,  Ser35, G ~ u ~ ~ ~  G h ,  G h s ,  Pro35, Gly,,, 
Ala34 CYSX, Vab, Mek, Ilea, Leu&, Tyrlg, Phe?_o, LYS~I, Hislo, 
Argd5, and Trp14. This amino acid composition includes the 
10 y-carboxyglutamic acid residues determined by amino acid 
sequence analysis (Magnusson et al., 1975). This composition 
corresponds to a molecular weight of 66 226 in the absence 
of carbohydrate and 73 585 with the addition of 10% carbo- 
hydrate (DiScipio et al., 1977). The carbohydrate attachment 
sites were established previously as Asn-77, -101, and -376 in 

Table I: Codon Usage for Bovine and Humana 
Prothrombin mRNA 

bovine human bovine human 

Ala GCG 6 
GCA 1 
GCT 6 
GCC 2 1  

Arg AGG 6 
AGA 3 
CGG 14 
CGA 7 
CGT 1 
CGC 14 

Asn AAT 4 
AAC 19 

Asp GAT 6 
GAC 31 

C y s  TGT 9 
TGC 15 

Gln CAG 16 
CAA 2 

Glu GAG 43 
GAA 10 

Gly GGG 14 
GGA 8 
GGT 6 
GGC 20 

His CAT 2 
CAC 8 

Ile ATA 1 
ATT 2 
ATC 17 

Leu TTG 
TTA 2 
CTG 29 
CTA 1 
CTT 2 
CTC 12 

3 
5 
8 

20 
9 
1 
9 
6 
1 

1 3  
4 

22 
12 
23 
12 
12 
19 

2 
39 
12 
19 
6 
7 

15 
5 
5 
2 
8 

12 
4 

25 
3 
3 
7 

LY s 

Met 
Phe 

Pro 

Ser 

Thr 

TIP 
T u  

Val 

stop 

AAG 21 
AAA 4 
ATG 6 
TTT 4 
TTC 16 
CCG 10 
CCA 4 
CCT 6 
CCC 15 
AGT 6 
AGC 12 
TCG 3 
TCA 3 
TCT 3 
TCC 8 
ACG 6 
ACA I 
ACT 3 
ACC 13 
TGG 14 
TAT 5 
TAC 14 
GTG 22 
GTA 
GTT 2 
GTC 11 
TGA 
TAG 1 
TAA 

26 
3 
8 
5 

15 
3 
4 

12 
12 
8 
9 
3 
6 

9 
8 
9 
6 

12 
14 

4 
11 
21 

1 
2 
9 

1 

Data taken from Degen et al. (1983). 

bovine prothrombin (Magnusson et al., 1975). 
The base composition of prothrombin mRNA is somewhat 

G-C rich (21% A, 32.6% G, 29.6% C, and 16.8% T). This is 
reflective of the coding region where 80% of the codons end 
in either G or C. Codon usage in bovine prothrombin is 
nonrandom, as shown in Table I. Two codons are not used 
(UUG for leucine and GUA for valine), and some are used 
rarely (17 of 20 isoleucine residues are encoded by AUC). 
Again, this mainly reflects the use of G and C in the third 
position. Codon usage for bovine and human prothrombin is 
very similar (Table I), and all y-carboxyglutamic acid residues 
are e n d e d  by GAG in each protein. The y-carboxyglutamic 



B O V I N E  P R O T H R O M B I N  C D N A  V O L .  2 3 ,  N O .  8 ,  1 9 8 4  1633 

acid residues in factor IX, however, are encoded mainly by 
GAA (Kurachi & Davie, 1982; Jaye et al., 1983). The sig- 
nificance of this difference in codon usage is unclear. 
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Sequence Specificity of Heat-Labile Sites in DNA Induced by 
Mitomycin Ct 

Kazumitsu Ueda, Junji Morita,f and Tohru Komano* 

ABSTRACT: The sequence specificity of the mitomycin C-DNA 
interaction was directly determined by using DNA sequencing 
techniques and by using 3’- or 5’-end-labeled DNA fragments 
of defined sequence as substrates. Mitomycin C reduced with 
sodium borohydride induced heat-labile sites in DNA pref- 
erentially at specific sequences. The heat-labile sites were 
induced most preferentially at the dinucleotide sequence G-T 
(especilly h G-T), which was determined by scanning auto- 
radiograms with a microdensitometer after gel electrophoresis. 

M i t o m y c i n  C, a potent anticarcinogenic antibiotic, interacts 
with DNA, resulting in a covalent binding of the drug to DNA, 
as well as in the formation of cross-links between the com- 
plementary strands of DNA (Iyer & Szybalski, 1963, 1964; 
Matsumoto & Lark, 1963). These DNA modifications, in 
which the former is predominant 10-20-fold over the latter 
(Szybalski & Iyer, 1964a), are believed to be essential for the 
cytotoxicity of mitomycin C (Iyer & Szybalski, 1963; Weiss 
et al., 1968, Kinoshita et al., 1971; Mercado & Tomasz, 1972). 
The aziridine and methylurethane moieties are suggested to 
be involved in the binding to DNA (Schwartz et al., 1963; Iyer 
& Szybalski, 1964; Hashimoto et al., 1982). The binding sites 
of mitomycin C in DNA are the 0 - 6  position or the 2-amino 
group of guanine residues or the 6-amino group of adenine 
residues (Tomasz et al., 1983; Hashimoto et al., 1982). 
However, the details of the interaction of mitomycin C with 
DNA have yet to be elucidated. 

Mitomycin C contains a quinone moiety beside aziridine 
and methylurethane. Reduction of mitomycin C, by chemical 
or enzymatic methods, followed by exposure to air results in 
the generation of superoxide anion and hydrogen peroxide 
(Handa & Sato, 1975; Tomasz, 1976). Oxygen radicals were 
generated not only by free mitomycin C but also by mitomycin 
C irreversibly bound to DNA (Tomasz, 1976). Lown et al. 
(1976) and Ueda et al. (1980, 1981, 1982) reported that 
chemically reduced mitomycin C induces single-strand scission 
in single-stranded and double-stranded DNAs. The DNA 
strand scission is considered to involve the oxygen radicals, 
such as hydroxyl radical and singlet oxygen, and mitomycin 
C semiquinone radical (Lown et al., 1976; Ueda et al., 1980, 
1981, 1982). 
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DNA was cleaved at the 3’ side of deoxyguanosines and of 
some deoxyadenosines by heat treatment. Oligonucleotides 
produced by heat treatment after reaction with reduced mi- 
tomycin C contained phosphoryl groups at the 5’ termini. The 
3’ termini seemed not to have simple structures, judging from 
their electrophoretic mobilities. Oxygen radicals such as singlet 
oxygen and hydroxyl radical were possibly involved in the 
induction of heat-labile sites. 

DNA cleavage via a mechanism involving oxygen radicals 
is reported for some antitumor antibiotics such as bleomycin 
(Lown & Sim, 1977; Sausville et al., 1976). Strand scission 
by bleomycin occurs preferentially at specific sequences 
(Takeshita et al., 1978; D’Andrea & Haseltine, 1978) and at 
specific sites in DNA (Lloyd et al., 1978), and the sequence 
specificity of single-strand scission is related to the site-specific 
double-strand scission by bleomycin (Mirabelli et al., 1982). 

We have investigated the interaction of mitomycin C with 
DNA by using DNA substrates of defined sequence. In this 
paper, we show that reduced mitomycin C induces heat-labile 
sites in DNA preferentially at specific sequences and that 
oxygen radicals are possibly involved in the induction of 
heat-labile sites. 

Materials and Methods 

Chemicals and Enzymes. Mitomycin C was kindly supplied 
by Kyowa Hakko Co. Ltd., Tokyo, Japan. The restriction 
enzymes HaeIII, TaqI, and HinfI and T4 polynucleotide kinase 
were obtained from Takara Shuzo Co. Ltd., the Klenow 
fragment of DNA polymerase I of Escherichia coli was from 
Bethesda Research Laboratories GmbH, and calf intestine 
alkaline phosphatase was from Boehringer Mannheim GmbH. 
[(r-32P]dTTP, [cx-~~PI~CTP,  and [Y-~~P]ATP (specific activity 
about 3000 Ci/mmol) were purchased from New England 
Nuclear, Du Pont, and Amersham International. 

DNA Substrates. Three DNA fragments of defined se- 
quence were obtained from bacteriophage 4 x 1  74 replicative 
form DNA. Double-stranded 4X 174 replicative form DNA 
was prepared as previously described (Ueda et al., 1981) and 
digested with HaeIII, and 194 and 234 base pair fragments 
[Z, and Z8 fragments in the map reported by Sanger (Sanger 
et al., 1978)] were purified. Fragment 2, was digested with 
TaqI and was labeled by extension of the 3’ termini with 
Klenow polymerase in the presence of [ cx -~~PI~CTP (Maniatis 
et al., 1982). Fragment Z, was digested with HinfI and labeled 
at the 3’ termini in the presence of [CY-~~PI~TTP and unlabeled 
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