
Proc. Nad. Acad. Sci. USA
Vol. 82, pp. 3591-3595, June 1985
Biochemistry

Characterization of an almost full-length cDNA coding for human
blood coagulation factor X

(DNA sequence analysis/protein processing/amino acid sequence identity)

MARION R. FUNG, COLIN W. HAY, AND Ross T. A. MACGILLIVRAY
Department of Biochemistry, University of British Columbia, Vancouver, BC V6T 1W5, Canada

Communicated by Harry B. Gray, February 1, 1985

ABSTRACT A human liver cDNA library was screened by
colony hybridization with a bovine factor X cDNA probe. Three
of the positive plasmids contained overlapping DNA that coded
for most of human factor X mRNA. DNA sequence analysis of
these three clones allowed the prediction of the complete amino
acid sequence of plasma factor X. From these studies, we
predict that human factor X is synthesized as a single poly,
peptide chain precursor in which the light and heavy chains of
plasma factor X are linked by the tripeptide Arg-Lys-Arg. The
cDNA sequence also predicts that human factor X is synthe-
sized as a preproprotein having an amino-terminal leader
peptide of at least 28 amino acid residues. A comparison of the
amino acid sequences ofhuman and bovine factor X shows high
sequence identity around the calcium-binding regions and
catalytic regions but low sequence identity around the
nonfunctional regions.

Factor X (Stuart factor) is a plasma glycoprotein that is
involved in both the intrinsic and extrinsic pathways of the
blood coagulation cascade (1). During the clotting process,
factor X is converted from an inactive zymogen to an active
protease (factor Xa) by limited proteolysis (2). Factor X has
been purified to homogeneity from both bovine (3) and
human plasma (4) and consists of a light chain and a heavy
chain linked by a disulfide bond. The complete amino acid
sequences of the light and heavy chains of bovine factor X
have been reported (5, 6), as well as the complete amino acid
sequence of the light chain of human factor X (7). The light
chain of human factor X contains 11 residues of y-carboxy-
glutamic acid, which function in the binding of calcium ions
(8), and a single residue of,8-hydroxyaspartic acid (7, 9), the
function of which is unclear. The heavy chain contains the
peptide bond that is cleaved during the activation of factor X
(2) and also contains the catalytic region that is essential for
the proteolytic activity offactor Xa. The amino acid sequence
of this catalytic region is homologous with the catalytic
regions of other serine proteases, including many clotting
factors (see ref. 1).

Studies from two laboratories have shown that factor X is
synthesized by rat and human hepatoma cells as a precursor
consisting of a single polypeptide chain (10, 11). After
secretion into the tissue culture medium, the single-chain
form is converted to the two-chain form found in plasma, but
the nature of this conversion was not established in these
studies. The isolation and characterization of cDNA clones
coding for factor X has allowed the structure of the precursor
to be predicted from the cDNA sequence. Fung et al. (12)
characterized five overlapping cDNA clones that coded for
most of bovine factor X mRNA. These studies showed that
bovine factorX mRNA encodes a single polypeptide in which
the light and heavy chains are joined by the dipeptide

Arg-Arg. The cDNA sequence also predicted that bovine
factor X is synthesized as a precursor containing a leader
peptide of 40 amino acid residues. This leader peptide
consists of both a putative signal peptide and a "pro" region.
Conversion of the profactor X to plasma factor X occurs by
cleavage of a peptide bond in the sequence Arg-Arg-Ala,
where Ala represents the amino-terminal residue of the light
chain of plasma factor X. Thus, factor X appears to be
synthesized as a preproprotein similar to other plasma
proteins, including albumin (13) and apolipoprotein A-II (14).
Leytus et al. (15) have reported the characterization of a
partial cDNA coding for human factor X. This clone codes for
part of the light chain of factor X, a linking tripeptide
Arg-Lys-Arg, the complete heavy chain, a short 3' untrans-
lated region, and a poly(A) region. Thus, human factor X
appears to be synthesized as a single polypeptide chain
precursor in which the light and heavy chains are linked by
a basic tripeptide.
We now report the isolation and characterization of three

cDNA clones that code for most of human factor X mRNA,
including regions coding for a leader peptide of 28 amino acid
residues, the complete light chain, the linking tripeptide, the
complete heavy chain, a 3' untranslated region, and a poly(A)
region.

MATERIALS AND METHODS
Materials. All enzymes were obtained from Bethesda

Research Laboratories except for BamHI, which came from
New England Biolabs, and Escherichia coliDNA polymerase
I and Klenow fragment, which were purchased from Boeh-
ringer Mannheim.

Screening a Human Liver cDNA Library. An adult human
liver cDNA library (16) was generously provided by S. H.
Orkin (Children's Hospital Medical Center, Boston). This
library consists of human liver cDNA >500 base pairs (bp)
long inserted into the Pst I site of pKT218 by homopolymeric
dG-dC tailing. The cDNA library was screened by colony
hybridization (17) with the 770-bp Pst I fragment of pBX2
(12), previously labeled by nick-translation (18), as a probe.
Conditions for hybridization and washing were as described
(19) to allow for possible mismatches between the bovine and
human sequences. The library was later rescreened, using the
350-bp Pst I fragment of pcHX5 (see Fig. 1) cloned in
M13mp8 as the probe (20).

Restriction Endonuclease Mapping. Plasmid DNA from
positive colonies was isolated as described (21). The relation-
ships between different plasmid isolates were determined by
restriction endonuclease mapping and Southern blot analysis
(22).
DNA Sequence Analysis. DNA sequence analysis was

performed essentially as described by Deininger (23). Plas-
mid DNA was randomly sheared with a sonicator and the

Abbreviation: bp, base pair(s).
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resulting DNA fragments were separated by electrophoresis such a clone is under-represented in the library compared to
in a 5% polyacrylamide gel. Fragments (300-500 bp) were other factor X clones.
recovered by electroelution, and the ends were repaired with DNA Sequence Analysis. Most of the sequence analysis was
[4 DNA polymerase. The sonicated fragments were then performed using pcHX5 and pcHX8. However, in determin-
ligated into the Sma I site ofM13mp9, and this DNA was used ing the sequence ofthe 5' and 3' ends, pcHX14 was also used.
to transform E. coli strain JM103 (24). Single-stranded phage Plasmid DNA from pcHX5 and pcHX8 was randomly
DNA was prepared as described (24). Sequence analysis was sheared and ligated into the Sma I site ofM13mp9. Subclones
performed by the chain-termifAttion method (25) as modified containing factor X cDNA inserts were identified by plaque
by Biggin et al. (26), with a synthetic heptadecanucleotide hybridization (24) with the Pst I inserts ofpcHX5 and pcHX8
(P-L Biochemicals) as primer. The sequences of the 5b and 3' as probes; a total of 35 different M13 templates were isolated
ends of the cDNA were confirmed by using the chemical and their sequences were determined. This allowed the
cleavage method (27). All data were analyzed by using the reconstruction of most of the factor X cDNA sequence (Fig.
DBUTIL program of Staden (28). 1, thick arrows). The sequence was completed by the

chemical cleavage method (27) (Fig. 1, thin arrows). The

RESULTS AND DISCUSSION complete nucleotide sequence of human factor X cDNA and
the predicted amino acid sequence for the protein are shown

Igolation of Human Factor X cDNAs. Bacterial colonies in Fig. 2. The position of each nucleotide was determined an
(240,000) of the humani cDNA library were screened at high average of 4.9 times, and 84% of the sequence was deter-
colony density with the 770-bp Pst I fragment of the bovine mined on both strands. Much of the cDNA sequence was
factorlXcDNApBX2(12)as7probe. Nine colonies hybridized determined for both pcHX5 and pcHX8. Only a single
sfactrX theApBX(12probe and were rescreened at lower nucleotide difference was found between these two cDNAs;
colony density. Two positive clones from the second screen the codon for amino acid residue 344 was TTC (phenylala-colnyensty.Twopostivclnesfro th seondscren nine) In pcHiXS and TAG (tyrosine) in pcHX8. The clone(designated pcHX5 and pcHX8) were studied further. Plas- dibed by Leytu et AC (15ronined tHe TAG coni
miDAwa peard rm ac f hecons n ceae described by Leytus et al. (15) contained the TAC codon inmid DNA was prepared from each of the clones and cleaved this position. This difference represents either a cloningwith Pst I. The resulting fragments were analyzed by South- artifact or a polymorphism in the factor X alleles of the

ern blotting, using the Pst I fragments ofpcHX8 as hybridiza- individual whose liver mRNA was used in the construction of
tion probes. The analysis showed that the plasmids contained the cDNA library.
Overlapping cDNA inserts (Fig. 1). The sequence agrees well with those regions of factor X
Subsequent sequence analysis showed that although that had been sequenced directly by using protein chemistry

pcHX8 extended to the poly(A) tail of factor X mRNA, techniques. Nucleotides 85-501 encode the complete light
pcHX5 lacked the extreme 5' end of the coding region of chain of factor X. The predicted amino acid sequence is in
factor X rrRNA. Therefore, the human cDNA library was complete agreement with that determined by McMullen et al.
rescreened by using the 350-bp Pst I fragrhent of pcHX5, (7). Nucleotides 511-1428 encode the heavy chain offactorX
inserted into the vector M13mp8, as a hybridization probe. A including three regions whose amino acid sequences have
longer clone was isolated (pcHX14; see Fig. 1); however, been determined previously. Nucleotides 511-558 code for
pcHX14 still lacked the extrenie 5' end of factor X mRNA the amino-terminal sequence of the heavy chain of factor X
(see below). Thus, we conclude that either the cDNA library reported by DiScipio et al. (4), except that the cDNA
used does not contain a full-length factor X cDNA clone or sequence predicts serine residues at positions 150 and 157

(Fig. 2) whereas DiScipio et al. reported an unidentified
- _ _residue and a threonine residue for these two positions,

respectively. Nucleotides 667-717 encode the same amino-
terminal sequence of the heavy chain offactorXareportedby

>1|DiScipio et al. (29), except that the cDNA sequence predicts
I

l| that residue 208 is a tryptophan rather than a threonine. The
V V reason for these differences is unclear but may be the result

pcHX8 of reverse transcriptase errors during cDNA synthesis, of
pcHX5 polymorphisms, or of incorrect amino acid assignments
pcHX14 during the later stages of the automatic Sequenator analyses.

Nucleotides 1171-1245 encode the active-site region of factor
- - - - =~Xa; the predicted sequence agrees with the amino acid

. * -_ * * , sequence reported by DiScipio et al. (29). During the conver-
- = " Z ~sion of factor X to factor Xa, a glycopeptide of 52 amino acid
- ~ , .Z residues (residues 143-194, Fig. 2) is released (29). There are

two potential N-glycosylation sites in the activation peptide,
at positions 181 and 191 (Fig. 2). By homology with other

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 serine proteases (see ref. 1), the catalytic triad in factor Xa
I tI I I I I probably consists of His-236, Asp-282, and Ser-379 (Fig. 2).Length, kb As reported by Leytus et al. (15), the cDNA sequence

FIG. 1. Restriction map and sequencing strategy for human factor predicts that the light and heavy chains of factor X are joined
X c1DNA. The bars below the restriction map represent the clones by the tripeptide Arg-Lys-Arg (encoded by nucleotides
pcHX5, pcHX8, and pcHX14 and include regions coding for the 502-510 in Fig. 2). McMullen et al. (7) reported that the
leader peptide (hatched bar), the light chain of plasma factor X (solid carboxyl-terminal sequence of the light chain was Leu-Glu-
bar), the heavy chain (open bar), and the 3' untranslated sequence Arg, whereas the amino-terminal sequence ofthe heavy chain
(v).The region encoding the linker tripeptide (v) is demarcated at the of plasma factor X is Ser-Val-Ala (4). Thus, the basic
left of each open bar. The extent of sequencing is shown by the length tri*
of the arrows. DNA sequence determined on the coding strand is lpeptde must be eliminated during the conversion from a
shown by an arrow pointing right; sequence determined on the single chain to the two-chain form of factor X. Similar basic
noncoding strand is shown by an arrow pointing left. See text for peptide linkages have been found in other plasma protein
details. kb, Kilobases. precursors, including bovine factor X (12) and bovine and
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-28 -20 -10 -1 +1
Ser Leu Ala Gly Leu Leu Leu Leu Gly Glu Ser Leu Phe Ile Arg Arg Glu Gln Ala Asn Asn Ile Leu Ala Arg Val Thr Arg Ala Asn Ser Phe Leu Glu Glu
TCC CTG GCT GGC CTC CTG CTG CTC GGG GAA AGT CTG TTC ATC CGC AGG GAG CM GCC AAC AAC ATC CTG GCG AGG GTC ACG AGG GCC AAT TCC TTT CTT GAA GAG

15 30 45 60 75 90 105

10 20 30 40
Met Lys Lys Gly His Leu Glu Arg Glu Cys Met Glu Glu Thr Cys Ser Tyr Glu Glu Ala Arg Glu Val Phe Glu Asp Ser Asp Lys Thr Asn Glu Phe Trp Asn
ATG AAG AAA GGA CAC CTC GAA AGA GAG TGC ATG GAA GAG ACC TGC TCA TAC GAA GAG GCC CGC GAG GTC TTT GAG GAC AGC GAC AAG ACG AAT GAA TTC TGG AAT

120 135 150 165 180 195 210

50 60 70
Lys Tyr Lys Asp Gly Asp Gin Cys Glu Thr Ser Pro Cys Gin Asn Gln Gly Lys Cys Lys Asp Gly Leu Gly Glu Tyr Thr Cys Thr Cys Leu Glu Gly Phe Glu
AAA TAC AAA GAT GGC GAC CAG TGT GAG ACC AGT CCT TGC CAG AAC CAG GGC AAA TGT AAA GAC GGC CTC GGG GMA TAC ACC TOC ACC TGT TTA GAA GGA TTC GAA

225 240 255 270 285 300 315

80 90 100 110
Gly Lys Asn Cys Glu Leu Phe Thr Arg Lys Leu Cys Ser Leu Asp Asn Gly Asp Cys Asp Gln Phe Cys His Glu Glu Gin Asn Ser Val Val Cys Ser Cys Ala
GGC AAA AAC TGT GAA TTA TTC ACA CGG AAG CTC TGC AGC CTG GAC AAC GGG GAC TGT GAC CAG TTC TGC CAC GAG GAA CAG AAC TCT GTG GTG TGC TCC TGC GCC

330 345 360 375 390 405 420

120 130 \140 \
Arg Gly Tyr Thr Leu Ala Asp Asn Gly Lys Ala Cys Ile Pro Thr Gly Pro Tyr Pro Cys Gly Lys Gin Thr Leu Glu Arg Arg Lys Arg Ser Val Ala Gin Ala
CGC GGG TAC ACC CTG GCT GAC AAC GGC AAG GCC TGC ATT CCC ACA GGG CCC TAC CCC TGT GGG AAA CAG ACC CTG GAA CGC AGG AAG AGG TCA GTG GCC CAG GCC

435 450 465 480 495 510 525

150 160 170 180 -
Thr Ser Ser Ser Gly Glu Ala Pro Asp Ser Ile Thr Trp Lys Pro Tyr Asp Ala Ala Asp Leu Asp Pro Thr Glu Asn Pro Phe Asp Leu Leu Asp Phe Asn Gin
ACC AGC AGC AGC GGG GAG GCC CCT GAC AGC ATC ACA TGG AAG CCA TAT GAT GCA GCC GAC CTG GAC CCC ACC GAG AAC CCC TTC GAC CTG CTT GAC TTC AAC CAG

540 555 570 585 600 615 630

190 * 200 210
Thr Gin Pro Glu Arg Gly Asp Asn Asn Leu Thr Arg le Val Gly Gly Gln Glu Cys Lys Asp Gly Glu Cys Pro Trp Gln Ala Leu Leu Ile Asn Glu Glu Asn
ACG CAG CCT GAG AGG GGC GAC AAC AAC CTC ACC AGG ATC GTG GGA GGC CAG GAA TGC AAG GAC GGG GAG TGT CCC TGG CAG GCC CTG CTC ATC AAT GAG GAA AAC

645 660 675 690 705 720 735

220 230 240 250
Glu Gly Phe Cys Gly Gly Thr Ile Leu Ser Glu Phe Tyr Ile Leu Thr Ala Ala His Cys Leu Tyr Gin Ala Lys Arg Phe Lys Val Arg Val Gly Asp Arg Asn
GAG GGT TTC TGT GGT GGA ACT ATT CTG AGC GAG TTC TAC ATC CTA ACG GCA GCC CAC TGT CTC TAC CAA GCC AAG AGA TTC AAG GTG AGG GTA GGG GAC CGG AAC

750 765 780 795 810 825 840

260 270 280
Thr Glu Gin Glu Glu Gly Gly Glu Ala Val His Glu Val Glu Val Val Ile Lys His Asn Arg Phe Thr Lys Glu Thr Tyr Asp Phe Asp Ile Ala Val Leu Arg
ACG GAG CAG GAG GAG GGC GGT GAG GCG GTG CAC GAG GTG GAG GTG GTC ATC AAG CAC AAC CGG TTC ACA AAG GAG ACC TAT GAC TTC GAC ATC GCC GTG CTC CGG

855 870 885 900 915 930 945

290 300 310 320
Leu Lys Thr Pro Ile Thr Phe Arg Met Asn Val Ala Pro Ala Cys Leu Pro Glu Arg Asp Trp Ala Glu Ser Thr Leu Met Thr Gln Lys Thr Gly Ile Val Ser
CTC AAG ACC CCC ATC ACC TTC CGC ATG AAC GTG GCG CCT GCC TGC CTC CCC GAG CGT GAC TGG GCC GAG TCC ACG CTG ATG ACG CAG AAG ACG GGG ATT GTG AGC

960 975 990 1,005 1,020 1,035 1,050

330 340 Tyr 350
Gly Phe Gly Arg Thr His Glu Lys Gly Arg Gln Ser Thr Arg Leu Lys Met Leu Glu Val Pro Phe Val Asp Arg Asn Ser Cys Lys Leu Ser Ser Ser Phe Ile
GGC TTC GGG CGC ACC CAC GAG AAG GGC CGG CAG TCC ACC AGG CTC AAG ATG CTG GAG GTG CCC TAC GTG GAC CGC AAC AGC TGC AAG CTG TCC AGC AGC TTC ATC

1,065 1,080 1,095 1,110 T 1,125 1,140 1,155

360 370 380 390
Ile Thr Gln Asn Met Phe Cys Ala Gly Tyr Asp Thr Lys Gin Glu Asp Ala Cys Gin Gly Asp Ser Gly Gly Pro His Val Thr Arg Phe Lys Asp Thr Tyr Phe
ATC ACC CAG AAC ATG TTC TGT GCC GGC TAC GAC ACC AAG CAG GAG GAT GCC TGC CAG GGG GAC AGC GGG GGC CCG CAC GTC ACC CGC TTC AAG GAC ACC TAC TTC

1,170 1,185 1,200 1,215 1,230 1,245 1,260

400 410 420
Val Thr Gly Ile Val Ser Trp Gly Glu Ser Cys Ala Arg Lys Gly Lys Tyr Gly Ile Tyr Thr Lys Val Thr Ala Phe Leu Lye Trp Ile Asp Arg Ser Met Lys
GTG ACA GGC ATC GTC AGC TGG GGA GAG AGC TGT GCC CGT AAG GGG AMG TAC GGG ATC TAC ACC AAG GTC ACC GCC TTC CTC AAG TGG ATC GAC AGG TCC ATG AAA

1,275 1,290 1,305 1,320 1,335 1,350 1,365

430 440 448
Thr Arg Gly Leu Pro Lys Ala Lys Ser His Ala Pro Glu Val Ile Thr Ser Ser Pro Leu Lys STOP
ACC AGG GGC TTIG CCC AAG GCC AAG AGC CAT GCC CCG GAM GTC ATA ACG TCC TCT CCA TTA AAG TGA GAT CCC ACT C

1,380 1,395 1,410 1,425 1,441

FIG. 2. Nucleotide sequence of human factor X cDNA. The sequence was determined by analysis of the overlapping clones shown in Fig.
1. The predicted amino acid sequence of human preprofactor X is shown above the DNA sequence. Putative cleavages to form two-chain factor
X are shown by the solid arrows, the bond cleaved by factor IXa is shown by the open arrow, and potential attachment sites for carbohydrate
are indicated by solid diamonds. See text for details.

human protein C (30, 31). The identity of the protease(s)
responsible for these cleavages is unknown.
As also reported by Leytus et al. (15), the cDNA sequence

predicts that the heavy chain sequence is followed by a TGA
stop codon (nucleotides 1429-1431 in Fig. 2), a 3' untrans-
lated region of 10 nucleotides (nucleotides 1432-1441), and a

poly(A) tail. The putative polyadenylylation signal (32) A-T-
T-A-A-A (nucleotides 1422-1427) is located 15 nucleotides
upstream of the poly(A) tail. Because of the unusually short
3' untranslated region, the polyadenylylation signal is con-

tained within the coding region of factor X mRNA. The
mRNAs coding for the subunit of human chorionic
gonadotropin (33) and the abnormal a-globin Constant Spring
(34) also have short 3' untranslated regions (16 nucleotides).
In these two mRNAs, the polyadenylylation signal is located

16 nucleotides upstream of the poly(A) tail and contains the
UAA codon that is used as a stop codon.
Plasmids pcHXS and pcHX14 also contain a region coding

for an amino-terminal leader peptide of 28 residues. This
leader peptide does not contain a methionyl residue in the
same reading frame as the factor X protein sequence,
suggesting that these two clones are lacking part of the leader
peptide and the 5' untranslated region of factor X mRNA.
The sequence of the leader peptide of human factor X is
homologous to those found in other vitamin K-dependent
clotting factors (12, 19, 30, 35, 36), as shown in Fig. 3. The
amino-terminal regions of the leader sequences contain many
hydrophobic residues (residues -36 to -23 in Fig. 3) and
probably constitute the signal sequence necessary for
translocation of the nascent polypeptide chain across the
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Bovine Prothrombin
Human Prothrombin
Bovine Factor X
Human Factor X
Human Factor IX
Bovine Protein C

Met Ala Arg Val Arg GjI Pro Arg Leu Pro Gly Cys Leu Ala Leu Ala Ala Leu Phe Ser

Gln Leu Pro Gly Cys Leu Ala Leu Ala Ala LeulCys Ser

Met Ala Lou His Le u Lou Ala Leu Gly Gly Lou

Ser Lou AaGly Lou

Met Gln Arg Val Asn Met Ile Met Ala Glu Ser Pro Gly Leu Ile Thr Ile Cys Leu Leu Gly TyrLu
Thr Ser[Leu Leu LeulPhe Val Thr Ile Trp Gly Ile Ser Ser Thr

-45 -40 -35 -30 -25

Bovine Prothrombin
Human Prothrombin
Bovine Factor X
Human Factor X
Human Factor IX
Bovine Protein C

FIG. 3. Comparison of the leader sequences of human factor X, bovine prothrombin (35), human prothrombin (19), bovine factor X (12),
human factor IX (36), and bovine protein C (30), as predicted from the cDNA sequences. Identical residues in corresponding positions in two
or more of the protein sequences are boxed. The sequences are numbered backwards from the cleavage site that gives rise to the mature protein
found in plasma. For bovine factor X and human factor IX, the 5'-most ATG codon has been assumed to code for the initiator methionyl residue.
The leader sequences of human factor X, bovine protein C, and human prothrombin are incomplete, as they do not encode a possible initiator
methionyl residue.

rough endoplasmic reticulum (37). This region is followed by
a more hydrophilic region (residues -22 to -1) that shares
greater sequence homology than the signal-peptide region.
Conversion of these proteins to the form found in plasma
occurs by cleavage of a bond that is carboxyl-terminal to an
arginyl residue. Because this cleavage is not typical of signal

peptidase (see refs. 13 and 14), it has been proposed that these
clotting factors are synthesized as preproproteins. In that
case, signal peptidase may cleave the preproprotein to give a
pro fragment of nine residues, as an alanine residue is
invariant at position -10 in the leader peptides for these
proteins and human factor X (Fig. 3). The nature and the

-40 -30 -20 -10 -1

Bovine Net Ala Gly Leu Leu His Lou Va1 Leu Leu er TShr Ala Leu Gly Gly LAr; Pro Ale Gly r V Pro Ar; As llis Ar; V1Len Ais Ar; Ar;

Huen Her LeAlnllyLou LLu LOU Gly GlutELoulsjle Arg GluiGnn AlAa leA AlleV.1 Thr r
-28 -20 -10 -1

+1 10 20 30 40

Bovine Ala Asn Ser Phe Leu Glu GluVal yGlnf AnnLeu Glu Arg Glu Cye LnuGlu GluAlaeCys Her LeuAGluGluAna Arg Glu Val Ph Glu Asp Ala Glu Gln Thr ASp Phe
Humen |Aa Ann 8-r Phe Lu Glu Glun MtLysjlliqLou Glu NM GluCyjetjGlu GI ThrLCyx Ser yr Glu Glu Ala Arg GluVy Phe GluAspHier Asp LysMthr A Glu

+i 10 20 30 4

50 60 70 80

Bovine Trpser Lys Tyr Lys Asp Gly Asp Gln Cys Glu Gly Hie Pro CySeLeu Gin Gly His Cys Lys Asp GlyIlerAspAlpTyrThr cys Thr CysAle Glu Gly Phe Glu Gly Lys Asn

Hnuan bA nLys Tyr Lys Asp Gly Asp GlnayiGlu|ThyreerProCys Gn MY Ly Cys Lys Asp GlyLnou Ginu Tyr ThrGsThrCyinGlGluGly Ph Glu G1Y L Ann
60 70so

90 100 110 120

Bovine Lye GinPhe HerThr Ar;Glu Ile Cys er Leu Asp Asn Gly Gly cye Asp Gln Phe CyseArg;Gu GuArg Her Glu Vs Arg Cys Her Cy Al lHisGly Tyr Va1 Len Gly i Asp

Hunan LY GlulLou OlThr Ar Lys Leu Cys 8er Lou Asp Ann Gly pCys Asp Gln Ph- CyHiseGlu GluiGln Ann Her V- Va1 8;r Cys Ala Arg|Gly Tyr ThrlL ulAlaLtWAsn

130 140 150 160

Bovine Ser Lye Her Ms Val Her [ihr Glu Arg Phe Pro Cys Gly Lys Phe.irGln Gly er Arg Trp la Ilie His Thr Ser Glu Asp Ala Leu Aspr- er Glu Leu Glu His Tyr

Human Gly L JAla I. Pro JGly Pro Tyr _yGly L Gin1ThrJLeu Glu Arg Lyse JHer V.1 Ala Gln Ala Thr Ser Ser Her Gly GluiAle Pro Asp Her Ile Thr Trp
130 140 150 160

170 180 190

Bovine Aep Alas)pLeu Her Pro Thr Glu Her Her Leu Asp Leu Leu Gly Asn Arg Thr Glu Pro Ser Ala Gly GluAsp $Hr --- Gln Val Va1 Arg Ile V.1 Gly Gly Arg Asp
Hnmen Lye s~jTyr~2jAla Ala Asp Leu Asp Pro Thr Glu Ann Pro Ph. AspiLouJLeu Asp Phe Asn Gln Thr Gln ProSArgu JAsp Asn Asn Len Thrr I1-V Gin Gin

170 180 190 200

200 210 220 230

Bovine Ew Ala Gln|Gly Glu Cys Pro Trp Gin Ala Leu Leu ValAsn Glu Glu Aen Glu Gly Ph. Cys Gly Gly Thr Ii1 Le AsnnGiu Ph. Tyr Val Leu Thr Ale Ala His Cys LeuHisGinj
Human jLyeLys Asp Gly Glu Cys Pro Trp Gin Ala Lu LeulIlelAsn Glu Glu Aen Gin Gly Ph. Cys Gly Gly Thr I1- Leun HrlGlu Phe rlie u Thr Ala Ala His CY LeulTyr in

240

240 250 260 270
Bovine Ala Lys Arg Phe Thr Val Arg Val Gly Asp Arg Ann Thr Glu Gln Glu Glu Giy AsGin Bet AlaHis Glu Val Gin Bt Thr Ve1 Lys HisH3er Ar; Ph. Va.1Lys Glu Thr Tyr Asp
nmen Ly Arg Phe Lye V.1 Ar;Vaa Gly Asp Arg Asn Thr Glu Gln Glu Glu Gly G Glun l Vel His Glu Val Glu Val Val Ile La AenisrArgPhoXThr5Lys Glu Thr Tyr Asp

25o 260 270 280

280 290 300 310
Bovine Phe Asp Ile Ala Val Leu Arg Leu Lys Thr Pro IilArgFWhe Ar;gArg; An Val Ala Pro Ala Cys Lou Pro GlunLysp Trp Ale Gin AlaeThr Leu Bet Thr Gin Lys Thr Gly Ile
Human Phe Asp Ile Ala Val Leu Arg Leu Lys Thr Pro IleThrPhe ArgNMet Asn Vel Ala Pro Al Cys Leu ProG Asp Trp Al Glu rThr Leu Bet Thr Gln Lys Thr Gly Ile

290 300 310 320

Bovine aV1 Ser Gly Phe Gly Arg Thr His Glu Lys Gly ArglLeur He*r Thr Leu Lys Met Leu Glu Val Pro Tyr Val Asp Arg1HSr Thr Cys Lys Leu Her Her Ser Ph. ThrrI- Th-r Pro
Human; Val Ser Gly Phe Gly Arg Thr His Glu Lys Gly Arg IGlnjThr ArgiLen Lye Met Len Giu Va1 Pro r V A Arg Asn Ser esLysLeu Ser Her Her Ph.Ill.Ii* ThSr Gln

330 340 Ph, 350 360

Bovine Aen net Ph. Cys Al. Gly Tyr Asp Thr Gln Pro Glu Asp Ala Cy* Gln Gly Asp Ser Gly Gly Pro His Va1 Thr Arg Ph. Lys Asp Thr Tyr Phe Val Thr Gly Ii. V.1 Ber Trp Gly
Huan Aen Met Phe Cys Al. Gly Tyr Ap Thr Lys GlnlGlu Asp Al Cys Gln Gly Asp Her Gly Gly Pro His Va1 Thr Arg Ph. Lys Asp Thr Tyr Ph Val Thr Gly Ile VaL er Tr

370 38 39-00

400 410 420 ... ~430
Bovine IGiluGlyCys Al. Arg Lye Gly Lye Ph. V. |Tyr Thr Lye V.1Her Aen Phe Leu Lys Trp Ile AspjLye I1. Bet LYe Al. Al. Gly Al. Ale Gly Ser Ar; Gly His Her 3
Hunan 8GujSer A GiLyJTyrl 1ie T LyValjThr AlaPhe Leu Ls Tr IleAS r;SerNthrLa j Gly Leu Pro Lys Ala Lys Her His Ale Proel4140 430 440

440 450 452
Bovine Ala Pro Ala Thr Trp Thr Val Pro Pro Pro Leu Pro Leu
Humn Va1 Ile Thr Her Her Pro Leu Lys

448

FIG. 4. Comparison of the amino acid sequences of bovine (12) and human factor X, as predicted from the cDNA sequences. Identical amino
acids in corresponding positions are boxed. A single gap has been inserted in the bovine sequence (between residues 189 and 190) to maximize
the homology. The carboxyl-terminal 5 residues of the bovine sequence were not encoded in the cDNA and have been taken from ref. 6.

Leu Val His Ser Gln His Val Phe Leu.LPro, Gln Gln Ala iSer Ser Leu Leu GIn Arg Ala Arg Arg Ala
Leu Val His Ser Gln His Val Phe Leu Ala1ProjG1n Gln Ala Ser Leu Leu Gln Arg Val Arg Arg Ala
Leu Pro Ala Gly Ser Val Phe Leu Ala ArgjAspjG1n Ala His ArT Val Leu Gln Arg Ala Arg Arg Ala
Leu Leu Leu Gly Glu Ser Phe I e Ar Arg Glu Gln Ala Asn Asn Ile Leu Ala Arg Val Thr Arg Ala
Leu Ser Ala Glu Cys ThrlVal Phe uAsp Hi Glu Asn la Asn Lys Ile Leu Asn Lys Arg r

Pro Ala Pro AsplSer Val Phe er Ser e Gln Arg la HisGlnVal Ley Arg Val Arg Lys A g A a

-20 -15 -10 -5 -1 +1
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location of the protease that converts the proprotein to the
plasma form of the protein are unknown. However, human
factor X differs from the other vitamin K-dependent proteins
in that the proprotein protease cleaves a bond carboxyl-
terminal to a Thr-Arg sequence rather than a double basic
sequence.

Nucleotides 271-273 (Fig. 2) encode an aspartic acid
residue that undergoes post-translational modification to
form a ,-hydroxyaspartic acid residue found in plasma factor
X (7, 9). This is similar to the cDNAs for bovine factor X (12)
and protein C (30), in which the /3-hydroxyaspartic acid
residue is also encoded by an aspartic acid codon.

In the positions where they overlap, the sequence for
factor X cDNA agrees with that reported by Leytus et al.
(15), with three exceptions. Leytus et al. reported that
residues 450 and 973 (equivalent to positions 756 and 1288 in
Fig. 2) were C and G, whereas our sequence contains T and
A in these positions, respectively. These differences could be
the result of cloning artifacts or polymorphisms in the factor
X alleles studied. The third difference occurs at position 817
in Fig. 2, where both pcHX5 and pcHX8 contain the
sequence A-A-G-G-T-G-A-G-G-G-T, whereas Leytus et al.
report only -G-A- (nucleotides 511-512 in their sequence).
The extra nine nucleotides are required to maintain the
alignment between human and bovine factor X sequences

(see Fig. 4), suggesting that the clone isolated by Leytus et al.
may have undergone a small deletion during construction and
amplification of the cDNA library.
Comparison with Bovine Factor X. A comparison of the

amino acid sequence of bovine and human preprofactor X is
shown in Fig. 4. Overall, the two sequences display 65%
sequence identity when a single gap is inserted in the bovine
activation peptide sequence (between residues 189 and 190,
Fig. 4) to maximize the homology. The leader peptides
exhibit only 39% sequence identity at the amino acid level but
63% identity at the nucleotide level. The light chains exhibit
70% homology at the amino acid level, and the amino acid
homology is 84% for residues 194-429 of the heavy chain.
Presumably, this homology reflects the functional impor-
tance of these two regions of factor X. In contrast, the
activation peptides (residues 143-194 in the human sequence)
and the carboxyl-terminal regions (residues 430448 of the
human sequence) exhibit 14% and 5% sequence identity,
reflecting the lack of function associated with these regions.
Indeed, a carboxyl-terminal peptide can be removed from the
heavy chain of factor Xa without altering its activity (38).
The comparison shown in Fig. 4 differs from that reported

by Leytus et al. (15). This is mainly the result of differences
between the bovine factorX amino acid sequence determined
by protein chemistry techniques (in refs. 5 and 6, used by
Leytus et al.) and that predicted from the cDNA sequence
and used in Fig. 4 (see ref. 12 for a full discussion). In every
case, however, the sequence predicted from the bovine
cDNA shares greater sequence identity with the human
factor X sequence.
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