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ABSTRACT: Human factor V is a high molecular weight plasma glycoprotein that participates as a cofactor 
in the conversion of prothrombin to thrombin by factor X,. Prior to its participation in the coagulation 
cascade, factor V is converted to factor V, by thrombin generating a heavy chain and a light chain, and 
these two chains are held together by calcium ions. A connecting region originally located between the 
heavy and light chains is liberated during the activation reaction. In a previous study, a cDNA of 2970 
nucleotides that codes for the carboxyl-terminal 938 amino acids of factor V was isolated and characterized 
from a Hep G2 cDNA library [Kane, W. H., & Davie, E. W. (1986) Proc. Null. Acud. Sci. U.S.A. 83, 
6800-68041. This cDNA has been used to obtain additional clones from Hep G2 and human liver cDNA 
libraries. Furthermore, a Hep G2 cDNA library prepared with an oligonucleotide from the 5' end of these 
cDNAs was screened to obtain overlapping cDNA clones that code for the amino-terminal region of the 
molecule. The composite sequence of these clones spans 691 1 nucleotides and is consistent with the size 
of the factor V message present in Hep G2 cells (approximately 7 kilobases). The cDNA codes for a leader 
sequence of 28 amino acids and a mature protein of 2196 amino acids. The amino acid sequence predicted 
from the cDNA was in complete agreement with 139 amino acid residues that were identified by Edman 
degradation of cyanogen bromide peptides isolated from the heavy chain region and connecting region of 
plasma factor V. The domain structure of human factor V is similar to that previously reported for human 
coagulation factor VIII. Both proteins contain an amino-terminal heavy chain region, a connecting region, 
and a carboxyl-terminal light chain region. Also, each protein contains two A domains present in the heavy 
chain region and one A domain located in the light chain region. These A domains are -30% identical 
with the triplicated A domains of ceruloplasmin, a copper binding protein present in plasma. Factor V and 
factor VI11 also contain a large connecting region rich in carbohydrate, but there is no significant amino 
acid sequence homology between the two proteins in this portion of the two molecules. Two types of tandem 
repeats (17 and 9 amino acids) have also been identified in the connecting region of factor V. The light 
chain regions of factor V and factor VI11 also contain two C domains that follow the third A domain. The 
present data indicate that the amino acid sequence in the heavy and light chain regions of factor V is -40% 
identical with the corresponding regions of factor VIII. These experiments provide additional support for 
the concept that these two proteins as well as ceruloplasmin share a common ancestry during their evolution. 

H u m a n  coagulation factor v is a high molecular weight 
glycoprotein that is present in blood plasma and platelets and 
is essential for normal hemostasis. Factor V circulates in 
plasma as a large single-chain polypeptide ( M ,  330000) with 
little or no coagulant activity (Nesheim et al., 1979; Esmon, 
1979; Kane & Majerus, 1981; Katzmann et al., 1981; Suzuki 
et al., 1982). It is converted to an activated species, factor 
V,, through limited proteolysis by thrombin (Nesheim et al., 
1979; Esmon, 1979; Kane & Majerus, 1981; Katzmann et al., 
1981; Suzuki et al., 1982) and factor X, (Smith & Hanahan, 
1976; Foster et al., 1983). Factor V, is composed of a heavy 
chain (M,  110000) and a light chain ( M ,  78 000) derived from 
the amino- and carboxyl-terminal regions of factor V, re- 
spectively. Two carbohydrate-rich fragments from the central 
connecting region are released during the activation of the 

molecule by thrombin (Esmon, 1979; Kane & Majerus, 1982; 
Suzuki et al., 1982). The heavy and light chains remain as 
a noncovalent complex held together by calcium ions (Esmon, 
1979; Suzuki et al., 1983). 

Activation of factor V unmasks binding sites in the molecule 
for prothrombin and factor X, (Esmon et al., 1973; Suzuki 
et al., 1982). The prothrombin binding site appears to be 
present in the heavy chain (Guinto & Esmon, 1984), while 
the factor X, binding site appears to be located, at least in part, 
within the light chain (Tucker et al., 1983). The light chain 
of factor V, also contains the binding site for cell and anionic 
phospholipid surfaces (Tracy & Mann, 1983). Surface-bound 
factor V, accelerates prothrombin activation by factor X, 
approximately 4 orders of magnitude by shifting the reaction 
pathway to an ordered sequential reaction in which meizo- 
thrombin is the sole intermediate (Krishnaswamy et al., 1986). 

tThis work was supported by Research Grant HL 16919 from the 
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of a Clinician Scientist Award (86-415) from the American Heart As- 
sociation and E. R. Squibb and Sons Inc. with funds contributed in part 
by the Washington Affiliate of the American Heart Association. 

Factor V, is inactivated by activated protein C (Kisiel et al., 
1977), which makes several cleavages within the heavy chain 
and light chain. These reactions destroy the prothrombin and 
factor x, binding sites in factor v, (suzuki et 1983; Guinto 
& Esmon, 1984). 

Coagulation factor VI11 is a cofactor that is required for 
the activation of factor X by factor IX,. Although factor VI11 
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has been more difficult to characterize, the role of factor VIII, 
in the factor IX,-factor VIII, complex appears to be analogous 
to the role of factor V, in the prothrombinase complex (van 
Dieijen et al., 1981). In addition, both cofactors are activated 
by thrombin and inactivated by activated by protein C (Kisiel 
et al., 1977; Vehar & Davie, 1980). Fass and co-workers (Fass 
et al., 1985) found amino acid sequence homology in the 
amineterminal regions of the heavy and light chains of bovine 
factor V, and the corresponding fragments of porcine factor 
VIII,. These sequences were also homologous to sequences 
found in human ceruloplasmin (Church et al., 1984). The 
complete amino acid sequence of human factor VI11 has been 
determined by cDNA cloning (Gitschier et al., 1984; Vehar 
et al., 1984; Toole et al., 1984). It contains three A domains 
(-350 amino acids each), and these domains are -30% 
identical with the triplicated A domains present in human 
ceruloplasmin (Takahashi et al., 1984). In addition, factor 
VI11 contains a carbohydrate-rich connecting region of -980 
amino acids that is located between the second and third A 
domains and two C domains (- 150 amino acids each) at the 
carboxyl terminus of the molecule. 

We have recently reported the sequence of a cDNA coding 
for the entire light chain region of human factor V and a 
portion of the connecting region (Kane & Davie, 1986). The 
amino acid sequence of the light chain region of factor V is - 40% identical with the corresponding carboxyl-terminal 
fragment of human factor VIII. The carboxyl terminus of the 
connecting region of factor V, however, showed no significant 
homology to factor VI11 and contained at least 20 tandem 
repeats of nine amino acids. 

In this paper, the sequence of additional overlapping cDNA 
clones that code for the entire heavy chain region and the 
connecting region of factor V are presented. These data in- 
dicate that human factor V consists of 2196 amino acids that 
include a heavy chain region of 709 amino acids, a connecting 
region of 836 amino acids, and a light chain region of 651 
amino acids. 

MATERIALS AND METHODS 
Restriction endonucleases, nuclease BAL-3 1, the Klenow 

fragment of Escherichia coli DNA polymerase, and T4 ligase 
were purchased from Bethesda Research Laboratories, New 
England Biolabs, International Biochemicals Inc., Boehring- 
er-Mannheim Inc., or Promega Biotech. RNase H, bacterial 
alkaline phosphatase, M13mp18, M13mp19, PUC18, and 
PUCl8 were supplied by Bethesda Research Laboratories. 
Xgt 1 1 and M 13 sequencing primers and DNA sequencing kits 
were obtained from New England Biolabs. The Sequenase 
DNA sequencing kit was obtained from United States Bio- 
chemical Corp., and 32P-labeled nucleotides were obtained 
from New England Nuclear. The [CY-~~S]~ATP was purchased 
from Amersham, while the AMV reverse transcriptase XL was 
obtained from Life Sciences Inc. RNasin and Packagene 
extract were purchased from Promega Biotech. EcoRI linkers 
(10 nucleotides in length) were obtained from Pharmacia P-L 
Biochemicals. Normal human plasma was kindly provided 
by the Pacific Northwest Red Cross Blood Service, Portland, 
OR. 

The preparation of the oligo(dT)-primed Xgtl 1 Hep G2 
cDNA library has been described (Hagen et al., 1986). The 
oligo(dT)-primed human liver Xgtl 1 cDNA library was kindly 
provided by Dr. Savio L. C. Woo (Kwok et al., 1985). An 
oligo(dT)-primed human umbilical vein endothelial cell Xgt 1 1 
cDNA library was the gift of Dr. J. Evan Sadler (Shelton- 
Inloes et al., 1986). In order to obtain cDNAs coding for the 
amino terminus of human factor V, a specifically primed Xgtl 1 
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cDNA library was constructed from Hep G2 mRNA with a 
modification of the RNase H method (Gubler & Hoffman, 
1983; Toole et al., 1984; Frischer et al., 1986). Poly(A)-se- 
lected Hep G2 mRNA was isolated according to standard 
methods (Chirgwin et al., 1979; Maniatis et al., 1982). The 
nucleotide primer S’-GTCATTTGAGGAATTC-3’, which is 
complementary to nucleotides 3382-3397 in Figure 2, was 
synthesized on an oligonucleotide synthesizer (Applied Bios- 
ystems, Foster City, CA). Hep G2 mRNA (5 pg) and 1 pg 
of the oligonucleotide primer were mixed, denatured at 65 “C 
for 3 min, and then cooled on ice. The first-strand synthesis 
of the cDNA was accomplished with AMV reverse tran- 
scriptase XL. Second-strand synthesis was accomplished with 
RNase H and DNA polymerase I. The cDNA was methyl- 
ated with EcoRI methylase, chromatographed on a Sepharose 
6B column, and blunted with T4 DNA polymerase. EcoRI 
linkers were ligated to the cDNA with T4 DNA ligase and 
then digested with EcoRI. After chromatography on a Se- 
pharose 2B column, the cDNA was then ligated to Xgt 1 1 arms 
and packaged with Packagene mix. The packaged cDNA was 
used to infect E.  coli strain Y 1088. Approximately 90% of 
the 8 X lo5 phage were recombinants on the basis of P-ga- 
lactosidase activity. The library was screened without further 
amplification. 

Restriction fragments corresponding to nucleotides 
3637-4261 and 3217-3381 (Figure 2) were prepared from 
XHV2.97 and XHV0.85, respectively. These fragments were 
nick translated to a specific activity of 1108 cpm/mg (Maniatis 
et al., 1975) and used to screen the cDNA libraries (Benton 
& Davis, 1977). Positive clones were plaque purified, and 
phage DNA was isolated by the liquid culture lysis method 
(Silhavy et al., 1984) or the miniprep plate lysate method 
(Helms et al., 1985). The cDNA inserts were isolated fol- 
lowing EcoRI digestion of the phage DNA and then subcloned 
into plasmid PUC18 or PUC19 (Vieira & Messing, 1982). 
Restriction fragments were subcloned into M13mpl8 and/or 
M13mp19 for sequencing. Additional fragments were gen- 
erated by digestion with the nuclease BAL-31 (Poncz et al., 
1982) and subcloned into M13mp18 for sequencing. In some 
cases, cDNA inserts were sequenced directly in Xgtl 1 with 
Xgtl 1 sequencing primers. The cDNA inserts were sequenced 
by the dideoxy method with [ c Y - ~ ~ S I ~ A T P  and either the 
Klenow fragment of E. coli DNA polymerase (Sanger et al., 
1977) or Sequenase (United States Biochemical Corp.). Se- 
quencing reactions were run on buffer gradient gels (Biggin 
et al., 1983) or wedge gradient gels (Ansorge & Labeit, 1984). 
DNA sequences were analyzed on an Apple MacIntosh com- 
puter using the program DNA INSPECTOR 11 (Gross, 1986) and 
on a Compaq Deskpro computer using GENEPRO version 4.0 
(Riverside Scientific Enterprises, Seattle, WA). 

The size of the message for factor V in liver was determined 
by Northern blotting (Maniatis et al., 1982) employing a 
nick-translated cDNA probe prepared from the 1.9-kb EcoRI 
insert in XHV2.97. Five micrograms of poly(A)-selected 
mRNA from Hep G2 cells was electrophoresed on a 1.0% 
agarose gel containing 6% formaldehyde, transferred to ni- 
trocellulose, and hybridized in 0.25 M NaC1, 7% sodium do- 
decyl sulfate, and 0.25 M NaH2P04, pH 7.2, at 65 OC ov- 
ernight with the nick-translated cDNA probe containing 2 X 
lo6 cpm/mL. The filters were then washed in 0.3 M NaCl, 
0.3 M trisodium citrate, pH 7.0, and 0.1% sodium dodecyl 
sulfate for 40 min at room temperature and then 20 min at 
65 OC. 

Human factor V was isolated as previously described (Kane 
& Majerus, 1981). The fragment containing the heavy chain 
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region and the connecting region was isolated from 10 mg of 
human factor V after incubation with the factor V activator 
from Russell's viper venom (Suzuki et al., 1982). This frag- 
ment was then reduced, carboxymethylated (McMullen & 
Fujikawa, 1985), and digested with cyanogen bromide (Titani 
et al., 1972). The cyanogen bromide peptides were purified 
by gel filtration on Sephadex G-50, followed by HPLC with 
an Altex Ultrapore C3 reverse-phase separation column 
(McMullen & Fujikawa, 1985). Nine peptides were isolated 
in sufficient yield to allow automated amino acid sequence 
ansrysis with a Beckman 890C sequencer. Amino acid se- 
quc ces were analyzed on a VAX computer with the SEARCH 
and ALIGN programs of Dayhoff (Dayhoff et al., 1983) and 
on a Compaq Deskpro computer using GENEPRO version 4.0 
(Riverside Scientific Enterprises, Seattle, WA). Protein se- 
quences were compared with the National Biomedical Re- 
search Foundation Protein Sequence Database of the Protein 
Jdentification Resource (National Biomedical Research 
Foundation, Washington, DC 20007), Release 10 (Aug 1986). 
In this paper, percent identities were reported by employing 
the ALIGN program, which inserts gaps for maximal alignment 
score. 

RESULTS AND DISCUSSION 
In previous studies, the nucleotide sequence for a cDNA 

insert (XHV2.97) that codes for the carboxyl terminus of 
human factor V was reported (Kane & Davie 1986). This 
insert coded for the entire light chain region and a portion of 
the connecting region of the molecule. A 328-nucleotide 
EcoRIIEglII fragment from the 5' end of XHV2.97 was iso- 
lated and nick translated to a specific activity of >los cpm/pg. 
This probe was then utilized to screen 2 X lo6 phage from the 
oligo(dT)-primed Hep G2 cDNA library (Hagen et al., 1986). 
Ten positive clones were plaque purified and characterized. 
The phage containing the largest inserts were XHV2.77 and 
XHV0.85 (Figure 1). In addition, 3 X lo6 phage from an 
oligo(dT)-primed normal human liver cDNA library were 
screened with the nick-translated probe, and a single positive 
clone (XHV1.66) was isolated and characterized. No positive 
clones were identified when 2 X lo6 phage from a human 
umbilical vein endothelial cell cDNA library were screened 
with the probe. XHV1.66 was sequenced completely on both 
strands, and XHV0.85 was analyzed by restriction mapping 
and also partially sequenced. The sequence of these clones 
extends -400 bp from the 5' end of XHV2.97. These data 
indicated that XHV2.97 contains a 297-nucleotide deletion. 

In order to obtain clones that code for the amino terminus 
of human factor V, a specifically primed cDNA library was 
constructed from purified Hep G2 mRNA with the synthetic 
oligonucleotide primer 5'-GTCATTTGAGGAATTC-3'. This 
sequence is complementary to nucleotides 3382-3397 shown 
in Figure 2. The EcoRI fragment (165 bp) from the 5' end 
of XHV0.85 was nick translated and used to screen 8 X lo' 
phage from the oligonucleotide-primed cDNA library. Fif- 
ty-three positive clones were plaque purified, and the phage 
DNA was isolated and analyzed by EcoRI digestion. Two 
clones designated XHV3.37 and XHV3.14 contained the largest 
inserts and were amplified and characterized by restriction 
mapping. There was a 155-bp overlap between the sequence 
of the 3' ends of XHV3.37 and XHV3.14 and the 5' end of 
XHV0.85. The composite DNA sequence for these clones was 
determined on both strands and on at least one strand for each 
isolate. The nucleotide and predicted amino acid sequences 
for the composite cDNA inserts are shown in Figure 2. The 
sequence of these overlapping cDNA clones, together with the 
sequence of XHV2.97 which we have previously reported (Kane 
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FIGURE 1 : Partial restriction map for the various cDNA inserts coding 
for human coagulation factor V. The open and dotted bars indicate 
5' and 3' untranslated sequence, respectively. The region coding for 
the leader sequence is shown by the hashed bar, and the region coding 
for the mature protein is shown by a solid bar. Restriction sites used 
in subcloning and DNA sequencing are identified. The first and last 
nucleotides at the end of each cDNA insert are indicated by the 
appropriate number. XHV2.97 contained a 297 base pair deletion 
beginning at nucleotide 3723. XHV3.14 contained two deletions of 
92 and 93 base pairs beginning at nucleotides 235 and 2052, re- 
spectively. The position of the 16-mer oligonucleotide primer used 
to construct the cDNA library is shown by the open box. 

& Davie, 1986), comprises a total cDNA sequence of 691 1 
nucleotides for human factor V. When Northern blots of Hep 
G2 mRNA were probed with a 32P-labeled nick-translated 
fragment from the insert in XHV2.97, a single band of ap- 
proximately 7 kb was obtained. This suggests that the cDNA 
sequence of 691 1 nucleotides corresponds to a full-length or 
nearly full length factor V cDNA. The cDNA sequence in- 
cludes 76 nucleotides of 5' untranslated sequence, 84 nu- 
cleotides that code for a leader peptide of 28 amino acids, 6588 
nucleotides that code for a mature protein of 2196 amino acids, 
a stop codon, and 155 nucleotides of 3' noncoding sequence. 

The predicted amino acid sequence from the cDNA is in 
complete agreement with 139 amino acid residues determined 
by Edman degradation of fragments of factor V obtained 
following cyanogen bromide digestion. These amino acid 
sequences are overlined in Figure 2 and were obtained from 
the heavy chain region and the connecting region of plasma 
factor V. The cDNA codes for a mature protein with a M, 
of 249 OOO without carbohydrate. The amino acid composition 
for the mature  protein is as  follows: 
Ala!?6Arg93Asn I 1  IAspl 33' /2-CYs19G1nlo2G1U143G1Yl 11 His6811- 

e124Leu198Lys1~5Met52Ph~7Prot4,Ser24,Thr 140Trp41Tyr82Va187. 
The molecular weight of single-chain bovine factor V has been 
determined to be 330 000 by ultracentrifugation (Mann et al., 
1981). This suggests that the carbohydrate content of factor 
V may be as high as 2576, which is twice as high as that 
previously reported (Nesheim et al., 1979; Kane & Majerus, 
1981). 

The nucleotide sequence flanking each side of the proposed 
ATG initiator codon is AGCATGT, which differs from the 
consensus sequence of ACCATGG proposed by Kozak 
(1986a,b) at the -2- and +4-positions. However, the proposed 
flanking sequence agrees with the consensus sequence at the 
more important -3-position. The proposed leader sequence 
is 28 amino acids in length, which is a little longer than average 
for typical eukaryotic signal sequences (von Heijne, 1983, 
1985). The leader sequence contains a typical central hy- 
drophobic region of 14 amino acids. The predicted signal 
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1 5 8 CTCCGG OCTGTCCCAG CTCGGCAAGC OCTVXXAGG TCCTGGGGTG GTGOCAOCU OCGGWOCAG GAffiGLAOC 
tl 

-28 ~ ~ ~ G ~ ~ R L ~ ~ ~ ~ ~ ~ G T ~ ~ ~ G ~ G ~ ~ G T E A ~ A ~ L R ~ F Y  V A A ~ G  

13 I s w s y  R P E P T ? s s t ? t s v T s F K K i v y R E y  E p y  F K K E K p a s  

53 T I ~ G L L G P T L Y A E V G D I ~ K V H F K N K A D K P L S I H P ~ G I R Y S  

77 ATO TTC CCA Goc TOC CCA CGC CTC T f f i  GTC CTG GTG GTC TTG GGC ACC AGC TGG GTA W TGG UIG AOC C M  GGG ACA GM GCG OCA CAG CTA A 0 0  CAG TTC TAC GTG OCT OCT CAG UX: 

197 ATC Am Tffi AOC TAC CGA CCT GAG CCC ACA MC TCA AGT TTG AAT CTT TCT GTA ACT T U :  TTT M G  A M  A T T  GTC TAC AGA GAG T A T  GAL CCA T A T  TTT AAG AM GM M A  CCA CM TCT 

317 Am A 7 7  T U  GM CTT CTT UIG CCT ACT TTA TAT GCT GM GTC GGI WC ATC I T A  A M  GTT CAC iT MA AAT AAG OCA GAT AAG CCC TTG AOC ATC CAT CCT MA 001 A T T  A 0 0  T E  AGT 

93 K L S E G A S Y L O H T F P A E K M D D A V A P G R E Y T Y E H S I S E D S G P  
437 

133 T H D D P P C L T H I Y Y S H E N L I E D F N S G L I G P L L I C K K G T L T E  
557 

MA TTA TCA OM GGT OCT TCT TAC CTT M C  CAC ACA TTC CCT GCA GAG AAG ATG GAC GAC GCT GTG GCT CCA GOC CGA GAA TAC K C  T A T  GM TGG AGT ATC AGT GAG OM: AGT O W  CCC 

ACC CAT GAT GAC CCT CCA TOC CTC ACA CAC ATC TAT T I C  TCC CAT GM AAT CTG ATC GAG GAT TTC M C  TCT OjG CTG A l l  GGG CCC CTG CTT ATC TGT A M  A M  GGG ?J% CTA ACT GAG 

173 G G T a K T F o K a I v t t F A v F n E s K s w s a s s s t n y T v N G y v ? G  

213 T M P D I T Y C A H D H I S Y H L L G H S ~ G P E L F S I H F N G ~ V L E ~ N H  

253 n K v s A I T t v  s A T s T T A ? ,  T v G p E G K w I I s s t T  p K H t a A  t M 

677 GGT UjG KA CAG M G  ACG TTT WC hAG C M  ATC GTG CTA CTA TTT E T  GTG m GAT GM AOC AAG AOC TOG AOC CAG TCA TCA TCC CTA ATG T K  WA GTC M T  O W  T A T  GTG A A T  GGG 

797 KA A T 0  CCA GAT ATA ACA GTT TGT GO2 CAT GAC CAC ATC A O C  T f f i  CAT CTG CTG GGI A T 0  A S  TCG Goo CCA GM TTA TTC TCC A T T  CAT TTC AAC OOC CAG GTC CTG GAG CAG AAC CAT 

917 

293 a A Y I D I K N C P K K T R N L K K I T R E ~ R R H M K R W E Y F I A A E E V 1  

CAT M G  GTC TCA oa: ATC ACC CTT GTC AGT GCT ACA TCC ACT ACC GCA AAT ATG ACT GTG GGC CCA GAG G W  M G  TGG ATC ATA TCT TCT CTC K C  CCA MA CAT T T G  CM OCT GGG ATG 

1037 CAG E T  TAC A T T  W C  A T T  A M  M C  TGC CCA AAG A M  ACC A f f i  AAT CTT AAG AM ATA ACT COT GAG CAG A 0 0  CGG CAC ATG AAG AGG TOG GM TAC TTC A l l  OCT OCA GAG OM GTC ATT 
0 

333 W D Y A P  v I P A N H D K K Y R S ~ H L D N F  S N P I  G K H Y K K  V M Y T ~ Y E  

373 D E S F T K H T Y N P N M K E D G I L G P I I R A ~ V R O T L K I V F K N M A ~  

1157 TOO OM: TAT GCA CCT GTA ATA CCA OCG AAT A T 0  GAC A M  A M  TAC Affi TCT CAG CAT TTG GAT M T  TTC TCA M C  C M  ATT GGA AAA CAT T A T  AAG AM GTT A T 0  TAC kCA CAG T E  011 

1277 GAT GAG TCC TTC ACC A M  CAT ACA GTG M T  Ca: M T  ATG MA GM GAT G f f i  ATT TTG GGT CCT ATT ATC AGA Gcc CAG GTC AGA GAC ACA CTC M A  ATC GTG TTC AM M T  ATG aX: AOC 
413 R P y s I i P H G v T F s P Y E D E v t s s F r s G R N N T M I R A v a p G E r  e 

453 Y T Y K W N I L E F O E P T E N D A ~ C L T R P Y Y S D V D I M R D  I A S G L I  

493 G t t t  I c K s R s t D R R G I a R A A o ~ E a a A v ~ A v ~ o E ? K s w y L E  

1397 COC Ca: TAT Mc A l l  TAC CCT CAT GM GTG AD2 TTC TCG CCT TAT GM GAT GM GTC AAC TCT TCT TTC ACC TCA GOC AGO MC AAC ACC ATG ATC AGA OCA GTT C M  CCA Gffi OM E C  

1517 T A T  KT TAT M G  TGG M C  ATC T T A  GAG TTT GAT GAA CCC ACA GM M T  GAT Gcc CAG TGC TTA ACA AGA CCA T I C  TAC AGT WC GTG GAC ATC ATG AGA OAC A T C  OCc TCT GGG CTA I T A  

1637 GM CTA CTT CTA ATC TGT M G  AGC AGA TCC CTG GAC A f f i  CGA GGI ATA CAG A f f i  OCA GCA GAC ATC GAA CAG CAG OCT GTG TTT OCT GTG TTT GAT GAG MC MA AB2 T f f i  T K  CTT GAG 

533 D N I N K F C E N P D E V K R D D P K F Y E S N I H S T I N O I Y P E S I T T L  
1757 GAC M C  ATC M C  MG TTl TGT GM AAT CCT GAT GAG GTG A M  COT GAT GAC CCC RAG TTT T A T  GM TCA AAC ATC ATG AOC ACT ATC AAT G O :  T A T  GTG CCT GAG AGC ATA ACT ACT CTT 

573 G F C F D D T V ~ W H F C S V G T ~ N E  I L T I  H F T G H S F  I Y G K R H E D T  
1877 GM TTC TOC TT GAT GAC ACT GTC CAG T f f i  CAC l l C  TGT AGT GTG GGG ACC CAG AAT GAA ATT TTG ACC ATC CAC TTC ACT GGG CAC TCA TTC ATC T A T  GGA AAG AGG CAT GAG OM: E C  

6 1 3 L T L F P H R G E S V T V T M D N V G T W H L T S U ? S S P R S K K L R L K F R  

653 D V K C I P D D D E D S Y  E 1 F E P P E S T V H A T R K H H D R L E P E O E E S  

1997 TTG ACC CTC TTC CCC A T 0  COT GGA OM TCT GTG ACG GTC ACA ATG GAT M T  GTT GGA ACT TGG ATG TTA ACT TCC ATG AAT TCT AGT CCA AGA AOC AAA AAG CTG &G CTG AM TTC Affi 

2117 GAT GTT AM TOT ATC CCA GAT GAT GAT GM GAC TCA TAT GAG A l l  TTT GM CCT CCA GAA TCT ACA GTC ATG GCT ACA CGG AAA ATG CAT GAT COT TTA GAA CCT GAA GAT GM GAG AGT 
693 o ~ o r D y a N R t A A r t ~ r R ~ s F R N s s t N a E E E E F t t T ~ t A t E ?  + 
733 G T E F v s s N r D I I v G s ? Y s s P s ? l s K F T v N N L A E p a K A p s n  

773 a a A T T A G s P t  R H t I  G K N s v t ? s  s T A E H s s P Y s E D P I  E D P t  

813 a p o  Y T G I R L L S L G A G E F R S ~ E H A K R K G P K  V E R D ~ A A K H R F  

853 S Y M K L L A H K  V G R H L S ~ D T G S P S G H R P W E D L P S ~ D T G S P S R  

893 M R P  w E D p p  s o  L t t t K  a s ? ,  s K i t v G  R w H t A  s E K  G s y  E I I a 

933 D T D E D T ~ V N N W L I S P ~ N A S R A W G E S T P L A N K P G K ~ S G H P K  

973 F P R V R H K S L ~ V R ~ D G G K S R L K K S ~ F L I K T R K K K K E K H T H H  

2237 GAT OCT GAC T A T  GAT TAC CAG M C  AGA CTG GCT GCA GCA TTA GGA A l l  A f f i  TCA TTC CGA M C  TCA TCA TTG AAC CAG GM GAA GM GAG TTC AAT CTT ACT OCC CTA OCT CTG GAG M T  

OGC ACT OM TTC GTT TCT TCG M C  ACA GAT ATA ATT GTT GGT TCA AAT TAT TCT TCC CCA AGT AAT ATT AGT AAG TTC ACT GTC AAT AAC CTT OCA GM CCT CAG A M  OCC CCT TCT C U  

C M  C M  KC ACC ACA GCT ffiT TCC CCA CTG AGA CAC CTC A T  GGC AAG AAC TCA GTT CTC AAT TCT TCC ACA OCA GAG CAT TCC AGC CCA TAT TCT GAA GAC CCT ATA GAG GAT CCT CTA 

2357 

2477 

2597 CAG CCA GAT GTC ACA G f f i  ATA COT CTA CTT TCA CTT GGT GCT GGA G M  TTC AGA AGT C M  GAL, CAT E T  AAG CGT AAG GGA CCC AAG GTA GM AGA GAT CAA GCA OCA AAG CAC AGG TTC 

2717 TCC TOO ATG MA TTA CTA GCA CAT A M  GTT G f f i  AGA CAC CTA AGC CAA GAC ACT GGT TCT CCT TCC GGA ATG AGG CCC TOG GAG GAC C l l  CCT AGC CAA WC ACT GGT TCT CCT TCC AGA 

2837 ATG A f f i  Ca: TGG GAG GAC CCT CCT AGT GAT CTG T T A  CTC T T A  M* C M  AGT AAC TCA TCT AAG ATT TTG GTT GGG AGA TGG CAT TTG GCT TCT GAG AAA GOT AOC T A T  GM ATA ATC C M  + 
2957 GAT ACT GAT GM WC ACA E T  GTT AAC AAT Tf f i  CTG ATC AOC CCC CAG AAT GCC TCA CGT GCT TOG GGA GAA AGC ACC CCT CTT OCC AAC AAG CCT GGA AAG CAG AGT GGC CAC CCA AAG 

3077 

1 0 1 3 A P L S P R ~ T F H P L R S E A Y N T F S E R R L K H S L V L H K S t E T S L P T  
3197 

TTT CCT AGA GTT AGA CAT A M  TCT CTA C M  GTA AGA CAG GAT GGA GGI AAG AGT AGA CTG AAG MA AGC CAG T T T  CTC ATT AAG ACA CGA AAA AAG AAA AAA GAG AAG CAC ACA CAC U T  

OCT CCT TTA TCT CCG A f f i  ACC TTT CAC CCT CTA A M  AGT GM Gcc TAC AAC ACA T T T  TCA GM AGA AGA CTT AAG CAT TCG TTG GTG CTT CAT AAA TCC M T  GAA ACA TCT CTT CCC K A  
e 

1053 D t ? a T t P s H D F  G m I  A s L P D H N c N s s N D T G a A s c P p G t y a T  

1093 ~ P P E E H Y ~ T F P I ~ D P D ~ M H S ~ ~ D P ~ H R ~ ~ ~ P E L ~ E M ~ E Y D  

1133 R S H K S F  P T D I  S O M S P S  S E H E  V W ~ T V I  S P D L S O V T L S P E L S  
3557 cw AGT CAC MG TCC TTC ccc ACA GAT ATA AGT CM ATG TCC CCT TCC TCA GAA CAT GAA GTC TOG CAG ACA GTC ATC T c r  CCA MC CTC A= CAG GTG ICC CTC TCT CCA GM CTC A= 

3317 GAC CTC AAT CAG ACA TTG CCC TCT ATG GAT TTT W Tf f i  ATA Gcc TCA CTT CCT GAC CAT RAT CAG AAT TCC TCA AAT GAC ACT GGT CAG OCA AGC TGT CCT CCA GOT CTT T A T  CAG ACA 
- 

3437 GTG CCC CCA GAG GM C K  TAT C M  ACA TTC CCC ATT C M  GAC CCT GAT C M  ATG CAC TCT ACT TCA GAC CCC AGT CAC A M  TCC TCT TCT CCA GAG CTC AGT GM ATG CTT GAG T A T  GAC 

1173 a T N t s P D t s n T T L s P E L I a R ~ t s p A t G a H p I s p o t s n T T t  e 
1213 s P n t s n T T t s t o t s a T ~ t s P E t s a T N t s ~ A t G a n ~ t s p n t  + 
1253 s H T T I s L D F s a T ~ t s P E t s n u T t s p E t s a T ? t s p A t G a n ~  

i m  I s P D t s H T T t s t o F s a T ~ L s ~ E t s a T t t s ~ A t G a H ~ t s p o  

1333 P s H T T t s t D t s a T N t s P E t s c i t t s p o t s E ~ ~ t F A o t s a ~  + 
1373 P L T P D L D ~ M T L S P D L G E T D L ~ P N F G ~ ~ ~ L ~ P D L ~ ~ ~ ~ L ~ P  
4277 ccc CTT ACC CCA wc CTC MC CAG ATG ACA c n  TCT GCA GAC c n  GGT GAG ACA GAT CTT TCC CCA AAC TTT GGT CAG ATG TCC CTT TCC CCA GAC CTC AGC CAG GTG ACT CTC TCT CCA 

1413 o I s D T T t t P o t s a I s P P P D t o a I ~ y p s E s s a s t t t a E F t E  

3677 CAG E A  M C  CTC TCT CCA GAC CTC AGC CAC ACG ACT CTC TCT CCA GAA CTC ATT CAG AGA AAC CTT TCC CCA GCC CTC GGT CAG ATG CCC ATT TCT CCA M C  CTC AOC CAT ACA *cc CTT 

3797 TCT CCA GAC CTC AOC CAT ACA A D 2  CTT TCT TTA GAC CTC AGC CAG ACA AAC CTC TCT CCA M A  CTC AGT CAG ACA AAC CT1 TCT CCA GCC CTC GGT CAG ATG CCC CTT TCT CCA GAC CTC 

3917 A O C  CAT ACA ACC ATT TCT CTA GAC TTC A G C  CAG ACA AAC CTC TCT CCA G M  CTC AGC CAT ATG ACT CTC TCT CCA GAR CTC AGT CAG ACA AAC CTT TCC CCA GCC CTC GGT CAG ATG CCC 

4037 A T T  TCT CCA M C  CTC AOC CAT ACA ACC CTT TCT CTA GAC TTC AGC CAG ACA AAC CTC TCT CCA GAA CTC AGT CAA ACA AAC CTT TCC CCA GCC CTC GGT CAG ATG CCC CTT TCT CCA GAC 

4157 CCC AOC CAT I C A  ACC CTT TCT CTA GAC CTC AGC CAG ACA M C  CTC TCT CCA GAA CTC AGT CAG ACA AAC CTT TCC CCA GAC CTC AGT GAG ATG CCC CTC T T T  GCA GAT CTC AGT C M  ATT 

4397 

1453 S F P Y P O L G Q N P S P S S P T L ? D T F L S K E F N P L V I  V G L S K D G T  
4517 

GAC ATC AGT GAC ACC ACC CTT CTC CCG GAT CTC AGC CAG ATA TCA CCT CCT CCA GAC C T l  GAT CAG ATA TTC TAC CCT TCT GAA TCT AGT CAG TCA TTG CTT CTT.CAA GM TT AAT GAG 

TCT TTT CCT TAT CCA W C  CTT GGT CAG ATG CCA TCT CCT TCA TCT CCT ACT CTC AAT GAT ACT T T T  CTA TCA RAG M A  TTT ART CCA CTG GTT ATA GTG GGC CTC AGT M A  GAT GGT ACA 

GAT TAC ATT GAG ATC A l l  CCA AAG GA4 GAG GTC CAG AGC AGT GAR GAT GAC TAT GCT GAA A r l  GAT TAT GTG CCC TAT GAT GAC CCC T I C  AAA ACT GAT G l 7  AGG ACA AAC ATC MC TCC 

TCC AGA GAT CCT GAC AAC ATT GCA GCA TGG TAC CTC CGC A G C  AAC RAT GGA AAC AGA AGA AAT TAT T I C  A n  GCT GCT GAA GAA ATA TCC TGG GAT TAT TCA GM TTT GTA CM AGG WA 

1493 D ~ i E I i P K E E v a s s E D o y A E I D I Y P Y O O P Y l i D Y R T N I ? S  

1533 s R o P D N  I A A w Y t R % s ” G N R R N Y Y  I A A E E  1 s w D y s E F  v a R E  

4637 

4757 

FIGURE 2: Nucleotide sequence of the overlapping cDNAs that code for the heavy chain region and connecting region of human factor V. 
Nucleotides 1-76 represent the 5’ untranslated sequence. Amino acids -28 to -1 indicate the leader sequence. Amino acids 1-1545 constitute 
the heavy chain region and connecting region of factor V. The amino acid residues determined by Edman degradation are overlined. Potential 
N-linked oligosaccharide attachment sites are indicated by the solid diamonds. Protein sequence analysis indicated that Asn-354 and Asn-13 10 
(open diamonds) are not glycosylated. The proposed thrombin cleavage site between the heavy chain and the connecting region is indicated 
by the open arrow after Arg-709. The thrombin cleavage sites within the connecting region (after Arg-1018) and between the connecting 
region (after Arg-1545) and the light chain have been confirmed by protein sequencing and are indicated by the solid arrows (see text). The 
cDNA sequence coding for the light chain of factor V begins at nucleotide 4797. This corresponds to nucleotide 863 in the clone XHV2.97, 
which was reported in our previous paper (Kane & Davie, 1986) (Figure 2). The light chain corresponds to amino acids 1546-2196. These 
were numbered 288-936 in our previous paper. 
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peptidase cleavage site conforms with the -3, -1 rule of von 
Heijne (1983) with Thr at  position -3 and Ala at  position -1. 
The amino-terminal sequence of human factor V was reported 
by Suzuki and co-workers as AQLGQFYV (Suzuki et al., 
1982). This amino acid sequence is in agreement with the 
amino-terminal sequence predicted from the cDNA except for 
a Gly at position +4. This discrepancy could be explained 
either by sequence polymorphism with a single A to G sub- 
stitution at position 170, by a reverse transcriptase error during 
the preparation of the cDNA library, or by an error in protein 
sequencing. 

The nucleotide sequences for XHV3.37 and XHV3.14 are 
identical except that XHV3.37 contains an additional 50 nu- 
cleotides of 5' sequence and XHV3.14 has two deletions of 92 
and 93 nucleotides beginning at  positions 235 and 2052, re- 
spectively (Figures 1 and 2). Similar deletions were noted in 
the sequences for some of the cDNAs coding for factor VII, 
which were also isolated from a Hep G2 cDNA library (Hagen 
et al., 1986), and may result from abnormal alternative splicing 
events that occur in Hep G2 cells. Each of the sequences 
deleted in XHV2.97 and XHV3.14 code for sequences that are 
homologous to sequences present in other domains within the 
factor V molecule, making it unlikely that they represent 
residual intron sequences. 

Activation of factor V by thrombin results in the formation 
of a heavy chain from the amino terminus of the intact factor 
V molecule and a light chain originating from the carboxyl 
end of the molecule (Esmon, 1979; Suzuki et al., 1982). Fass 
et al. (1 985) have reported amino acid homology between the 
N-terminal sequences of the heavy chains of bovine factor V, 
and porcine factor VIII, (Fass et al., 1985). In addition, these 
data showed amino acid sequence homology with cerulo- 
plasmin, a plasma copper binding protein (Church et al., 1984). 
The predicted amino acid sequence for human factor V in- 
dicates that the amino terminus of factor V is -40% identical 
with the amino terminus of human factor VIII. The amino- 
terminal regions of both proteins have similar domain struc- 
tures consisting of two ceruloplasmin-like A domains. These 
data together with that previously published for the light chain 
(Kane & Davie, 1986) establish that factor V as well as factor 
VI11 and ceruloplasmin contains three A domains. In the case 
of factor V and factor VIII, the second and third A domains 
are separated by a large carbohydrate-rich connecting region 
(see below). On the basis of analogy to factor VIII, the 
probable thrombin cleavage site that liberates the factor V 
heavy chain from the connecting region is located between 
Arg-709 and Ser-710. The molecular weight of the heavy 
chain of factor V, was calculated to be about 80 000 without 
carbohydrate. Am354  is not glycosylated as determined by 
protein sequencing. The addition of carbohydrate to eight of 
the nine potential N-linked oligosaccharide chains (M,  - 2000 
each) would increase the molecular weight of the glycoprotein 
to approximately 96000. This is similar to the values of 
93 000-1 10 000, as determined by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (Katzman et al., 1981; Kane 
& Majerus, 1982; Suzuki et al., 1982). 

Two clusters of Glu, Asp, and Tyr residues are present 
approximately 10 and 45 amino acids from the proposed 
thrombin cleavage site between the heavy chain region and 
the connecting region in factor V (Figure 3). Factor VI11 
contains a similar cluster of these amino acids adjacent to the 
thrombin cleavage site between the heavy chain region and 
the connecting region. Thrombin activation of factor VI11 also 
results in the cleavage of an Arg-Ser bond between the first 
and second A domains (Eaton et al., 1986). There is also a 

K A N E  ET A L .  

Human Factor V 

Heavv Chain Connectme Reeion Lieht Chain - -  
NH,[ A H A H H H A H C H C (COOH 

IlOkd 4 -70kd 4 -15Okd 4 7 8 k d  

Human Factor VI11 

Heavy Chain Connecting Region Light Chain 
B 

5 0 k d  4 4 0 k d  4 4 7 3  kd 
H A H C H C 1COOH N H , ~  A H A H 

Human Ceruloplasmin 
A COOH YH,I A H A H 

FIGURE 3: Structural domains in factor V, factor VIII, and cerulo- 
plasmin. Thrombin cleavages sites are indicated by the arrows. 
Molecular weights are estimates based on sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and may not be completely accurate 
(see text). The thrombin cleavage sites in human factor V occur after 
Arg-709 [(*) tentative], Arg-1018, and Arg-1545. The thrombin 
cleavage sites in factor VI11 occur after Arg-372, Arg-740, and 
Arg-1689 (Eaton et al., 1986). The identity of the domains is indicated 
by the letters inside the boxes. The 31 tandem repeats in factor V 
with the consensus sequence [T,N,P]LSPDLSQT are indicated by 
the vertical bars. The regions corresponding to the heavy chain, 
connecting region, and light chain of factors V, and VIII, are indicated. 

cluster of Glu, Asp, and Tyr residues adjacent to this cleavage 
site. Similar clusters of these amino acids are also present 
adjacent to the cleavage site between the connecting region 
and the light chain in both factor V and factor VIII. 
Thrombin, however, does not cleave between the first and 
second A domains in factor V. Also, factor V, unlike factor 
VIII, contains a cluster of basic amino acids between the first 
and second A domains with 10 of 19 residues being Arg or 
Lys. The sites of sulfation of a number of plasma proteins 
including the fourth component of human complement, heparin 
cofactor 11, and a,-antiplasmin have been identified by Strauss 
and co-workers (Hortin et al., 1986a,b,1987). In these cases, 
tyrosine sulfate occurs adjacent to clusters of Glu and Asp 
residues similar to those adjacent to some of the thrombin 
cleavage sites in factor V and factor VIII. The functional 
significance of tyrosine sulfation in proteins is not yet known. 
Whether the clusters of acidic amino acids adjacent to 
thrombin cleavage sites are required for thrombin activation 
of factor V and whether factor V contains tyrosine sulfate 
remain to be determined. 

Activated protein C makes several cleavages in the heavy 
chain of human factor V, that abolish its prothrombin binding 
activity. This results in an inactivation of the cofactor (Guinto 
& Esmon, 1984; Suzuki et al., 1983). Four smaller fragments 
(M,  50000, 30000 24000 and 21 000) are formed by the 
cleavage of the heavy chain of factor V, by activated protein 
C, indicating that there are at least three cleavage sites in this 
chain. Furthermore, there are several Arg-X bonds in the 
heavy chain of factor V, that could serve as potential cleavage 
sites for activated protein C. The actual cleavage sites for 
activated protein C within the heavy chain region of factor 
V will require amino acid sequencing of the proteolytic frag- 
ments. 

Factor V binds a number of divalent metal ions including 
calcium and copper (Hibbard & Mann, 1979; Mann et al., 
1984). On the basis of analogy with the copper binding protein 
plastocyanin, the ligands for three type I copper ions in cer- 
uloplasmin have been proposed to be two His residues, a 
'1,-Cys residue, and a Met residue located near the carboxyl 
terminus of each A domain (Ryden & Bjork, 1976; Ryden, 
1982). These potential copper binding sites are not conserved 
in the three A domains of factor V. This is consistent with 
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the visible light spectrum of factor V, which does not indicate 
the presence of type I copper. The potential type I copper 
binding sites have been conserved in the first and third A 
domains of factor VI11 (Vehar et al., 1984; Toole et al., 1984), 
although it is not known whether factor VI11 contains type 
I copper. 

The second A domain in factor V is separated from the third 
A domain by 836 amino acids located between residues 710 
and 1545. This connecting region is analogous to a similar 
region of 980 amino acids in factor VIIII. The connecting 
region of both proteins is characterized by a high content of 
Ser and Thr residues and a large number of potential N-linked 
oligosaccharide attachment sites. There is no amino acid 
sequence homology, however, between these regions in factor 
V and factor VI11 or any other known protein. The connecting 
region of factor V, however, contains two types of tandem 
repeats of 17 and 9 amino acids (see below). During the 
activation of factor V by thrombin, the connecting region is 
released as two large fragments with apparent M, of 70 000 
and 150000 (Suzuki et al., 1982; Kane & Majerus, 1981). 
Thus, a single '/*-Cys residue is present in the connecting 
region within the 150-kDa fragment and apparently does not 
participate in a disulfide bond. These fragments from the 
connecting region are not essential for the procoagulant activity 
of factor V, and their function, if any, is not known. The 
amino-terminal sequence of the purified 150-kDa fragment 
was found to be XFHXLRSEA (D. B. Wilson, personal 
communication), indicating that this fragment begins at 
Thr-1019. The amino-terminal sequence of the 70-kDa 
fragment, however, has not been established. A potential 
thrombin cleavage site at Arg-709 would generate an activation 
fragment beginning with Ser-710. This would give rise to a 
70-kDa fragment consisting of 309 amino acids and 8 potential 
N-linked oligosaccharide attachment sites as well as two 
tandem repeats of 17 amino acids with a sequence of 
SQDTGSPSXMRP WEDXP. 

We have previously reported an amino acid sequence for 
the carboxyl terminus of the 150-kDa activation fragment 
(Kane & Davie, 1986). Our present data complete the pre- 
dicted amino acid sequence of this fragment and indicate that 
it is composed of 527 amino acids, including 17 potential 
N-linked oligosaccharide sites and 31 tandem repeats of 9 
amino acids. The consensus sequence for these 31 repeats is 
[T,N,P] LSPDLSQT. 

The 150-kDa activation fragment is a substrate for the 
plasma transglutaminase factor XI11 (Francis et al., 1986). 
This suggests that the glutamines present within the tandem 
repeats in this fragment may be the glutamine donors for this 
reaction. The calculated molecular weights for the 70-kDa 
and 150-kDa activation fragments are 34 400 and 58 000, 
respectively, excluding carbohydrate. Asn-13 10 is not gly- 
cosylated as determined by protein sequencing. The addition 
of 8 carbohydrate chains from the 70-kDa activation fragment 
plus 16 of the 17 potential N-linked oligosaccharide chains 
from the 150-kDa fragment would increase the molecular 
weights of these glycoprotein fragments to about 50 000 and 
92 000, respectively. These fragments contain 19.3 and 25.1% 
Ser and Thr residues, respectively. Because factor V contains 
0-linked carbohydrate in addition to N-linked carbohydrate 
(Kane & Majerus, 1981), the total carbohydrate content of 
the connecting region of factor V may be over 50%. 

The cDNA clones characterized in these studies together 
with that previously described (Kane & Davie, 1986) establish 
the complete primary amino acid sequence of human factor 
V. These findings confirm the proposal first made by Mann 
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and co-workers that factor V, factor VIII, and ceruloplasmin 
comprise a family of related proteins that have arisen through 
gene duplication of the A domain (Church et al., 1984; Fass 
et al., 1985) (Figure 3). The availability of clones coding for 
factor V will allow for a detailed analysis of the structure- 
function relationships within the factor V molecule by site- 
directed mutagenesis as well as the characterization of the 
factor V gene. 

While this paper was in preparation, we received a preprint 
of a paper by Jenny et al. (1987) that also describes the iso- 
lation of cDNA clones coding for the entire factor V molecule. 
Their results are in good agreement with the present data 
except for four silent single-base changes at positions 48 1,628, 
3880, and 4024 and a single-base change at 3929 that predicts 
a Leu at residues 1257 rather than an Ile (Figure 2). These 
minor differences may represent cloning artifacts or poly- 
morphisms. Our sequence also differed from theirs in the first 
13 nucleotides of 5' untranslated sequence. Their protein 
sequence data confirm our proposed thrombin cleavage site 
at Ser-709. 
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