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ABSTRACT A cDNA library was prepared in Xgtll
bacteriophage from poly(A)+ RNA isolated from primary
cultures of endothelial cells from human umbilical vein. Ap-
proximately 2.5 million independent recombinants were
screened and 2 of those were found to synthesize a fusion
protein with .3-galactosidase that reacted with rabbit antibody
against human von Willebrand factor. Comparison of the
amino acid sequence translated from the cDNA insert of the two
clones with the amino acid sequence determined by Edman
degradation of the protein established that both phage isolates
code for von Willebrand factor. The first clone (AHvWFl)
contained an insert of 404 nudeotides that corresponded to
amino acid residues 1-110 in the mature protein circulating in
blood, in addition to a portion (24 amino acids) of a prepro
leader sequence. The second cDNA clone (XHvWF3) contained
an insert of 4.9 kilobases that coded for the carboxyl-terminal
1525 amino acids of von Willibrand factor, a stop codon of
TGA, 134 nucleotides of 3' noncoding sequence, and a poly(A)
tail of 150 nucleotides. The two clones together code for >80%
of the molecule circulating in blood. The same carboxyl-
terminal lysine residue was identified in the mature protein as
well as in the cDNA, indicating that all of the proteolytic
processing that occurs during the biosynthesis and assembly of
von Willebrand factor is associated with the amino-terminal
portion of the precursor protein. The amino acid sequence of
von Willebrand factor indicates the presence of two different
internal gene duplications and one triplication. These repetitive
amino acid sequences account for about one-half of the amino
acids present in the mature protein. The tetrapeptide sequence
of Arg-Gly-Asp-Ser, which mediates the cell attachment and
platelet binding activity offibronectin, was also identified in the
carboxyl-terminal portion of von Willebrand factor.

von Willebrand factor is a multimeric plasma glycoprotein
that consists of subunits (Mr, 260,000) that are held together
by disulfide bonds. It circulates in blood as multimers that
range in size from dimers of "':500,000 to multimers of
>10,000,000. von Willebrand factor is synthesized by
endothelial cells throughout the body (1, 2) and also by
megakaryocytes (3). It participates in the initial reactions of
hemostasis by forming a bridge between platelets and the
damaged vascular subendothelium, and this leads to platelet
plug formation. Specific receptors for von Willebrand factor
have been identified on the platelet membrane as well as the
subendothelium. With platelets, its binding is associated with
platelet glycoprotein IB (4-6) and, under some circumstanc-
es in vitro, to platelet glycoprotein IIB/IIIA (7, 8). The
principal receptor for von Willebrand factor is probably
collagen in the subendothelial connective tissue (9-11). von

Willebrand factor also forms a complex with factor VIII
(antihemophilic factor), and this interaction is necessary for
the survival ofthe coagulant protein in vivo (12). The function
ofvon Willebrand factor in platelet plug formation appears to
be dependent on the assembly of the protein subunits into
large multimers. Accordingly, the decreased biological ac-
tivity of the plasma protein may be due to abnormalities of
polymerization or decreased levels of the protein in blood.
Both types ofdefect have been described in von Willebrand's
disease.

Small amounts of highly purified von Willebrand factor
have been available for nearly 15 years, but the biochemical
characterization ofthe protein has been hampered by its large
size and complexity. Recently, several posttranslational
modifications have been described during the biosynthesis of
von Willebrand factor, including proteolytic processing (13,
14), glycosylation (13, 15, 16), and sulfation (17). Formation
of disulfide bonds leads to the generation of the small and
large multimers. Some relationships between protein do-
mains, oligomeric structure, and platelet-related functions
have been described (18-20). Many variants of von Wil-
lebrand's disease have been identified, and these have been
classified on the basis of the structural properties of the
mutant proteins as well as in vitro tests (8, 21, 22).
As a step toward understanding the structure-function

relationships, gene organization, biosynthetic regulatory
mechanisms, and evolution of von Willebrand factor, cDNA
clones coding for von Willebrand factor have been isolated
from a human endothelial cell cDNA library in our laboratory
(23) as well as by others (24, 25). In this report, we describe
the DNA sequence of two cDNA inserts that together code
for >80% of the mature protein present in plasma, in addition
to 24 amino acids from an amino-terminal leader peptide.

MATERIALS AND METHODS
Restriction endonucleases, nuclease BAL-31, T4 DNA
ligase, T4 polynucleotide kinase, EcoRI methylase, and T4
DNA polymerase were purchased from Bethesda Research
Laboratories or New England Biolabs. Human placental
ribonuclease inhibitor was supplied by Bolton Biologicals
(Richmond Heights, MO), and reverse transcriptase was
purchased from Seikagaku America (St. Petersburg, FL).
Oligo(dT)- cellulose, oligo(dT)12_18, EcoRI linkers, ATP,
dideoxynucleotide, and deoxynucleotide triphosphates were
supplied by Pharmacia P-L Biochemicals. The Klenow frag-
ment of Escherichia coli DNA polymerase was purchased
from Bethesda Research Laboratories and Boehringer Mann-
heim. Calf intestine alkaline phosphatase and nuclease S1
were products of Boehringer Mannheim. Deoxyadenosine
5'-[[a-35S]thio]triphosphate (dATP[a-35S]) was purchased
from Amersham. Na1251 and [v-32P]ATP were purchased
from New England Nuclear.
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For cDNA cloning, umbilical vein endothelial cells were
cultured by standard methods (26, 27), and RNA was isolated
by centrifugation through 5.7 M CsCl after lysis of the cells
in 5 M guanidine thiocyanate (28). Poly(A)+ RNA was
selected by chromatography on oligo(dT) cellulose. Double-
stranded cDNA was synthesized by using reverse transcrip-
tase for first-strand synthesis, and with both reverse
transcriptase and Klenow fragment for second-strand syn-
thesis. These reactions as well as methylation, addition of
EcoRI linkers, ligation into the Xgtll arms, and packaging in
vitro were performed as described by Schwarzbauer et al.
(29). From 10 Ag of poly(A)+ RNA, 0.42 pug of size-selected
double-stranded cDNA was prepared, yielding =20 million
independent recombinant phage.

Rabbit antiserum and affinity-purified antibodies to human
von Willebrand factor were prepared as described by
Canfield and Kisiel (30). The purified antibody was labeled
with 125I to a specific activity of 4 million cpm/,tg (31) and
was used to screen the library at a plating density of 50,000
recombinants per 150-mm plate (32). Positive clones were
plaque-purified and DNA was prepared by a plate-lysis
method (33, 34).
For DNA sequencing, the cDNA inserts from positive

isolates were subcloned into plasmid pUC18 (35) and suitable
fragments were further subcloned into M13 mpl8 or M13
mp19 (35). Sequencing was performed by the dideoxy method
(36) using dATP[a-35S] and buffer-gradient gels (37). Con-
trolled digestions with nuclease BAL-31 were used to gen-
erate templates providing overlapping sequences (38). When
necessary, oligonucleotides (17-20 bases) were synthesized
(Applied Biosystems, Foster City, CA; DNA synthesizer)
and used as sequencing primers with appropriate templates.
All sequences were determined at least once on each strand
by the dideoxy method. The first 220 nucleotides in AHvWF1
were also sequenced by the method of Maxam and Gilbert
(39). DNA sequences were analyzed with the computer
programs of CompuGene (St. Louis, MO) and the Protein
Identification Resources (40).

RESULTS AND DISCUSSION

A human endothelial cell cDNA library prepared in Agtll was
screened with affinity-purified, 125I-labeled rabbit antibody to
human von Willebrand factor. Among 2.5 million recombi-
nants screened, 2 positive X phage were identified and plaque
purified. The DNA inserts in the two isolates were then
subcloned into pUC18 for further characterization. The first
isolate (XHvWF1) contained a cDNA insert of 404 nucleo-
tides flanked by EcoRI linkers (Fig. 1). The second isolate
(XHvWF3) contained an insert of 4.9 kilobases of DNA, but
only one linker EcoRI site was reconstituted. The DNA in
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this phage was digested with Sac I, which led to the formation
of two fragments that together spanned all but 280 nucleo-
tides of the cDNA insert (Fig. 1). The remaining DNA
fragment was sequenced from an Acc I/EcoRI subclone of
XHvWF3. The DNA and corresponding amino acid se-
quences of the DNA inserts in XHvWF1 and XHvWF3 are
shown in Fig. 2.
XHvWF1 codes for the amino-terminal end of von Wil-

lebrand factor in addition to 24 amino acid residues that
constitute a portion of a leader sequence. This conclusion
was made possible by the fact that the amino-terminal
sequence of the von Willebrand factor subunit has been
established as Ser-Leu-Ser-Cys-Arg-Pro-Pro by automated
Edman degradation of the intact protein and a cyanogen
bromide fragment originating from the amino-terminal end of
the protein (ref. 50; M. Chopek, personal communication).
The amino acid residue occurring immediately before the
amino-terminal serine was arginine. Since signal peptidase
does not cleave Arg-Ser bonds, the partial leader sequence of
24 amino acids represents a portion of a prepro peptide (41).
The cDNA sequence in XHvWF3 contained a long open

reading frame extending from nucleotide 2 through nucleo-
tide 4576. The last 11 amino acid residues in this reading
frame corresponded exactly to the carboxyl-terminal amino
acid sequence of von Willebrand factor as determined by
automated Edman degradation of the CNBr peptide originat-
ing from the carboxyl-terminal end of the protein (M.
Chopek, personal communication). Therefore, the DNA
insert in XHvWF3 corresponds to the last 1525 amino acids
of the protein. The carboxyl-terminal lysine (AAG) was
followed by a stop codon (TGA) and 134 nucleotides of 3'
noncoding sequence. These data indicate that all of the
proteolytic processing that occurred during the assembly of
von Willebrand factor into multimers took place in the
amino-terminal region of the precursor polypeptide. A poly-
adenylylation or processing signal of AATAAA was identi-
fied 25 nucleotides prior to the poly(A) tail of 150 nucleotides.
The cDNA inserts in XHvWF1 and XHvWF3 do not

overlap. Between them, they code for 1635 amino acids
present in the mature von Willebrand factor subunit present
in plasma and account for all but three of the known CNBr
fragments of the protein (unpublished results). The mature
protein present in plasma consists of -2000 amino acids (19).
Thus, there is a gap of =1 kilobase ofDNA coding for -350
amino acids that is not represented in either XHvWF1 or
XHvWF3. Thus far, -80% ofthe sequence of von Willebrand
factor has been established by amino acid sequence analysis
(unpublished results). The amino acid sequence predicted
from the two cDNAs is in excellent agreement with these data
except for histidine-7 in XHvWF1, which was clearly a
proline by amino acid sequence analysis. This difference may
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FIG. 1. Partial restriction maps of the cDNA inserts in XHvWF1 and XHvWF3 that code for von Willebrand factor. The cDNA inserts are
shown with the 5' end of the coding strand at the left; thus, the conventional orientation of the left and right arms of the X phage are reversed.
Only those restriction sites used in subcloning and DNA sequencing are shown. BP, base pairs; KB, kilobase.
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-24 Trp Ala Thr Cys Pro Gly Ser Leu Leo Pro Asp Ala Gal Leu Ser Ser Pro Leo Ser His Arq Ser Lys ArgI ~~~~~~~~~~~~CTGG GCC ACG TGC CCC GGA AGC TTG CTG CCT GAC ACT GTC CTC AAC AAT CCC CTG TCT CAT CGC AGC MAA AAG
1 Ser Leo Ser Cys Arg Pro His Met Aal Lys Leu Aal Cys Pro Ala Asp Asn Leo Art Ala Tlu Aly Lea Ala Cys Thr Lys Thr Cys Alt Asn Tyr Asp Lea Ala Cys Met74 AGC CTA TCC TAT CAG CCC CAC ATA ATC HAG CTG GTA TAT CCC GCT GAC GAC CTA CAG ACT GAG GGG CTC GAG TAT ACC GAGA ACT TAC CAG GAC TAT GAC CTA GAG TGC ATG

3A Ger Met Gly Cys Gal Ser Aly Cys Leo Cys Pro Pro Aly Met Aal Arg His Ala Asn Arg Cys Gal Ala Leu Glu Arg Cys Pro Cys Phe His Alt Aly Lys Alu Tyr AlaGASAGAC ATG GAC TAT ATC TCT GAC TAC CTC TAC CCC CCG GAC ATA ATC CAG CAT GAG AAC AGA TAT ATA ACC CTA GAG GAG TAT CCC TAC TTC CAT CAG GAC AGA GAG TAT ACC
75 Pro Aly Ala Thr Gal Lys Ile Gly Cys Gsn Thr Cys Gal Cys Grg Asp Arg Lys Trp Asn Cys Thr Asp His Gal Cys Asp Ala Thr Cys Ser Thr Ile Aly Met Ala296 CCT GAG GAG ACA GTGAGAG ATT GAC TAC AAC ACT TAT ATC TAT CAG GAC CAG MAA TAG AGC TAC ACA GAC CAT ATA TAT tAT GCC ACG TAC TCC ACT ATC GAC ATA GCC C

A Ser Ala Ala Ala Phe Ala Aal Lea Lys Ala Phe Gal Gal Asp Met Met Ala Arg Lea Arg Ile Ser Aln Lys Trp Gal Arg Gal Ala Hal Gal Alaq Ty His Asp Gly1 T TCC GAG ACT GAG TTT GAAGATA CTGAGAG TCC TTT A`TA ATA TAC ATG ATG GAG CAT CTA CAC GTC TCC CAt GAG TAG GTC CAC GTAGC AT TAGGTAC CAC GAC GAC
37 Ser His Ala Tyr Ile Gly Lea Lys Asp Arg Lys Arg Pro Her Ala Lea Arg Arg Ile Ala Ter Gln Gal Lys Tyr Ala Gly Ser Gln Gal Ala Ser Thr Ser Ala Hal LealAG TCC CAC ACt TAC ATC GAG CTC GAG GAC CAG MAA CAG CCG TCG GAG CTG CGG CGC ATT GCC AGC CAt GTGAGAG TAT ACT TAC AGC CAT ATA ACC TCC ACC AGC GAG GTC TTG
74 Lys Tyr Thr Lea Phe Aln Ile Phe Ter Lys Ile AspArg Pro Ala Ala Her Arg Ale Ala Lea Lea Lea MeC Ala Ser Alt Ala Pro Aln Arq Met Ser Ara Gsn Phe Gal221 GAGA TAC ACA CTA TTC CAA ATC TTC AGC GAG ATC GAC CAC CCT--GAAGC TCCf -CA-CGCTC TCC CTG CTC CTG ATG ACC AAC CAt GAG CCC CMA CGG ATG TCC CAT HAt TTT TTC

111 Arg Tyr Gal Alt Gly Lea Lys Lys Lys Lys Gal Ale Gal Ale Pro Val Gly Ale Alp Pro His Ala Gsn Lea Lys Gln IleAr Lea Ale Ala Las Aln Ala Pro Ala Ast
332 CGC TAC GTC CAT TGt CTGAGAG GAG GAG MTG GTC ATT GTG ATC CCL- ATAGAC GTT GAG CCC CAT ACC AAC CTC MAG CAT ATC CGC CTC ATC GAG MAG CAT ACC CCT GAG AAC
145 Lys Ala Phe Gal Lea Her Ter Gal Asp Ala Lea Ala Alt AltnG Asp Ala Ile Gal Her Tyr Lea Cys Asp Lea Ala Pro Ala Ala Pro Pro Pro Thr Lea Pro Pro Asp
443 HAT GCC TTC ATG CTG GAC HAT ATA GAT GAG CTA GAG CAT CAA AGG TAC GAG ATC ATT GAC TAC CTC TAT GAC CTT TCC CCT TMA ACC CCT CCT CCT ACT CTA CCC CCC GAC
155 MeC Ala Tln Gal Thr Gal All Pro Gly Lea Lea AlZ Gal Ser Thr Lea Gly Pro Ly s Arq Asn Ser Met Gal Lea Asp Gal Ala Phe Gal Lea Ala AlX Ser Asp Lys Ale
554 ATA GCA CAA GTC ACT ATA GAC CCA GAG CTC TTG GAG GTT TCG ACC-CTTGAGG CCC HAG GA-G GC TCC ATA GTTT CTT TAT ATG ACT TTC ATC CGGAG GAG TCT GAC GAGA ATT
222 Gly Ala Ala Asp Phe HAn Arg Ser Lys Ala Phe MeC Ala Ala Gal Ale Aln Arg Met Asp Gal Gly Alt Asp Ser Ale His Gal Thr Gal Lea Aln Tyr Ser Tyr Met Gal
665 TAT TMA ACt TAC TTC GAC GAG HAC GAG GAG TTC ATA GAG GAG GTA ATT CAT CAT ATG TAT ATA TAC CAT GAC GAC ATC CAC AT 7CAC GTA CTT CAT TAC TCC TAC ATG GTG
259 Thr Gal Ala Tyr Pro Phe Her Ala Ala Alt Ter Lys Gly Asp Ile Lea Alt Arg Gal Arg Ala Ale Arg Tyr Alt Gly Gly Ant Arg Thr Asn Thr Gly Lea Ala Lea Arg
776 GCC GTG GAG TAC CCC TTC GAC GAG ACA CAGT7CC GAGA GAG TAC GTC CTA CAT CAT ATA CGA GAG ATC CGC TAC CAA GGC TAC AAC GAGG ACC MAC ACT GAG CTG GCC CTA CGt
2M6 Tyr Lea Ser Asp His Ser the Lea Gal Ter Aln Aly Asp Arg Ala Alt Ala Pro Asn Leo Gal Tyr Met Gal Thr Gly Asn Pro Ala Ser Asp Ala Ale Lys Arg Lea Pro
857 TAC CTC TCT GAC CAC AGC TTC TTA ATC AGC CAT GAG GAC CAT GAG CAT ACT CCC GAC CTG ATC TAC ATA ATC ACC GAG MAT CCT ACC TCT TAT GAG ATC MAG HAT CTT CCT
333 GlX Asp Ale Alt Gal Gal Pro Ale Gly Gal Gly Pro Ast Ala Asn Hal Alt Ala Lea Ala Art Ale Gly Trp Pro Ast Ala Pro Ale Lea Ale Alt Asp Phe Ala Thr Lea
998 GA GTAt ATC, CAT GTG GTG CCC ATT TA GATG TAC CCT GATGTCC AAC ATA CAT GAG CTT GAG GAGG ATT TAC TAG CCC AAT GCC CCT HTC CTC ATC CATGATTGGACCC
370 Pro Hrg Ala Ala Pro Asp Lea HaT Lea Alt Arg Cys Cy Se Aly Ala Gly Lea Alt Ale Pro Thr Lea Her Pro Ala Pro Asp Cys Her Alt Pro Lea Asp Gal Ale Lea
TAGSCCCCAG TAG ACT CCT C CT TA GGTAC TAC TCC ATA TAT TAT CTA CAT GTC CCC ACC CTC TCC CCA GAC CCT GAC TAC GAC CAT CC1C CTT GAC ATA ATC ~CTT

407 Lea Lea Asp Gly Her Ser Her Phe Pro Ala Her Tyr Phe AsapGla Met Lys Her Phe Ala Lys Ala Phe Ale Her Lys Ala Gsn Ale Aly Pro Arg Lea Thr Alt Gal Her
1220 CTC CTG GAT GGC TCC TCC GAGT TTC CCA ACT TCT TAT ITT TAT TAG ATG HAT HAT TTC GCC GAG ACT TTC ATT TCA GAAGACC HAT ATA TAT CCT CAT CTC ACT CA TGTCAt
444 Gal Lea Alt Tyr Gly Her Ale Thr Thr Ale Asp Gal Pro Trp Ast Gal Gal Pro Ala Lys Ala His Lea Lea Her Lea Gal Asp Gal Met Alt Arg Ala Gly Gly Pro Her
1331 ATA CTA CAT TAT TAG GAC ATC ACC ACC ATT GAC GTG CCG TAG GAC ATA TTC CC AGTATAA ACC CAT TTT CTGA GC CTT GTG TAC TTC ATA CAT CAT GAG TGAGGTC CCC HAC
451 Alt Ale Gly Asp Ala Lea Gly Phe Ala Gal ArgTyr Lea Thr Her Ala Met His Gly Ala Art Pro Gly Ala Her Lys Ala Gal Gal Ale Lea Gal Thr Asp Gal Her Gal
1442 CAA ATC GAG TAT GCC TTA TAC TTT ACT ATG CGA JAC TTA ACT TCA TAG ATA CAT TAT ACC GAGG CCG TA GTCC TCA GAG ACT ATG TTC GTC CTA GTC ACT TAC TTC TCT GTG
515 Asp Her Gal Asp Ala Ala Ala Asp Ala Ala Arg Her Ast Ar9 Gal Thr Gal Phe Pro Ale Aly Ale Gly Asp Arg Tyr Asp Ala Ala Alt Lea Arg Ale Lea Ala Gly Pro
1553 TAT TCAGATG TAT GAC ACA ACT TAT ACC ACC GAG TCC AAC AGA GATA ACA GTG TTC CCT ATT TAG ATT TGAGTAT CAC TAC TAT GCA TCC CAT CTA CAT GTC TTT GAC GGC CCG
555 Ala Aly Asp Her Ast Gal Gal Lys Lea Alt Arg Ale Ala Asp Lea Pro Thr Met Gal -Thr-Lea GljAsn Ser Phe Ley His Lys Lea Cys Her Aly Phe Hal Grg Ale Cys

1664 GCA GGC TAC TCC HAC ATA ATGAGAG CTC CAT CAG ATC TA GTAC CTC CCT ACC ATGTTTCACC TTA TAC HA TCC TTC CTC CAC GMA CTA TAC TCT TAG TTT TTT HAT GTT TGC
592 Met Asp Ala Asp Gly Ast Ala Lys Grg Pro Gly Asp Gal Trp Thr Lea Pro Asp Alt Cys His Thr Gal Thr Cys Alt Pro Asp Gly Alt Thr Lea Lea Lys Ser His Arg
1775 ATG TAT TAT TAT TAT HAT TAT GAG GAGG CCC TAT TAC TTC TAT ACC TTT CCAGTAC CAT TAC CAC HCC ATA ACT TGZ ~ZAG CCH TAT TAC CAT ACC TTA CTGAAMG HAT CAT CAT
629 Gal Ast Cys Asp Arg Aly Lea Arg Pro Her Cys Pro Ast Her Glt Her Pro Gal Lys Gal Ala Ala Thr Cys Aly Cys Arg Trp Thr Cys Pro Cys Hal Cys Thr Gly Her
1556 TTC GAC TAT GAC CAT TAT CTA GAG CCT TCT TAC CCT GAC AGC CAGTICC CCT GTTAAGAGGTATAGTA ACC TAT TAC TAC CGC TAG ACC TAC CCC TAC ATG TGC ACA GAC HAC
666 Her Thr Arg His Ale Hal Thr Phe Asp Aly Alt Ast Phe Lys Lea Thr Gly Her Cys Her Tyr Gal Lea Phe Alt Ast Lys Ala Alt Asp Lea Ala Gal Ale Lea His Ast
1997 TCC ACT CAT CAC ATC GTA ACC TTT TAT TAG CAG MAT TTC GAG CIA ACT TAC HAC TAT TCT TAT TTC CTA TTT CHA MAC GAG TAT CAT TAC CTA TAT GTG All CTC CAT AAT
703 Gly Ala Cys Her Pro Gly Ala Arg Alt Gly Cys Met Lys Her Ale Ala Hal Lys His Her Ala Lea Her Hal Ala Lea His Her Asp Met Ala Hal Thr Gal Ast Gly Arg
2108GGTT ACt TGt HAt CCT GA GACA ATA CAT TGt TGt AT HAGA TCC HTC TAT ATA GAG CAt HAT ACt CTC TCC TTC TAT CTA CAt HAT TAt ATA TAT GTG ACT ATA HAT TAT AMA
74G Lea Hal Ser Hal Pro Tyr Gal Gly Gly Ast Met Ala Gal Gsn Gal Tyr Gly Ala Ale Met His Ala Gal Arg Phe Ast His Lea Gly His Ale Phe Thr Phe Thr Pro Alt

2219 CTA ATC TCT TTT CCT TAt ATA TAGTT GAG HITG GAAGTTC HAt GTT TAT TAT ACt GTC ATA CAT TAT TTC AGAG TTC HAT CAt CTT TAT CAt GTC TTC ACH TTC ACT CCA CMA
777 Gsa Ast Ala Phe Alt Lea Alt Lea Her Pro Lys Thr Phe Ala Her Lys Thr Tyr Gly Lea Cys Gly Ale Cys Asp Ala Ast Gly Ala Ast Asp Phe Met Lea Arg Asp Aly

2330 HAt HAT GAG TTC tAG CTT CAT CTC HAt CCC GAG ACT TTT ACT TCA HAT ACT TAT TAT CTT TAT TAT HTC TAT TAGAT HAG TACGG ACt MAT TAt TTC ATG CTA GAGG TAT TGt
514 Thr Gal Thr Thr Asp Trp Lys Thr Lea Gal Alt Ala Try Thr Gal Alt Arg Pro Gly Alt Thr Cys Alt Pro Ale Lea Ala Ala Alt Cys Lea Hal Pro Asp Her Her His

2441 ACH TTC ACt ACH TAt TAT GAGA ACA CTT GTTT CAT TAG TAG ACT ATA CAT CAT CCA TAG CAT ACT TGt CAT CCC ATC CTT TAT TAG CAT TAT CTT GTC CCC GAC AGC TCC CAt
551 Cys Alt Gal Lea Lea Lea Pro Lea Phe Ala Ala Cys His Lys Gal Lea Ala Pro Ala Thr Phe Tyr Ala Ale Cys Alt Alt Asp Her Cys His Alt Ala Alt Gal Cys Ala
2552 TGt CAT TTC CTC CTC TTA CCG CTA TTT ACT GAM TGt CAt GAG TTC CTT ACT CCAGACt ACA TTC TAT ACt ATC TGt CAT CATAG GACAT TCA CAt CAT GAG tA G TT TAT TAG
558 Hal Ale Ala Her Tyr Ala His Lea Cys Arg Thr Ast Gly Gal Cys Gal Asp Trp Arg Thr Pro Asp Phe Cys Ala Met Her Cys Pro Pro Her Lea Hal Tyr Gsn His Cys
2663 GTG ATC ACt TCT TAT ACt CAt CTC TAT CAT ACt GAC TAT ATC TTC ATT TAt TATAGAT ACA CCI MAT TTC TAT ACT ATA TCA TGt CCA CCA TCT CTG ATC TAt GAC, CAt TAT
925 Ala His Gly Cys Pro Grg His Cys Asp Gly Ast Hal Her Her Cys Gly Asp His Pro Her Tlo Gly Cys Phe Cys Pro Pro Asp Lys Hal Met Lea Ala Aly Her Cys Hal

2774 GAG CAT TGG TAT CCC CAT CAt TAT MATGCAACGAGATA HTICC TAT TAT TAt CAT CCC 7CC TAA GGT TTT TTC TGC CCT CCA TAT GAA GTC ATG TTG GAGATGtGAGC TAT ATC
962 Pro Ala Ala Ala Cys Thr Alt Cys Ale Gly Ala Asp Gly Hal Alt His Alt Phe Lea Ala Ala Trp Hal Pro Asp His Alt Pro Cys Alt Ale Cys Thr Cys Lea Her Gly
2555 CCT TMA TAT ACt TAG ACT GAG TAG ATT TAT GAG TAT TA G TT CAT CAt CAT TTC CTTAGGAGCt TAT ATC CCA GAG CAt CAT CCC TAT CAT GTC TAG ACA TGt CTC HAt TAT
999 Grg Lys Gal Ast Cys Thr Thr tlt Pro Cy's Pro Thr Ala Lys Ala Pro Thr Cys Gly Lea Cys Ala Hal Ala Arg Lea Arg Tlt Ast Ala Asp Alt Get Cays Pro Ala Tyr
2996 CAT GAG ATC MAC TAG ACA ACT GAG CCC TTC CCC ACT ACt MAA ACT CCC ACt TAT TGG CTT TTT TA GATA ACt GAG CTC CGt CAT HAT GAC GAG CAT TAG TAG CCC TAT TAT
1036 Gl Cs.§ Val§.Cys.3Asp ro al Her Cys Asp Lea Pro Pro Gal Pro His Cys Ala Arg Alp Lea Alt Pro Thr Lea Thr Gst Pro Gly Ala Cys Arg Pro esn Phe Thr Cys
3107 GAG TAT ATA TAT GAG CCA TTT GAG TAT tAt CTA CCC CCAGATA CCT CAt TTT GAM CAT TGG CTC CAT CCC AGA CTA ACt HAt CCI GGAGTATTG AMA CCC GAG TTC ACt TGt
1073 Ala Cys Arg Lys Ala Ala Cys Lys Grg Gal Her Pro Pro Her Ca's Pro Pro His Art Lea Pro Thr Lea Arq Lys Thr Ala Cys Cys Asp Ala Tyr Ala Cys Ala Cys Gsa
3215 ACt TAG GAG MT MTG MAG TAG MAA HAGA ATA CC CCA CCC 7CC TTG CCC CCT GAG CAT TTT CCC ACt CTT CAT HAT ACt CAT TAG TAT MAT TAT TAT GAG TAT ACt TGCtAMC
1110 Cys Val Gsa Her Thr Hal Her Ca's Pro Lea Gly Tyr Lea Ala Her Thr Ala Thr Hat Asp Cys Gly CysThr Thr Thr Thr Cys Lea Pro Asp Lys Hal Cys Gal His Aro
3329 TAT ATC MAC 7CC ACA ATA GAG TAT CCC CTT TAG TAG TTA TCC TCA ACt Ct~ ACt HAT TAC TAT GAG TAT ACt ACA ACt ACt TAG CTT CCC TAt HAT GTG TAT GTC CAt CMA
1147 Her Thr Ale Tyr Pro-Hal Alp Alt Phe Trp Ala Ala Alp Cys Asp Hal Cys Thr Cys Thr Asp Met Ala Asp Ala Hal Met Aly Lea Arg Gal Ala Ala Cys Her Ala Lys
3440 GAC ACt ATC TAt CCT GTA TGt CAT TTC TAT TAT MAG TGG TAO tAT ATA TGt ACt TAG ACt TAt AGT TAT TAT ACt ATA ATA TGt CTC CGt ATA ACt CAT TGt TCC CAT MAA
1184 Pro Cys Ala Asp Her Cys Aro Her Alp Phe Thr Tyr Gal Lea His Ala Aly Ala Cys Gys Alp Arg Ca's Lea Pro Her Ala Ca's Ala Hal Gal Thr Gly Her Pro Arg Gly
3551 CCC TAT GAT TAt GAG TGT CAT TCT TGC TTC, ACT TAC GTT CTT CAT GAM TGG GAG TGC TAT GGA GAG TAG CTT CCG TCT ACt TAT MTG ATA ATG ACT TGG TCG CCG CGG TAT

Y v a U1221 Asp Her Tln Her Her Trp Lys Her Gal Alp Her Alt Trp Ala Her Pro Ala Gsa Pro Cys Lea Ale Gsa Ala tys Hal Arg Hal Lys Ala Ala Hal Phe Ale Ala TGln Arg
3662 TAG 7CC CAT TCT 7CC TAT GAG AGT ATC GAG TCC CGA TAT TCC 7CC CCA GAG MtC CCC TAG CTC ATC HAT TAG TAT TTC CGA GATA GAGTA GAG TIC 771 ATA CMA CMA ATA
1255 Gsa G al Her Cys Pro Ala Lea Ala Val Pro Hal Uys Pro Her Alp Phe Ala Lea Her Cys Lys Thr Her Ala Cys Cys Pro Her Cys Arg Cys Ala Arg Met Ala Ala Cys
3773 MAC TTC 7CC TAG CCC CAT CTG MA GTC CCT GTCTGCA CCC TCA TGG ITTT CAT CTA AGC TAT MA ACt TCAGACT TAG TAG CCA GAG TAT GAG TAT MAG CGt ATGAGMG ACt TAG
1295 Met Lea Gsan Gly Thr Hal Ale Alp Pro Aly Lys Thr Hal Met Ale Asp Gal Cys Thr Thr Cys Arg Cys Met Hal Ala Hal Gly Hal Ale Her Gly Phe Lys Lea Ala Cys
3554 ATA CTC MAT TGt ACT GTC HTT TAT CCC TATHAACGR7GT6ATAATGAGTC TAT ATG TTC ACT ACt TAG GAG TAG ATG ATG CAT ATA GAG TTC GTC TCT TMA TTC MTG CTA TAT TGt
1332 Arg Lys Thr Thr Cys Gsa Pro Cys Pro Lea AlyyTr Lys Ala Ala Gsa Gsa Thr Aly Ala Cys Cys A lp Arg Cys Lea Pro Thr Ala Cys Thr Ale Alt Lea Arg Gly Gly
3995 HAT MAA ACt ACt TGt HAt CCC TGC CCC CTT TAT 7AC AA GAAGAMA HAT AAC ACA TAT GAG TAT TAT TGGATGAG TAT TTA CCT ACT ACT TAG ACt GTT CAT CTA AGAGGTGGTM
1369 Alle Met Thr Lea Lys Arg Asp Ala Thr Lea Alt Asp Alp Cys Asp Thr His Phe Cys Lys Gal Gsa Ala Hrg Gly Ala Tyr Phe Trp Ala Lys Arg Gal Thr Alp Cys
4106 E-G-T T CA T CAT TAT TAT ACT CT C CAT MAT TGG TAT MAT ACT GAG TTC TAG MTG TTC MAT TAT AMA AM TAT TAG TTC TATMTMGAGAAAGGTC ACA TGG TAG
1406 Pro Pro Phe Asp Ala His Lys Cys Lea Ala Tlu Gly Alp Lys Ale Met Lys Ale Pro Gly Thr Cys Cys Asp Thr Cys Ala Ala Pro Ala Cys Asn Asp Ale Thr Ala Arg
4217 CCA CCC TTT TAT TMGAG MTA TAT CTG ACT TAT TMA TAT GAGA ATT ATG AMA GTT CCA TGt ACt TGC TAT TAG ACA TAT TAG TAT CCT TAT TC MAC MAC GTC ACT ACt GAGG
1443 Lea Ala Tyr Gal Lys Gal Gly Her Cys Lys Ser Ala Gal Gla Gal Asp Ale His Tyr Cys Ala Alp Lys Cys Ala Her Lys Ala Met Tyr Her Ale Asp Ale Gsa Asp Gal
4325 CTG CAT TAT GTC MTATATAGGGA C ITT GAG ItT TMA GTA MTAG tGTGAT ATC CAt TAG TGC CAT TGG AMA TAT ACt HAGCMAA Ct ATG TAG 7CC ATT MAC GIG MC MAT ATG
1450 Alt Asp Alt Cys Her Cys Cys Her Pro Thr Arg Thr Ala Pro Met Ala Gal Ala Lea His Gpo Thr AlpHrHlHlsrHsAaGane s l e l y
4439 CAT TAG CAT TAG TCC TAG TAG TCT CCT ACA CAT ACT TAT CCC ATG CAT Alt GCC CTG GAG TAG ACt HAT TGG ItT TTT ATG TAG CAT TAT ATT CTC AAT ACt GIG MAG TAG
1517 Lys Cys Her Pro Arg Lys Cys Her Lys STOP
4550 AMA TAG 7CC CCC GAGG MA TAG GAGC MT TMA TACTGCTCA GCTGCATGGG TGCCTGCTGC TTCCTACCTT GGCCTMATGA CCAGACCGGA GTACTACCAG TCCTCTGCAT ATTCTACTCT
4670 TGTTCCCTTC TGAGCCCACTA~l GGTCTG AGCTCTTATC TTGC .. (A)150

Fir. 2. Nucleotide sequences for the cDNA inserts in XHvWF1 and XHvWF3 and predicted amino acids. Nucleotides are numbered 1-404
in XHvWF1 and 1-4713 in XHvWF3, excluding the poly(A) tail. The serine, which is the amino-terminal residue of von Willebrand factor present
in plasma, has been numbered as residue 1 in XHvWF1. The numbering of the amino acids in XHvWF3 (1-1525) is arbitrary and will require
revision when the DNA sequence separating these two isolates is established. Asparagine residues that are potentially glycosylated are shown
by solid diamonds. Amino acids that are present in repeated segments are underlined. The beginning and ending of the A domains are identified
by solid circles, the B domains are shown by solid triangles, and the C domains are shown by solid squares. The tetrapeptide, Arg-Gly-Asp-Ser,
is identified by arrowheads; the RNA processing or polyadenylylation signal of AATAAA is enclosed in a box.



Proc. Natl. Acad. Sci. USA 82 (1985) 6397

DCOl A triplication
Repeati 1 S EF EVL _AfjVVDMME'RLR v KWVR A 29
Repqat 2 192 P L G V SG PR1MV VAF E D1 I D F11 R SIEM E EV1Q R MD7V D SI H V T 250
Repeat 3 385 Et- Q I P S A P D C Q P I L L D S S FP A SY DEM SFAKAS K A N R L T Q V S 443

30 HDG- HAYI G L K D R R P S E -LRRA S QVAGSQV - A S SEVLKTL-- 77

251 V L Q Y - S V VEm - I SE A Q S G D I L Q - R E I Q G N R - T N 3LL S D H S 301
4" V LY-p~IT TI V N V V PE A HL .L S D !VM sE GG P SQ IGDA G|F t i- L T- 494

78 QI KI E R - IA L L MAaS Q E P Q R M S R N F V Y vQULKK I I IG H L 134

302 E L V - S Q GD- IR QIA NI L JYN G N P S D E IK[]L P1 --- D I QjVP IGi G NAtJNV 348
495 - - E- MH G ARGAK[A VVI VTD V S V D S V AAADAA -- RE[TFVFPIGIGDRYDA 545

135 LELE - -KQAPEBKAF SSVDELE QQRDE I V S Y L CDLA P A P P P T1P PDMAQVT G 191
349 Q E I - G Nmi!- - - - - - - IDDF E- - - - - - - - - - - LIR a P--DV - -1Q RC GI 384
56 Al-RL AGAGDSE[- -L - K LJRIS- T NV T L G N S F - -jH K L jCS G 586

DOWIN B duplication
Repeat 1006 TAKaA CGLCEVARQ QDNA vI|1V V1DP 1042

Repeat 2 1087 jPHRLM----T--Q CD- ERT ANNC! 1111

DCMN C duplication
Repeat 1 1112 NST S C P- ------- YLA TA ND G TTTT LPDKV VHRS IYPV Q-FEG DV T 1164

Repeat 2 1256 QRNVS1C3PQ EVPVCPSFQL CKSA-PSCPRERHE a LNG VIGPKTVMIDV TT R1316

Repeat 1 1165 fTDMEDAVH LRVAQ SSQKP EDS R S[TFTYVLH EG ECCG CLPS OrjVVTGSP DSQSSNi 1226

Repeat 2 1317 1MVQVGVISIPKL-ERKTT-NPPL YKE E NNTGECCGRCLPT TIQL--- H QINTL 1374

FIG. 3. Internal homologous domains in von Willebrand factor. The amino acids are numbered as shown in Fig. 2 for XHvWF3. The
alignments shown were achieved with the ALIGN computer program (40). For each pairwise comparison, the alignment scores in standard
deviation units (SD) are followed by the probability (P) that this score could occur by chance: Domain A repeat 1 versus 2, 5.96 SD, P < 10-8;
repeat 1 versus 3, 3.29 SD, P < 10-3; repeat 2 versus 3, 10.62 SD, P < 10-23. Domain B repeat 1 versus 2, 5.98 SD, P = 10-9. Domain C repeat
1 versus 2, 7.76 SD, P < 10-13. The scoring matrix used was the mutation data matrix (MD + 2), with a gap penalty of 6 (40). Amino acids are
shown by the single-letter code.

be due to polymorphism in the protein or a. cloning artifact
generated during the preparation of the cDNA library.
von Willebrand factor contains -15% carbohydrate dis-

tributed among both asparagine-linked and threonine/serine-
linked oligosaccharides. Thus far, at least five asparagine-
linked structures have been identified (42, 43). The protein
sequence predicted from XHvWF1 and XHvWF3 includes 11
potential N-glycosylation sites with the sequence of Asn-X-
Thr(or Ser). In addition, there are seven potential carbohy-
drate binding sites with the sequence of Asn-X-Cys. This
sequence is glycosylated in protein C (44, 45). The carboxyl-
terminal one-third of von Willebrand factor is very rich in
cysteine residues, while the methionine residues are distrib-
uted throughout the molecule.
Three separate polypeptide segments of von Willebrand

factor show evidence of internal duplication (Fig. 3). Amino
acid residues 1-586 in XHvWF3 contain a head-to-tail tripli-
cation of-200 amino acids with an identity ranging from 29%
to 43%. The amino acid sequence between residues 1008 and
1042 is duplicated in residues 1087-1111. Also, the amino acid
sequence between residues 1112 and 1226 is duplicated in
residues 1256-1374. For each comparison, the alignment
score in standard deviation units is listed in the figure legend.
Among the three groups of duplicated amino acid sequences,
there were small regions that show remarkable sequence
identity and other regions that have diverged considerably.
Altogether, -50% of the amino acid sequence shown in Fig.
2 is part of repeated segments. The function of these regions
is unknown, but they do indicate that von Willebrand factor
has a complex evolutionary history involving gene duplica-
tion of the three different sequences or domains.

Nucleotides 3656-3667 in XHvWF3 code for Arg-Gly-Asp-
Ser. This sequence has been identified within a region of
fibronectin that mediates the cell attachment activity of the
protein (46, 47). In addition, both von Willebrand factor and

fibronectin bind competitively to thrombin-activated plate-
lets, and these interactions are inhibited by small peptides
containing the sequence Arg-Gly-Asp-Ser. This suggests that
this region of von Willebrand factor may participate in
platelet binding (48, 49). von Willebrand factor, however, is
not homologous to fibronectin. In fact, a comparison of the
von Willebrand factor sequence with those in the National
Biomedical Research Foundation Protein Sequence Data
Base (Georgetown University, Washington, DC; ref. 40) did
not reveal any major similarity to fibronectin or any other
protein. If this region of von Willebrand factor is required for
a physiologically significant interaction with platelets, the
similarity to the corresponding functional region of fibronec-
tin may represent convergent evolution.
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