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ABSTRACT A cDNA library was prepared in Agtll
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 B-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 (\HvWF1)
contained an insert of 404 nucleotides 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 (\HvWF3) 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 of fibronectin, was also identified in the
carboxyl-terminal portion of von Willebrand factor.

von Willebrand factor is a multimeric plasma glycoprotein
that consists of subunits (M,, 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
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Willebrand factor also forms a complex with factor VIII
(antihemophilic factor), and this interaction is necessary for
the survival of the coagulant protein in vivo (12). The function
of von 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 of defect 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 of the 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)5_13, 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-**S]thioltriphosphate (dATP[a-35S]) was purchased
from Amersham. Na!'ZI and [y-32P]JATP 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
EcoRlI linkers, ligation into the Agt11 arms, and packaging in
vitro were performed as described by Schwarzbauer et al.
(29). From 10 ug of poly(A)* RNA, 0.42 ug 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 %1 to a specific activity of 4 million cpm/ug (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
mp1l9 (35). Sequencing was performed by the dideoxy method
(36) using dATP[a-**S] 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 \HVWF1
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 Agt11 was
screened with affinity-purified, >°I-labeled rabbit antibody to
human von Willebrand factor. Among 2.5 million recombi-
nants screened, 2 positive A phage were identified and plaque
purified. The DNA inserts in the two isolates were then
subcloned into pUC18 for further characterization. The first
isolate WHvWF1) contained a cDNA insert of 404 nucleo-
tides flanked by EcoRI linkers (Fig. 1). The second isolate
(\HvWEF?3) 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
AHVWF3. The DNA and corresponding amino acid se-
quences of the DNA inserts in \HvWF1 and \HVWF3 are
shown in Fig. 2.

AHVWF1 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 \HVWF3 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 A\HVWF3 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 A\AHVWF1 and AHVWF3 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 of DNA coding for =350
amino acids that is not represented in either \HvWF1 or
AHvWEF3. Thus far, ~80% of the 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 AHvWF1, which was clearly a
proline by amino acid sequence analysis. This difference may

Accl_Sacl Sacl EcoRI
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FiG. 1.. Partial restriction maps of the cDNA inserts in \HvWF1 and A\HvWF3 that code for von Willebrand factor. The cDNA inserts are
shown with the §' end of the coding strand at the left; thus, the conventional orientation of the left and right arms of the A 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 Leu Pro Asp Ala Val Leu Ser Ser Pro Leu Si i
er His Arg Ser Lys A
1 C TGG GCC ACG TGC CCC GGA AGC TTG CTG CCT GAC GCT GTC CTC AGC AGT CCC CTG TCT CAT CGg AGC N’\/A M;(gi

1 Ser Leu Ser Cys Arg Pro His Met Val Lys Leu Val Cys Pro Ala Asp Asn Leu Arg Ala Glu Gly Leu Glu C
q ys Thr Lys Thr Cys Gin Asn Tyr A:
74 AGC CTA TCC TGT CGG CCC CAC ATG GTC AAG CTG GTG TGT CCC GCT GAC AAC CTG CGG GCT GAA GGG CTC GAG TGT ACC AAA ACG Tgc CAG AAC TX; Gls\g (L;E gl; '(f:gé :?é

38 Ser Met Gly Cys Val Ser Gly Cys Leu Cys Pro Pro Gly Met Val Arg His Glu Asn Arg Cys Val Ala Leu Glu Arg Cys Pro Cys Phe Hi
185 AGC ATG GGC TET GTC TCT GGC TGC CTC TGC CCC CCG GGC ATG GTC CGG CAT GAG AAC AGA TGT GTG GCC CTG GAA AGE TgT cce T(}Z,C YTE C/ﬁ glg g{‘ig kzé g}\g R’; égg

75 Pro Gly Glu Thr Val Lys Ile Gly Cys Asn Thr Cys Val Cys Arg Asp Arg Lys Trp A:n Cys Thr Asp His Val Cys Asp Ala Thr Cys Ser Thr I
296 CCT GGA GAA ACA GTG AAG ATT GGC TGC AAC ACT TGT GTC TGT CGG GAC CGG AAG TGG AAC TGC ACA GAC CAT GTG TgT GA? 6CC ACG Téc TEE ACE A"lg g&% :?é é(llg C

°
1 Ser Glu Ala Glu Phe Glu Val Leu Lys Ala Phe Val Val Asp Met Met Glu Arg Leu Arg lle Ser Gln Lys Tr Val Arg Val Ala Val val Gl i
Tyr H
1 T TCC GAG GCT GAG TTT GAA GTG CTG AAG GCC 11T GTG GTG G TG G TG CGC ATC TCC CAG AAG TGG GTC CGC GTG GCC 6TG GG GAE Ti(’:‘ EI’E éxsc géc
37 Ser His Ala Tyr Ile Gly Leu Lys Asp Arg Lys Arg Pro Ser Glu Leu Ar Arg 1le Ala Ser Gln Val Lys Tyr Ala Gl
q q y Ser Gln Val Ala Ser Thr S 1
110 TCC CAC GCC TAC ATC GGG CTC dﬁ GAC CGG A_%G CGA CCA TCA GAG CTG CGG CGC ATT GCC AGC CAG GTG AAG TAT GCG GGC AGC CAG GTG GCC TCC ACE Wm
74 Lys Tyr Thr Leu Phe GIn Ile Phe Ser Lys Ile Asp Arg Pro Glu Ala Ser Arq Ile Ala Leu Leu Leu Met Ala Ser Gin Glu Pro Gln Arg Me
ﬁWﬂm&‘WwHaﬂ T 5 U Ald g lle / g Met Ser Arg Asn Phe Val
221 Ci cC C AAG C CGC CCT GAA GCC TCC CGC ATC GCC CTG CTC CTG ATG GCC AGC CAG GAG CCC CAA CGG ATG TCC CGG AAC TT? G?E
111 Arg Tyr Val GIn Gly Leu Lys Lys Lys Lys Val Ile Val lle Pro Val Gly Ile Gly Pro His Ala Asn Leu Lys GIn Ile Arg Leu 11
.ro Val G Y Ala Asn Le e Glu Lys Gln Ala Pro Glu A
332 CGC TAC GTC CAG GGC CTG AAG C6 GTG GGC ATT GGG CCC CAT GCC AAC CTC AAG CAG ATC CGC CTC ATC GAG AAG CAG GCC CET Gkg Ns\g
148 Lys Ala Phe Val Leu Ser Ser Val Asg Glu Leu Glu G1n GIn Arg Asp Glu Ile Val Ser Tyr Leu Cys Asp Leu Ala Pro Glu Ala Pro P
1 A u Ala Pro Pro Pro Thr Leu Pro Pro Asp
443 AAG GCC GTG CTG AGC .T GIG CTG GAG CAG CAAAGG GAC GAG ATC GTT AGC TAC CTC TGT GAC CTT GCC CCT GAA GCC CCT CCT CCT ACT CTE CEg ng e;c
185 Met Ala Gln Val Thr Val Gly Pro Gly Leu Leu Gly Val Ser Thr Leu Gly Pro Lys Arq Asn Ser Met Val Leu Asp Val Ala Phe Val Leu Glu Gly Ser As|
Tt—C_A——L—G_' K p Lys Il
554 ATG GC/ C ACT GIG CCG GGG G GG TG GTT CTG GAT GIG GCG TT TCG GAC Mls\ AT$
222 Gly Glu Ala Asp Phe Asn Arg Ser Lys Glu Phe Met Glu Glu Val Ile Gln Arg Met Asp Val Gly Gln Asp Ser Ile His Val Thr Val Leu Gln T*r Ser T{ Met Val
665 GGT GAA GCC GAC TTC AAC AGG AGC ARG GAG TTC ATG GAG GAG GTG ATT CAG CGG ATG GAT GTG 66C CAG GAC AGC ATC CAC GT CG GTG CTG C. C TCC T E A:G G?G
259 Thr Val Glu Tyr Pro Phe Ser Glu Ala Gln Ser Lys Gly Asp Ile Leu Gln Arq Val Arg Glu Ile Arg T*r Gln Gl* Gl% Azn Arg Thr Asn Th ‘E Al g
776 ACC GTG GAG TAC CCC TTC AGC GAG GCA CAG TCC AAA GGG GAC ATC CTG CAG CGG GG CGA GAG ATC CG C CAG G T Cr ¢ L?E Gtg IC‘%E SEG
296 Tyr Leu Ser Asg His Ser Phe Leu Val Ser Gln Gl¥ Asp Arg Glu Gln Ala Pro Asn Leu Val Tyr Met Val Thr Gly Asn Pro Ala Ser Asp Glu Ile Lys Arg Leu Pro
887 TAC CTC TCT CAC AGC C AGC CAG G AC CGG GAG CAG GCG CCC AAC CTG GTC TAC ATG GIC ACC G(‘;* RAT CCT GCC TCT GAT GAG ATC I*E AGG C Gu CET
333 Glx AsE Ile GIn Val Val Pro Ile Gl* val Gl% Pro Asn Ala Asn Val Gln Glu Leu Glu Arq lle Gly Trp Pro Asn Ala Pro Ile Leu Ile Gln Asp Phe Glu Thr Leu
998 T T CC W IG CAG GAG CTG GAG AGG ATT GGC 1GG CI T GCC CCT ATC CTC ATC CAG GAC TTT GAG ACG CTC
370 Pro Arg Glu Ala Pro Asp Leu Val Leu GIn Arg Cys Cys Ser Gly Glu Gly Leu Gln Ile Pro Thr Leu Ser Pro Ala Pro Asp Cys Ser Gin Pro Leu Asp Val Ile Le
1109 CCC CGA GAG GCT CCT GAC T6C TCC G(_;i GAG GGG CTG CAG ATC CCC ACC CTC TCC CCA GCA CCT GAC TGC AGC CAG CLC CTG E&E GTG ATC C 1
407 Leu Leu Asp Gly Ser Ser Ser Phe Pro Ala Ser Tyr Phe Asp Glu Met Lys Ser Phe Ala Lys Ala Phe Ile Ser Lys Ala Asn Ile Gly Pro Arg Leu Thr Gln Val Ser
1220 CTC C1G GA Ed CC TCC AG T CCA GCT 1¢C * GAT GAR ATG Ki(‘; AGT TTC GCC K*E GCT TTC A (o) K*I GCC RAT ATA a,(x, CCT CGT CTC ACT CAG GIG TCA
444 val Leu Gln Tyr Gly Ser Ile Thr Thr Ile Asp Val Pro Trp Asn Val Val Pro Glu Lys Ala His Leu Leu Ser Leu Val Asp Val Met Gin Arg Glu Gly Gly Pro Ser
1331 GTG CTG CAG TAT d AGC ATC ACC ACC ATT GAC GTG CCA TGG AAC GTG GTC CCG GAG AAA GCC CAT TTG C CTT GTG GAC GTC ATG CAG CGG GAG GGA GGC CCC AGC
481 Gln Ile Gly Asp Ala Leu Gly Phe Ala Val Arg Tyr Leu Thr Ser Glu Met His Gly Ala Arg Pro Gly Ala Ser Lys Ala Val Val Ile Leu Val Thr Asp Val Ser Val
1442 CAA ATC GGG GAT GCC TTG GGC TG ACT TG CAT GGT GCC AGG CCG GGA GCC TCA AAG GCG GTG GIC ATC CT1G GTC Al C GTC TCT GTG
518 Asp Ser Val Asp Ala Ala Ala Asg Ala Ala Arg Ser Asn Arﬂ Val Thr Val Phe Pro lle Gly 1le Gly Asp Arg Txr Asp Ala Ala Gin Leu Arg Ile Leu Ala Gly Pro
1553 GAT TCA GTG GAT GCA GCA GCT GCC GCC AG C AAC AGA GTG ACA GTG TTC CCT ATT GGA ATT GGA GAT CGC TAC GAT GCA GCC CAG CTA CGG ATC T1G GCA GGC CCA
555 Ala Gly Asp Ser Asn Val Val Lys Leu GIn Arg Ile Glu Asp Leu Pro Thr Met Val Thr Leu Gly Asn Ser Phe Leu His Lys Leu Cys Ser G? Phe Val Arg Ile Cys
1664 GCA GGC GAC TCC AAC GTG GTG AAG CTC CAG CGA ATC GAA GAC CTC CCT ACC ATG GIC ACC TTG GGC AAT TCC TTC CTC CAC AAA CTG TGC TCT GGA TTT GTT AGG ATT TGC
592 Met Asp Glu Asp Gly Asn Glu Lys Arg Pro Gly Asp Val Trp Thr Leu Pro Asp Gln Cys His Thr Val Thr Cys Gin Pro Asp Gly Gln Thr Leu Leu Lys Ser His Arg

1775 ATG GAT GAG GAT GGG AAT GAG AAG AGG CCC GGG GAC GTC TGG ACC TTG CCA GAC CAG TGC CAC ACC GTG ACT TGZ CAG CCA GAT GGC CAG ACC TTG CTG AAG AGT CAT CGG

629 Val Asn Cys Asp Arg Gly Leu Arg Pro Ser Cys Pro Asn Ser Gln Ser Pro Val Lys Val Glu Glu Thr Cys Gly Cys Arg Trp Thr Cys Pro Cys Val Cys Thr Gly Ser
1886 GTC AAC TGT GAC CGG GGG CTG AGG CCT TCG TGC CCT AAC AGC CAG TCC CCT GTT AAA GTG GAA GAG ACC TGT GGC TGC CGC TGG ACC TGC CCC TGC GTG TGC ACA GGC AGC

666 Ser Thr Arg His Ile Val Thr Phe Asp Gly GIn Asn Phe Lys Leu Thr Gly Ser Cys Ser Tyr Val Leu Phe Gin Asn Lys Glu Gin Asp Leu Glu Val Ile Leu His Asn
1997 TCC ACT CGG CAC ATC GTG ACC TTT GAT GGG CAG AAT TTC AAG CTG ACT GGC AGC TGT TCT TAT GTC CTA TTT CAA AAC AAG GAG CAG GAC CTG GAG GTG ATT CTC CAT AAT

703 Gly Ala Cys Ser Pro Gly Ala Arg Gln Gly Cys Met Lys Ser Ile Glu Val Lys His Ser Ala Leu Ser Val Glu Leu His Ser Asp Met Glu Val Thr Val Asn Gly Arg
2108 GGT GCC TGC AGC CCT GGA GCA AGG CAG GGC TGC ATG AAA TCC ATC GAG GTG AAG CAC AGT GCC CTC TCC GTC GAG CTG CAC AGT GAC ATG GAG GTG ACG GTG AAT GGG AGA

740 Leu Val Ser Val Pro Tyr Val Gly Gly Asn Met Glu Val Asn Val Tyr Gly Ala Ile Met His Glu Val Arg Phe Asn His Leu Gly His Ile Phe Thr Phe Thr Pro GIn
2219 CTG GTC TCT GTT CCT TAC GTG GGT GGG AAC ATG GAA GTC AAC GTT TAT GGT GCC ATC ATG CAT GAG GTC AGA TTC AAT CAC CTT GGT CAC ATC TTC ACA TTC ACT CCA CAA

777 Asn Asn Glu Phe Gin Leu GIn Leu Ser Pro Lys Thr Phe Ala Ser Lys Thr Tyr Gly Leu Cys Gly Ile Cys Asp Glu Asn Gly Ala Asn Asp Phe Met Leu Arg Asp Gly
2330 AAC AAT GAG TTC CAA CTG CAG CTC AGC CCC AAG ACT TTT GCT TCA AAG ACG TAT GGT CTG TGT GGG ATC TGT GAT GAG AAC GGA GCC AAT GAC TTC ATG CTG AGG GAT GGC

814 Thr val Thr Thr Asp Trp Lys Thr Leu Val GIn Glu Trp Thr Val Gln Arg Pro Gly Gln Thr Cys Gln Pro Ile Leu Glu Glu GIn Cys Leu Val Pro Asp Ser Ser His
2441 ACA GTC ACC ACA GAC TGG AAA ACA CTT GTT CAG GAA TGG ACT GTG CAG CGG CCA GGA CAG ACG TGC CAG CCC ATC CTG GAG GAG CAG TGT CTT GTC CCC GAC AGC TCC CAC

851 Cys GIn Val Leu Leu Leu Pro Leu Phe Ala Glu Cys His Lys Val Leu Ala Pro Ala Thr Phe Tyr Ala Ile Cys Gln Gln Asp Ser Cys His GIn Glu GIn Val Cys Glu
2552 TGC CAG GTC CTC CTC TTA CCA CTG TTT GCT GAA TGC CAC AAG GTC CTG GCT CCA GCC ACA TTC TAT GCC ATC TGC CAG CAG GAC AGT TCG CAC CAG GAG CAA GTG TGT GAG

888 Val Ile Ala Ser Tyr Ala His Leu Cys Arg Thr Asn Gly Val Cys Val Asp Trp Arg Thr Pro Asp Phe Cys Ala Met Ser Cys Pro Pro Ser Leu Val Tyr Asn His Cys
2663 GTG ATC GCC TCT TAT GCC CAC CTC TGT CGG ACC AAC GGG GTC TGC GTT GAC TGG AGG ACA CCT GAT TTC TGT GCT ATG TCA TGC CCA CCA TCT CTG GTC TAC AAC CAC TGT

*
925 Glu His Gly Cys Pro Arg His Cys Asp Gly Asn Val Ser Ser Cys Gly Asp His Pro Ser Glu Gly Cys Phe Cys Pro Pro Asp Lys Val Met Leu Glu Gly Ser Cys Val
2774 GAG CAT GGC TGT CCC CGG CAC TGT GAT GGC AAC GTG AGC TCC TGT GGG GAC CAT CCC TCC GAA GGC TGT TTC TGC CCT CCA GAT AAA GTC ATG TTG GAA GGC AGC TGT GTC

962 Pro Glu Glu Ala Cys Thr Gin Cys Ile Gly Glu Asp Gly Val Gln His GIn Phe Leu Glu Ala Trp Val Pro Asp His GIn Pro Cys Gin Ile Cys Thr Cys Leu Ser Gly
2885 CCT GAA GAG GCC TGC ACT CAG TGC ATT GGT GAG GAT GGA GTC CAG CAC CAG TTC CTG GAA GCC TGG GTC CCG GAC CAC CAG CCC TGT CAG ATC TGC ACA TGC CTC AGC GGG

999 Arg Lys Val A:n Cys Thr Thr Gln Pro ¥s Pro Thr Ala Lys Ala Pro Thr Cys Gly Leu Cys Glu Val Ala Arg Leu Arg Gln Asn Ala Asp Gln Cyc Cys Pro Glu Tyr
2996 CGG AAG GTC AAC TGC ACA ACG CAG CCC TGC CCC ACG GCC K*I GCT CCC ACG TGT GGC CTG TGT GAA GTA GCC CGC CTC CGC CAG AAT GCA GAC CAG T6C TEC CCC GAG TAT
1036 Glu Cys Val Cys Asp Pro V:l Ser Cys Asp Leu Pro Pro Val Pro His Cys Glu Arg Gly Leu GIn Pro Thr Leu Thr Asn Pro Gly Glu Cys Arg Pro Asn Phe Thr Cys
3107 GAG TGT GTG TGT GAC CCA GTG AGC TGT GAC CTG CCC CCA GTG CCT CAC TGT GAA CGT GGC CTC CAG CCC ACA CTG ACC AAC CCT GGC GAG TGC AGA CCC AAC TTC ACC TGC

1073 Ala Cys Arg Lys Glu Glu Cys Lys Arg Val Ser Pro Pro Ser C‘s Pro Pro His Arg Leu Pro Thr Leu Arg Lys Thr Gln Cys Cys Asp Glu Tyr Glu Cys Ala Cys Asn
3218 GCC TGC AGG AAG GAG GAG TGC AAA AGA GTG TCC CCA CCC TCC TGC CCC CCG CAC CGT TTG CCC ACC CTT CGG ﬁG ACC CAG T(zzt TE GAT GAG fT GAG E GCC EC AAC
a’ se

1110 Cys Val Asn Ser Thr Val Ser Cys Pro Leu Gly Tyr Leu Ala Ser Thr Ala Thr Asn Asp Cys G’IE cEs Thr Thr Thr Thr Cys Leu Pro Asp Lys Val Cys Val His Arg
3329 TGT GIC AAC TCC ACA GTG AGC TGT CCC CTT GGG TAC TT .C ACC AAT GAC TGT ACC TGC CTT CCC GAC AAG GTG TGT GTC CAC CGA
1147 Ser Thr Ile Tyr Pro Val Gly Gln Phe Trp Glu Glu Gly Cys Asp Val cEs Thr Cys Thr Asg Met Glu Asp Ala Val Met Gly Leu Arg Val Ala Gin Cys Ser Gln Lys
3440 AGC ACC ATC TAC CCT GTG GGC CAG TTC TGG GAG GAG GGC TGC GAT GTG TGC ACC TGC AC G GAG GAT GCC GTG ATG GGC CTC CGC GTG GCC CAG TGC TCC Ceﬁ N'lG
1184 Pro Cys Glu Asp Ser Cys Arg Ser Gly Phe Thr Tyr Val Leu His Glu Gly Glu Cys Cys Gly Arg Cys Leu Pro Ser Ala Cys Glu Val Val Thr Gly Ser Pro Arg Gl

3551 ng T6GT CJE a@ AGC TGT Cﬁg G Cﬁ% T AC Tit GTT CTG CAT GAA GC% GAG i& %g iﬁﬁ lﬂg TGC €16 CCA TCT 6CC ET GAG GTG GTG ACT GGC TCA CCG CGG6 GGG

5 st p '* Phe Tle Gln Gln Arg
221 Asp Ser Gin Ser Ser Trp Lys Ser Val Gly Ser Gln Trp Ala Ser Pro Glu Asn Pro Cys Leu Ile Asn Glu Cys Val Arg Val Lys Glu Glu Val
%662 GIS\C T§E J AGT GTC GGC TCC CAG TGG GCC TCC CCG GAG AAC CCC TGC CTC ATC AAT GAG TGT GTC CGA GTG AAG GAG GAG GTC TTT ATA CAA CAA AGG

1256 Mbn il ser s e Gl e G e et e R T R TR R P SR S B R
*

;g;g ArGg L*s Thr ;22 %s Asn Pro LEs Pro Leu G1¥ TKT LKS Glu Glu Asn Asn Thr Gl¥ Glu Css CES G]E Arﬂ CE? L$g (P:E‘? ThE ééa %Gzé H?'E A}[? glg E?K :EAS g:mz gllﬂl

i SR 6 2 S A G S O 0 e e AR e B e e B A B

1006 pro pro Phe hop Slu Mis Lys Oxs Lew B1a B O GHY LG T Mok R Y C0h G Atk TR0 T CRR AR T GRE GAE CCF G T RAE Al TG ACT ot Aot

i le Asp lle Asn Asp Val
443 Leu Gln Tyr Val Lys Val Gly Ser Cys Lys Ser Glu Val Glu Val Asp Ile His Tyr Cys Gln Gly Lys Cys Ala Ser Lys Ala Met Tyr Ser 1
:328 CTE CAG TXT GTC A{G GTG GGA AGC TGT AAG TCT GAA GTA GAG GTG GAT ATC CAC TAC TGC CAG GGC AAA TGT GCC AGC AAA GCC ATG TAC TCC ATT GAC ATC AAC GAT GTG

o :
i Glu Val Leu Asn Ala Met Glu Cys

480 Gln Asp GIn Cys Ser Cys Cys Ser Pro Thr Arg Thr Glu Pro Met Gin Val Ala Leu His Cys Thr Asn Gly Ser Val val Tyr His
i429 CAG GAE CAG 1{;c TcC Tgf TGC TCT CCG ACA CGG ACG GAG CCC ATG CAG GTG GCC CTG CAC TGC ACC AAT GGC TCT GTT GTG TAC CAT GAG GTT CTC AAT GCC ATG GAG TGC

Ser Pro Arg Lys Cys Ser Lys STOP
:2% k{: (T:%:E TEE cce AG?S AXG T{SC AGC AAG TGA GGCTGCTGCA GCTGCATGGG TGCCTGCTGC TGCCTGCCTT GGCCTGATGG CCAGGCCAGA GTGCTGCCAG TCCTCTGCAT GTTCTGCTCT

4670 TGTGCCCTTC TGAGCCCACA ATAAAGGCTG AGCTCTTATC TTGC...(A)ISO

F16. 2. Nucleotide sequences for the cDNA inserts in \HvWF1 and A\HvWF3 and predicted amino acids. Nucleotides are numbered 1-404
in \HvWF1 and 1-4713 in \HvWF3, 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 \HvWF1. The numbering of the amino acids in \HVWF3 (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..
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DOMAIM A triplication
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Repeat 1 1 EVL A VVDHHERLRS KWVR A 29
Repeat 2 192 LGVS G|PJK RN - VILDVIAFV DKIG NRS E MEEV QRHDV DSIH 250
Repeat 3 385 -QIP S|PjJAPDC PILDVIILL SSFPASY DEM S AKAF SKAN PRLTOQ 443
Repeat 1 30 VE llD ----HA IGLKDRKRPSE- IASQVK SQV---AS SE V kly|rjLj---- 77
Repeat 2 251 -| YHV I‘SEAQS GDI -REI NR---TN SDHS 301
Repeat 3 " --I TIDV HIVVP! AHL SL DVHQ PSQIGDAL F V T--- 4%
Repeat 1 78 RPE R-IAL LHASQEPQRHSRNFVIYVQ LKKKKE IPV|GIGP II 134
Repeat 2 302 - --REQ P YHVT ----- SD!IK L P ----DIQ VPIGEG l 348
Repeat 3 495 - --- !HHGARPG KAV ILVTDVSVDSV AADAA ----- SIRET !PIGIGDRYDA 545
Repeat 1 135 K l. l--KQ BEKA! SSVDELEQQRDEiVSYLCDLlP APPPT PPDHAQV‘I

Repeat 2 349 Ql -GH ----- --I FlE|- - ------~-~-~- T|L P|R{E AP--D V- - QRC

Repeat 3 546 A|Q LAG AGDSE--- V- IE]--------~-~-- DLP?HVTLGISF-- HKL

DOMAIN B dnpliutioa

Repeat 1
Repeat 2

1087

'l'lll CGLC!VAR QNADIQCC|PIEYEC
PIIRL -------- KT--QCCD!Y!C

1042

e e

un

DOMAIN C duplication

Repeat 1 1112 Nstvscp|-L}------- Y L Als|? a[z|~ D|c]c!
Repeat 2 1256 Q R N[V s C P|QlL]E v P v C P S[G]F Q L|S|C K|?|S A|c]-
Repeat 1 1165 [cltpMEDAVH[GlLRVAQ[C|sQK P r.ns
Repeat 2 1317 [C|MVQVGVIS|GIFKL-E|C/RKTT

FiG. 3.

FTYVLHE

rrrrjcluepDkviclviars|rliyey - FWEEG|c|p v[c]r 1164
PpscRlClERMEA|c|ML NG|T|vIGHP nvnlnv T r|c|r 1316

GECCGRCLP|S xvvtcsvnsqs'sa
YKEENNTIGECCGRCLP|T TIQL--- GQIMNTL

Internal homologous domains in von Willebrand factor. The amino acids are numbered as shown in Fig. 2 for \HVWF3. The

1226
1374

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 < 107%;

repeat 1 versus 3,3.29SD, P <1073

; repeat 2 versus 3, 10.62 SD, P < 10~23. Domain B repeat 1 versus 2, 5.98 SD, P = 10~°. Domain C repeat

1 versus 2, 7.76 SD, P < 10713, 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 AHvWF1 and A\AHVWEF3 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 \HVWF3 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 \HVWF3 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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