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Full-length von Willebrand factor (vWF) cDNA encodes a highly
repetitive protein considerably larger than the mature vWF subunit
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Full-length human von Willebrand factor (vWF) cDNA was
assembled from partial, overlapping vWF cDNAs. This cDNA
construct includes a coding sequence of 8439 nucleotides
which encode a single-chain precursor of 2813 amino-acid
residues, representing a putative signal peptide, a pro-
sequence and mature vWF of 22, 741 and 2050 amino acids,
respectively. This represents the longest coding sequence
determined to date. In-vitro expression of full-length vWF
¢DNA revealed the synthesis of a polypeptide with a mol. wt
corresponding with that of the unglycosylated precursor. The
precursor is a highly repetitive protein which consists of two
duplicated (B, C), a triplicated (A), a quadruplicated (D) and
a partly duplicated domain (D’), in the following order: H-
D1-D2-D’-D3-A1-A2-A3-D4-B1-B2-C1-C2-OH. Both the pro-
sequence, composed of two D domains (D1, D2), and mature
vWF harbor an arg-gly-asp (‘R-G-D’) sequence which has
been implicated in cell-attachment functions. It is argued that
the pro-sequence is equivalent to von Willebrand Antigen I1
(VW Agll).

Key words: von Willebrand factor/cDNA cloning/in-vitro expres-
sion/domain structure/RGD tripeptide

Introduction

The von Willebrand factor (vWF) is a large, multimeric plasma
protein, composed of an apparently single glycoprotein with a
mol. wt of about 225 000. These subunits are linked together
by disulfide bonds. In plasma, vWF circulates as multimers, rang-
ing from dimers to multimers of more than 50 subunits (Van
Mourik and Bolhuis, 1978; Hoyer and Shainoff, 1980; Ruggeri
and Zimmerman, 1980). Dimers consist of two subunits joined,
probably at their C-termini, by flexible ‘rod-shaped’ domains and
are presumed to be the protomers in multimerization (Perret et
al., 1979). The protomers are linked through large, probably N-
terminal, globular domains to form multimers (Fowler et al.,
1985).

vWF is synthesized by endothelial cells (Jaffe et al., 1973)
and megakaryocytes (Nachman ez al., 1977). It is believed that
this protein is initially produced as a 240 000—260 000-
glycosylated precursor (Wagner and Marder, 1983; Lynch ez al.,
1983) that is subsequently subjected to carbohydrate processing,
dimerization, multimerization and to proteolytic cleavage to yield
the mature 225 000 subunit (Sporn ez al., 1985; Wagner and
Marder, 1984). vWF is stored in the Weibel —Palade bodies
within the endothelial cells (Wagner et al., 1982). It cannot be
excluded that these organelles play a role in the processing of
the precursor protein.

vWF participates in critical steps in hemostasis. It is involved
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in platelet-vessel wall interactions after vascular injury, leading
to platelet plug formation (Sakariassen et al., 1979). On the VWF
protein, domains have been assigned which show specific inter-
action with the platelet glycoproteins IB (Jenkins et al., 1976),
IIB/IIA (Fujimoto and Hawiger, 1982), collagens type I and III
(Houdijk et al., 1985) and with another, yet unidentified, com-
ponent (Ph.G. De Groot, M.Ottenhof-Rovers, J.A. Van Mourik
and J.J.Sixma, personal communication) in the subendothelium.
These assignments are based on studies with monoclonal anti-
vWEF antibodies which are able to inhibit a particular interaction
of vWF. For a full analysis of structure —function relationships
of the vWF protein, a full-length vVWF cDNA will be indispen-
sable. Introduction of well-defined mutations within this cDNA
and expression of the mutated cDNA in a suitable host will allow
a detailed localization of functional domains within the vWF pro-
tein. Recently, we and others (Lynch et al., 1985; Ginsburg et
al., 1985; Verweij et al., 1985; Sadler ez al., 1985) have cloned
partial vVWF cDNA sequences. The presence of a short 3’ un-
translated region (136 nt) on VWF mRNA, which extends to
about 9000 nt, led us to assume that the precursor protein for
vWF has a mol. wt considerably larger than the reported
240 000—260 000. A full-length vVWF cDNA will enable us to
elucidate the enigma of the mol. wt of the precursor, characterize
its processing pathway and establish the primary structure.

In this paper, we report on the isolation and the nucleotide se-
quence of cDNAs, spanning the entire VWF mRNA, and on the
assembly of these sequences into a full-length, functional vVWF
cDNA.

Results

Construction of partial vWF cDNA clones and assembly of full
length vWF cDNA

Previously, we and others have reported on the construction of
plasmids containing part of a full-length human vWF cDNA
(Verweij et al., 1985; Lynch et al., 1985; Ginsburg et al., 1985;
Sadler et al., 1985). The most extended vVWF cDNA, that we
obtained from an oligo(dT)-primed human endothelial cDNA
library, comprised about 2280 bp (pvWF2280). Nucleotide se-
quence analysis revealed that this cDNA insert has been initiated
at the poly(A) tail of VWF mRNA. To construct a full-length
vWF cDNA, we have isolated additional, overlapping VWF
cDNA sequences which are located upstream of pvWF2280. For
that purpose, two biochemical selections were employed to enrich
for the number of vVWF cDNA harboring plasmids. Firstly, oligo-
nucleotide primers, derived from the partial nucleotide sequence
(Sadler ez al., 1985), were synthesized to direct cDNA synthesis
with human endothelial poly(A)* RNA as substrate. Secondly,
cDNA preparations were digested with particular restriction endo-
nucleases, known to dissect VWF cDNA at a limited number of
sites (Ginsburg et al., 1985; Sadler ez al., 1985). The cloning
strategy is outlined in Figure 1A. The plasmids, containing ad-
jacent VWF cDNA sequences, were designated pvWF1330,
pvWF1800, pvWF2600, pvWF2084 and pvWF2280. The
nucleotide sequence of the 5’ end of the cDNA insert of
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Fig. 1. Strategy for the construction of VWF cDNAs, the assembly of full-length vVWF c¢cDNA and the determination of the nucleotide sequence. (A) VWF

mRNA is indicated by a bar; open area, signal peptide coding region; hatched area, pro-sequence coding region; solid area, mature vVWF coding region. The
oligonucleotides (20-mers) A (6901 —6921), B (4819—4839) and C (2467 —2487), which were used for primer-directed cDNA synthesis and/or as probe for
hybridizations, are indicated by small bars. The 575-bp BgllI—BamHI and the 350-bp HindIll—Xhol fragments which were used as probes for colony
screening are indicated by open bars. Below the schematic representation of VWF mRNA, the five partial, adjacent vWF ¢cDNAs are given which were used
for the assembly of full-length vWF c¢DNA and for nucleotide sequencing. The fragments I, II, III, IV and V, which were used in the S1 nuclease protection
experiments, are shown above the VWF cDNA insert from which they were derived. The arrows indicate the nucleotide sequencing strategy. In the case of
sequence analysis according to the procedure of Maxam and Gilbert (1977), the position of the radioactive labeling is given by a short vertical line at the end
of an arrow. The slashes at the end of arrows mean that the end labeling was at a terminus, specified by vector DNA. Only restriction endonuclease sites
which are relevant in this study are given. B, BamHI; Bg, Bglll; E, EcoRI; H, Hindlll; K, Kpnl; M, Mstl; N, Narl; P, Pvull; S, Sall; Sc, Sacl; X, Xbal;

Xh, Xhol. (B) Assembly of full-length vWF cDNA. Plasmid pSP6330vWF contains a 6331-bp vVWF cDNA sequence, extending from the HindIII site
(position 2235) till the Sacl site (position 8562), subcloned in vector pSP64. Plasmid pSP8800vWF includes full-length vWF cDNA, extending from the
EcoRl site (see Panel A) till the Sacl site (position 8562), subcloned in vector pSP65. Restriction endonuclease sites, delimiting the fragments used for the
assembly of full-length vWF cDNA, are indicated with an asterix. The EcoRI site at the 5’ end of full-length vVWF cDNA originates from the EcoRI linker,
used for the construction of pvWF1330 DNA. The sites for restriction enzymes, which were employed to linearize plasmid DNAs for in-vitro ‘run off’
transcription by SP6 RNA polymerase, are indicated by a dot. The Sall site in plasmid pSP8800vWF and the EcoRI site in plasmid pSP6330vWF are present

in the polylinkers of the pSP-type vectors.

pvWF1330 DNA (corresponding with the 5’ part of VWF mRNA)
revealed that nonsense codons were present in all three reading
frames. From this finding, we conclude that pvWF1330 DNA
extends beyond the translation initiation codon.

S1-nuclease protection experiments with human endothelial
RNA were performed to prove that the various vVWF cDNA in-
serts are fully complementary to VWF mRNA. The construc-
tion of the probes and the conditions used are described in
Materials and methods. The results are shown in Figure 2. In
all cases, the length of the protected fragments is in accord with
the length of the vVWF cDNA sequences present in the different
probes. From these data, we conclude that the vWF cDNA in-
serts of, respectively, pvWF1330, pvWF1800 and pvWF2600
DNA are entirely complementary to VWF mRNA. The nucleotide
sequence of the remaining cDNA inserts of plasmids pyWF2084
and pvWF2280 were shown to correspond with the published
sequence (Sadler et al., 1985). Consequently, the different, ad-
jacent VWF cDNA sequences are genuine copies of VWF mRNA.

The vWF cDNA sequences that we have constructed span a
length of about 8900 bp. This length is consistent with the size
of vWF mRNA, determined by Northern blot analysis of human
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endothelial poly(A)* RNA (Lynch et al., 1985; Ginsburg et al.,
1985; Verweij et al., 1985). A detailed description of the
assembly of full-length vWF cDNA is given in Materials and
methods and Figure 1B. The correct composition of the assembl-
ed, full-length vVWF cDNA was established by restriction enzyme
analysis.

Nucleotide sequence of full-length vWF cDNA

Nucleotide sequence analysis of VWF cDNA fragments was car-
ried out both by the chemical degradation method (Maxam and
Gilbert, 1977) and by the dideoxy chain-termination procedure
(Sanger et al., 1977), according to the scheme outlined in Figure
1A. In Figure 3, the nucleotide sequence of 4429 residues, ex-
tending from the 5’ end of vWF mRNA, and the corresponding
predicted amino-acid sequence is presented. The remaining
nucleotide sequence of the 3’ part of vVWF mRNA has been
reported before (Sadler et al., 1985). In general, the overlapp-
ing part of our nucleotide sequence of VWF cDNA with that of
Sadler et al. (1985) reveals no differences. However, the first
12 nucleotides (corresponding with position 2217 —2229) at the
5’ terminus of VWF cDNA on phage lambda-HvWF1, con-
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Fig. 2. S1 nuclease protection analysis. Endothelial poly(A)* RNA was hybridized with 32P-labeled probes, containing VWF cDNA sequences. The
construction of the different probes and the conditions used are described in Materials and methods. The vVWF cDNA segments, present in the probes, are
shown in Figure 1A. Panel A shows the results after electrophoresis of the samples in a 1% alkaline agarose gel. Panel B gives the results after
electrophoresis in a 6% polyacrylamide—8 M urea gel. Lanes 1, hybridization with probe III, containing the 1144-bp vWF cDNA fragment III. Lanes 2,
hybridization with probe V, containing the 2396-bp vVWF cDNA fragment V. Lanes 3, hybridization with probe I which is equivalent to the 587-bp VWF
cDNA fragment 1. Lanes 4, hybridization with probe IV, containing the 576-bp vWF cDNA fragment IV. Lanes 5, hybridization with probe II, containing
the 734-bp vWF cDNA fragment II. Symbols: —, incubation of hybridized components in the absence of S1 nuclease; +, incubation of the hybridized
components in the presence of S1 nuclease; c, incubation of the samples with S1 nuclease after hybridization in the absence of endothelial poly(A)* RNA; M,

single-stranded DNA-length markers.

structed by those authors, are completely divergent from our se-
quence which has been established on three independent,
overlapping cDNA inserts. Another discrepancy was observed
at position 2309. Our analysis reveals a C residue, whereas Sadler
et al., (1985) report an A residue, resulting in, respectively, a
proline and a histidine at that particular position. The proline
residue has been established independently by automated amino-
acid sequence analysis of the mature vVWF (Hessel et al., 1984).
This difference might be due to a polymorphism in the vVWF gene.

The total length spanned by the adjacent VWF cDNA sequences
is 8804 bp, excluding the poly(A) tail of vVWF mRNA. The
translation initiation site was assigned to the ATG codon indicated
(position 1—4), being the first initiator codon downstream of the
TAG nonsense codon (position —79 to —82), which is the start
of an ‘open’ translation reading frame of 8439 nt (deduced from
our sequence data and those of Sadler et al., 1985). This assign-
ment is supported by the observation that the predicted 22 N-
terminal amino-acid residues display the characteristic features
of a signal peptide. The cleavage site for a signal peptidase with
the highest probability is located between the cysteine and alanine

residues at position 22 and 23 (Von Heijne, 1983). The propos-
ed translation initiation codon is preceded by an untranslated
region of at least 229 nt.

A continuous vVWF cDNA coding sequence of 8439 bp poten-
tially programs the synthesis of a polypeptide of 2813 amino-
acid residues, with a calculated mol. wt of 309 000. To our
knowledge, this represents the longest coding sequence deter-
mined to date. Furthermore, it has been reported that mature vVWF
protein is a glycoprotein, containing approximately 15% carbo-
hydrate residues (Sodetz ez al., 1979). If it is assumed that the
carbohydrate moieties also contribute about 15% by weight to
the calculated mol. wt of pro-vWF, then the mol. wt of pro-vWF
will amount to approximately 350 000.

Peculiarities of the amino-acid sequence of pro-vWF

A comparison of the predicted amino-acid sequence (Figure 3)
with the established N-terminal amino-acid sequence of mature
VWEF protein (Hessel ez al., 1984) confirms our earlier assumption
(Verweij et al., 1985) and that of others (Lynch ez al., 1985;
Ginsburg et al., 1985) that the vWF precursor protein is con-
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Fig. 3. Nucleotide sequence of 4429 bp of VWF cDNA, derived from the 5’ terminus of VWF mRNA. The numbering starts at the putative ATG
translation —initiation codon. The predicted amino-acid sequence is shown beneath the nucleotide sequence and is separately numbered, again starting at the
putative methionine translation—initiation codon. Potential N-linked glycosylation sites are underlined. The tripeptide arginine-glycine-aspartic acid is boxed.
The putative signal peptide of 22 amino-acid residues is generated by a signal peptidase. The predicted cleavage site (between residues 22 and 23) is shown
with an arrow. The pro-sequence with a length of 741 amino acids (residues 23—764) will be cleaved to generate the mature VWF subunit. The N-terminal
amino-acid residue of the mature VWF subunit (position 764) is indicated with an asterix.

siderably larger than the reported 240 000—260 000 glycopro-
tein. Alignment of the predicted amino-acid sequence with the
N-terminal sequence of the mature (225 000) vWF protein shows
that the nucleotide sequence which codes for mature vVWF pro-
tein initiates at position 2290. This conclusion implies that the
vWEF precursor protein is 763 amino-acid residues larger than
the mature protein. Obviously, this pro-sequence (calculated mol.
wt 81 000) is removed by protein processing to yield the mature
VWF glycoprotein with a mol. wt of about 225 000.

A homology matrix comparison of the amino-acid sequence
of the vVWF precursor protein reveals a quadruplication of a do-
main (D1, D2, D3, D4) with a length of about 350 amino-acid
residues. Part of this domain (D’, about 96 amino acids) appears
to be present at the N-terminus of mature vWF. Figure 4A shows
the alignment of these repetitive domains. A salient feature of
the pro-sequence is that it largely consists of a duplication of the
D domain (D1, D2) (see Figure 4B). The repeats are extremely
rich in cysteine residues (D1, 9.1%; D2, 8.9%; D3, 9.6%; D4,
8.8%; and D', 17%) and exhibit a significant conservation of
the position of these residues, indicative for a structural similarity
of the repeats. Interestingly, the pro-sequence comprises an
arginine-glycine-aspartic acid sequence (‘RGD’ sequence) at posi-
tion 698 —701. It has been shown that a tetrapeptide with the
indicated amino-acid sequence can compete with proteins, har-
boring a similar sequence, which are involved in cell attachment

(Pierschbacher and Ruoslahti, 1984). It has been noticed that
another RGD sequence is present within the C-terminal part of
the mature vVWF protein (Sadler et al., 1985).

In-vitro translation of vWF mRNA

A full-length vVWF cDNA was assembled to demonstrate its
coding capacity for an unglycosylated precursor protein with a
mol. wt of about 300 000. Full-length vVWF cDNA was inserted
into plasmid pSP65. This plasmid contains the Salmonella typhi-
murium bacteriophage SP6 promoter which allows in-vitro ‘run
off” transcription of cloned DNA sequences, specifically directed
by SP6 RNA polymerase (Melton ez al., 1984). Such mRNA
preparations can be efficiently translated, using a reticulocyte
lysate.

Initially, plasmid pSP6330vWF was constructed (see Figure
1B), harboring a continuous, 6331-bp VWF cDNA sequence. This
plasmid contains the entire coding sequence for mature vWF and,
in addition, a sequence coding for 18 amino-acid residues from
the C-terminal part of the pro-sequence. Initiation of protein syn-
thesis, directed by RNA transcribed from pSP6330vWF DNA,
should occur at the methionine codon eight amino acids down-
stream of the N-terminus of mature vVWF. Translation of the in-
vitro synthesized vVWF mRNA will then yield an unglycosylated
polypeptide with a calculated mol. wt of 225 000. Subsequent-
ly, pSP8800vWF was constructed harbouring the complete coding

1843



C.L.Verweij et al.

A

DOMAIN D

Repeat D1 34 R|C 9L F[G
Repeat D2 387 E[C|LV|TG
Repeat D3 866 TIC S|T I|G
Repeat D4 1947 PICNC|TG

Repeat D1 83
Repeat D2 442

Repeat D4 2003 S| E

SIL S|V[YJL]-|G|-EF FD I HLIFVNGT - QG

RISV TIVIR|LIP HNS KIL (K H|G[A G M[D G

Repeat D3 917 PIS|- =[VKICKKRVTI -=G|GIE I EL F|D G|
K K

LHSA--S- hsome[vTv N

CSYLLAJG-G[CQKR - N G K[R]- -[V]- - 82

CQYLLA|[-RD|CQD[H v ADDDAlElT 441

cQyvi[----vleolvcals|-npPlcTFRILV[GINKGCSH 916

CSY\/LFQNKEQD-LEV-LHNGASPARQGM 2002

---VLEA@vE-Ls-GE 132

R1--QR[TVTAS|VR|-|Ls|v[ce[ 496
|

THFEVVSR I{L[LIL GIK 968
VNVYGAIMHE FNHL GJH 2057

Repeat D1 133 BYGFVARI SIGIN F QIVILIL SPR~]Y[FN[KTCGLCGNFN|I FAEDDFMT|QE - SY A 190

Repeat D2 497 - -p|LjaMD RIGIR L KL S P[-V GKTCGLCGNNGNQGDDFLTP -A[EPRVE A 552

Repeat D3 969 @--LSVV RHLS I SVV[LIKQ - QEKCGLCGNFOGQNNDBLTS m QVEEV K 1024
TIDjW

Repeat D4 2058 --IFTFTPQNNEFQ-QLSPK FSKTVGLCGICDEGANDFMLRD -V

Repeat D1 191 W LSSGEwclERASP-E-SSS---CNISSGEMQKGLWEQCQLLKSTS R
Repeat D2 553 |wlk|L GD--CQDLQﬂ--QHS P--CRMTRTSEEA- AlVLTSP|T-|FlEA
TR N

Repeat D3 1025 |W[ElV S S}- -]Q]-[C}A|D VLDSSPATCH IMKQTMVIDSS
Repeat D4 2114 WW[T[VQRPGR|TICQ----- ILEEQ--C-V ------ DS SJH

Repeat D2 604 |Y L|R N|C[R]Y D[V|C S C]-|S|D|G|- R

Repeat 04 2159 |F[¥[a]i[c)a o]~ -]s[- -[s|- - H afEla vicle v A s Y A L {c[R T N{g|-[v[c]v|o

Repeat D' 769

KTLVQE 2113

245

603

- -D QD 1079
-L E[CHK[VLAPPJAT 2158

----TPDFC-AMS-P 2205

Repeat D1 246 ?EHLCEKTLclEICA--GGL A[c]P[aL]L €[y A]R T[C A QJE[GIM[V]L Y G[w]T - - - -DH S A[C]- S P[V]-[CP]A 297
L|c[c]a L A s Y AJA Alc AlG RIG|-|VIR[V[AW R|- - - - E|P|G R|C|- -lcplk 654
Repeat D3 1080 |Y Lo v[c|i[y o|T|c s c|E[s]|i{clp C Al FCDTIAEVAHVCAQHGKV-VT TATLCPlQS|CIEE[RINJLREN 1138

ple v - kLv]-lcp]- 777

Repeat D1 298 [6]- - - -MEe[fRQClvsSPCA[RTC Qs L]-H 1 N[EM[C]- @ ESTE 347
Repeat D2 655 slvPDEEC|-N KAQ 706
Repeat D3 1139 QufrcourPE-|p c|-PvolcvEGC belelo 1195
Repeat D4 2206 c[---oeNvsscl-conPslEGe Efefa 2253
Repeat D' 778 TKTCQ--N-DLECMSMG ALIER 826
Repeat D1 348 [CP)-[c]- V[FIS[GKR Y]- - - - PP G|T S L[SIR[D]- - -[CNTC 386
Repeat D2 707 |cp|-[c|- ¥ v|p ofe 1]F[- - - ~fap[e 0 1 Fls|-[o H|-[H]- TH]c 745
Repeat D3 1196 [cP|vic|- e vAlelr[rRFlasckkvTLNP[S|-[FEMCQIC 1241
Repeat D4 2254 CTCIGEDGVQH----FLE/\WVPDHQRCQIC 2298
Repeat D' 827 |c P|-|c|- FlHalc KlE[Y]- - - - A TVKI---GCNTC 865

1 500 1000 1500 2000 2500

[} ! 1 [} | |

(Y777777777777777777777777

D1 D2 D’ D3 A1l A2 A3 D4 B1B2C1 C2
— I H 1 I ] I == HT—H 1+——
A A

Fig. 4. Internal homology within the precursor for vVWF. (A) Alignment of the amino-acid sequences of the four repeated domains D1, D2, D3, D4 and the
partly duplicated domain D’. The one-letter notation is used and the amino acids are numbered as indicated in Figure 3. Residues which are identical among
the four or five repeats are boxed. (B) Schematic representation of internal homologous regions within pro-vWF. The upper line in this diagram represents the
vWF precursor protein (open area, signal peptide; hatched area, prosequence; dark area, mature VWF). Beneath this line are indicated: the triplicated domain

A (Al, A2 and A3) and two duplicated domains B (B1 and B2) and C (C1 and

C2), as reported by Sadler er al. (1985), the quadruplicated domain D (D1,

D2, D3 and D4) and the partly duplicated domain D’. The numerical position of these repeats are listed: Al (residues 1242 —1480), A2 (1480—1673), A3
(1673 —1875), B1 (2296—2331), B2 (2375—2400), C1 (2400—2516), C2 (2544—2663), D1 (34—387), D2 (387—746), D3 (866—1242), D4 (1947 —2299)
and D’ (769—866). The position of the RGD tripeptides is shown with a triangle.

sequence for pre-vWF (see Figure 1B). This plasmid will en-
code a protein with a calculated mol. wt of 309 000. The plasmids
pSP6330vWF and pSP8800VWF were linearized with, respec-
tively, EcoRI and Sall and trancribed in vitro. The results of the
in-vitro translation of the various VWF mRNAs are given in
Figure 5. The polypeptides encoded by pSP6330vWF DNA
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display a mol. wt of up to about 200 000. The discrepancy of
this mol. wt with the calculated mol. wt is probably due to inac-
curacy in the mol. wt estimation of large proteins in these gels.
The complete coding sequence of pSP8800VWF DNA is
translated into a polypeptide with a mol. wt substantially larger
than 200 000. To achieve a more accurate mol. wt estimation
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Fig. S. In-vitro translation of vVWF mRNA. Capped vVWF mRNA was
prepared in vitro, using ‘run off* transcription with SP6 RNA polymerase,
as described in Materials and methods. The RNA preparations were added
to a reticulocyte lysate translation system, containing [32S]methionine, and
polypeptides were synthesized for 90 min. The polypeptides were
fractionated on an 8% SDS—polyacrylamide gel and then subjected to
fluorography. M, mol. wt marker proteins; E, endogenously synthesized
polypeptides (without added RNA). Lane 1, polypeptides encoded by vWF
mRNA transcribed from pSP6330vWF DNA, digested with EcoRI. Lane 2,
polypeptides encoded by vVWF mRNA transcribed from pSP8800vWF DNA,
digested with Sall. Lane 3, polypeptides encoded by vVWF mRNA
transcribed from pSP8800vWF DNA, digested with BamHI. Lane 4,
polypeptides encoded by vVWF mRNA transcribed from pSP8800vWF DNA,
digested with Xhol.

for this extraordinarily long polypeptide, we produced partial,
overlapping polypeptides derived from selected portions of full-
length VWF c¢DNA. To that end, pSP8800VWF DNA was
digested with BamHI and the transcript (~2855 nt long) was
translated. It should be noted that 405 nt at the 3’ end of this
transcript constitute the 5’ terminus of the transcript generated
from pSP6330vWF cleaved with EcoRI. Hence, an enumera-
tion of the mol. wts of the polypeptides, mentioned above, should
result in a mol. wt of about 309 000, after subtracting the com-
mon protein region. The protein, derived from the BamHI-
digested template, has an estimated mol. wt of about 100 000,
whereas, as shown before, template pSP6330vWF cleaved with
EcoRl yields a product of about 200 000. Addition of these mol.
wts and subtracting the common region (15 000) results in an
estimated mol. wt of 285 000 which is in reasonable agreement
with the calculated mol. wt of 309 000. Furthermore, transla-
tion of transcripts (~ 1320 nt), derived from pSP8800vWF DNA
digested with Xhol, reveals a polypeptide with a mol. wt of
39 000. This result is in agreement with the assignment of the
translation initiation site at position 1—4.

From these data, we conclude that we have constructed a full-
length vVWF c¢cDNA with a coding sequence of 8439 bp which
programs the synthesis of a precursor vVWF protein consisting
of 2813 amino-acid residues.

Molecular analysis of full length von Willebrand factor cDNA

Discussion

In this paper, we report on the construction of a plasmid con-
taining full-length vVWF cDNA. Nucleotide sequence analysis (this
paper; Sadler et al., 1985) revealed that the length of the assembl-
ed VWF cDNA, excluding cDNA derived from the poly(A) tail,
amounts to 8804 bp. This result is in agreement with the length
of VWF mRNA (about 9000 nt) as determined by Northern blot
analysis of endothelial poly(A)* RNA. The entire coding se-
quence for the precursor vVWF protein is 8439 bp, correspon-
ding to an unglycosylated polypeptide with a mol. wt of about
309 000. The translation initiation site for this protein could be
assigned to the ATG codon at position 1—4 (see Figure 3). This
assignment is in accord with the results of in-vitro translation
experiments with parts of full-length vVWF mRNA, generated with
the SP6 transcription system. The glycosylated protein, even after
removal of a signal peptide, will be considerably larger than
300 000. The mol. wt attributed to the precursor glycoprotein
for mature vVWF has been reported to be 240 000—260 000
(Wagner and Marder, 1983; Lynch ez al., 1983). The discrepancy
of the mol. wt that we assign to the precursor protein may be
due to inaccuracy of mol. wt estimations by SDS —polyacryl-
amide gel electrophoresis, inherent to large (glyco)proteins.

The sequence-encoding mature vWF initiates at 2290 bp down-
stream of the translation initiation codon, as inferred from an
alignment of the established N-terminal amino-acid sequence of
mature VWF (Hessel et al., 1984) with the predicted amino-acid
sequence (Figure 3). This 2289-bp long pre-pro-sequence was
shown to be able to encode a polypeptide with a calculated mol.
wt of 83 000. Consequently, the pro-vWF protein will be pro-
cessed by a protease to yield mature vWF. In this respect, it is
relevant to note that mature vWF is closely associated with the
so-called von Willebrand Antigen II (VW Agll) (Montgomery
and Zimmerman, 1978). Several arguments can be advanced
which indicate that the pro-sequence of the precursor vVWF pro-
tein is identical to vW Agll.

(i) The mol. wt of the unglycosylated pro-sequence (81 000)
fits with the reported mol. wt of the vW Agll glycoprotein of
98 000 (McCarroll et al., 1985).

(ii) Both vWF and vW AglI are synthesized by cultured endo-
thelial cells and these proteins are simultaneously released in vivo
upon stimulation with 1-desamino-8-D-arginine vasopressin
(DDAVP) (McCarroll et al., 1984a).

(iii) Using immunofluorescence techniques, both proteins are
located in the perinuclear region and in the Weibel —Palade bodies
(McCarroll et al., 1985). '

(iv) Both vVWF and vW AgllI are present in platelets and releas-
ed together after platelet activation (Scott and Montgomery,
1981).

(v) The levels of vWF and vW Agll protein are linearly
associated in plasma and both proteins are deficient in plasma
and platelets of a patient with severe von Willebrand’s disease
(McCarroll et al., 1984b).

(vi) A complex between VWF and vW Agll can be detected
in endothelial cell lysates in the presence of a serine protease
inhibitor (PMSF) and not in the absence of the inhibitor (McCar-
roll et al., 1985).

Studies are in progress to identify the subcellular organelle
associated with the proteolytic cleavage between the arginine and
the serine residues at positions 763 and 764.

We have compared the predicted amino-acid sequence of
pro-vWF with that of other proteins, contained within the NIH
Protein Sequence Data Bank, for (partial) homologous amino-
acid sequences. This comparison did not reveal any major
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similarity of pro-vWF with other proteins. The predicted amino-
acid sequence of the pro-sequence displays a remarkable struc-
ture. It is composed of a duplicated segment of about 350 amino-
acid residues long. These two segments share 37% amino-acid
homology. Furthermore, they exhibit a considerable conserva-
tion of similarly located cysteine residues, indicating that struc-
tural features have been maintained within these direct repeats.
Two copies of this repeat within the pro-sequence are also pre-
sent within mature vVWF, whereas part of this repeat is present
at the N-terminus of mature vWF. Internal homologous regions
have also been reported by Sadler et al. (1985), two of which
have been duplicated, while one is present in triplicate form.
These repeated sequences span a length of about 1070 amino-
acid residues within the mature vWF protein (see Figure 4B).
The repeated structures that we have found are independent of
the ones reported by Sadler et al.. From these data, we conclude
that about 90% of the precursor VWF protein is constituted of
repetitive regions, indicating that the precursor vWF gene has
evolved from a series of duplicative events of at least four dif-
ferent regions.

The presence of a ‘RGD(C)’ amino-acid sequence within the
pro-sequence may be indicative for a possible function of this
protein. It has been shown that an RGD-containing region, on
proteins such as fibronectin and vitronectin, carries out a crucial
role in the interaction with receptors on a cell surface (Piersch-
bacher and Ruoslahti, 1984; Pytela et al., 1985). Those inter-
actions are inhibited by RGD-containing peptides. Interaction of
mature VWF with activated platelets is also inhibited by RGD-
containing peptides, suggesting that this region on VWF is in-
volved in platelet binding (Ginsberg ez al., 1985; Haverstick et
al., 1985). Based on the presence of an RGD sequence both in
mature VWF and the pro-sequence, which may be equivalent to
vW Agll, on a striking homology and on a structural conserva-
tion between these two proteins, we propose that the pro-sequence
might have similar interaction(s) as the mature vWF protein with
particular components, such as cell-surface receptors.

Materials and methods

c¢DNA cloning

Total RNA was purified from cultured endothelial cells, derived from veins of
human umbilical cords (Verweij et al., 1985). Primer-directed cDNA was syn-
thesized from poly(A)* RNA, essentially according to a protocol described
(Gubler and Hoffman, 1983; Toole ez al., 1985). The cDNA synthesis was ar-
rested by adding EDTA and SDS till a final concentration of, respectively, 20 mM
and 0.1%. The cDNA preparations were extracted with phenol —chloroform, then
precipitated with ethanol and purified by chromatography on Sephadex G-50.
In the case of primer-directed cDNA synthesis with primer A (5' CACAGGC-
CACACGTGGGAGC 3'), complementary to nucleotides 6901 —6921, the cDNA
preparation was digested with Bg/II (positions 6836 and 2141) and Kpnl (posi-
tion 4748). Subsequently, the digested cDNA was size-fractionated by
chromatography on a Sepharose CL4B column. Fractions containing cDNA larger
than about 600 bp were ligated to plasmid pMBL11, digested with Bg/Il and Kpnl.
Plasmid pMBL11 is a derivative of pBR322, containing the promoter and the
tryptophan synthetase-A gene of Escherichia coli. This plasmid includes unique
restriction sites for the enzymes Kpnl, Bglll, EcoRI and Xhol (T.Kos, Medical
Biological Lab. TNO, Rijswijk, the Netherlands; personal communication). A
cDNA library of about 15 000 independent colonies was established, using strain
E. coli DH1 as a host, which was screened with two oligonucleotide probes (B
and C). Probe B (5" GAGGCAGGATTTCCGGTGAC 3’), complementary to
nucleotides 4819 —4839, was employed for the isolation of the plasmid pvWF2084,
harboring a 2084-bp Bgl/II—Kpnl vWF cDNA fragment, whereas probe C (5’
CAGGGACACCTTTCCAGGGC 3'), complementary to 2467 —2487, was us-
ed for the detection of plasmid pvWF2600, harboring an ~ 2600 bp Kpnl —Bglll
vWF cDNA fragment. Using probe C for primer-directed synthesis, we divided
the resulting cDNA preparation into two parts. One part was C-tailed and an-
nealed to G-tailed plasmid pUC9 as described before (Verweij ez al., 1985) and
used to transform E. coli DH1. Six thousand independent colonies were hybridized
with a ‘nick-translated’ 576-bp Bg/ll—BamHI vWF cDNA fragment of pvWF2600
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DNA. A positive clone, harboring a plasmid with the longest insert (about 1800 bp,
designated pyWF1800) was chosen for further study. The other part of the primer
C-directed cDNA preparation was treated with EcoRI methylase and subsequently
with T4-DNA polymerase and dNTPs to ensure blunt-ended termini (Maniatis
et al., 1982). Phosphorylated EcoRI linkers (New England Biolabs, Beverly, MA)
were ligated to the termini of the cDNA preparation and unreacted components
were removed by Sephadex G-50 chromatography. The Xhol site, located about
350 bp downstream of the 5’ end of the VWF cDNA insert of pvWF1800 DNA,
was used for another selection. After digestion with an excess of EcoRI and Xhol,
chromatography on Sepharose CL-4B was employed to remove digested EcoRI
linkers. The final preparation was ligated to plasmid pMBL11 DNA which had
been digested with EcoRI plus Xhol and used to transform E. coli DH1. A col-
lection of about 10 000 independent colonies was hybridized with a ‘nick-translated’
350-bp Xhol—HindIll vVWF cDNA fragment from plasmid pyWF1800. The
HindIII site of this fragment has been derived from the polylinker of the vector
pUC9. A positive clone, harboring the longest insert (about 1330 bp, designated
pvWF1330) was further studied.

S1 nuclease protection analysis

We used as probe for S1 nuclease protection experiments an Xhol — EcoRI frag-
ment of about 5300 bp (probe V) from plasmid pyWF2600 which contains a
2396-bp segment (Xhol — Kpnl) constituted of vVWF cDNA (Fragment V, Figure
1). Probe II was a 4800-bp Xbal — EcoRI fragment from plasmid pyWF1330 which
harbors a 734-bp Xbal — Xhol vWF cDNA segment (Fragment II, Figure 1). The
fragments were 3’ end-labeled, using DNA polymerase I (large fragment) (New
England Biolabs, Beverly, MA) to fill in recessed ends (Maniatis ez al., 1982).
Subsequently, these probes were isolated by electrophoresis on a 0.7% low-melting
agarose gel and purified as described (Wieslander, 1979). Three other VWF cDNA
fragments were subcloned in double-stranded M13mp18 (Yanisch-Perron er al.,
1985) and employed as probes. To that end, the anti-sense DNA strand was
uniformly labeled by elongation from the universal M13-primer with DNA poly-
merase I (large fragment). The subcloned fragments were a 1144-bp Xhol — HindIIl
fragment of plasmid pvWF1800 (Fragment III, Figure 1), a 585-bp Xbal —EcoRI
fragment of plasmid pvWF1330 (Fragment I, Figure 1) and a 575-bp
BamHI - Bglll fragment of plasmid pyvWF2600 (Fragment IV, Figure 1). After
DNA synthesis, initiated at the M13 primer, double-stranded DNA was digested
with both HindIII and Pvull for fragment III (to yield probe III), with both Xbal
and EcoRI for fragment I (to yield probe I) and with both BamHI and Pvull for
fragment IV (to yield probe IV). The rationale for the construction of probes
II, III, IV and V is that they contain a segment of vector DNA noncomplemen-
tary with endothelial RNA. For example, probes III and IV harbor about 200 bp,
derived from M13mp18. These probes were subjected to electrophoresis on a
5% polyacrylamide — 8 M urea gel and the fragments of interest were isolated
(Maxam and Gilbert, 1977).

S1 nuclease protection experiments were carried out essentially as described
(Berk and Sharp, 1977). One microgram of human endothelial poly(A) RNA was
added to 10 000—100 000 c.p.m. of radiolabeled probe, heated for 10 min at
80°C, followed by an incubation overnight at 60°C for probes I, II, IIl and V
and at 57°C for probe IV. Digestion with 200 U of S1 nuclease (Bethesda Research
Laboratory, Gaithersburg, MD) per ml was carried out for 20 min at 45°C. Un-
digested DNA was precipitated with ethanol and the pellets were dissolved in
the appropriate loading buffer for electrophoresis on a 1% alkaline agarose gel
oron a 6% polyacrylamide sequencing gel (Maniatis et al., 1982). The first pro-
cedure was employed for probes I and III, whereas the second one was applied
for probes II, IV and V.

Assembly of full-length vWF cDNA

For the construction of plasmid pSP6330vWF, harboring a continuous VWF cDNA
segment of about 6331 bp extending from the HindIlI site (position 2235) till
the Sacl site within the 3’ untranslated region (position 8562), the following vVWF
cDNA fragments were isolated: the 2517-bp HindIII—Kpnl fragment (position
2236—4753) from pvWF2600 DNA; the 2084-bp Kpnl— BglII fragment (posi-
tion 4753 —6837) from pyWF2084 DNA, and the 1730-bp Bgl/ll —Sacl fragment
(position 6837 —8567) from pyWF2280 DNA. These three vVWF cDNA fragments
were ligated simultaneously into the vector pSP64 (Melton et al., 1984), digested
with both HindIII and Sacl. About half of the resulting transformants contained
a plasmid (denoted pSP6330vWF) with the desired vVWF cDNA insert of 6331 bp,
as verified by restriction-enzyme analysis.

For the construction of plasmid pSP8800vWF, harboring full-length vVWF
cDNA, the following fragments were isolated: the 6333-bp HindIll—EcoRlI in-
sert of plasmid pSP6330vWF (the EcoRlI site is derived from the polylinker pre-
sent on the vector); the 1144-bp Xhol — HindIIl fragment (position 1092 —2236)
from pvWF1800, and the 1327-bp EcoRI—Xhol fragment (position —236 to 1092)
from pvWF1330. A five-fold molar excess of each of these three fragments was
again ligated simultaneously with vector pSP65 DNA, cleaved with EcoRI and
treated with calf intestine alkaline phosphatase (Boehringer, Mannheim, FRG).
About 30% of the resulting colonies harbored a plasmid with the desired. full-



length vWF cDNA insert of 8794 bp in the correct orientation, as verified by
restriction-enzyme analysis and nucleotide-sequence analysis.

In-vitro transcription and translation

In-vitro transcription of linear SP6-based DNA templates wtih SP6 RNA
polymerase (New England Nuclear, Dreieich, FRG) was performed in the presence
of 0.1 mM UTP, CTP and ATP, 0.05 mM GTP and 2 mM of m’G(5')ppp(5')G
(Pharmacia, Uppsala, Sweden) to provide mRNA preparations with a capped ter-
minus (Melton et al., 1984). In-vitro translation of such 5' capped mRNAs was
done in a rabbit reticulocyte lysate system (New England Nuclear, Dreieich, FRG),
according to the manufacturer’s specifications. Analysis of the in-vitro transla-
tion products was performed by electrophoresis on an 8% SDS —polyacrylamide
gel as described (Laemmli, 1970).
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Note added in proof

During submission of this manuscript we learned that our proposal concerning
the identity of the pro-sequence and von Willebrand Antigen I (vW Agll), was
substantiated by data from other investigators (Fay er al., 1986, Science, 232,
995—998).
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