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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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and Hans Pannekoek
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Red Cross Blood Transfusion Service, Amsterdam, The Netherlands

Communicated by P.Borst

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
cDNA 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-Al-A2-A3-D4-B1-B2-C1-C2-OH. Both the pro-
sequence, composed of two D domains (Dl, 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 II
(vW AgIl).
Key words: von Willebrand factor/cDNA cloning/in-vitro expres-
sion/domain structure/RGD tripeptide

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),
RB/HIA (Fujimoto and Hawiger, 1982), collagens type I and Ill
(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-
vWF 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 vWF 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 et al., 1985) have cloned
partial vWF 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 vWF 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 vWF
cDNA.

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 et al., 1977). It is believed that
this protein is initially produced as a 240 000-260 000-
glycosylated precursor (Wagner and Marder, 1983; Lynch et al.,
1983) that is subsequently subjected to carbohydrate processing,
dimerization, multimerization and to proteolytic cleavage to yield
the mature 225 000 subunit (Sporn et 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

Results
Construction ofpartial vWF cDNA clones and assembly offull
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 vWF 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 ofvWF cDNA harboring plasmids. Firstly, oligo-
nucleotide primers, derived from the partial nucleotide sequence
(Sadler et 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 et al., 1985). The cloning
strategy is outlined in Figure IA. The plasmids, containing ad-
jacent vWF cDNA sequences, were designated pvWF1330,
pvWF 1800, 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 vWF 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 vWF 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 BglII-BamHI and the 350-bp HindIII-XhoI 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 cDNA and for nucleotide sequencing. The fragments I, II, III, IV and V, which were used in the Si 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, HindIII; K, KpnI; M, MstI; N, Narl; P, PvuII; S, Sall; Sc, Sacl; X, XbaI;
Xh, XhoI. (B) Assembly of full-length vWF cDNA. Plasmid pSP633OvWF contains a 6331-bp vWF cDNA sequence, extending from the HindIII site
(position 2235) till the SacI site (position 8562), subcloned in vector pSP64. Plasmid pSP8800vWF includes full-length vWF cDNA, extending from the
EcoRI 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 vWF cDNA originates from the EcoRI linker,
used for the construction of pvWFl330 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 pSP633OvWF are present
in the polylinkers of the pSP-type vectors.

pvWF1330 DNA (corresponding with the 5' part ofvWF 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.

SI-nuclease protection experiments with human endothelial
RNA were performed to prove that the various vWF 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 vWF 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 pvWF2084
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 ofvWF 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 lB. The correct composition of the assembl-
ed, full-length vWF cDNA was established by restriction enzyme
analysis.

Nucleotide sequence offull-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
lA. 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 vWF mnRNA 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-HvWFI, con-
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Fig. 2. SI 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 vWF cDNA segments, present in the probes, are
shown in Figure IA. 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 HI, containing the 1144-bp vWF cDNA fragment HI. Lanes 2,
hybridization with probe V, containing the 2396-bp vWF cDNA fragment V. Lanes 3, hybridization with probe I which is equivalent to the 587-bp vWF
cDNA fragment I. 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 SI 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 vWF (Hessel et al., 1984).
This difference might be due to a polymorphism in the vWF gene.
The total length spanned by the adjacent vWF cDNA sequences

is 8804 bp, excluding the poly(A) tail of vWF 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 vWF 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 vWF
protein is a glycoprotein, containing approximately 15% carbo-
hydrate residues (Sodetz et 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 ofpro-vWF
A comparison of the predicted amino-acid sequence (Figure 3)
with the established N-terminal amino-acid sequence of mature
vWF protein (Hessel et al., 1984) confirms our earlier assumption
(Verweij et al., 1985) and that of others (Lynch et al., 1985;
Ginsburg et al., 1985) that the vWF precursor protein is con-
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NI P AR F A 6YLL A LAL I LP 6T L C tA E 6 T R 6 R S S T A R C 8 L F 6 6 46

151 1t6o 211 246

D F V N T F D 6 S N Y S F A 6 Y C S Y L L A 6 6 C 9 K R S F S I 1 6 D F 9 N 6 K 86
271 366 336 366

R V S L S V Y 1 6 E F F D I H L F V N 6 T V T 9 6 D 9 R V S N P Y A S K 6 1 Y 1 126
396 426 456 466

E T E A 6 Y Y K L S 6 E A V S F V A R I D 6 5 6 N F 9 V L 1 S D R Y F N K T C 6 166
516 546 576 6K

L C 6 N F N I F A E 0 0 F N T 9 E 6 T L T S U P Y D F A N S N A L S S 6 E 9 N C 2K
636 666 696 726

E R A S P P S S S C N I S S 6 E N 9 K 6 L N E 9 C 9 L L K S T S V F A R C H P 1 246
756 781 616 646

V D P E P F V A L C E K T I C E C A 6 6 1 E C A C P A L L E V A R T C A 9 E 6 N 296
676 9K 936 966

V L V 6 N T U H S A C S P V C P A 6 N E V R 9 C V S P C A R T C 9 S I H I N E N 326
996 1621 1656 1686

C 9 E R C V D 6 C S C P E 6 9 1 1 D E 6 1 C V E S T E C P C V H S 6 K R V P P 6 366
1116 1146 1176 12K

T 5 1 5 R D C N T C I C R N 5 9 N I C S N E E C P 6 E C L V T 6 9 5 H F K S F D 4K
1236 1266 1296 1326

N R Y F T F S 6 I C 9 V L L A R U C 9 D H S F S I V I E T V 9 C A D D R U A V C 446
1356 1366 1416 1446

T R S V T V R L P 6 1 H N S L V K L K H 6 A 6 V A N U 6 9 D V 9 1 P 1 1 K 6 U L 486
1476 1566 1536 1566

R I 9 R T V T A S V R L S V 6 E U L 9 N U N U 6 R 6 R L I V K 1 5 P V V A 6 K T 526
1596 1626 1656 1666

C 6 1 C 6 N V N 6 N 9 6 U D F I T P S 6 1 A E P R V E D F 6 N A N K I H 6 U C 9 566
1716 1746 1771 18K

D 1 9 K 9 H 5 U P C A L N P R N T R F S E E A C A V L T S P T F E A C H R A V S 6K
1836 1866 1996 1926

P 1 P V L R N C R V D V C S C S U 6 R E C I C 6 A I A S V A A A C A 6 R 6 V R V 646
1956 19K 26161 2641

A N R E P 6 R C E L N C P K 6 9 V V 1 9 C 6 T P C N L T C R S L S V P U E E C N 666
2676 21K 2136 2166

E A C L E 6 C F C P P 6 1 V N D E R6U C V P K A 9 C P C V V U 6 E I F 9 P E U 726

2196 2226 2256 2286

I F S D H H T N C V C E U 6 F N H C T N 5 6 V' P 6 5 1 1 P U A V I S S P 1 5 H R 766
2316 2346 2376 2466

S K R S L S C R P P N V K L V C P A D N I R A E 6 1 E C T K T C 9 N V D L E C N 966
2436 2466 2496 2526

S N 6 C V S 6 C L C P P 6 N V R H E N R C V A L E R C P C F H 9 6 K E V A P 9 E 946
2556 2586 2616 2646

T V K I S C N T C V C R U R K N N C T D H V C D A T C S T I 6 N A H V L T F U 6 896
2676 2766 2736 2766
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2796 2621 2856 2886

C K K R V T I L V E 6 6 E I E L F D 6 E V N V K R P N K D E T H F E V V E 6 6 R 966
2911 2946 2976 3666

TACATCATTCT6CT6CT666CaAAA6CCCTCTCC6T66TCT666ACC6CCACCT6A6CATCTCC6T66TCCT6AABCA6ACATACCA66A6AAA6T6T6T66CCT6T6T666AATTTT6AT
Y I I L L L 6 K A L S V V N D R H L S I S V V L K Q T Y 9 E K V C 6 L C 6 N F D 1666

3636 3166 3696 3126
66CATCCA6AACAATSACCTCACCA6CA6CAACCTCCAA6T66A66A66ACCCT6T66ACTTT666AA6TCCT666AA6T6A6CTC6CA6T6T6CT9ACACCA6AAAA6T6CCTCT66AC
6 I Q N N D L T S S N L 9 V E E D P V D F 6 K S N E V S S 9 C A D T R K V P L D 1646

3156 3180 3216 3241
TCATCCCCT6CCACCT6CCATAACAACATCAT6AA6CA6AC6AT66T66ATTCCTCCT6TA6AATCCTTACCA6T6AC6TCTTCCA66ACT6CAACAA6CT66T66ACCCC6A6CCATAT
S S P A T C H N N I N K 9 T N V D S S C R I L T S D V F 9 D C N K L V D P E P Y 1686

3271 3366 3336 3366
CT66ATBTCT6CATTTAC6ACACCT6CTCCT6T6A6TCCATT6666ACT6C6CCT6CTTCT6C6ACACCATT6CT6CCTAT6CCCAC6T6T6T6CCCA6CAT66CAA66TB6T6ACCT66
L D V C I Y D T C S C E S I 6 D C A C F C D T I A A Y A H V C A 9 H 6 K V V T N 1126

3396 3421 3456 348
A66AC66CCACATT6T6CCCCCA6A6CT6C6A66A6A66AATCTCC666A6AAaC86TAT6A6T6T6A6T66C6CTATAACA6CT6T6CACCTSCCT6TCAA6TCAC6T6TCASCACCCT
R T A T L C P 9 S C E E R N L R E N 6 Y E C E N R Y N S C A P A C 9 V T C 9 H P 1166

3516 3546 3576 3666
6A6CCACT66CCT6CCCT6T6CA6T6T6T66A666CT6CCAT6CCCATT6CCCTCCA66CAAAATCCT66AT6A6CTTTT6CA6ACCT6C6TT6^CCCT6AA6ACTBTCCA6T6T6T6A6
E P L A C P V 9 C V E 6 C H A H C P P 6 K I L D E L L 9 T C V D P E D C P V C E 1266

3636 3661 3696 3726
6T66CT66CC66C6TTTT6CCTCA66AAA6AAAGTCACCTT6AATCCCA6T6ACCCT6A6CACT6CCAGATTT6CCACT6T6AT6TTGTCAACCTCACCT6T6AA6CCT6CCA66A6CC6
V A 6 R R F A S 6 K K V T L N P S D P E H C 9 I C H C D V V N L T C E A C 9 E P 1246

3756 3790 3816 3846
66A66CCT66T66T6CCTCCCACA6AT6CCCC66T6A6CCCCACCACTCT6TAT6T66A66ACATCTC66AACC6CC6TT6CAC6ATTTCTACT6CASCA66CTACT66ACCT66TCTTC
6 6 L V V P P T D A P V S P T T L Y V E D I S E P P L H D F Y C S R L L D L V F 1286

3876 3966 3936 3966
CT6CT66AT66CTCCTCCA66CT6TCC6A66CT6AGTTT6AA6T6CTSAA66CCTTT6T66T66ACAT6AT66A6C66CT6C6CATCTCCCA6AAe6r6eTCC6C6T66CC6T66T66A6
L L D 6 S S R L S E A E F E V L K A F V V D N N E R L R I 6 9 K N V R V A V V E 1326

3996 4826 4656 4686
TACCAC6ACBBCTCCCACSCCTACATC666CTCAABBACCBBAA6C6ACCATCA6A6CT6C66C6CATT6CCA6CCA66T6AA6TAT6C666CA6CCA66T66CCTCCACCA6C6A66TC
Y H D 6 S H A Y I 6 L K D R K R P S E L R R I A S 9 V K Y A 6 S 9 V A S T S E V 1368

4116 4146 4171 4266
TT6AAATACACACT6TTCC^AAATCTTCA6CAA6ATC6ACC6CCCTaA6BCCTCCC6CATC6CCCT6CTCCTGAT66CCAGCCA66A6CCCCAAC66AT6TCCC66AACTTT6TCC6CTAC
L K Y T L F 9 I F S K I D R P E A S R I A L L L N A S 9 E P 9 R N S R N F V R Y 1466

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 vWF pro-
tein initiates at position 2290. This conclusion implies that the
vWF 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 vWF precursor protein reveals a quadruplication of a do-
main (Dl, 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 (Dl, 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 vWF protein (Sadler et al., 1985).

In-vitro translation of vWF mRNA
A full-length vWF cDNA was assembled to demonstrate its
coding capacity for an unglycosylated precursor protein with a
mol. wt of about 300 000. Full-length vWF 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 et al., 1984). Such mRNA
preparations can be efficiently translated, using a reticulocyte
lysate.

Initially, plasmid pSP633OvWF 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 pSP633OvWF DNA,
should occur at the methionine codon eight amino acids down-
stream of the N-terminus of mature vWF. Translation of the in-
vitro synthesized vWF 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 Dl 34 R[S L FfG --D--EN|T F D GS M SFMAS G Y C S Y L LAG - GC K S F S I-1D[F]- N G K - -V- - 82
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Repeat DI 83 - S L SVY E F F D H FVN GTL- D DR T MS- - - Y L E 1TjAYK-LS--G E 132
Repeat D2 442 R SVTVRLPiHNS VK HGAA GVMG -QDVQLP L K G D L R QD P -LSV R-L S|Y|G E 496
Repeat D3 917 PS--V K C K KR VT LV E - - G GE E L F GEV N V KR P- M 0- E T H F E V V1SjR Y LLLGK 968

Repeat D4 2003 K SIEVKHSA--S --SVELH S DMEVTVNGR L - VSV -VGGNM VNVYGA M H E F N HLH 2057

Repeat D1 133 EMY GNV A R,pSN F,f LR,R -,N|K T C G L C G N <ED D F M T E5J L S Y Igo19Repeat 01 133 E1YGHVARIDGSGNFQVLLDR-IYIFNKTCGCN N I FA EoH Qj sL FJ IYoFN 9

Repeat D2 497 --DLQ M DWD GRGR LL VKL S P-VYAGK T C G L C G NN GNQGD D F L TPSG L-AEP R V ED FGN 552

Repeat D3 969 --|L|S vVVH L S IVVLK-TYEKVCGLCG N FDLCNNG NDQN L.TL S LQtEIEPVDFGK 1024

Repeat D4 2058 --IFT F T P Q N N E F QL-QLPKT FSK Y C AENG D FMA RLD -TT TKTLVQE 2113

Repeat Dl 191 iAAL S S GEWEICWEtAAS P -l-S - -CN S S G E M Q K G STVAR VDPEP| 245

Repeat D2 553 |W K L D - -|C QD|L QKi- - QH S- C APR MTRTS E E A - C T F ACHR VOP|P 603
Repeat D3 1025 W E Vj -QC TRTKVPL DSPA TCHN M K Q T M V -CRLT DVFVQDDCNKL V D P E P 1079
Repeat D4 2114 WTVQRPG T -- - - PI L E E Q-C-LV-- - - - - - H - E KV P 2158

Repeat Dl 246 L E2E K9TL A - -TGL7PLER T E VL Y G iT - - - - D H S A7

Repeat D2 604 Y L|R N CRY DV C S C-SD G|- R E C LC GLA S Y AAAC A R G-VRVAW R - - - - E PG R|C|-|E LN|-K 654

03 1080 YLDV~CI Y

0
TC|S CE SI G D C

CFICD T AJY A H|V|CASHG KV -VT WR|TWAT L C P Q S C E[EJ1NL R E N 1138
Repeat 04 2159 Y IjgQQ HQQVjE vIASYAHLN[ -VCVDWR- - - - T|P|D F-AMS-P 2205
Repeat D' 769 PPMPV-K -C- 777

Repeat Dl 298 G----MEYRQCV SPAIRTCQSL- H N - Q RD- - S QL|LDEE- - G LCE S T E 347
Repeat ~I265G-- FQ; TPXiC NLT C SL E E CI- N A C[LE G C - - ;C P P G L Y|M D E -[HD C V K A Q 706

Repeat D3 1139 Y E C EWY NS|CA PACQ VTC QHP E - C - PVQCVEGCIHAJCPPG K1L D EILL QT|C V ED 1195
Repeat 04 2206 S - - - - LVYN HCEHI GCP C-- DG NV C- G D H EG C - -FC P P[DKVMLE--GS|C VPE E A 2253
Repeat D' 778 A - - - - D A L EL1T -N M S M G - - L EI L jNR--ALER 826

Repeat Dl 348 - - VEQW - - -- PfijFTS R- C N C C RN S QW - N E E[ 386
Repeat D2 707 PP- C- YYG F- -UD F S - C Y C F M H -|CM S C, 70 745
Repeat D3 1196 CPV C - EVGRRA S G K KVTL NP- D EH CCHC|DVVNLT -CE A C Q EP GI 1241
Repeat 04 2254 C C I GEGV Q H ---- A W VPHQPC Q CT C VNC T Q PF4 2298
Repeat D' 827 F EF - T V K - --GCNTCVI R WN C TD H V A 865

B
1 500 1000 1500 2000 2500

Dl D2 D' D3 Al A2 A3 D4 B1B2C1 C2
IL

Fig. 4. Internal homology within the precursor for vWF. (A) Alignment of the amino-acid sequences of the four repeated domains DI, 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 (Bi and B2) and C (Cl and C2), as reported by Sadler et al. (1985), the quadruplicated domain D (Dl,
D2, D3 and N4) 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 iB). This plasmid will en- display a mol. wt of up to about 200 000. The discrepancy of
code a protein with a calculated mol. wt of 309 000. The plasmids this mol. wt with the calculated mol. wt is probably due to inac-
pSP633OvWF and pSP8800vWF were linearized with, respec- curacy in the mol. wt estimation of large proteins in these gels.
tively, EcoRI and Sail and trancribed in vitro. The results of the The complete coding sequence of pSP8800vWF DNA is
in-vitro translation of the various vWF mRNAs are given in translated into a polypeptide with a mol. wt substantially larger
Figure 5. The polypeptides encoded by pSP633OvWF DNA than 200 000. To achieve a more accurate mol. wt estimation
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Fig. 5. In-vitro translation of vWF mRNA. Capped vWF 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 pSP633OvWF DNA, digested with EcoRI. Lane 2,
polypeptides encoded by vWF mRNA transcribed from pSP8800vWF DNA,
digested with SalI. Lane 3, polypeptides encoded by vWF mRNA
transcribed from pSP8800vWF DNA, digested with BamHI. Lane 4,
polypeptides encoded by vWF mRNA transcribed from pSP8800vWF DNA,
digested with XhoI.

for this extraordinarily long polypeptide, we produced partial,
overlapping polypeptides derived from selected portions of full-
length vWF cDNA. 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 pSP633OvWF 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 pSP633OvWF cleaved with
EcoRI 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 XhoI, 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 vWF cDNA with a coding sequence of 8439 bp which
programs the synthesis of a precursor vWF protein consisting
of 2813 amino-acid residues.

Discussion
In this paper, we report on the construction of a plasmid con-
taining frill-length vWF 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
ofvWF mRNA (about 9000 nt) as determined by Northern blot
analysis of endothelial poly(A)+ RNA. The entire coding se-
quence for the precursor vWF 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 vWF 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 vWF has been reported to be 240 000-260 000
(Wagner and Marder, 1983; Lynch etal., 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 AgIl) (Montgomery
and Zimmerman, 1978). Several arguments can be advanced
which indicate that the pro-sequence of the precursor vWF pro-
tein is identical to vW AgIl.

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

(ii) Both vWF and vW AgIl 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 vWF and vW AgIl are present in platelets and releas-
ed together after platelet activation (Scott and Montgomery,
1981).

(v) The levels of vWF and vW AgIl 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 AgIl 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 vWF, 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 et 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 AgII, 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
cDNA 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 et 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 BglI (positions 6836 and 2141) and KpnI (posi-
tion 4748). Subsequently, the digested cDNA was size-fractionated by
chromatography on a Sepharose CL-4B column. Fractions containing cDNA larger
than about 600 bp were ligated to plasmid pMBL1 1, digested with Bgll and KpnI.
Plasmid pMBL 11 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 KpnI, BglII, EcoRI and XhoI (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 BglII-KpnI 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 KpnI-Bgfl
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 et al., 1985) and
used to transform E. coli DH1. Six thiousand independent colonies were hybridized
with a 'nick-translated' 576-bp Bglll-BamHI vWF cDNA fragment of pvWF2600

DNA. A positive clone, harboring a plasmid with the longest insert (about 1800 bp,
designated pvWF1800) 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 XhoI 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 XhoI,
chromatography on Sepharose CL-4B was employed to remove digested EcoRI
linkers. The final preparation was ligated to plasmid pMBLl 1 DNA which had
been digested with EcoRI plus XhoI and used to transform E. coli DH1. A col-
lection of about 10 000 independent colonies was hybridized with a 'nick-translated'
350-bp XhoI-HindHlI vWF cDNA fragment from plasmid pvWFI800. 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
pvWFI330) was further studied.
SI nuclease protection analysis
We used as probe for SI nuclease protection experiments an XhoI-EcoRI frag-
ment of about 5300 bp (probe V) from plasmid pvWF2600 which contains a
2396-bp segment (XhoI-KpnI) constituted of vWF cDNA (Fragment V, Figure
1). Probe II was a 4800-bp XbaI-EcoRI fragment from plasmid pvWF1330 which
harbors a 734-bp XbaI-XhoI 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 et 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 M 13mpl 8 (Yanisch-Perron et 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 hoI-HindLl
fragment of plasmid pvWF1800 (Fragment Im, Figure 1), a 585-bp XAaI-EcoRI
fragment of plasmid pvWF1330 (Fragment I, Figure 1) and a 575-bp
BamHI-BglII fragment of plasmid pvWF2600 (Fragment IV, Figure 1). After
DNA synthesis, initiated at the M 13 primer, double-stranded DNA was digested
with both HindIIl and PvuIl for fragment Ill (to yield probe Ill), with both XbaI
and EcoRI for fragment I (to yield probe I) and with both BamHI and PvuII 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 Ill and IV harbor about 200 bp,
derived from M13mpl8. 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).

SI 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, III 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
or on a 6% polyacrylamide sequencing gel (Maniatis et al., 1982). The first pro-
cedure was employed for probes I and Ill, whereas the second one was applied
for probes II, IV and V.

Assembly offull-length vWF cDNA
For the construction of plasmid pSP633OvWF, harboring a continuous vWF cDNA
segment of about 6331 bp extending from the HindIm site (position 2235) till
the Sacl site within the 3' untranslated region (position 8562), the following vWF
cDNA fragments were isolated: the 2517-bp HindIl-KpnI fragment (position
2236-4753) from pvWF2600 DNA; the 2084-bp KpnI-Bglll fragment (posi-
tion 4753-6837) from pvWF2084 DNA, and the 1730-bp BgllI-SacI fragment
(position 6837-8567) from pvWF2280 DNA. These three vWF cDNA fragments
were ligated simultaneously into the vector pSP64 (Melton et al., 1984), digested
with both HindlIl and Sacd. About half of the resulting transformants contained
a plasmid (denoted pSP6330vWF) with the desired vWF cDNA insert of 6331 bp,
as verified by restriction-enzyme analysis.
For the construction of plasmid pSP8800vWF, harboring full-length vWF

cDNA, the following fragments were isolated: the 6333-bp HindIII-EcoRI in-
sert of plasmid pSP633OvWF (the EcoRI site is derived from the polylinker pre-
sent on the vector); the 1 144-bp XhoI-HindIll fragment (position 1092-2236)
from pvWF1800, and the 1327-bp EcoRI-XhoI fragment (position -236 to 1092)
from pvWFI330. 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-
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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 m7G(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 (Laemmnli, 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 II (vW AgIl), was
substantiated by data from other investigators (Fay et al., 1986, Science, 232,
995-998).
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