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Soc. 110, 669 (1981) and papers in "Acid Rain1 
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ty, Ithaca, New York, 1981). 
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41. We have previously shown that by not incorpo- 
rating atmospheric exchange and natural succes- 
sion of algal species, laboratory experiments led 
to erroneous conclusions regarding the control 
of eutrophication; see D. W. Schindler in (33). 

42. G. Davidson, thesis, University of Manitoba 
(1984). 

43. In order to compare relative temporal variation 
in Lake 223 and reference lakes in panels B, C, 
D, and J of Flg. 1, the following procedure was 
used. (i) The long-term mean concentration or 
rate for a variable in each lake was calculated for 
the period 1974 to 1982. The time-weighted 
average annual mean for each open water year 
was calculated from weekly to monthly samples 
and then divided by the long-term mean, result- 
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The hemostatic system has evolved to 
minimize blood loss following vascular 
injury. In higher vertebrates, including 
man, the system is quite complex and 
requires the interaction of circulating 
platelets, a series of plasma coagulation 
proteins, endothelial cells, and compo- 
nents of the vascular subendothelium. 
The initial and critical event in hemosta- 
sis is the adhesion of platelets to the 
subendothelium. It occurs within sec- 
onds of injury and provides a nidus for 
platelet plug assembly and fibrin clot 
formation. 

The factor VIII molecular complex is 
composed of two distinct protein compo- 
nents, the antihemophilic factor (AHF or 
VIIIC) and von Willebrand factor 
(vWF), and plays a major role in both 
platelet adhesion and fibrin formation 
(I). Two of the most common inherited 
clinical bleeding disorders are the result 
of a deficiency in the activity of one 

ing in a group of numbers clustered about 1.0. 
These clusters did not depart significantly from 
normal distributions. For each year, the average 
ratio of the annual mean to the long-term mean 
was calculated for all control lakes, and 95 
percent confidence limits were calculated. For 
the four examples shown, data from two to eight 
control lakes were used in any year, varying 
somewhat with the difficulty and cost of mea- 
surement. Lake 223 annual averages, normal- 
ized to the long-term mean as described above 
are shown for comparison with reference lakes. 
The following data allo\r conditions in lake 223 
before acidification to be compared to lone-term 
means for four to six referenck lakes in the area, 
for the period 1974 to 1982. Means and standard 
deviations are given for reference lakes, fol- 
lowed by the preacidification value for Lake 223 
in brackets. Phytoplankton production, as  car- 
bon, 164 t 60 mg/m2 per day (140 t 56); phyto- 
plankton biomass, 1.03 t 0.41 mgiliter (0.69 
t 12); chlorophyll a ,  3.00 t 0.84 pgiliter 
(1.92 * 0.14); d~ssolved inorganic carbon, 1.41 
t 0.61 mglliter (1.60 t 0.07); Ca, 2.43 t 0.85 
mglliter (2.19 t 0.02); SO,, 4.09 t 0.99 mgiliter 
(3.35 * 0.20); Si, 1.20 t 1.04 mgiliter 
(1.29 * 0.01); total nitrogen, 314 -' 51 pglliter 
(272 2 25); and total phosphorus, 6.6 t 1.2 pgi 
liter (6.8 t 0.1). Mean depth and lake surface 
area hectare for Lake 223 and the reference 
lakes (mean and standard deviation, n = 6) were 
7.2 m versus 7.2 m -' 3.3 m, and 27.3 ha versus 
31.3 ha -' 16.6 ha, respectively. 

44. E. H.  Simpson, Nature (London) 163, 688 
(1949). 

45. R. Playle did many of the calculations for Fig. 1. 
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or the other of these components. 
The VIIIC molecule is an important 

regulatory protein in the coagulation cas- 
cade. After activation by trace quantities 
of thrombin, it accelerates the rate of 
factor X activation by factor IX, eventu- 
ally leading to the formation of the fibrin 
clot. Classic hemophilia (VIIIC defi- 
ciency) is an X chromosome-linked dis- 
order that affects one in 10,000 males, 
and has been recognized as a major 
source of hemorrhagic morbidity and' 
mortality since biblical times. Treatment 
consists of supportive measures and usu- 
ally requires frequent transfusion with 
blood products. The latter results in a 
high incidence of infectious complica- 
tions in this population, including vari- 
ous forms of hepatitis and acquired im- 
mune deficiency syndrome. 

The vWF molecule is an adhesive gly- 
coprotein synthesized by endothelial 
cells and megakaryocytes. It serves as a 
carrier in plasma for VIIIC and facili- 
tates platelet-vessel wall interactions. By 
binding to subendothelial structures and 
to the platelet surface it promotes shear- 
dependent platelet adhesion to the vessel 
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wall. Discrete domains of vWF which 
bind to platelet receptor sites on glyco- 
protein Ib and on the glycoprotein I I b  
IIIa complex, as well as to binding sites 
on collagen, have been noted. A variety 
of abnormalities in vWF activity can 
result in von Willebrand's disease 
(vWD). This disorder is generally inher- 

The vWF protein has only been detected 
in endothelial cells, megakaryocytes, 
and in tumors derived from vascular 
tissue (I, 3). In cultured endothelial 
cells, vWF is synthesized as a large 
precursor (240 to 260 kD) which is pro- 
cessed to the mature 220-kD subunit and 
assembled into multimers which then 

Abstract. Human factor VZZZ-von Willebrand factor (vWF) is a large, multimeric 
glycoprotein that plays a central role in the blood coagulation system, sewing both 
as a carrier for factor VZZZC (antihemophilic factor) and as a major mediator of 
platelet-vessel wall interaction. Diminished or abnormal vWF activity results in von 
Willebrand's disease (vWD), a common and complex hereditary bleeding disorder. 
Overlapping vWF cDNA clones that span 8.2 kilobases of the vWF messenger RNA 
have been obtained. vWF accounts for approximately 0.3 percent of endothelial cell 
messenger RNA and was undetectable in several other tissues examined. A large 
single copy gene for vWF is located on the short arm of chromosome 12 
(12~12  + 12pter). No gross gene rearrangement or deletion was detected in the 
DNA of two patients with severe vWD. 

ited in an autosomal dominant fashion 
and may s e c t  as many as one in 2000 
individuals. The mild forms may fre- 
quently go undiagnosed. Severely affect- 
ed patients may require frequent blood 
product support with its associated risks. 

Whereas the VIIIC molecule is a sin- 
gle-chain 220-kilodalton (kD) protein, 
vWF activity is expressed in a heteroge- 
neous series of multimers with molecular 
sizes ranging from 450 to 20,000 kD. 
These multimers are assembled from a 
single glycoprotein subunit of approxi- 
mately 220 kD. vWF accounts for 99 
percent of the mass of the plasma factor 
VIII molecular complex (1). The VIIIC 
messenger RNA (mRNA) has been 
found in various tissues including liver, 
placenta, and a T-cell hybridoma line (2). 

enter plasma (4). Endothelial cells are 
the major site of plasma vWF synthesis. 
Blood platelet alpha granules contain ap- 
proximately 15 percent of circulating 
vWF. There is little information regard- 
ing megakaryocyte biosynthesis of v WF 
or the role of this platelet vWF pool in 
hemostasis. 

As noted above, vWD is a complex 
and heterogeneous group of hereditary 
bleeding disorders (I). In the most com- 
mon variety (type I), patients have re- 
duced vWF activity, but secrete the full 
range of multimers into plasma. Several 
additional forms of vWD have been de- 
fined from clinical studies. Although 
their molecular defects are not fully un- 
derstood, they all exhibit a qualitative or 
quantitative abnormality of the vWF 
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molecule. The most common variants 
have a selective loss of the high molecu- 
lar weight multimers of vWF due to a 
failure of assembly (type IIa) or rapid 
clearance due to aberrant platelet bind- 
ing (type IIb). Occasional patients with 
an autosomal recessive form of vWD 
have been described. Analyses of sever- 
al large kindreds have failed to demon- 
strate definite linkage of any form of 
vWD to other genetic markers (5). 

The study of vWF biochemistry, 
structure, and activity has been particu- 
larly difficult because of its large size, 
heterogeneous nature, and poorly de- 
fined function. Until recently, there was 
no information on the primary structure 
of either the VIIIC or vWF proteins, or 
on the molecular basis of their respective 
clinical defects. The isolation of genomic 
and complementary DNA (cDNA) 
clones for VIIIC has now been reported 
(2), and molecular techniques should 
soon be applicable to the prenatal diag- 
nosis of hemophilia A. We have isolated 
cloned vWF cDNA sequences, which 
will now permit a molecular genetic ap- 
proach to the study of vWD and to the 
analysis of vWF structure and function. 

Expression cloning of v WF sequences. 
In order to isolate vWF cDNA we used 
the Agtl 1  bacteriophage expression vec- 
tor with a specific antibody as the detec- 
tion system. In this expression system, 
devised by Young and Davis (6), pro- 
teins are produced as fusion products at 
the COOH-terminus of bacterial p-galac- 
tosidase. A number of cDNA's have 
been cloned in this way (67), including 
those for several coagulation proteins 
(8). 

We constructed two large Agtl 1  bacte- 
riophage libraries of cDNA derived from 
cultured human umbilical vein endotheli- 
al cells (HUVEC), which are a recog- 
nized source of vWF. For the first li- 
brary cDNA was synthesized with oligo- 
deoxythymidylate [oligo(dT)] as primer 
[oligo(dT) library], and a pool of random 
hexanucleotides was used as primer for 
the second (random library). The ran- 
dom library was expected to contain 
clones randomly distributed along the 
length of the mRNA template, a feature 
that would avoid the bias toward the 3' 
end inherent in libraries primed with 
oligo(dT) . 

A primary culture of HUVEC (9) was 
grown and passaged in Medium 199 with 
20 percent fetal bovine serum in the 
presence of bovine endothelial cell 
growth factor (10) and fibronectin by the 
method of Maciag et al. (11). Growth 
was markedly enhanced by addition of 
heparin as described by Thornton et al. 
(12). Cultured cells were positive for 
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vWF antigen by immunofluorescence 
(II), and the conditioned media from the 
cultures contained vWF antigen as deter- 
mined by ELISA assay. After four addi- 
tional passages, cells were harvested and 
total RNA prepared by guanidine-HC1 
extraction (13). Polyadenylated [po- 
ly(A)+] mRNA was isolated from total 
endothelial cell RNA by oligo(dT)-cellu- 
lose column chromatography (14). 
cDNA was synthesized by the method of 
Okayama and Berg (15) as modified by 
Gubler and Hoffman (16). As noted 
above, one library was prepared with 
o l i g ~ ( d T ) , ~ - , ~  as primer for the first strand 
synthesis [oligo (dT) library] while a sec- 
ond cDNA pool was synthesized with a 
random mixture of hexanucleotides (P-L 
Biochemicals) as primer for first strand 
synthesis (random library). T4 DNA 
polymerase was used to create blunt 
ends and the cDNA's were ligated to 
synthetic Eco RI linkers after protection 
of internal Eco RI sites. The linker- 
ligated cDNA's were digested with Eco 
RI and separated from free linkers by 
Sepharose CL4B chromatography. Com- 
plementary DNA's were then ligated to 
Eco RI-digested, alkaline phosphatase- 
treated hgtll vector DNA (6), packaged 
in vitro (14), and plated on Escherichia 
coli host strain Y1088 (6). Each HUVEC 
cDNA library contained approximately 
3 x lo6 to 4 x lo6 independent recombi- 

nant clones. Nonrecombinant back- 
ground, as assessed by growth on isopro- 
pyl thio-P-D-galactopyranoside (1PTG)- 
X-Gal plates (6), was approximately 30 
percent. Inserts of ten randomly chosen 
cDNA clones were 1 to 3 kb in length. 

For detection of bacterial clones har- 
boring recombinant phage encoding 
products of the fusion of vWF and P- 
galactosidase, we used an affinity puri- 
fied heteroantiserum to human vWF 
(anti-vWF) (17). Approximately 3 x lo6 
recombinant clones from the above 
Xgtll endothelial cell cDNA libraries 
were screened as phage plaques on E. 
coli host strain Y1090 with anti-vWF at a 
1 : 1000 dilution, by the method of Young 
and Davis (6) (Fig. 1A). One of nine 
candidate positive plaques was strongly 
positive on a repeat antibody screening 
(Fig. 1B). Phage DNA of this clone 
(LVWd) was prepared by standard meth- 
ods (14). Lysogens of LVWd and wild- 
type Xgtll were prepared in the E. coli 
bacterial host strain Y1089 (6). Lysogens 
were grown in LB medium at 32°C to 
ODSso = 0.5. Phage were induced by 
temperature shift to 45°C for 20 minutes, 
and P-galactosidase production was in- 
duced by the addition of IPTG (2 to 5 
mM final concentration). After an addi- 
tional 1 hour at 38"C, bacteria were har- 
vested and resuspended in TBS with 0.2 
mM phenylmethylsulfenyl fluoride. Ly- 

sates were prepared by two freeze-thaw 
cycles and sonication, and examined by 
gel electrophoresis and "Western blot" 
analysis (17). The P-galactosidase fusion 
protein material synthesized by the 
LVWd lysogen stained specifically with 
anti-vWF (Fig. 1C). 

LVWd is authentic vWF cDNA. The 
nucleotide sequence was determined 
(Fig. 2) for the 549-base-pair cDNA in- 
sert of LVWd and an additional 81 bp 
just 3' to it, which was obtained from the 
overlapping clone pVWE6 (Fig. 3). A 
single open reading frame encoding 193 
amino acids was followed by a single 
termination codon. In LVWd this se- 
quence was in the same orientation and 
reading frame as the p-galactosidase 
gene with which it was fused. This is 
consistent with expression of a fusion 
protein product. To provide evidence 
independent of immunodetection that 
this cDNA encodes vWF, the primary 
COOH-terminal amino acid sequence 
was determined by limited carboxypepti- 
dase Y digestion of purified vWF protein 
and subsequent high-performance liquid 
chromatography (HPLC) analysis of 
cleaved amino acids. The sequence ob- 
tained (K-C-S-K) (18) was identical to 
that immediately preceding the stop co- 
don in our cDNA (Fig. 2B). In addition, 
the predicted COOH-terminal amino 
acid sequence E-C-K-C-S-P-R-K-C-S-K 
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Fig. 2. (A) Restriction map of the insert of clone LVWd with the 3' 
end of the overlapping clone pVWE6 (see Fig. 3), and the sequencing 
strategy employed. Solid lines and arrows indicate regions sequenced 
by the method of Maxam and Gilbert (30) with solid circles indicating 
the end-labeled restriction site. Dotted lines and arrows indicate 
regions sequenced by the method of Sanger et a / .  (31) with PstI 
fragments subcloned into M13 mpl l  (32). (B) DNA sequence for 618 
bp at the 3' end of vWF cDNA. The predicted amino acid sequence 
for 193 amino acid residues at the COOH-terminus of vWF is shown 
in the single letter amino acid code (18). The six nucleotides at the 
beginning and end of the DNA sequence correspond to the synthetic 
Eco RI linker introduced by the cloning procedure. The single 
termination codon is marked by a diamond. Arrowheads indicate two 
potential N-glycosylation sites. 
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(Fig. 2B) exactly matches the 1 1-residue 
COOH-terminal primary amino acid se- 
quence reported by Titani et al. (19). We 
conclude that LVWd encodes vWF and 
not another protein species inadvertently 
detected by antibody screening. 

Overlapping cDNA clones spanning 
the vWF transcript. The insert of LVWd 
was used as probe to rescreen the 
HUVEC libraries. Positive phage were 
detected with an abundance of about 0.3 
percent. Seven of the vWF recombinant 
phage were plaque-purified and the four 
largest cDNA inserts were subcloned 
into the plasmid vector pUC-13. A 270- 
bp Eco RI-Pst I fragment from the 5' 
end of pVWE2 (see Fig. 3) was used as 
probe to rescreen both HUVEC cDNA 
libraries, and a third series of overlap 
ping vWF cDNA clones was identified. 
A 400-bp Stu I fragment from the 5' end 
of one of these clones (pVWG8b) was 
then used as probe for a fourth round of 
screening of the primary libraries, and 

I . ,- nu- 

(18s rRNA) 

Fig. 3. Restriction map of vWF cDNA. Over- 
lapping cDNA clones obtained by rescreening 
of the HUVEC library were used to construct 
this map. The locations of the original clone 
pVWd and selected overlapping clones are 
shown. Of the six vWF cDNA clones illustrat- 
ed here, only pVWH33 was isolated from the 
random library. Others were obtained from 
the oligo(dT) library. Complementary DNA 
inserts of LVWd and other recombinant 
phage isolates were subcloned (for example, 
pVWd) into Eco RI-cut and bovine alkaline 
phosphatase-treated pUC- 13 plasmid (P-L 
Biochemicals). The probes and strategy used 
are described in the text. Fragments were 32P- 
labeled by an oligonucleotide primer labeling 
method (33). 

another set of cDNA clones further to- 
ward the 5' end was obtained. These 
overlapping clones span 8.2 kb of vWF 
mRNA (Fig. 3). 

The nucleotide sequence shown in 
Fig. 2B contains the translation termina- 
tion signal TGA (18) at a position corre- 
sponding to 8.15 kb in the vWF cDNA 
map (Fig. 3). The remaining 5' potential 
coding sequence is sufficient in length to 
encode a polypeptide of 300 kD, assum- 
ing a mean residue molecular weight of 
11 1 based on the amino acid composition 
of vWF (20). The termination codon is 
followed by 34 bases of 3' untranslated 
region (Fig. 2B). Neither the conserved 
endonucleolytic poly(A) addition signal 
AATAAA (21) nor a 3' poly(A) tract are 
contained in this sequence. We surmise 
that additional 3' untranslated sequences 
exist in vWF mRNA. 

As is discussed above, the COOH- 
terminal sequence obtained by primary 
amino acid sequence analysis of purified 

vWF polypeptide is identical to the pre- 
dicted amino acid sequence immediately 
preceding the stop codon in our cDNA 
(Fig. 2B). These data indicate that no 
posttranslational processing occurs at 
the COOH-terminal end of the vWF 
polypeptide. 

vWF protein structure. Previous bio- 
chemical studies have demonstrated that 
vWF is rich in proline (6.8 percent) and 
cysteine (7.3 percent) (20) with each sub- 
unit participating in 69 intrachain and 
interchain disulfide bonds (20, 22). The 
predicted sequence of vWF shown in 
Fig. 2B contains 5.2 percent proline and 
12.4 percent cysteine in 193 residues. 
This COOH-terminal fragment also con- 
tains two potential N-glycosylation sites 
(Fig. 2B). 

Expression of vWF mRNA. When 
used as a hybridization probe in North- 
em blot analysis (Fig. 4), vWF cDNA 
detects a single large (approximately 8 to 
10 kb) endothelial cell-specific RNA 
species. The observed signal intensity is 
in accord with the 0.3 percent frequency 
of positive phage detected on rescreen- 
ing of the HUVEC cDNA library. No 
hybridization was observed with RNA's 
from human fibroblasts, HeLa cells, a 
human T-cell leukemia line (Fig. 4), or 
human kidney (23). 

Gene structure and chromosomal lo- 
calization. Portions of the vWF cDNA 
have been used as probes in Southern 
blot analyses to assess the complexity of 
the cellular vWF gene and its chromo- 
somal localization. Initial use of LVWd 
as a probe revealed a simple pattern of 
hybridization, consistent with the pres- 

Fig. 4 (left). Northern blot analysis. Total cell RNA from HPB- 
ALL (a T-cell line) (lane I), endothelial cells (HUVEC) (lane 2) ,  
fibroblasts (lane 3), and HeLa cells (lane 4) were hybridized with 

NI Pt pVWd cDNA insert as probe. The location of ribosomal RNA * ,  size markers is indicated. A single hybridizing band of approxi- 
mately 8 to 10 kb was evident in the endothelial cell lane. No 

- z3.u signal was detectable in the other lanes. Total RNA was pre- 
- 9.8 pared from endothelial cells (HUVEC) and nonendothelial cells -- 6.6 I (HeLa cells, fibroblasts, and the T-cell line HPB-ALL), by lysis 

in a buffer containing 6M guanidine-HCI (13). The RNA's (20 pg , - 4.3 - -  I of total RNA per lane) were denatured with formaldehyde, 
subjected to electrophoresis in agarose, and transferred to nitro- 
cellulose filters (14). The filters were hybridized with 32P-labeled 
LVWd insert. Hybridization was in 10 percent dextran, 50 
percent formamide, 5x  standard saline citrate (SSC) (0.75M 
NaCI, 0.075M sodium citrate) at 42°C; the final washing was 
done in 0.1 x SSC at 68°C. Autoradiography with an intensifying 
screen at -80°C was for 24 hours (above), or 10 days (not -II) 0- 2.3 
shown). Fig. 5 (right). Southern blot analysis (14) of normal 

- 0.5 - - 2.0 and vWD patient genomic DNA. Lane 1 shows normal human 
DNA digested with Bam HI with LVWd insert as probe. DNA's 
in lanes 2 and 3 have been digested with Eco RI and probed with 
nearly complete vWF cDNA (that is, pooled radiolabeled inserts 
of pVWH5 and pVWH33; see Fig. 3). The DNA in lane 2 was 
prepared from a normal individual, and the DNA in lane 3 from a 
patient with severe vWD. Size marker positions are indicated to 
the right of lane 1 and lanes 2 to 3. Hybridization and washing 
conditions were identical to those described in Fig. 4 above, 
except that dextran was omitted. 
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ence of a single copy in the human 
genome (Fig. 5). Probes spanning almost 
the complete vWF mRNA detected a 
complex array of 17 or more bands (Fig. 
5). This pattern indicates a large gene 
interrupted by at least 16 introns and 
spanning a minimum of 80 kb of human 
genome. No rearrangement or deletion 
of vWF sequences was detected in DNA 
obtained from a patient with a severe 
variant of vWD (Fig. 5). The patient had 
no detectable vWF antigen (VIIIR:Ag, 0 
percent); this is measured with the use 
of an antibody to the human factor VIII- 
vWF complex, with pooled normal plas- 
ma as control. Ristocetin cofactor activi- 
ty (V1IIR:RCo) was 10 percent of con- 
trol. This is a functional assay of vWF 
based on the observation that the 
antibiotic ristocetin induces platelet ag- 
gregation in the presence of vWF (1). 
Analysis of DNA from a second patient 
with severe vWD (VIIIR:Ag, 0 percent, 
VIIIR:RCo, 0 percent), similarly yielded 
a pattern indistinguishable from normal 
(23). 

The chromosomal assignment of the 
vWF gene was established by use of 
somatic hybrid mapping panels (24) and 
by in situ chromosomal hybridization 
(25,26) (Fig. 6, A to C). The hybrid cell 
studies indicated that the vWF locus 
lies on 12p or proximal 12q (Fig. 6A). By 
the in situ hybridization analysis the 
vWF gene was localized to the region 
12p12 -, 12pter (Fig. 6, B and C). 

Discussion. We report here the isola- 
tion of nearly full-length cDNA for hu- 
man vWF and initial characterization of 
the vWF genetic locus. Several aspects 
of our cloning experiments deserve com- 
ment. 

The initial vWF cDNA clone was iso- 
lated by antibody screening in the hgtll 
expression vector. Only one positive 
clone was identified in 3 x lo6 recombi- 
nant phage. This low frequency of posi- 
tive plaques on initial screening of the 
HUVEC libraries with anti-vWF con- 
trasts with the much higher abundance of 
vWF clones in the same libraries when 
assayed by molecular hybridization. 
This discrepancy is partially explained 
by the fact that only one of six vWF 
cDNA inserts is expected to be in the 
appropriate orientation and reading 
frame for expression as a fusion protein 
product. Additional factors are likely to 
contribute more substantially. Other fea- 
tures of the cDNA insert may influence 
the level of fvsion protein in E. coli. 
Specifically, short peptide extensions 
may yield fusion products that are more 
stable or produced in larger amounts. In 
support of this hypothesis, a number of 
other workers using the hgtll system 

have noted small inserts in their initial 
antibody screening isolate (7). In addi- 
tion, epitopes expressed by cDNA 
clones corresponding to different regions 
of coding sequence may vary in reactiv- 
ity with anti-vWF. Another important 
factor may be the characteristics of our 
particular anti-vWF preparation, that is, 
its relative avidity and titer for the multi- 
ple individual epitopes in vWF. It is 
possible that a different antibody prepa- 
ration might detect additional clones in 

our cDNA library by this screening 
method. 

Partial sequence of vWF cDNA in 
conjunction with primary COOH-termi- 
nal peptide sequence [our own and (19)1, 
establishes that our cDNA1s are derived 
from authentic vWF mRNA and indi- 
cates that the extensive posttranslational 
processing of the vWF precursor is re- 
stricted to the NH2-terminus. DNA se- 
quence analysis of 2.7 kb at the 5' end of 
our cDNA clone pVWH33 (23) reveals 
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61, hamster cells (lane 7),  and human cells (lane 8). The hybrid cells corresponding to the DNA's 
in lanes 1, 3, 4, and 6 contain human chromosome 12p or proximal 12q while those 
corresponding to lanes 2 and 5 lack this chromosome. The segregation of the two human 
genomic components recognized by this probe was completely concordant with that of 
chromosome 12pproximal 12q in the 21 clones analyzed and discordant with the segregation of 
each of the other autosomes, the X and the Y (discordancy fractions 0.20 to 0.63). The solid 
arrows indicate the two human components and the dashed arrow the hamster component. Size 
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one continuous open reading frame. In tients studied here showed no evidence was prepared by incubation (overnight at 40DC) 
of 1 mg of purified vWF with 10 ml of CNBr- 
activated Sepharose 4B (Pharmacia) at p H  7.6 
and subsequent washing with 1 liter of TBS (50 
mM tris, pH 8.0, 150 mM NaCI). The antiserum 
(2 ml) was applied to 1 ml of packed gel and 
washed extensively, and the antibody was elut- 
ed at pH 11. Purified vWF protein was digested 
with staphylococcal V8 protease, reduced, frac- 
tionated by electrophoresis on 7 percent poly- 
acrylamide gels (PAGE) in the presence of sodi- 
um dodecyl sulfate (SDS) and p-mercapto- 
ethanol, transferred to nitrocellulose (Western 
blot), and stained with the affinity-purified vWF 
antibody preparation (anti-vWF); an immuno- 
peroxidase indicator system was used. Multiple 
bands were detected, including all those seen on 
a duplicate gel stained with Coomassie blue, 
indicating that this antibody preparation recog- 
nized multiple epitopes on the vWF molecule. 
This anti-vWF was used to screen the Agtll 
endothelial cell cDNA libraries as described in 
the text. This anti-vWF was also used in a 
"Western blot" analysis of the p-galactosidase 
fusion protein product of LVWd (Fig. 1C). The 
blot procedure was identical to that described 
above except that incubation with affinity puri- 
fied, '251-labeled horse antibody to rabbit Ig 
followed bv autoradioera~hv was used as the 

addition, a putative hydrophobic leader 
sequence is present immediately after 
the first ATG in clone pVWH33. These 
data suggest that the coding region ex- 
tends close to the 5' end of the cDNA. 
Given the location of the termination 
codon at position 8.15 kb (Figs. 2 and 3), 
these data imply that the primary vWF 
translation product is at least 300 kD in 
size. Thus, the intracellular vWF precur- 

for a gross alteration at the vWF locus. 
They may have either a small deletion or 
insertion, or a single nucleotide substitu- 
tion in the vWF gene or, alternatively, a 
defect at another locus as the molecular 
basis of their vWD. 

Further studies of vWF biosynthesis 
and the molecular basis of vWD should 
benefit from the availability of vWF 
cDNA clones. The complete amino acid 

sor observed in pulse-chase experiments 
may be larger than the previous esti- 
mates of 240 to 260 kD as determined by 

sequence of vWF, predicted from the 
cDNA, will help define the nature of 
vWF precursor processing, secretion, 

gel electrophoresis (1, 4). Alternatively, 
an additional NH2-terminal processing 
step may be required to generate the 240- 
to 260-kD precursor. Further studies are 

and multimer assembly. Application of 
DNA probes to the analysis of vWD 
offers the potential for sorting out the 
phenotypic heterogeneity of the disorder 

necessary to define these processing 
events. 

Of the normal tissues examined, vWF 

on a molecular genetic level, and for 
defining those regions of vWF that di- 
rectly influence protein assembly and 

- . .  
indicator system. 
The single letter abbreviations for the amino 
acid residues are: alanine, A; arginine, R; aspar- 
agine, N; aspartic acid, D; cyrteine, C; glutamic 
acid, E;  glutamine, Q; glycine, G; histidine, H;  
isoleucine, I; leucine, L;  lysine, K;  methionine, 
M; phenylalanine, F; proline, P; serine, S;  thre- 
onine, T ;  tryptophan, W; tyrosine, Y; valine, V. 
The single letter abbreviations for the DNA 

mRNA was detected only in cultured 
endothelial cells, consistent with the cel- 
lular distribution of vWF as determined 

function. 
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