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Abstract
By transfecting the full-length cDNA for human von Wille-
brand factor (vWf) into a line of Chinese hamster ovary cells
with a defect in carbohydrate metabolism, we have prepared
recombinant vWf specifically lacking 0-linked carbohydrates.
Wehave compared this under-glycosylated protein to fully gly-
cosylated recombinant vWf with respect to several structural
and binding properties. vWf deficient in 0-linked glycans was
synthesized, assembled into multimers, and secreted in an ap-
parently normal manner and was not prone to degradation in
the extracellular milieu. It did not differ from fully glycosylated
vWf in ability to bind to heparin or to collagen type I but did
interact less well with glycoprotein lb on formalin-fixed plate-
lets. This decreased interaction was evidenced in both a less-
ened overall binding to platelets and in diminished capacity to
promote platelet agglutination, in the presence of ristocetin. In
contrast, no difference was seen in platelet binding in the pres-
ence of botrocetin. These data indicate a possible role for 0-
linked carbohydrates in the vWf-glycoprotein lb interaction
promoted by ristocetin and suggest that abnormalities in carbo-
hydrate modification might contribute to the altered ristocetin-
dependent reactivity between vWf and platelets described for
some variant forms of von Willebrand disease. (J. Clin. Invest.
1992. 90:2258-2267.) Key words: Chinese hamster ovary cells
* glycosylation * protein binding , platelet agglutination * endo-
thelium

Introduction

von Willebrand factor (vWf)' is a large adhesive glycoprotein
synthesized by endothelial cells and megakaryocytes, which is
found in endothelial cells, platelets, plasma, and the subendo-
thelial matrix as an array of high molecular weight multimers.
There are two critical biological functions of vWf. First, it binds
noncovalently to and stabilizes clotting Factor VIIIC, the pro-
tein that is defective or lacking in hemophilia A. Second, vWf,
through its ability to bind strongly to components in the suben-
dothelium and to surface receptors on platelets, initiates plate-
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let plug formation at the site of an injury to the blood vessel
wall (for review see reference 1). Quantitative or qualitative
defects in the vWf protein result in a form of the prevalent
human bleeding disorder, von Willebrand disease (vWd) (for
review see reference 2).

In the endothelial cell, vWf is synthesized as a pre-pro-pro-
tein in the rough endoplasmic reticulum, where it undergoes
core N-glycosylation and forms dimers through disulfide bond
formation within the COOH-terminal regions of pairs of pro-
vWf subunits (3). These prodimers are subsequently trans-
ported to the Golgi apparatus, where N-linked carbohydrates
are processed and sulfated and 0-linked carbohydrates are
added to each subunit (4, 5). The prodimers are then assem-
bled, via disulfide bonds within the NH2-terminal regions of
the mature subunits, into a population of multimers contain-
ing up to 50 individual vWf subunits (6-8). Although the 741-
amino acid propeptide of vWf is required for multimerization,
it is not necessary for the functioning of vWf multimers and
generally is cleaved from the 2,050-amino acid mature subunit
(9, 10). Noncovalently bound dimers of vWfpropeptide circu-
late in plasma; their biological functions are presently un-
known( ll, 12).

The N-terminal region of the mature vWf subunit is not
only involved in multimerization but also contains several
binding sites essential to the normal physiological functioning
of vWf. Within the initial 728 amino acids of the mature sub-
unit are the binding sites for Factor VIIIC, for the extracellular
matrix components heparin and collagen type I, and for the
platelet glycoprotein lb (GP lb) ( 13-16). vWf must interact
strongly with components of the subendothelium and with the
platelet surface to mediate platelet attachment and spreading
and subsequently to maintain a platelet plug under the high
shear stress created by flowing blood. Therefore, an abnormal-
ity in the binding between vWf and one of these components
(whether due to the vWf itself or to the other protein) might
result in a bleeding disorder. This is the case, for example, in
Bernard-Soulier syndrome, where GP lb is absent (17) and
therefore the initial interaction between vWf and platelets can-
not occur. It has also been shown that vWf of patients with type
IIB vWdcan bind spontaneously to platelets, with consequent
depletion of both circulating platelets and of the larger, more
reactive multimers of plasma vWf ( 18).

The structural determinants of vWf participating in the in-
teractions with platelet GP lb and extracellular matrix compo-
nents are therefore of great interest. Recently, several aspects of
the binding sites within the region comprised by amino acids
449-728 of the mature subunit of vWf have been further delin-

1. Abbreviations used in this paper: EC, endothelial cells; Gal, galac-
tose; GalNAc, N-acetyl-glactosamine; G-4 18, geneticin sulfate; GP lb,
glycoprotein lb; O+, containing O-glycans; 0-, lacking O-glycans;
TBS, Tris-buffered saline; vWd, von Willebrand disease; vWf, von Wil-
lebrand factor.
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Figure 1. Schematic depiction of the platelet GP lb-binding region of
vWf. The region of the vWf mature subunit from amino acid 483 to
amino acid 727 is schematically represented, with the actual se-

quences from residues 483-509 and 695-727 given. The residues that
undergo 0-linked glycosylation (Thr residues 485, 492, 493, 705,
714, and 724 and Ser residues 500 and 723) are shown in boldface
type with open symbols above. The intrachain disulfide bond between
Cys residues 509 and 695 (48) draws into close spatial proximity the
regions of the vWf primary sequence that participate in the ristoce-
tin-induced interaction with platelet GP lb (19).

eated. Synthetic peptides spanning the sequences of two non-

contiguous regions of vWf (residues 469-498 and 689-713)
have been shown to synergistically inhibit the ristocetin-depen-
dent binding between native vWf and GP lb. The greatest inhi-
bition was exhibited by individual peptides corresponding to
vWf sequences between amino acid residues 474-488 and
694-708 (19). Because there is a disulfide bond between Cys
residues 509 and 695 (see Fig. 1), these regions are brought
into close proximity in the native vWf protein (19, 20). How-
ever, the same peptides do not block botrocetin-induced bind-
ing between GPlb and vWf(21). In contrast, proteolytic frag-
ments of vWf containing amino acids 512-673 (that is, resi-
dues within the loop created by the Cys 509-Cys 695 disulfide
bond) inhibit binding between native vWf and both heparin
and collagen type I, whereas proteolytic fragments of vWf lack-
ing this region do not (22), suggesting that determinants within
this area are necessary for the interactions between vWf and
these matrix constituents. This disulfide loop region is also re-

quired for binding between vWf and GP lb in the presence of
botrocetin, but not ristocetin (23).

The mature subunit of vWf is glycosylated, bearing 12 N-
linked carbohydrates and 10 0-linked carbohydrates (4). 8 of
the 10 0-linked glycans are located within or near the noncon-

tiguous regions that are required for ristocetin-induced binding
between vWf and GP lb (Fig. 1), and indeed, two of these
0-glycans, at Thr residues 485 and 705, occur within the two
peptides found to be most efficient in inhibition of ristocetin-
induced binding (19). This marked clustering of 0-linked gly-
cosylation sites suggested that these modifications might influ-
ence the interaction between vWf and platelets that leads to the
formation of a platelet plug.

Whether the 0-linked glycans play any role in this or in any

other function of vWf is not presently known. To assess the
possible influence of 0-glycans upon the properties of vWf, we

constructed a vector containing the full-length cDNA for hu-
manvWf and transfected it into a mutant line of Chinese ham-
ster ovary cells that exhibit a severe but reversible defect in
carbohydrate metabolism. In this way, fully glycosylated re-

combinant vWf and recombinant vWf with intact N-linked

carbohydrates but devoid of O-linked carbohydrates have been
produced. Wehave employed these to investigate the participa-
tion of O-glycans in binding of vWf to several ligands. We
report here that vWf lacking O-linked carbohydrate modifica-
tions bound normally to heparin and to collagen, and to plate-
lets in the presence of botrocetin, but that it exhibited reduced
binding to GP lb and limited ability to agglutinate platelets in
the presence of moderate amounts of ristocetin.

Methods

Materials
ldl-D cells were generously provided to us by Dr. M. Krieger
(Massachusetts Institute of Technology, Cambridge, MA).
pvW-198 was constructed by inserting the full-length cDNA
for vWf into p- 198 (a gift of N. Sarver, National Institutes of
Health, Bethesda, MD) such that its expression is under the
control ofthe cytomegalovirus enhancer and the SV40 immedi-
ate-early promoter; this plasmid also contains the SV40 ter-
minator. pHSV-neo (a gift of D. Kaplan and T. Roberts, Dana-
Farber Cancer Institute, Boston, MA) contains the bacterial
neomycin-resistance gene under the control of the Harvey sar-
coma virus LTR and is analogous to pSV2-neo (24). Polyclo-
nal rabbit anti-human vWf antibody, monoclonal anti-
human GP lb antibody, horseradish-peroxidase-conjugated
polyclonal rabbit anti-human vWf antibody, and orthopheny-
lenediamine were products of DAKOCorporation (Dakopatts,
Copenhagen, Denmark), as was the alkaline-phosphatase-
conjugated goat anti-rabbit polyclonal antibody. Monoclonal
antibody to an epitope in the COOHterminus of the mature
vWf subunit (2.2.9) covalently coupled to Sepharose was a gift
of Dr. Z. Ruggeri (La Jolla, CA). Normal pooled human
plasma was obtained from George King Bio-Medical, Inc.
(Overland Park, KS). Radioisotopes were purchased from Du-
Pont NewEngland Nuclear (Boston, MA). Chemical reagents,
including galactose (Gal) and N-acetyl-galactosamine (Gal-
NAc), were from Sigma Chemical Co. (St. Louis, MO), as
were uncoupled Sepharose beads. Type I bovine collagen was
from Worthington Biochemical Corp. (Freehold, NJ). Mate-
rials for agarose gel electrophoresis were obtained from FMC
Corp. (Rockland, ME) whereas those for polyacrylamide gel
electrophoresis were from Bio-Rad Laboratories (Rockville
Center, NY). The media for metabolic labeling experiments
were prepared from the Gibco minimal essential medium Se-
lect-Amine Kit, supplemented with Gal and/or GalNAc as
noted; growth media, antibiotics, geneticin sulfate (G-418),
and serum were also obtained from Gibco Laboratories
(Grand Island, NY). ITS+ serum supplement was obtained
from Collaborative Research (Bedford, MA). Botrocetin was
the generous gift of Dr. Marorie Read (University of North
Carolina, Chapel Hill, NC). Formalin-fixed human platelets
and ristocetin were purchased from Bio-Data Corp. (Hatboro,
PA), and heparin-Sepharose beads were purchased from Phar-
macia LKB Biotechnology Inc. (Uppsala, Sweden). Microcon-
centration units ( 100,000 mol wt cutoff) were purchased from
Amicon (Beverly, MA) and microtiter plates were purchased
from Flow Laboratories, Inc., subsid. of Flow General Inc.
(McLean, VA). A transfer apparatus (Transphor; Hoefer Sci-
entific Instruments, San Francisco, CA) and nitrocellulose
paper (Nitroscreen West; DuPont NewEngland Nuclear) were
used for Western blotting. 5-Bromo-4-chloro-3-indolyl-phos-
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phate (BCIP) and nitro blue tetrazolium (NBT) were pur-
chased from Promega Corp. (Madison, WI).

Cell culture
Stock ldl-D cells were maintained in Ham's F12 medium sup-
plemented with 2 mMglutamine, 100 U/ml penicillin, 100
,Mg/ml streptomycin, and 5% fetal bovine serum, at 370C in a
humidified 5% C02:95% air incubator. After stable transfec-
tion, cells were cultured in the same medium containing 125
gg/ml G-418. Normal human umbilical vein endothelial cells
(EC), elaborating native vWf were used as a positive control in
some experiments and were cultured as previously described (6).

To produce vWf with altered carbohydrate modifications,
clone A- 16 cells (an isolate of ldl-D cells stably transfected with
pvW-198 and pHSV-neo) were trypsinized on day 0 into full-
growth medium. On day 1, the medium was replaced with one
of two Ham's/ITS+ selective media. Ham's/ITS+ is Ham's
F12 medium supplemented with penicillin and streptomycin
and, in place of serum, a mixture of the following: insulin
(0.625 mg/ml), transferrin (0.625 mg/ml), selenium (0.625
,tg/ml), linoleic acid (0.535 mg/ml), and bovine serum albu-
min (0.125 mg/ml). This formulation was supplemented ei-
ther with 20 MMGal (glycoproteins will be deficient in 0-
linked glycans only) or with 200 MMGalNAc and 20 ,uM Gal
(glycoproteins will contain 0-linked as well as N-linked gly-
cans). Therefore these selective media are referred to respec-
tively as 0- and 0+ media. A- 16 cells were preincubated for 48
h in the selective media to deplete their internal sugar nucleo-
tide pools of GalNAc if necessary. For collection of condi-
tioned medium samples, fresh Ham's/ITS+ selective media or
labeling media were then applied.

Transfection
Stock ldl-D cells were seeded into growth medium at 750,000
cells per 100-mm dish and were treated at 37°C for 5.5 h either
with a calcium phosphate-DNA precipitate containing 40 ,ug
of pvW-198 and 10 Mig of pHSV-neo DNAs or with a mock
transfection mixture containing a calcium phosphate precipi-
tate but no DNA. Cells were washed with PBS and fed with
full-growth medium immediately, and again at 24 h after trans-
fection. At 48 h the cells were trypsinized to new dishes and
placed in growth medium containing 250 ,g/ml of G-418.
Transfected colonies resistant to G-418 were isolated, ex-
panded, and assessed for expression of vWf by ELISA. A- 16 is a
G-4 18-resistant isolate expressing vWf; A-42 is a G-4 1 8-resis-
tant isolate that does not elaborate vWf protein. No ldl-D cells
survived on dishes that underwent mock transfection.

ELISA for vWf
The sandwich ELISA employed in this work was performed as
follows. A rabbit polyclonal anti-human vWf antibody was
applied to the wells of a microtiter dish, and then samples were
added and allowed to bind the antibody. Next, a second poly-
clonal anti-human vWf antibody, conjugated to horseradish
peroxidase, was applied. The wells were incubated with the
substrates orthophenylenediamine and hydrogen peroxide.
After development of colored product, the enzyme reaction
was quenched by addition of sulfuric acid, and the optical den-
sity of the solution in each well was determined using a micro-
plate reader (Titer-Tek Multiscan Plus; Flow Laboratories,
Inc., subsid. of Flow General Inc.). As a vWf standard, pooled
normal human plasma was used.

Metabolic labeling and immunoprecipitation
After preincubation in 0- or O+Ham's/ITS+ media for 48 h,
A-16 or A-42 cells were labeled in serum-free MEMsupple-
mented with 20MMGal (O --labeling medium) or with 200,M
GalNAc and 20 MMGal (O+-labeling medium) and [35S]-
cysteine at the specific activities noted. Conditioned media
were collected, and the vWf was immunoprecipitated and elec-
trophoresed on SDS-polyacrylamide or SDS-agarose gels as de-
scribed previously (5). For some experiments, the polyclonal
antibody employed in the ELISA assay was employed for im-
munoprecipitation whereas for other experiments, the mono-
clonal antibody 2.2.9, covalently coupled to Sepharose, or a
mixture of these, was employed. A-42 and EC were similarly
treated.

Binding assays
The media of A- 16 cells were collected for 48 h as described
and was concentrated 10-fold. vWf protein levels were deter-
mined by ELISA so that equivalent amounts of each were em-
ployed. Typical vWf levels were between 0.5 and 1 ,g/ml.

Heparin binding. Aliquots of concentrated 0- or 0+ col-
lection media were incubated with Sepharose beads containing
or lacking immobilized heparin, in 50 mMTris-buffered saline
(TBS) pH 7.4 containing 1% BSA (TBS-BSA), for 30 min
with rocking, at room temperature ( 14). The unbound super-
natant was removed, and the beads were washed and then
eluted with TBS-BSA containing concentrations of NaCl
< 0.5 M. All fractions were then assayed by ELISA.

Collagen binding. Collagen binding was assayed by a modi-
fication of the procedure of Bockenstedt et al. (25). An 11
mg/ml bovine type I acid-soluble collagen stock solution was
diluted to 1.87 mg/ml in 20 mMsodium citrate buffer pH 6.1.
This solution was used to coat the wells of a microtiter plate for
90 min at 37°C. Subsequently the wells were washed with 50
mMTris buffer pH 7.4 plus 150 mMNaCl and were blocked
with 0. 1%BSA in that buffer for 60 min at room temperature.
Dilutions of conditioned media containing 0- or O+ recombi-
nant vWf were then added to the wells and the level of vWf
bound to the collagen after a 60-min incubation at 37°C was
determined with the rabbit anti-human vWf polyclonal anti-
body conjugated to horseradish peroxidase, as described for the
ELISA assay.

GP lb binding. To assay ristocetin-dependent binding of
vWf to platelets, aliquots of 0- or O+ collection media were
incubated in TBSwith Formalin-fixed human platelets in TBS
at 1 X 108/ml, final concentration in 400 Ml total volume.
Ristocetin was added to the final concentrations noted. After
rocking at room temperature for 30 min, the platelets were
sedimented by centrifugation, and the levels of vWf remaining
in the supernatant were determined by ELISA. No spontane-
ous binding to platelets in the absence of ristocetin occurred
with either sample. Assays with botrocetin were performed in a
similar manner.

Platelet agglutination. 0- or 0+ culture media were con-
centrated as described above, and then aliquots of these sam-
ples were stirred at 37°C, along with Formalin-fixed human
platelets at 1 x 108/ml, in a total volume of 400 Ml, in cuvettes
of a dual-channel aggregometer (Sienco, Inc., Morrison, CO).
The change in light transmittance through each sample was
monitored after addition of ristocetin at the concentrations
noted.
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Western blotting
After electrophoresis, vWf protein from SDS-agarose gels was
blotted to nitrocellulose paper by a 5-h transfer at 0.5 mAin 20
mMTris, 150 mMglycine buffer pH 8.3 containing 20% (vol/
vol) methanol and 0.01% SDS in a transfer apparatus (Trans-
phor; Hoefer Scientific Instruments). The blot was blocked in
a solution of 5% Carnation® dry milk in PBS, and then incu-
bated with anti-vWfpolyclonal antibody at 1:500 (vol/vol) in
10 mMTris buffer pH 7.4 containing 150 mMNaCl and 4%
BSA (wt/vol). After washing, the blot was incubated with de-
tecting antibody (alkaline-phosphatase-conjugated goat anti-
rabbit polyclonal antibody) and then developed with the colori-
metric phosphatase substrates nitro blue tetrazolium and 5-
bromo-4-chloro-3-indolyl-phosphate.

Results

Characteristics of Idl-D cells. ldl-D cells are a Chinese hamster
ovary line that are severely deficient in UDP-galactose 4-epi-
merase and UDP-N-acetyl-galactosamine 4-epimerase activi-
ties (26). Since these cells cannot interconvert UDP-glucose
and UDP-galactose (UDP-Gal), or UDP-N-acetyl-glucos-
amine and UDP-N-acetyl-galactosamine (UDP-GalNAc),
they consequently cannot incorporate either Gal or GalNAc
into carbohydrate chains when provided with medium lacking
these sugars. However, when Gal and/or GalNAc are provided
in the culture medium, ldl-D cells take them up and convert
them to UDP-Gal and UDP-GalNAc by salvage pathways. Be-
cause GalNAc is only rarely found in N-linked glycans but is
the initial residue of the mucin-type 0-linked carbohydrate
chains added to glycoproteins in the Golgi apparatus of animal
cells (27), the omission of GalNAc from the culture medium
permits selective suppression of O-linked glycosylation. Gal is
a commonconstituent of both N-linked and 0-linked glycans,
therefore its inclusion in the culture medium when GalNAc is
absent insures that N-linked carbohydrates will be processed
normally. Whenboth Gal and GalNAc supplement the culture
medium, the synthesis of both the N-linked and O-linked car-
bohydrate chains of glycoproteins is unimpeded.

Subunit structure, multimer assembly, secretion, and stabil-
ity of v Wf A cytomegalovirus-based expression vector contain-
ing the full cDNA for human vWf was transfected into ldl-D
cells and those clones expressing vWf, as detected by ELISA,
were isolated as described in Methods. One isolate, referred to
as A- 16, has been employed for the experiments reported in
this paper. Ona per cell basis, A- 16 cells express approximately
the same level of vWf protein as do human umbilical vein EC
(data not shown). In some experiments, another isolate of ldl-
D cells, termed A-42, which does not express vWf, has been
used as a negative control.

After a 48-h preincubation in 0- or O+ media, A- 16 cells
were labeled for 16 h with [355]cysteine. Their culture media
were then immunoprecipitated with a mixture ofa monoclonal
antibody directed against an epitope in the COOH-terminal
portion of the vWf mature subunit and a polyclonal anti-vWf
antibody. The culture conditions influenced the electropho-
retic mobilities of the vWf large and mature subunits, as can be
seen in Fig. 2. Whendevoid of O-linked glycans, the large and
mature subunits of vWf exhibited a greater electrophoretic mo-
bility than did the completely glycosylated subunits. Because
most of the vWf recovered from conditioned medium was in

1 2 3 4 Figure 2. Expression of
vWf in A-16 cells. A-16
cells in serum-free O0
(lane 1) or 0- (lane 2)
media were labeled for
16 h with [35S]cysteine
at 50 MCi/ml. Confluent
A-42 cells, ldl-D cells
that do not express re-
combinant vWf (lane

4Ŵ 3), and human umbili-
cal vein EC (lane 4)
were labeled under
identigal conditions in
the 0- medium. The
labeled conditioned me-
dia from these cultures
were immunoprecipi-
tated with a mixture of

*0. polyclonal anti-vWf an-
tibody and anti-vWf

monoclonal antibody 2.2.9, and then analyzed on a 6% denaturing
polyacrylamide gel, as described. The arrow shows the migration po-
sition of a 1 80-kD marker protein. The exposure period was 1 d.

the form of the mature subunit, proteolytic processing to re-
move the propeptide of recombinant pro-vWf must occur be-
fore secretion. The fully glycosylated vWf, synthesized by A- 16
cells in the presence ofboth Gal and GalNAc, was indistinguish-
able in electrophoretic mobility from that synthesized by hu-
man umbilical vein EC. As expected, no labeled material was
detected in the control lane, containing immunoprecipitate of
the conditioned medium from the non-vWf-expressing A-42
cells.

The [35S] cysteine-labeled samples from a similar experi-
ment were analyzed on a discontinuous 1.5% SDS-agarose gel
(Fig. 3). A Western blot of this gel was done, and the multimer
pattern of normal pooled human plasma, which was not im-
munoprecipitated before application to the gel, is shown in
lane 1. Lanes 2 and 3 are the autoradiographs of immunopreci-
pitated samples of recombinant vWf with and without 0-
linked glycans, respectively. Both the Western blot and its auto-
radiograph demonstrate the presence of multimers in recombi-
nant vWf, whether fully glycosylated or deficient in O-glycans.

In this system as well, the difference in electrophoretic mo-
bility of vWf with altered carbohydrate modifications was ob-
served. The higher molecular weight multimers of vWf were
assembled and secreted under conditions where O-glycosyla-
tion was not carried out. Since, unlike human umbilical vein
EC, ldl-D cells do not have a regulated secretion pathway, the
largest multimers are not as prevalent as those seen in the con-
ditioned medium of ECor in plasma (references 3, 28; Fig. 3).
However, multimers up to the 20-mer are detectable in the
conditioned media of the ldl-D cells, regardless of whether 0-
linked glycans are present. Migrating behind each major band
are satellite multimers containing one or more subunits of large
vWf. These data indicate that the absence of O-linked glycans
does not adversely affect the process of vWf multimerization.

The data described above demonstrated that vWf without
O-linked glycans was multimerized, processed by proteolytic
removal of the propeptide, and constitutively secreted from
A- 16 cells. A lack of O-glycans interfered with translocation of
at least one membrane glycoprotein, the gp55 of the IL-2 recep-
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Figure 3. Agarose gel electrophoresis
i of vWf. O+ and 0 vWf were pre-

pared from A-16 cells labeled in
serum-free media with [ S]cysteine
at 50 ,uCi/ml for 16 h. The labeled
conditioned media from these cultures
were immunoprecipitated with
monoclonal anti-vWf antibody, and
the vWf multimers were analyzed on
a 1.5% discontinuous SDS-agarose
gel, along with 5 /l of pooled normal
human plasma (- 50 ,g vWf). A
Western blot of this gel was then done.
Lane 1 corresponds to the vWf of hu-
manplasma, photographed from the
Western blot. The autoradiograph of
the blot is shown in lanes 2 and 3;
lane 2 corresponds to O+ recombinant
vWf and lane 3 to 0- recombinant
vWf. The exposure for the autoradio-
gram was 20 d.

tor (29), however, when the relative rates and extents of vWf
secretion under each condition of carbohydrate modification
were examined by pulse-chase experiments, no discernable
difference was noted (unpublished data).

The stability of some membrane glycoproteins is compro-
mised by a lack of O-linked carbohydrate (26, 30). In contrast,
vWf devoid of 0-linked carbohydrates did not seem to be mark-
edly unstable relative to its fully glycosylated counterpart. Dur-
ing shorter term experiments, such as labeling periods of 16 to
24 h, there was clearly accumulation of intact vWf multimers
in the conditioned medium (for example, Fig. 3). Also, polyclo-
nal anti-vWf antibody did not immunoprecipitate fragments of
vWf detectable on polyacrylamide gels (data not shown).
Whether a lack of O-linked glycans affected the longer-term
stability of vWf was investigated by incubating labeled condi-
tioned medium from A- 16 cells cultured under the various
conditions in the presence of growing A-42 cells for 5 d. Then,
the conditioned medium from the A-42 cultures was immuno-
precipitated with polyclonal anti-vWf antibody. These samples
were compared on SDS-polyacrylamide gels with aliquots that
were immunoprecipitated immediately after the labeling pe-
riod was completed (Fig. 4 A). Whenthe radioactive label in
each band was quantitated using a blot analyzer (Beta Scope;
Betagen, Waltham, MA), it was found that nearly equal
amounts of radioactivity were present in the vWf bands im-
munoprecipitated before and after 5 d of incubation in the
presence of the A-42 cells. Samples prepared similarly were

immunoprecipitated with monoclonal anti-vWf antibody and

analyzed by agarose gel electrophoresis (Fig. 4 B). A full range
of vWf multimers was recovered from both samples, and no
leading satellites were observed in either. Thus, lack of 0-
linked glycans does not seem to lead to proteolytic instability of
vWf in the tissue culture environment.

Effects ofO-glycosylation on v Wfbinding andplatelet agglu-
tination. Since 8 of the 10 O-linked glycosylation sites on the
2,050-amino acid mature vWf subunit are located within the
region encompassing the heparin, collagen type I, and platelet
GP l b binding sites, we investigated whether the O-linked car-
bohydrates might be functionally important to the binding be-
tween vWf and these proteins.

Both vWf with N-linked and O-linked glycans and vWf
selectively lacking the O-linked glycans did bind to Sepharose
beads that were chemically coupled to heparin (Fig. 5) but not
to Sepharose beads alone (data not shown). These vWf sam-
ples were eluted from the heparin-Sepharose at the expected
NaCl concentrations (0.20-0.25 M) (14). When assayed for
ability to bind to collagen type I, again no discrepancy was seen
between vWf samples possessing or lacking O-linked carbohy-
drates (data not shown).

In contrast, we observed that whereas vWf modified by 0-
glycans bound to formalin-fixed human platelets at low con-
centrations of ristocetin, vWf without 0-glycans did not (Fig.
6). At higher ristocetin concentrations, the inability of the un-
derglycosylated vWf to bind to platelets appeared to be partly
overcome, although the observed binding was clearly less than
that observed for the fully glycosylated vWf at the same con-
centration of ristocetin. There was negligible binding of either
vWf sample to the platelets in the absence of ristocetin and
negligible reaction between either vWf sample and ristoctin in
the absence of platelets. The interaction between platelets and
recombinant O+vWf was inhibitable by a monoclonal anti-GP
lb antibody, suggesting that binding is via the GP lb receptor
(unpublished results). Since equivalent amounts of vWf pro-
tein were used, and since the underglycosylated sample is not
unstable or of a significantly different multimer distribution
than the fully glycosylated sample, the lower binding could be
attributed to a diminished interaction between this vWf sample
and the platelet GP lb. However, we also examined the binding
between 0- and O+ vWf and formalin-fixed platelets in the
presence of botrocetin and found that this agent promoted the
interaction regardless of the glycosylation state of the vWf
(Fig. 7).

To further analyze the interaction between these vWf sam-
ples and GP lb, we performed agglutination assays of 0- and
0+-conditioned media containing equivalent amounts of vWf
with formalin-fixed human platelets and ristocetin at several
different final concentrations (Fig. 8). The vWf was capable of
supporting agglutination of platelets both in the presence and
the absence of O-glycans, but again the extent of the reaction
was dependent upon the glycosylation state of the vWf. The
agglutination was more extensive for O+ vWf than 0- vWf at
each level of ristocetin. Thus, in terms of ability to support
ristocetin-dependent agglutination, the vWf lacking O-linked
glycans was also deficient in comparison to the vWf possessing
0-linked glycans.

Discussion

The contributions of 0-linked glycans to the properties of gly-
coproteins are not well understood. At present, there are two
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Figure 4. Stability of vWf. (A) A-16 cells were labeled with [35 ]-
cysteine at 100 AsCi/ml for 18 h in serum-free O0 or 0- media.
Each sample of conditioned medium was then divided in half. One
half of each was immunoprecipitated immediately (day 1) with a
mixture of polyclonal and monoclonal anti-vWf antibodies. The
other half of each was incubated with a growing culture of A-42
cells, ldl-D cells that do not express vWf, for 5 additional days before
immunoprecipitation (day 6). These samples were then electro-
phoresed on an 8% denaturing polyacrylamide gel. The exposure
period was 1 d. The level of [ 3SI cysteine in each band was deter-
mined using a blot analyzer. By this analysis the amount of radio-
activity recovered in each day 6 sample was virtually identical to
that present in the corresponding day I sample. (B) A-16 cells were
labeled with [35S]cysteine at 50 MCi/ml for 18 h in serum-free O+
or 0- media. These conditioned media samples were treated as de-
scribed for A, except that the monoclonal antibody 2.2.9 was em-

ployed for immunoprecipitation. The samples were then analyzed
on a discontinuous 1.5% SDS-agarose gel. The exposure period was
20 d.

general approaches available to address this question and each
has been successfully applied to certain glycoproteins. The first
is to compare the properties of the native glycoprotein to those
of its enzymatically deglycosylated counterpart and is espe-
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1.0

0.5

cially useful when the glycosylation pattern is relatively simple.
For example, this method has been employed to show that the
presence of O-glycans may influence protein conformation. In
physical studies of ovine submaxillary mucin, which is very
heavily glycosylated by a single disaccharide, a-NeuNAc(2-
6)a-GalNAc-O-Ser/Thr, it was found that fully glycosylated
and asialo mucins assume an extended random coil conforma-
tion. Removal of both the sialic acid and the GalNAc, however,
caused the mucin peptide backbone to assume a conformation
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Figure 5. Binding of recombinant vWf to heparin. Aliquots of A-16
culture medium collected for 48 h in O+ (open symbols) or 0-
(closed symbols) selective media were incubated for 30 min at room

temperature, in 50 mMTris buffer pH 7.4 containing 0.15 MNaCl
and 1% BSA, with Sepharose beads containing immobilized heparin.
The unbound supernatant was removed and the beads were washed
once with 10 vol of buffer. This wash was also removed and the hep-
arin-coupled beads were successively eluted with buffer containing
increasing concentrations of NaCl, up to 0.5 M. The unbound super-

natants, the washes, and the eluants at each concentration of NaCl
were assayed by ELISA for the presence of vWf. The optical density
values obtained in the ELISA assays are plotted here vs. the concen-

trations of NaCl employed.

0.0 0.2 0.4 0.6 0.8 1.0 1.2

mg/ml ristocetin

Figure 6. Binding of recombinant vWf to platelets in the presence of
ristocetin. Aliquots of A-16 culture medium collected for 48 h in O+
or 0- serum-free selective media were concentrated 10-fold. Equiva-
lent amounts of vWf were added to 4 x I0' Formalin-fixed human
platelets reconstituted in 50 mMTris buffer pH 7.4 plus 150 mM
NaCl. The indicated concentrations of ristocetin were added, and the
reaction mixtures were incubated with rocking at room temperature
for 30 min. Then the platelets were sedimented by centrifugation and
the levels of vWf remaining in the supernatant were determined by
ELISA. The open symbols depict the percent of the initial O+ vWf
level remaining after incubation, whereas the closed symbols depict
the percent of the initial 0 vWf level remaining after incubation.
No spontaneous binding to platelets in the absence of ristocetin oc-

curred with either sample.
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Figure 7. Binding of recombinant vWf to platelets in the presence of
botrocetin. Assays were performed as for ristocetin-induced binding,
except that the reaction time was 15 min. Again, the open symbols
depict the percent of the initial O0 vWf level remaining after incuba-
tion, whereas the closed symbols depict the percent of the initial 0-
vWf level remaining after incubation. No spontaneous binding to
platelets in the absence of botrocetin was noted.

similar to that of a denatured globular protein (31 ). The 0-gly-
cans, and in particular the initial GalNAc residues, are appar-
ently responsible for maintaining the native structure. Simi-
larly, in a study of recombinant human granulocyte colony-
stimulating factor, the presence of the single carbohydrate
modification, an 0-glycan, was found necessary to maintain
the native conformation and activity over a period of
days (32).

For the study of recombinant glycoproteins with more
complex glycosylation patterns, a second experimental system
has recently become available. This system uses ldl-D cells,
with their bypassable deficiency of UDP-galactose 4-epimerase
and UDP-N-acetyl-galactosamine 4-epimerase activities. Us-
ing this system, it has been demonstrated that although two
cell-surface glycoproteins, the low-density lipoprotein receptor
(26) and the decay-accelerating factor (30), are normally syn-
thesized and transported, they are unstable in the extracellular
milieu and are quickly degraded. Another surface glycoprotein,
the gp55 of the IL-2 receptor (29) is apparently transported
improperly within the ldl-D cells when not 0-glycosylated. In
contrast, two soluble glycoproteins, apolipoprotein E (33) and
the 3-subunit of human chorionic gonadotropin (34), are not
destabilized or incorrectly transported when lacking in 0-gly-
cans.

Previous studies of the influence of carbohydrate on the
functions of human vWf used enzymatic treatments of the na-
tive protein and have shown that deglycosylation can induce
both instability to proteases and alterations in adhesiveness.
vWf exhibits a complicated pattern of carbohydrate modifica-
tion, with 12 N-linked glycans and 100 -linked glycans present
on each mature subunit. 8 of the 100 -linked glycans are situ-
ated between residues 485-500 and 705-724, short regions of
vWf protein backbone that are believed to be close together in
the tertiary structure ( 19), with the other two 0-linked glycans
found at positions 916 and 1,535. The N-linked glycans are
distributed more evenly between the NH2-terminal and
COOH-terminal regions of the vWf subunit. Five of these oc-
cur between residues 94 and 811, and seven occur between
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Figure 8. Platelet agglutination by recombinant vWf. O0 (left col-
umn) or 0- (center column) conditioned media were prepared from
A-16 cells as described above, and then were concentrated 10-fold.
Aliquots of these concentrated media, containing equivalent amounts
of vWf, were stirred at 370C along with 4 X I07 Formalin-fixed hu-
man platelets, in a total volume of 300 ul, in cuvettes of a dual-chan-
nel aggregometer. The change in light transmittance through each
sample was monitored after addition of ristocetin at the concentra-
tions noted in the column at the right. The arrows denote the time
of addition of ristocetin to the cuvettes, and each tracing runs from
left to right.

residues 1,460 and 2,027 (4). Sialic acids and Gal are common
constituents of both N-linked and 0-linked glycans, and in fact
occur on at least some glycans isolated from human vWf ( 35,
36). The enzymatic removal of these components will there-
fore introduce alterations in both classes of glycans, and at
widely distributed sites. The removal of terminal sialic acids
from the carbohydrate of vWf by treatment with neuramini-
dase increases sensitivity to proteolysis within the NH2-termi-
nal region, whereas removal of both sialic acids and Gal by
treatment with neuraminidase and 13-galactosidase induces
greater sensitivity (37). It has also been demonstrated that en-
zymatic desialation augments the adhesive interaction of vWf
with the GP lb receptor of washed platelets (38).

Wehave used the ldl-D system to address the role of 0-
linked carbohydrate modifications to the properties of vWf. In
our studies, recombinant vWf was synthesized by a stably
transfected ldl-D isolate, A- 16, in apparently equivalent
amounts, whether 0-linked carbohydrates were present or not.
Also, the vWf was able to assemble into dimers and subse-
quently into multimers when lacking 0-linked carbohydrate
modifications. The smaller multimeric forms predominated in
the vWf secreted by the Idl-D cells. Conversion to the mature
subunit (e.g., removal of the propeptide) and the rate and ex-
tent of constitutive secretion of the multimers were similarly
unaffected by the glycosylation state. Although proteolytic in-
stability in a tissue-culture environment has been implicated as
a mechanism in at least one form of vWd, Type IIA (39), such
instability was not seen for vWf lacking 0-glycans.

The absence of 0-linked carbohydrates was without influ-

2264 J. A. Carew, S. M. Quinn, J. H. Stoddart, and D. C. Lynch

0

= w

3 Z

0.000 0.005

100. + O-glycans



ence on the binding between vWf and both collagen type I and
heparin but did result in a decreased, not heightened, interac-
tion with platelet GP lb when ristocetin was used as modula-
tor. This effect was evidenced both as a lower overall binding to
Formalin-fixed platelets and as a diminished ability of vWf to
agglutinate the platelets at the lower concentrations of ristoce-
tin tested. Because the 0-glycan-deficient vWf is stable, and its
multimeric distribution appears identical to that of the fully
glycosylated recombinant vWf, these observations seem di-
rectly attributable to the lack of O-linked glycans. Conversely,
the presence of carbohydrates had no apparent influence on the
interaction between vWf and GP lb induced by botrocetin.

This observation must be examined with respect to the
various differences between ristocetin (a glycopeptide pro-
duced by Nocardia lurida) and botrocetin (a glycoprotein fac-
tor from the venom of snakes of the genus Bothrops) as cofac-
tors for platelet agglutination by soluble vWf. Ristocetin can
cause the precipitation of protein, is more reactive with the
larger multimers of vWf than with the smaller multimers, and
is confined in reactivity to human platelets and vWf (40, 41) .
Botrocetin, however, is not known to be a protein-precipitating
agent, is reactive with all multimeric forms of vWf, and pro-
motes aggregation with platelets and plasma from many mam-
malian sources (42-44). Unlike ristocetin, botrocetin is active
with vWf from patients with type IIA vWd (41), which may
have a lowered affinity for GP lb compared with native vWf
(45). The mechanisms of action by which these agents induce
vWf-dependent platelet aggregation may differ as well. Ristoce-
tin apparently binds to both the platelet and vWf (40). How-
ever, it has been established that botrocetin reacts with the vWf
to form a vWf-botrocetin complex, which subsequently inter-
acts with platelet GP lb (46).

The same general region of vWf (extending from amino
acid Val 449-Lys 728) is involved in binding to GP lb,
whether that binding is induced by ristocetin or botrocetin.
Proteolytic fragments of vWf that contain the entire region are
reactive with platelets in the presence of either agent (16, 47).
Among the interesting features of this region (Fig. 1) is the
disulfide bond between Cys 509 and Cys 695, which effectively
segregates a region having a large proportion of positively
charged residues (510-694) from one with few positively
charged residues, which is extensively modified by carbohy-
drate chains, and therefore is expected to carry a strong nega-
tive charge (449-509 and 695-728) (48). The importance of
the disulfide-loop region and its overall positive charge to the
interaction between vWf and GP lb has been shown recently
by analyses of amino acid substitutions occurring in type IIB
vWf (49, 50). Four missense mutations have been reported
within the disulfide-loop region; three of these involve the re-
placement of arginine residues with uncharged residues.

The intrachain disulfide loop may also contain the binding
site for botrocetin. The dimeric proteolytic fragment IIIT2,
generated by successive digestions of vWf with protease V8 and
trypsin, which does not contain amino acid residues Leu 521 -
Lys 673 (that is, most of the intrachain disulfide loop), also
does not have reactivity with platelets in the presence of botro-
cetin (23). Recently, it has been suggested that the botrocetin-
binding site includes amino acid residues 539-553, 569-583,
and 629-643 (51).

With regard to ristocetin-vWf binding, an electrostatic
mechanism has been proposed. Ristocetin is cationic and
would be expected to interact with a region of the vWf having a

net negative charge (52). It has been suggested that dimeric
ristocetin recognizes the amino acid sequence X-Pro-Gly-X.
This sequence is found in many proteins that are precipitated
by ristocetin (40). Within amino acids Val 449-Lys 728 of
vWf there are two of these sequences: Glu-Pro-Gly-Gly (resi-
dues 476-479) and Gly-Pro-Gly-Leu (residues 716-719);
these occur very near to the 0-linked glycosylation sites and to
one another. The binding site for GP lb induced by ristocetin
apparently involves two noncontiguous regions of vWf, which
are drawn together by the Cys 509-Cys 695 disulfide bond ( 19,
22). Mohri et al. (19, 22) have demonstrated that, at high
concentrations, either synthetic peptide, corresponding to Cys
474-Pro 488 and Ser 694-Pro 708 of the mature vWf subunit,
suppresses the binding between native vWf and platelets in the
presence of ristocetin and between asialo-vWf and platelets in
the absence of ristocetin. These peptides span the regions
thought to bind ristocetin and encompass two of the eight 0-
linked glycosylation sites of the vWf. It is not yet clear, how-
ever, that these noncontiguous regions comprise a GP 1 b-
binding site on vWf, since these same peptides do not inhibit
binding to GP lb in the presence of botrocetin (53), and it
might be inferred that there is a single GP lb-binding site on
vWf that is made available in different ways by ristocetin and
by botrocetin.

The data we have presented here do not contradict these
observations. The O-linked glycans of vWf are clustered near
the regions designated as important for binding to platelets in
the presence of ristocetin ( 19), and we have shown an effect of
O-glycosylation on ristocetin-induced binding and agglutina-
tion. Glycosylation is not absolutely required for the ristocetin-
dependent interaction of vWf with GP lb. This is evident, since
the synthetic peptides employed by Mohri et al. ( 19, 22) for
inhibition of binding were not glycosylated. In addition, Pietu
et al. (54) have shown that the Val440-Asn730 fragment of
vWf cDNA expressed in Escherichia coli can bind to washed
platelets in the presence of 1 mg/ml ristocetin and that a syn-
thetic peptide corresponding to amino acids 692-708 of vWf
can inhibit this interaction. Our data suggest only that the 0-
glycans of vWf have a positive influence upon the interaction
with GP lb induced by ristocetin, whereas their absence dimin-
ishes the interaction. Desialation of vWf permits a spontaneous
interaction with platelets and, presumably, desialation of the
O-glycans contributes to this effect. However, our data suggest
that the absence of entire O-glycans might significantly alter
the local conformation of the protein so that it is no longer able
to interact properly with either ristocetin or GP lb, or both.
The data indicating that platelet binding in the presence of
botrocetin is not affected by the glycosylation state of vWf also
do not contradict prior observations, since the disulfide-loop
region of vWf, required for botrocetin reactivity, is not glycosy-
lated.

At present, there is no clear association between the extent
of carbohydrate modification of vWf, and vWd, which might
be due to any of a diverse number of causes. In type I vWd,
there is an overall decrease in the amount of apparently normal
vWf protein present in the plasma, although the entire spec-
trum of multimers is represented (2). In type IIA vWdthere is
either proteolytic instability of the vWf multimers, especially
the largest multimers, in the plasma (39) or a defect in vWf
secretion (55). However, bleeding abnormalities might also be
occasioned by an aberration in the binding characteristics of an
apparently quantitatively and structurally normal vWf protein.
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For instance, in a variant form of vWdthe bleeding disorder
arises from a decreased binding between vWf and Factor
VIIIC, attributable to a defect in the vWf protein (56, 57). A
similar mechanism was recently implicated in type IIB vWd,
where the decrease in both circulating platelets and the larger
vWf multimers from plasma is attributable to spontaneous
binding between soluble vWf and platelets ( 18, 58). It has been
reported that type IIA vWf may have reduced affinity for GP
lb as well (45 ). It might be expected that any defect in vWf that
reduced the extent of the interaction with GP lb might also
induce a clinically significant bleeding disorder. We have
shown here that a lack of O-linked carbohydrate modifications
on vWf may be one such defect that hinders appropriate plate-
let agglutination.

It is not known at present whether the effect we have de-
scribed is a cumulative response to the loss of several O-linked
carbohydrates or whether it could result, for instance, from a
point mutation causing the loss of a single key O-linked carbo-
hydrate attachment site. The presence of the eight O-linked
carbohydrate modifications in a cluster around the ristocetin-
dependent GP lb-binding site might help to maintain an opti-
mal conformation of this region of vWf for appropriate binding
to the platelet surface, and only the loss of most or all of these
might be sufficient to produce a phenotypically altered vWf
protein. Alternatively, if 0-glycosylations at one or a few criti-
cal positions participate directly in the vWf-GP lb-binding
reaction, the loss of even a single O-linked carbohydrate might
result in a dysfunctional vWf protein. Weare currently under-
taking experiments to differentiate between these possibilities.
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