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Abstract. To better define the role of carbo-
hydrate in the structure and ristocetin cofactor activity
of von Willebrand factor, we have removed up to 83%
of total hexose by sequential treatment of the molecule
with endo-#-N-acetyl-glucosaminidase F (endo F), neur-
aminidase, and (3-galactosidase. Endo F alone removed
69% of total hexose and D-galactose, and 71% of sialic
acid. However, there was no discernible loss of large
multimers and the ristocetin cofactor activity was de-
creased by only 1 1%. The reduced von Willebrand factor
subunit migrated more rapidly in polyacrylamide gels
containing SDS, consistent with a 10% decrease of
molecular mass. All multimers of unreduced carbohy-
drate-modified von Willebrand factor migrated more
rapidly in SDS-agarose, but the triplet pattern of indi-
vidual multimers was unchanged. This alteration in
multimer migration rate did not resemble alterations
found so far in von Willebrand disease variants. Further
treatment of von Willebrand factor with neuraminidase
and 3-galactosidase reduced the D-galactose to 15% and
ristocetin cofactor activity to 57%. A similar decrease in
ristocetin cofactor activity was seen if von Willebrand
factor was treated only with neuraminidase and f-
galactosidase. In contrast, treating von Willebrand factor
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with neuraminidase and ,B-galactosidase in the presence
of protease inhibitors (20 mMbenzamidine, 20 U/ml
aprotonin, 15 ,g/ml leupeptin) resulted in a comparable
removal of carbohydrate with no change in ristocetin
cofactor activity. Moreover, the multimeric structure
remained intact in spite of 80% removal of D-galactose.
This suggested that carbohydrate was protecting von
Willebrand factor against traces of one or more protease
contaminants. Evidence in support of this hypothesis
was obtained by exposing von Willebrand factor to
plasmin after pretreatment with neuraminidase alone or
with neuraminidase and ,B-galactosidase. A loss of large
multimers was observed from von Willebrand factor
that had been pretreated with neuraminidase, but this
was even greater if pretreatment was also with ,B-galac-
tosidase. In contrast, the multimeric structure of von
Willebrand factor with intact carbohydrate was not
affected by plasmin under similar conditions. These
studies suggest that carbohydrate protects von Willebrand
factor from disaggregation occurring secondarily to pro-
teolytic attack but does not play a direct role in main-
taining its multimeric structure or ristocetin cofactor
activity.

Introduction

von Willebrand Factor (vWF)' is a large multimeric glycoprotein
that interacts with platelets at the early stages of hemostasis.

1. Abbreviations used in this paper: EACA, E-amino caproic acid; endo
F, endo-,-N-acetyl-glucosaminidase F; TBS, Tris-buffered saline; vWF,
von Willebrand factor; eF-vWF, vWFmodified by endo F; neu-vWF,
vWF modified by neuraminidase; neu-#-gal-vWF, vWF modified by
neuraminidase and ,B-galactosidase sequentially; ef-neu-vWF, vWF
modified by endo F and neuraminidase sequentially; eF-neu-#-gal-
vWF, vWF modified by endo F, neuraminidase, and ,B-galactosidase
sequentially.
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The largest vWFmultimers appear to be the most hemostati-
cally effective and are absent in some variants of von Willebrand
disease (1-4). Carbohydrate composes 10-15% of the mass of
vWFand has been implicated in the structural and functional
integrity of the molecule (1). The structure of the major
asparagine-linked sugar chain of vWF has been determined
(5). The removal of terminal sialic acid with neuraminidase
has been reported to result in loss of ristocetin cofactor activity
by some authors (6, 7), while other investigators have found
no changes of this activity (8, 9). Rather, asialo-vWF induces
spontaneous aggregation of platelets in the presence of one or
more plasma cofactors (8). Removal of the penultimate galac-
tose by fl-galactosidase or its modification by galactose-oxidase
has been reported to largely abolish the ristocetin cofactor
activity of vWF (9, 10). More recently, removal of galactose
residues has also been associated with loss of large vWF
multimers (I 1). Carbohydrate analysis of vWF from patients
with von Willebrand disease has shown decreased sugar content
in some individuals (8, 12, 13), but not in others (8, 14).

We have treated vWF sequentially with endo-fl-N-acetyl-
glucosaminidase F (endo F) (15), neuraminidase, and l-galac-
tosidase, and were able to remove as much as 83% of the
carbohydrate from the molecule. However, we could not
confirm that carbohydrate was necessary for either the ristocetin
cofactor activity of vWF or its multimeric structure. Rather
we demonstrated that carbohydrate protects vWF against
plasmin degradation. The role of the carbohydrate side chain
in protecting glycoproteins from proteolytic degradation has
been observed previously (16) and may be of importance in
maintaining the integrity of vWF in an environment where
proteases, such as plasmin, may be present.

Methods

vWF protein was purified from cryoprecipitate, kindly provided by
Dr. Carolyn Orthner (American Red Cross, Bethesda, MD). This
material was recryoprecipitated after the addition of 20 mME-amino-
caproic acid (EACA) and processed according to the method of
Newman et al. (17), as modified by Switzer and McKee (18). After
the final polyethylene glycol precipitation, sucrose (20% wt/vol) was
added and ultracentrifugation was performed at 100,000 g for 45 min.
The lipid was removed by aspiration and the remaining supernatant
was then passed through a 90 X 5-cm Sepharose CL4B (Pharmacia
Fine Chemicals, Piscataway, NJ) column equilibrated with 0.02 M
imidazol, 0.01 Mcitrate, 0.02 MEACA, 0.15 MNaCI, pH 6.5.

Fractions of the first two-thirds of the void volume were pooled
and concentrated to 1-4 mg/ml in dialysis bags using Aquacide II-A
(Calbiochem-Behring Corp., La Jolla, CA) as a hygroscopic agent. The
vWFwas then extensively dialyzed against 0.02 MTris, 0.15 MNaCI,
pH 7.4 (Tris-buffered saline, TBS). After reduction and electrophoresis
in a 5%polyacrylamide gel containing SDS, only one major polypeptide
of Mr = 200,000 could be detected by Coomassie Blue staining. Endo
F was prepared from Flavobacterium meningosepticum and purified
as described (15). Neuraminidase from Vibrio cholerae was obtained
from Calbiochem-Behring Corp., and fl-galactosidase from Streptococcus
pneumoniae was kindly provided by Dr. Gilbert Ashwell (National

Institutes of Health, Bethesda, MD). Plasmin was a gift of Dr. David
Loskutoff (Scripps Clinic and Research Foundation, La Jolla, CA) and
was prepared as follows: plasminogen (900 qg/ml) was purified from
plasma as described (19) and activated to plasmin by incubating it
with urokinase (190 Ag/ml) for 24 h at 370C in a 0.1 M Tris-HC1
buffer, pH 8.1, containing 50% glycerol.

vWF was incubated with endo F for 18 h at 370C after dialysis
into 0.1 Mphosphate buffer, pH 6.1, containing 50 mMEDTA. For
most experiments, 50 U of enzyme/mg of vWF were used (I U of
endo F is the amount necessary to convert 1 nmol of ribonuclease B
to ribonuclease A in 1 h at 370C). If the vWFwas then to be treated
with exoglycosidase, it was passed through a 15 X 0.5-m Sepharose
CL-4B column equilibrated with the appropriate buffer before treatment
with each enzyme. Neuraminidase was incubated at a concentration
of 0.1 U/mg of vWF, in the presence of 8 mMCaC12, for 3 h at 370C,
pH 6.5, and fl-galactosidase was incubated at a concentration of 0.01
U/mg of vWF, for 24 h at 37°C, pH 6.1. As a control, native vWF
was incubated under the same conditions but in the absence of the
enzymes. Results obtained with this control vWFdid not differ from
those obtained with vWF that had not been so incubated. In some
experiments, digestion with neuraminidase and f3-galactosidase was
carried out with benzamidine (20 mM), leupeptin (15 ug/ml) and
aprotinin (20 U/ml) inluded in all buffers.

After incubation with the enzymes, vWFwas passed through a 15
X 0.5-cm Sepharose CL-4B column equilibrated with TBS. Control
native vWFwas similarly treated. Void volume fractions were pooled
and analyzed within 24 h for carbohydrate content, ristocetin cofactor
activity, and mobility in both unreduced SDS-agarose gels and reduced
SDS-polyacrylamide gels. The recovery of vWF in the void volume
fractions was always between 50 and 70%. In some experiments, the
carbohydrate present in the included fractions was measured to dem-
onstrate that carbohydrate removed from vWFcould be recovered.

In some experiments, vWFwas subsequently incubated with plasmin
in concentrations of 4 to 96 Ag/mg of vWFfor 4-24 h at 37°C. After
incubation, plasmin was neutralized with aprotonin (20-50 U/ml).

Total hexose content of vWFwas measured by the phenol sulphuric
method of Dubois et al. (20), using a 1:1 mixture of glucose and
galactose or a 1:1 mixture of mannose and galactose as reference
standards. Both standards gave similar results. N-Acetyl glucosamine
was determined in a Beckman (Beckman Instruments, Fullerton, CA)
amino acid analyzer 121-M after hydrolysis in 5.7 N HC1 at 1 10°C
for 4 h, using pure N-acetyl glucosamine as reference. Sialic acid was
measured after hydrolysis of vWF in 0.02 MH2SO4 at 80°C for 60
min using N-acetylneuraminic acid as a standard (21). D-Galactose
and L-Fucose were determined after hydrolysis in I or 2 Mhydrochloric
acid at 1000C for 2 h by an enzymatic assay using galactose- and
fucose-dehydrogenase respectively. No differences were seen at the
different hydrochloric acid concentrations (22).

Protein concentration was determined either by the method of
Lowry et al. (23) or by absorbance at 280 nm, using a scattering
correction based on the absorbance at 320 nm (18). Both methods
gave similar values and the results obtained by the latter method are

given.
SDS-polyacrylamide slab gel electrophoresis of reduced vWFwas

performed according to the method of Laemmli (24). Reduction was

accomplished with either 50 mMDTT or 2% fl-mercaptoethanol. Gels
were stained with Coomassie Blue. Molecular weight standards were

reduced fibronectin (Mr = 220,000), phosphorylase b (Mr = 95,000),
and bovine serum albumin (Mr = 68,000).

SDS-agarose gel electrophoresis of unreduced vWFwas performed
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Table 1. Carbohydrate Content of Native and Carbohydrate Modified vWF(nmol/mg)

Total hexose N-Acetyl glucosamine Sialic acid L-Fucose D-Galactose
Type of vWF Mean (range) Mean (range) Mean (range) Mean (range) Mean (range)

Native 788 810* 259t 132 70t 181 201*
(9)§ (718-888) (240-273) (116-166) (56-89) (135-258)

Neu 648 5 178
(8) (639-658) (3-8) (135-205)

Neu--gal 535 490* 5 51 40*
(4) (515-559) (3-6) (20-68)

eF 245 51 38 66 56
(8) (208-290) (44-58) (18-58) (50-85) (44-78)

eF-neu 204 <5 54
(7) (189-220) (36-78)

eF-neu-#-gal 134 <5 27
(3) (123-141) (12-44)

* These values were obtained when treatment with exoglycosidases was performed in the presence of benzamidine (20 mM), leupeptin (15 Ag/
ml), and aprotonin (20 U/ml). $ n = 3. § Number of experiments indicated in parentheses.

as previously described (25), except that 1.4% LGT-agarose (Sigma
Chemical Co., St. Louis, MO) was used.

Ristocetin cofactor activity was measured as published (26) except
that formalin fixed platelets were used. vWF antigen levels were
analyzed by rocket immunoelectrophoresis (27). In both assays results
were expressed as a percent of a pool of 20 normal plasmas.

Results

Carbohydrate content after enzymatic treatment. Endo F re-
moves carbohydrate most efficiently with the aid of detergents
and reducing agents (15). However, for our studies, we wished
to maintain as much native structure as possible and thus
such agents were not used. Therefore, relatively large quantities
of enzyme were required. To determine the maximum amount
of carbohydrate that could be removed with endo F, increasing
concentrations of the enzyme were incubated with a constant
concentration of vWF. At 50 U endo F/mg of vWF, maximal
removal of hexose, sialic acid, and D-galactose was achieved.
For all succeeding experiments, this concentration of endo F
was, therefore, used. Approximately 69% of total hexose was
removed from endo F-treated vWF (eF-vWF) (Tables I and
II), as were corresponding amounts of N-acetyl glucosamine,
sialic acid and D-galactose (Tables I and II). However, there
was only a minimal decrease in the content of L-fucose (Tables
I and II), consistent with extensive fucosylation of the innermost
N-acetylglucosamine of the chitobiose core that remains after
endo F treatment (5, 14). Treatment of eF-vWF with neur-
aminidase and fl-galactosidase resulted in a molecule (eF-neu-

fl-gal-vWF), which contained <4%sialic acid, 15% D-galactose,
and 17% of the total hexose of native vWF(Tables I and II).

Native vWF was also treated with neuraminidase (neu-
vWF), then followed by fl-galactosidase (neu-j#-gal-vWF). In
four experiments, this resulted in an average reduction of sialic
acid to 5%, D-galactose to 28%, and total hexose to 68% of
the initial concentrations (Tables I and II). Whenbenzamidine,
leupeptin, and aprotinin were included in all buffers, a similar
reduction in carbohydrate was seen (Tables I and II). Carbo-
hydrate removed by the glycosidases could be recovered in the
included volume of the Sepharose CL-4B column used to
separate the glycosidase from the deglycosylated vWF.

Structure and function of carbohydrate modified vWF.
Polyacrylamide (5%) gel electrophoresis of reduced eF-vWF in

Table II. Percent Carbohydrate Remaining in Modified vWF

N-Acetyl Sialic
Type of vWF Total hexose glucosamine acid L-Fucose D-Galactose

Native 100 100 100 100 100
Neu 82 - 5 - 98
Neu-,-gal 68 60* - 5 - 28 20*
eF 31 20 29 94 31
eF-neu 26 - <4 - 30
eF-Neu-#-gaI 17 - <4 - 15

* These values were obtained when treatment with exoglycosidases was per-
formed in the presence of benzamidine (20 mM), leupeptin (15 sg/ml) and
aprotonin (20 U/ml).
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the presence of 0.1% SDS showed a major subunit of about
Mr = 180,000 compared with Mr = 200,000 for native vWF,
suggesting a decrease in molecular mass of about 10% (Fig. 1).
A similar increased mobility was observed with eF-neu-(3-gal-
vWF(not shown). A faint band was present beneath the major
band of native or glycosidase-treated vWF. This material was
shown to be antigenically related to vWF by electrophoretic
transfer to nitrocellulose and reaction with monoclonal anti-
bodies to vWF (Western blotting) (28). Though not always
apparent by Coomassie staining, it was always detected by
monoclonal antibody and presumably represents a proteolytic
product of the major subunit.

Unreduced eF-neu-,3-gal-vWF and neu-(3-gal-vWF were
electrophoresed in SDS-agarose gels and compared with native
vWF (Fig. 2). The sample treated only with exoglycosidases

eF

eF
neu neu

Nat P3gal P3gal

Figure 2. SDS- 1.4% agarose
electrophoresis of unreduced
native (Nat) vWF, or vWF
treated sequentially with neur-
aminidase followed by fl-galac-
tosidase (neu-(l-gal), or with
endo F followed by neuramini-
dase and fl-galactosidase (eF-
neu-,B-gal). Approximately 10
ng were applied. Following fix-
ation with isopropanol and
acetic acid, the gels were
treated with '23I-anti-vWF. An
autoradiograph of the gel is
shown.

showed increased electrophoretic mobility when compared
with native vWF. This was even greater if the vWFwas first
treated with endo F. Endo F alone had a similar effect (not
shown). However, no apparent changes in the triplet structure
nor evident loss of the largest multimers occurred after removal
of carbohydrate. Purified native vWFhad the same multimeric
structure as vWF in plasma (not shown).

Ristocetin cofactor activity per unit of vWFantigens was
determined for the different forms of carbohydrate modified
vWF(Table III). eF-vWF showed 89% of initial activity, while
eF-neu-vWF and eF-neu-(#-gal-vWF had 70 and 57%, respec-
tively. Ristocetin cofactor activity of neu-vWF was higher than
that of native vWF (111%), while that of neu-#-gal-vWF was
62%. However, neu-,B-gal-vWF prepared in the presence of
benzamidine, leupeptin, and aprotonin retained 99% of risto-
cetin cofactor activity, though the reduction in carbohydrate
was as great as in the absence of these protease inhibitors
(Tables I, II, and III).

Effect of plasmin on carbohydrate modified vWF. Carbo-
hydrate modified vWF, but not native vWF, readily lost large
multimers consequent to plasmin proteolysis. This was evident
with neu-vWF, but even more so with neu-ft-gal-vWF (Fig. 3).
As little as 4 Mg plasmin/mg of vWF produced appreciable
large multimer loss from neu-p-gal-vWF in 16 h (Fig. 4). This
effect was dose dependent (Fig. 4). On the other hand, only
minimal loss of large multimers from native vWF could be
detected with 96 Mg of plasmin per mgof vWFafter 24 h (not
shown).

Figure 1. SDS-polyacrylamide gel
electrophoresis of reduced native
(Nat) or eF vWF. Approximately
6 ;tg was applied per lane. The gel
was stained with Coomassie Blue.

Discussion

Conflicting reports concerning the possible role of carbohydrate
in the structure and function of vWFhave led us to explore
the effect of sequential enzymatic removal of carbohydrate
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Table III. Ristocetin Cofactor Activity of Carbohydrate Modified vWF

Ristocetin cofactor Ristocetin cofactor
Type of vWF vWFantigen Ristocetin cofactor vWFantigen remaining per mg of vWF

U/mg /mg %

Native 113 106* 125 118* 1.10 100
(94 (101-121) (106-138)

Neu 105 130 1.25 111
(8) (100-110) (108-145)

Neu-#-gal 101 107* 69 117* 0.68 62 99*
(4) (90-111) (52-79)

eF 105 103 0.98 89
(8) (101-1 10) (72-125)

eF-neu 101 78 0.77 70
(7) (91-1 12) (45-122)

eF-neu-0-gal 101 64 0.63 57
(3) (89-110) (46-83)

* These values were obtained when treatment with exoglycosidases was performed in the presence of benzamidine (20 mM), leupeptin (15 jg/
ml) and aprotonin (20 U/ml). t Number of experiments indicated in parentheses.

from the molecule. In our hands, neuraminidase and neur-
aminidase followed by f3-galactosidase removed similar per-
centages of sialic acid and D-galactose as previously reported
by others (9, 10). In contrast to the recent report of Gralnik
and co-workers (10), however, no discernible alteration of
multimeric structure was observed after this treatment. Though
exoglycosidase treatment of vWF in the absence of protease
inhibitors was followed by a decrease in ristocetin cofactor

Figure 3. Effect of plasmin on

multimeric structure of carbo-
hydrate modified vWF. SDS-
1.4% agarose electrophoresis of
unreduced native vWF(Nat),
vWFtreated with neuramini-
dase (neu), and vWFtreated
sequentially with neuramini-
dase and ,-galactosidase (neu-
,-gal). After treatment with ex-

oglycosidases, the carbohydrate
modified vWF, and native
vWFas a control, were incu-
bated with plasmin (32 ug/mg
of vWF) for 4 h.

activity to -62% of the initial value, no decrease was seen
when these inhibitors were present throughout the incubation.
Nevertheless, the decrease in total hexose and galactose was
the same in both cases. Gralnick et al. (10) and Sodetz et al.
(9), on the other hand, reported a decrease in ristocetin
cofactor activity to 10%,1 of the initial value when vWF was

neu neu neu
Nat P3gal Nat P3gal Nat IPgal

liii _ _ _ _g_ 'Ii _
0 4 8

Figure 4. Effect of plasmin on multimeric structure of von Wille-
brand factor. SDS-1.4% agarose electrophoresis of unreduced native
vWF(Nat) and vWFsequentially treated with neuraminidase and ,-
galactosidase (neu-l-gal). After treatment with the exoglycosidases,
the carbohydrate modified vWF, and native vWFas a control, were
incubated with plasmin at 4 or 8 ag/mg of vWFfor 16 h. On the
left are shown these samples after incubation in the absence of plas-
min (0).
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treated with neuraminidase followed by fl-galactosidase or
galactose-oxidase. The explanation of these different results
may lie in the demonstration that small quantities of plasmin
induce loss of large multimers from carbohydrate modified
vWF. Since traces of one or more proteases may contaminate
even highly purified vWF, removal of carbohydrate may
appear to be directly responsible for causing disaggregation of
vWF when it is simply making the protein susceptible to
attack by plasmin or other contaminating proteases. Disaggre-
gation from any cause can be expected to decrease ristocetin
cofactor activity. Though not readily apparent on SDS-agarose
electrophoresis, some disaggregation may have occurred and
caused the partial loss of ristocetin cofactor activity we observed
in those of our experiments performed in the absence of
protease inhibitors.

The physiological significance of the carbohydrate moiety
of most glycoproteins is not known. Recently, however, car-
bohydrate has been shown to protect proteins from intracellular
and extracellular proteolytic degradation (16). Our results
demonstrate that this is clearly one role of the carbohydrate
moiety of vWF. It may be particularly important in situations,
such as intravascular coagulation, when free proteases may
appear in plasma and degradation of vWFwould significantly
worsen an already compromised hemostatic mechanism.

Treatment of vWFwith endo F removed -69% of total
hexose and of D-galactose. This was associated with an alteration
in the migration rate of the reduced subunit in SDS-polyacryl-
amide gels consistent with a decrease in molecular mass of
approximately 10%. Since all of the vWFsubunit changed its
migration rate after treatment, it is unlikely that carbohydrate
was removed from only a subset of vWF molecules. In
addition, all of the multimers of unreduced vWF showed a
more rapid migration in SDS-agarose after treatment with
endo F. However, there was no discernible loss of large
multimers and the ristocetin cofactor activity was decreased
only 11%. This again contrasts with the report of Gralnick
and co-workers in which release of 60% of the D-galactose was
associated with a readily demonstrable loss of large multimers
and a 70% decrease in ristocetin cofactor activity.

Treatment of eF-vWF with neuraminidase and ,B-galacto-
sidase succeeded in reducing the total hexose to only 17% of
that in native vWF. Despite this marked reduction in sugar
content, the larger multimers remained intact and the "triplet
structure" of repeating multimeric units was not altered. These
observations have important implications, with regard to the
proposed role of carbohydrate in determining some of the
abnormalities seen in von Willebrand disease (10). In a previous
report we showed that the vWF in types I, IIA, and IUb von

Willebrand disease had a normal or decreased isoelectric point
(29). On the contrary, neuraminidase-treated vWF had a

substantially higher isoelectric point than normal vWF (28),
as would be expected following removal of the negatively
charged sialic acid residues. It was, therefore, unlikely that
simple absence of sialic acid was the basis for the vWF

abnormalities seen in the von Willebrand disease variants
studied. However, a more profound defect in the carbohydrate
structure of vWF-with balancing effects on the isoelectric
point-could not be excluded on the basis of those studies.
The current results, however, are not consistent with the latter
possibility. First, the multimeric structure of eF-neu-(#-gal-
vWF is intact with only 17% of the total hexose remaining.
Moreover, removal of 69% of the total hexose with endo F
alone resulted in more rapid migration of all of the multimers
without changing their triplet structure. Such an alteration in
migration rate of individual multimers has not yet been seen
in von Willebrand disease, including those variants in which
the large multimers are lacking. Even those rare variants in
which the triplet pattern is disordered do not show the changes
seen here (30, 31). Though these considerations cannot exclude
a subtle abnormality of carbohydrate in von Willebrand disease,
they make a global disorder unlikely.
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