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Interaction of von Willebrand Factor with the Extracellular Matrix
and Glycocalicin under Static Conditions!
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The binding of human von Willebrand factor (vWF) to a variety of extracellular matrix
components immobilized on plates and the binding of vWF to platelet glycoprotein Ib
(GPIb) after interacting with these matrix components were examined by means of an
enzyme-linked immunosorbent assay. vWF preferably bound to type III collagen, whereas
it did not significantly bind to type I, IV, V, or VI collagen, fibronectin, laminin, elastin, or
proteoglycans. Soluble type III collagen did not bind to vWF coated on plates and showed
a little effect on the vWF binding to the immobilized collagen, suggesting that solid-phase
collagen is important for the interaction with vWF. When glycocalicin, the N-terminal
carbohydrate-rich extracellular domain of GPIba exhibiting the vWF-binding activity,
was added to vWF bound to collagen type III, no significant binding of glycocalicin was
observed, but it bound to vWF in the presence of botrocetin, a vWF modulator protein
isolated from Bothrops jararaca snake venom. These results indicate that vWF immobi-
lized on collagen can interact with GPIb but that the binding of vWF to the collagen matrix
alone is insufficient for modulating vWF so that it interacts with GPIb under static
conditions. Another unknown physiological modulator functionally mimicking botrocetin
or high-shear stress may be involved in the platelet adhesion to extracellular matrix in the

early stage of hemostasis.
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The prompt formation of a platelet plug at the site of
vascular injury is an essential process in the early stage of
hemostasis. This process comprises three major molecular
interactions; firstly, anchoring of plasma von Willebrand
factor (vWF) to the exposed subendothelial extracellular
matrix (ECM), secondly, interaction between vWF and
platelet membrane glycoprotein Ib (GPIb) leading to
platelet adhesion to the injury site followed by platelet
activation, and thirdly, platelet aggregation through the
binding of «Ilb/AIII integrin to vWF and/or fibrinogen (1,
2). Since vWF never interacts with GPIb exposed on the
surface of platelets in plasma with normal vascular flow,
the interaction between vWF and GPIb must occur through
a rapid conformational change of vWF upon vWF binding to
ECM.
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vWF is known to bind to heparin (3), collagens (4, 5), and
sulfatides (6). Recently, type VI collagen was postulated to
be a vWF-binding component in ECM in vivo (7-9). It has
also been postulated that once vWF has interacted with
ECM component(s) it may attain the GPIb-binding activity
through a conformational change leading to uncovering of
the GPIb-binding site of vWF (10, 11). Binding studies
involving proteolytic fragments of vWF (12, 13), recom-
binant vWF (14), or site-directed monoclonal antibodies
(MoAbs) (15) indicated that the GPIb-binding site is
located in the Al loop domain (residues 479-717) of vWF,
especially at residues 514-542 (16). Antibiotic ristocetin
and snake venom botrocetin, in vitro modulators of vWF
inducing platelet agglutination, interact with the nega-
tively-charged flanking region of the A1l loop and the inner
loop domain, respectively (16-18). Interestingly, tentative
binding sites for collagen (5), heparin (19), sulfatides (20),
and botrocetin (18) overlap or are close to each other within
the Al domain. Moreover, all the amino acid substitutions
found in type 2B von Willebrand disease causing increased
affinity to GPIb are localized in the same region (1, 2).
These results imply that the interaction of vWF with ECM
components may affect the A1 domain, leading to a confor-
mational change of the GPIb binding site.

We have developed a simple assay system for investigat-
ing the molecular interactions among vWF, ECM, and GPIb
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under static conditions. In the present study, we screened
the binding activity of vWF as to immobilized ECM
components, and examined whether or not ECM-bound
vWF acquires the GPIb-binding activity using glycocalicin,
the N-terminal carbohydrate-rich extracellular domain of
GPIba exhibiting the vWF-binding activity.

MATERIALS AND METHODS

Materials—Citrated human normal plasma was prepar-
ed as described (21). Botrocetin was purified from Bothrops
jararaca venom as described (22). vWF was purified from
outdated factor VIII concentrates (Haemate P, donated by
Hoechst Japan, Tokyo) as described (23). Pepsin-digested
soluble human placental collagens (type I, III, IV, and V)
were purchased from Sigma (St. Louis, MO), Seikagaku
(Tokyo), or Gibco BRL (Gaithersburg, MD). The various
products of human placental type VI collagen were from
Telios Pharmaceuticals (San Diego, CA), Southern Bio-
technology Associates (Birmingham, AL), and HEYL
(Berlin, Germany). Human placental laminin and cellular
fibronectin were from Takara Shuzo (Otsu) and Fibrogenex
(Morton Grove, IL), respectively. Human plasma fibronec-
tin and vitronectin were from Iwaki Glass (Tokyo). Human
soluble aortic elastin was from Elastin Products (Owen-
sville, MO). Human umbilical hyaluronic acid and shark
cartilage chondroitin sulfate C were from Seikagaku, and
bovine cornea keratan sulfate and kidney heparan sulfate
from Sigma. All ECM proteins used were of above 90%
pure grade and used without further purification. Anti-
human vWF polyclonal antibodies conjugated with horse-
radish peroxidase (HRP), and site-specific MoAbs (24)
were obtained from Dakopatts (Glostrup, Denmark), and a
generous gift from Takara Shuzo, respectively. MoAb
against human GPIba (HPL-16), which does not inhibit
ristocetin-induced platelet agglutination, was prepared as
previously described (25). MoAb against botrocetin
(BCT107-3), which does not inhibit the botrocetin binding
to vWF, was a gift from Takara Shuzo. Other antibodies
against human ECM, plasma proteins, and HRP-conjugated
second antibodies were from Medical and Biological Labo-
ratory (Nagoya), Fuji-Yakuhin (Toyama), or TAGO Im-
munologicals (Camarillo, CA).

Preparation of Glycocalicin—Glycocalicin was prepared
as described (26). Briefly, washed platelets were sonicated
in 10 volumes of 3 M KCl and then incubated at 37°C for 30
min. After centrifugation, the supernatant was dialyzed
against Tris-buffered saline (TBS: 150 mM NaCl, 20 mM
Tris-HCI, pH 7.5) containing 5 mM EDTA, and then ap-
plied to a column of wheat germ agglutinin conjugated
agarose (Seikagaku) equilibrated with the same buffer. The
fraction eluted with 100 mM acetate buffer, pH 5.0, con-
taining 200 mM GleNAc was further applied to a Mono
Q-FPLC column (Pharmacia Biotech, Uppsala, Sweden)
and eluted with a salt gradient. In general, 200 ug of
glycocalicin was purified from 4 ml of platelet pellet.

Enzyme-Linked Immunosorbent Assay (ELISA)—The
wells of an immuno-module (8 wells; Nunc Intermed,
Kamstrup, Denmark) were coated with 50 1 aliquots of
TBS containing 10 xg/ml of each protein at 4'C overnight
(pH adjusted to 7.5) and then blocked with 200 ul of TBS
containing 1% BSA (B-TBS) at 4°C overnight. The binding
of each protein to the surfaces of wells was immunologically
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confirmed with the antibodies specific to each protein or
monitored as the reduction in the protein concentration on
coating. The wells were incubated with 50 1 of B-TBS
containing 1-5 yg/ml of vWF or plasma diluted to 1:10
with B-TBS in the presence or absence of anti-vWF MoAbs
(25 £g/ml) at room temperature for 1.5h, followed by
washing 5 times with 200 g1 of TBS containing 0.1% BSA.
To detect the binding of vWF, HRP-conjugated anti human
vWF polyclonal antibodies (50 1, diluted 1:1,000) were
added to each well, followed by incubation for 1 h. Non-
specific binding of the anti-vWF antibodies to each protein-
coated plate was also examined. After washing several
times as described above, 100 x«1 of a solution comprising
50 mM Tris-HCIl, pH 7.5, 200 mM NaCl, 0.5 mg/ml of
o-phenylenediamine, and 0.03% of H,0O, was added. The
HRP reaction was performed in the dark for 10-30 min and
terminated by the addition of 100 x1 of 8 M H,SO,. After
10 min, the absorbance at 490 nm was measured with a
plate reader (Intermed Immuno Mini NJ-2201). In a
separate experiment, the wells were further incubated with
glycocalicin (1 £g/ml in B-TBS) in the presence or absence
of botrocetin (5 gg/ml in B-TBS) after incubation with
vWF (or plasma). After washing, the wells were incubated
with anti-glycocalicin MoAb (HPL-16), followed by HRP-
conjugated 2nd antibodies to detect the binding of glyco-
calicin.

RESULTS

Binding of vWF to Immobilized ECM Components—
Among various ECM components examined by ELISA on
ECM component-coated plates, vWF preferentially bound
to collagen-coated plates, especially type III (Fig. 1). The
same results were obtained when several different products

ECM

Type | Collagen
Type lll Collagen
Type IV Collagen
Type V Collagen

Type VI Collagen
Elastin

Cellular Fibronectin
Plasma Fibronectin
Laminin

Hyaluronic Acid
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Heparan-sulfate )
Keratan-sulfate §
Sulfatide
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Level of vVWF-binding to ECM (A 490)

Fig. 1. Binding of vWF with immobilized ECM components.
An ELISA plate coated with each ECM component (10 zg/ml) was
incubated with 1:10 diluted plasma (white columns) or vWF (1 ug/
ml) in B-TBS (black columns). The binding of vWF was detected with
HRP-conjugated anti-vWF polyclonal antibodies, followed by the
HRP-reaction, and then the absorbance at 490 nm (A,q) was read.
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Fig. 2. Binding of vWF to immo-
bilized collagens. A: ELISA plates
coated with collagen type I (O), type [IT

al

(@), type IV (m), type V (D), or type VI
(a) at the concentrations indicated
were incubated with vWF (1 xg/ml) in
B-TBS, and then the binding of vWF
was detected with anti-vWF polyclonal
antibodies as described in Fig. 1. B:
ELISA plates coated with 10 gg/ml of
type III collagen in TBS were incubated
with vWF (1 zg/ml) in B-TBS in the
presence of soluble type I1I collagen (0-
10 xg/ml). After washing, the binding
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TABLE 1. Effect of plasma fibronectin on vWF-binding to type

III collagen. Type III collagen (10 zg/ml) coated plates were
preincubated with B-TBS (buffer) or buffer containing human plasma
fibronectin for 1 h. After washing, each plate was incubated with vWF
in the presence or absence of fibronectin, and then the binding of vWF
was detected with HRP-conjugated anti-vWF polyclonal antibodies.

1st incubation 2nd incubation vWF-binding (%)*
Buffer vWF (1 yg/ml) 100
Fibronectin (30 gg/ml) vWF (1 zg/ml) 107
Buffer vWF (1 4g/ml) 96

+Fibronectin (30 4g/ml)
*Binding of vWF (A,y) to collagen-coated plates in the absence of
fibronectin was expressed as 100% binding.

of type III collagen were examined, whereas the specific
binding of vWF to immobilized type I and VI collagen was
a little, even when the products from several different
companies were examined. The binding of vWF was
dependent on the concentration of type I1I collagen used for
coating (Fig. 2A). Reversely, when soluble type III collagen
was added to a plate coated with vWF through anti-vWF
antibodies, no significant binding of collagen was detected
with the anti-collagen antibodies (data not shown). Soluble
type III collagen showed a little inhibitory effect on the
vWF binding to a immobilized collagen (Fig. 2B).

Among several plasma proteins examined, human
plasma fibronectin and vitronectin also showed binding
affinity to type III collagen (data not shown). The concen-
trations of fibronectin and vitronectin are usually 15-20
times higher than that of vWF in the plasma. In a separate
experiment, however, the binding of purified vVWF was not
affected by the presence or absence of a 30 times higher
concentration of fibronectin (Table I).

The effects of several MoAbs specific to different domains
of vWF on the vWF-binding to type III collagen were
examined. Two MoAbs among 12 clones, VW53-2 and
9-10, which specifically bind to Staphylococcus aureus V-8
protease fragment I1I (residues 1-1365) containing both A1
(residues 479-717) and A3 (residues 910-1111) domains,
but not to fragment I (residues 911-1365) containing an A3
but not an A1 domain (24), and fragment [ (Katayama, M.,
unpublished observation), respectively, clearly inhibited
the binding of vWF to type III collagen-coated plates (Fig.
3).

Binding of Glycocalicin to vWF Immobilized on Colla-
gen—To determine whether or not vWF acquires the

1

Free Type Il Conc. (ug/ml)

1 10 of vWF was detected with HRP-con-
jugated anti-vWF polyclonal anti-
bodies, followed by the HRP.reaction.
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Fig. 3. Effects of MoAbs against several vWF domains on vWF
binding to immobilized type III collagen. vWF (1 yg/ml) in
B-TBS was added to type ITI collagen (10 zg/ml) coated plates in the
presence or absence of MoAbs (25 ug/ml) which specifically bind to
V-8 fragments III (residues 1-1365), I (residues 911-1365), and II
(residues 1366-2050) of vWF. After washing, the binding of vWF
was detected with anti-vWF polyclonal antibodies, followed by the
HRP-reaction.

GPIb-binding activity after binding to type III collagen, we
used glycocalicin purified from GPIb as a probe. As shown
in Fig. 4A, the binding of vWTF to plates coated with type ITI
collagen increased in a dose-dependent manner, however,
there was no significant binding of glycocalicin to either
type III collagen alone or vVWF immobilized on type III
collagen. The same results were obtained with other types
of collagen. It is possible that the binding of type III
collagen to vWF interferes with the glycocalicin binding
site of vVWF. However, when glycocalicin was added to viWF
immobilized on collagen in the presence of botrocetin, the
binding of glycocalicin was observed (Fig. 4B). Glycocalicin
bound to the immobilized vWF in a botrocetin-dependent
manner, and the binding in the two assay systems reached
a plateau in a similar manner after the addition of 10 xg/ml
of botrocetin. Botrocetin bound to vWF on a type I
collagen plate but not to a type III collagen plate alone.
Glycocalicin did not bind to immobilized botrocetin or
coated type III collagen. There was no binding of glyco-
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Fig. 4. Binding of glycocalicinto vWF
immobilized on type III collagen. The

binding of glycocalicin to vWF immobilized
on type III collagen was examined in the
absence (A) or presénce (B) of botrocetin.
A: ELISA plates coated with type III
collagen (10 xg/ml) were incubated with
vWF (0-10 zg/ml) in B-TBS containing
glycocalicin (1 zg/ml) for 1 h. After wash-
ing, the binding of glycocalicin (®) and
vWF (O) was detected with anti-glyco-
calicin (HPL-16) MoAb and HRP-con-
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jugated anti-vWF polyclonal antibodies,
respectively. B: Type III collagen (10 ug/
ml) coated plates were incubated with vWF
(2.5 #g/ml) in B-TBS for 1 h. After wash-

30 40 50

ing, glycocalicin (1 zg/ml) in B-TBS was added together with botrocetin (0-50 zg/ml) for 1 h. The binding of glycocalicin (®) and botrocetin
(O) was detected with anti-glycocalicin (HPL-16) and anti-botrocetin (BCT107-3) MoAbs, respectively.

calicin when antibiotic ristocetin, another vWF modulator,
was used instead of botrocetin (data not shown).

DISCUSSION

Although vWF has been reported to bind to several types of
collagen and heparin (3-5, 8, 27), none of the reports
mentioned whether or not the binding of vWF to these ECM
components induces any conformational change of vWF to
trigger platelet adhesion. Since native platelets are unsta-
ble and easily aggregate in response to many stimuli
including collagen, it is not easy to see the effect of vWF-
binding to ECM on the accessibility of GPIb. In the present
study, we examined in vitro molecular interactions among
vWF, ECM, GPIb (glycocalicin), and botrocetin under
static conditions. We found that type III collagen is the
most effective ECM component as to immobilization of
vWF. Type I (4, 27) and VI collagens (8) were also
reported to bind vWF, but they showed much less binding
activity toward vWF than type III collagen under our assay
conditions. Other types of collagen showed vWF binding
activity at much higher concentrations than that used in the
present study, but they also showed increases in nonspecific
binding (data not shown).

Soluble free type III collagen neither bound to vWF nor
interfered with the vWF binding to immobilized collagen
under the conditions used, suggesting that solid-phase type
IIT collagen is important for the interaction with vWF.
Since vWF has a multimeric structure, the multivalency of
vWF as well as the immobilization of collagen may facili-
tate the interaction. The vWF binding was not affected
significantly by other plasma proteins. Since plasma fibro-
nectin and vitronectin also bind to type III collagen, but do
not compete with vWF, it is suggested that collagen has
different binding sites for vWF and fibronectin (or vitro-
nectin). vWF has no collagen-binding motif found in plasma
fibronectin (28). These results imply that type III collagen
can specifically anchor vWF, even if abundant plasma
fibronectin and vitronectin bind to it.

We postulated that glycocalicin may interact with vWF if
the GPIb-binding site of vWF is accessible. In our assay
system, no significant binding of glycocalicin to vWF bound
to type III collagen was observed. Since two distinct binding
sites for collagen have been postulated to be located in the
A1l (residues 542-622) and A3 (residues 948-998) domains
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(5), and the former is close to the tentative GPIb binding
site (residues 514-542) (16), it is possible that the binding
of collagen may cause steric hindrance at the GPIb binding
site rather than modulation. However, this is8 not likely,
because vWF interacts with botrocetin, which also binds to
three distinct sites (residues 539-553, 569-583, and 629-
643) in the same A1l domain (18), even after the binding to
collagen. Moreover, glycocalicin binding occurs in the
presence of botrocetin. These results indicate that at least
the GPIb binding site is not blocked or inactivated by
binding to collagen. Recently, Cruz et al. (29) reported that
the A3 domain is the major binding site for collagen. We
found that two MoAb clones, reacting with the A1 and A3
domains, respectively (24), inhibit vWF binding to type III
collagen. Qur data suggest that both the A1 and A3 domains
are important for the binding to collagen and that this
binding does not interfere with either GPIb or botrocetin
binding to vWF.

It is not clear why ristocetin has no modulatory effect on
vWF bound to type III collagen. Recently, it was reported
that ristocetin binds to GPIb as well as the negatively-
charged Pro-rich hinge region of the Al loop of vWF (17,
30). Although glycocalicin is rich in negatively-charged
groups, because it contains highly sialylated sugar chains, a
certain density or immobilization of the binding site on
glycocalicin may be important for the interaction with
ristocetin.

Our present data indicate that vWF preferentially binds
to a type III collagen matrix. However, this binding is not
sufficient to induce the binding of vWF to GPIb. After vWF
is anchored to ECM through binding to type III collagen,
another factor inducing a conformational change of the
vWF molecule may be still required. It has been reported
that loosening of the tertiary structure of the Al domain
actually enhances the affinity to GPIb (31). Recently, the
tertiary structure of the A1 domain was predicted from the
sequence structural homology to the GTP-binding fold of
ras-p21 (32) and leukocyte integrin component receptor
type 3 (CR3) (33) of known crystal structure. From this
prediction, the botrocetin binding sites (18) and mutation
sites of von Willebrand disease type 2B (1, 2) seem to be
localized on one side of the Al domain near the tentative
ligand binding crevice (GPIb-binding site) (32). Under flow
conditions, high-shear stress induces the adhesion of
platelets to a collagen-coated plate (34-36). However, it
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remains unknown whether or not the shear stress changes
the conformation of vWF and is solely enough to activate
vWF adhered to ECM in vivo. Plasma components may not
participate in the modulation of vWF directly, as shown by
our experiments. There is no evidence that one of the
selectin family proteins, such as P-selectin or E-selectin
(37), having a C-type lectin motif like botrocetin, modu-
lates the immobilized vWF. Recently, Katayama et al. (38)
reported that a 130 kDa component and fibronectin com-
plex was obtained with an anti-botrocetin MoAb column
from a human umbilical vein extract. It is possible that this
unknown complex may mimic the structure of botrocetin
and thus modulate vWF in vivo. The present assay system
involving immobilized vWF and glycocalicin is simple and
useful for screening candidate(s) for the in vivo VWF
modulator. We are now attempting to isolate this compo-
nent on a large scale to determine whether or not it shows
any VWF modulating activity in our assay system.

We wish to thank Takako Akiyama and Noriko Suzuki for their
technical assistance. The authors are also grateful to Takara-Shuzo
Company for kindly providing them with some of the antibodies used.
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