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The multimeric glycoprotein von Willebrand factor
(VWF) mediates platelet adhesion to collagen at sites of
vascular damage. The binding site for collagen types I
and III is located in the VWF-A3 domain. Recently, we
showed that His1023, located near the edge between the
“front” and “bottom” faces of A3, is critical for collagen
binding (Romijn, R. A., Bouma, B., Wuyster, W., Gros, P.,
Kroon, J., Sixma, J. J., and Huizinga, E. G. (2001) J. Biol.
Chem. 276, 9985–9991). To map the binding site in detail,
we introduced 22 point mutations in the front and bot-
tom faces of A3. The mutants were expressed as multi-
meric VWF, and binding to collagen type III was evalu-
ated in a solid-state binding assay and by surface
plasmon resonance. Mutation of residues Asp979, Ser1020,
and His1023 nearly abolished collagen binding, whereas
mutation of residues Ile975, Thr977, Val997, and Glu1001

reduced binding affinity about 10-fold. Together, these
residues define a flat and rather hydrophobic collagen-
binding site located at the front face of the A3 domain.
The collagen-binding site of VWF-A3 is distinctly differ-
ent from that of the homologous integrin �2 I domain,
which has a hydrophilic binding site located at the top
face of the domain. Based on the surface characteristics
of the collagen-binding site of A3, we propose that it
interacts with collagen sequences containing positively
charged and hydrophobic residues. Docking of a colla-
gen triple helix on the binding site suggests a range of
possible engagements and predicts that at most eight
consecutive residues in a collagen triple helix interact
with A3.

Under conditions of high shear stress, platelet adhesion to
collagen at sites of vascular injury is initiated by the interac-
tion of platelet receptor glycoprotein (Gp)1 Ib-IX-V with colla-
gen-bound von Willebrand factor (VWF) (1). Transient interac-
tions between VWF and GpIb-IX-V mediate platelet rolling,

which slows down the platelet and allows other platelet recep-
tors such as integrin �2�1 (2) and GpVI to bind to collagen
(2–4). These interactions result in firm adhesion and activation
of platelets at the site of vascular injury.

VWF is a multimeric glycoprotein consisting of �270-kDa
monomers that are linked by disulfide bonds (5). The affinity of
VWF for collagen depends on multimer size (6). The binding
site for fibrillar collagens type I and III is located in the
VWF-A3 domain (7), whereas collagen type VI has been shown
to bind to the VWF-A1 domain (8, 9). The latter domain also
contains the binding site for GpIb� of the GpIb-IX-V complex
(10, 11).

VWF A-type domains and homologous integrin I domains
adopt a so-called dinucleotide-binding fold, or Rossman fold,
composed of a central �-sheet flanked on both sides by am-
phipathic �-helices (12–15). Binding of the I domains of inte-
grins �1�1, �2�1, �10�1, and �11�1 to collagen involves a diva-
lent cation (16, 17) located in the metal ion-dependent adhesion
site (MIDAS) motif, and amino acid residues at the top face of
the domain (18, 19). Binding of the I domain of integrin �2�1 to
collagen induces a major displacement of its carboxyl-terminal
�-helix that is thought to be critical for integrin signaling (18).
The A3 domain of VWF does not contain a functional MIDAS
motif, and binding of A3 to collagen is cation-independent (20,
21). The involvement of the top face of A3 in collagen binding
has been excluded by mutagenesis studies (13, 22). Recently,
we showed that His1023, located close to the edge of the front
and bottom face of A3, is critical for binding of VWF to
collagen (23).

In this study, we identify the collagen-binding site in the
VWF-A3 domain in detail by means of site-directed mutagen-
esis. We constructed 22 point mutants, expressed these as
multimeric VWF, and evaluated their collagen binding
characteristics.

EXPERIMENTAL PROCEDURES

Selection and Construction of VWF Point Mutants—Selection of
amino acid residues for mutagenesis was based on the approximate
location of the collagen-binding site as identified in our previous study
(23) and the crystal structure of the VWF-A3 domain (12, 13). Selected
residues are solvent-exposed in the isolated A3 domain. Residues
Gln966, Ser974, Ile975, Thr977, Asp979, Val980, Pro981, Asn983, Val984,
Val985, Ser993, Val997, Gln999, Glu1001, Gln1006, Asp1009, Ser1020, Glu1021,
and Met1022 were mutated to alanine. In addition, Pro962, Pro981, and
Pro1027 were mutated to histidine to inhibit collagen binding by steric
hindrance. Backbone conformations of these proline residues suggested
that the histidine side chain would protrude from the protein surface.
Point mutations were introduced in the VWF-A3 domain using the
QuikChange method (Stratagene, La Jolla, CA) as described
previously (23).

Expression, Purification, and Characterization of VWF—VWF was
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stably expressed in baby hamster kidney cells overexpressing furin
required for proper removal of VWF propeptide (7). Cells were cultured
in serum-free medium. VWF was purified by immuno-affinity chroma-
tography using monoclonal antibody RU8, which is directed against the
D4 domain (7), and stored in 50 mM Hepes, 100 mM NaCl (pH 7.4)
at �20 °C.

VWF concentration was determined by a sandwich enzyme-linked
immunosorbent assay using polyclonal �-VWF and horseradish perox-
idase-conjugated polyclonal �-VWF (DAKO, Glostrup, Denmark) for
immobilization and detection, respectively (7). Normal pooled plasma
from 40 healthy donors was used as a reference.

The multimeric structure of VWF was analyzed by agarose gel elec-
trophoresis followed by Western blotting as described by Lawrie
et al. (24).

Binding of monoclonal antibody RU5 (22) to VWF was analyzed as
described previously (23), with some modifications. Microtiter plate
wells (Costar, Cambridge, MA) were coated with a polyclonal antibody
directed against the D� and D3 domains of VWF (22) diluted to 2.5
�g/ml with 50 mM carbonate buffer (pH 9.6). Coating was carried out for
3 h at 37 °C. Wells were washed with PBS-T (phosphate-buffered saline
containing 0.1% Tween 20) and blocked with 3% bovine serum albumin
in PBS-T for 1 h at 37 °C. Expression medium containing VWF was
diluted with mock medium to a final concentration of 1 �g/ml. Wells
were incubated with diluted medium for 1 h at 37 °C. After washing, 2
�g/ml RU5 in PBS-T containing 3% bovine serum albumin was added
for 1 h at 37 °C. Wells were washed again and incubated for 1 h at 37 °C
with horseradish peroxidase-conjugated rabbit anti-mouse antibodies
(DAKO) diluted 1:2500 in PBS-T containing 3% bovine serum albumin.
O-Phenylenediamine was used as substrate for detection.

Static Collagen Binding Assay—Binding of VWF in expression me-
dium to fibrillar human placenta collagen type III (catalogue no.
C-4407; Sigma) was studied in a solid-state binding assay at a VWF
concentration of 0.1 �g/ml as described previously (23).

Surface Plasmon Resonance Collagen Binding Assay—Surface plas-
mon resonance (SPR) binding studies were performed using a Bia-
core2000 system (Biacore AB, Uppsala, Sweden). Fibrillar collagen
cannot be used in a Biacore system because it blocks the flow channels.
Therefore, we used acid-soluble collagen type III. Previously, we have
shown that binding of wt-VWF to acid-soluble collagen is similar to the
binding of wt-VWF to fibrillar collagen in enzyme-linked immunosor-
bent assay (22). Human placenta collagen type III was dissolved in 50
mM acetic acid at a final concentration of 1 mg/ml (16 h, 4 °C) and
immobilized on a CM5 biosensor chip using the amine coupling kit as
instructed by the supplier. Approximately 3000 response units of colla-
gen type III, which corresponds to 30 ng/mm2, were immobilized. A
reference channel was coated with a similar amount of human placenta
collagen type IV (catalogue no. C-7521; Sigma) that does not interact
with VWF (25). Analysis was performed in Biacore standard buffer
containing 25 mM Hepes, 125 mM NaCl, 2.5 mM CaCl2, and 0.005% (v/v)
Tween 20 (pH 7.4) at 25 °C at a flow rate of 10 �l/min. Binding of VWF
to the collagen type III-coated channel was corrected for nonspecific
binding to the control channel (between 2% and 5%). VWF monomer
concentrations were calculated on the basis of a monomer mass of 270
kDa. Collagen binding at equilibrium was determined at different VWF
concentrations. To this end, increasing concentrations of VWF were
injected. Each injection was continued for 30 min. The delay between
injections was 7 min, during which time the biosensor chip was flushed
with Biacore standard buffer. After measuring all concentrations of a
VWF variant, the biosensor chip was regenerated by injection of 1 mM

EDTA, 1 M NaCl, 0.1 M sodium citrate (pH 5.0) (1 min, 10 �l/min) and
10 mM taurodeoxycholic acid, 100 mM Tris (pH 9.0) (1 min, 10 �l/min),
and 0.1 M H3PO4 (1 min, 10 �l/min).

Dissociation constants (KD) and the number of binding sites ex-
pressed as the response at infinite VWF concentration (Req,max) were
calculated as follows. First, the response at equilibrium (Req) was cal-
culated for each association curve by fitting the data points with a 1:1
Langmuir interaction model (Biaeveluation software version 3.0.1).
This interaction model fitted the experimental data well, despite the
multivalent nature of the VWF-collagen interaction, with �2 values
being typically lower than 1.5. Use of more complex binding models did
not improve the fit significantly. Next, KD and Req,max were determined
from the binding isotherms (Req plotted against VWF concentration) by
fitting equation Req � Req,max*[VWF]/(KD � [VWF]), which describes a
1:1 interaction. The fit was calculated using computer program Graph-
Pad Prism (GraphPad Prism version 3.00 for Windows; GraphPad
Software, San Diego, CA). Because interaction between VWF and col-
lagen is multivalent and we used a 1:1 interaction model, calculated
dissociation constants must be regarded as apparent values.

RESULTS

Characterization of VWF Mutants—The conformation of the
A3 domain and the multimeric size of VWF determine its
reactivity toward collagen. Multimer distributions of VWF mu-
tants and recombinant wt-VWF were indistinguishable (data
not shown). The conformation of the A3 domain was evaluated
with conformation-dependent monoclonal antibody RU5. Bind-
ing of RU5 to 18 of the 22 point mutants was similar to binding
to wt-VWF. As expected, RU5 did not bind to �A3-VWF, a
deletion mutant lacking the A3 domain (7) (Fig. 1A). Four of the
point mutants, P962H, P981A, V984A, and V985A, showed a
significantly reduced RU5 binding, ranging from 60% to 80%
compared with wt-VWF. However, collagen binding of these
mutants was normal (see below). Reduced RU5 binding can be
explained by direct interactions of the mutated residues with
RU5, as observed in the crystal structure of the A3�RU5 com-
plex (23). Overall, these data suggest that the A3 domains of all
VWF variants are correctly folded.

Collagen Binding Affinity of VWF Mutants—In a first screen,
the effect of mutations on binding to collagen type III was
assessed by a solid-state collagen binding assay (Fig. 1B). Im-
mobilized collagen was incubated with expression medium con-
taining 0.1 �g/ml VWF. Binding of �A3-VWF to collagen was
only 8% compared with wt-VWF. Mutations I975A, T977A,
D979A, P981H, V997A, E1001A, and S1020A strongly reduced
collagen binding, showing a residual binding of less than 25%.

To further investigate the effect of the seven mutations,

FIG. 1. Characterization of VWF-A3 mutants. A, binding of con-
formation-dependent antibody RU5. VWF was immobilized in micro-
titer plate wells via polyclonal antibody �D�D3. Immobilized VWF was
incubated with RU5, and bound RU5 was detected as described under
“Experimental Procedures.” Wild-type VWF and �A3-VWF, which lacks
the A3 domain (7), were used as a positive and negative control, respec-
tively. Binding of RU5 to VWF mutants is expressed as a percentage of
wt-VWF binding. Each data point represents the mean � S.D. of three
experiments performed in duplicate. B, binding of VWF point mutants
to fibrillar collagen type III in a solid-state collagen binding assay.
Human placenta collagen type III was coated in microtiter plate wells.
Wells were incubated with VWF at a concentration of 0.1 �g/ml. Bound
VWF was detected as described under “Experimental Procedures.” �A3-
VWF (7) was used as a negative control. Bound VWF is expressed as a
percentage of wt-VWF binding. Each data point represents the mean �
S.D. of three independent experiments performed in duplicate.
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these mutants and mutant H1023A from our previous study
(23) were purified by immuno-affinity chromatography, and
collagen binding was analyzed by SPR. We also purified and
analyzed wt-VWF and mutants P981A and E1021A that bound
normally to collagen in the solid-state collagen binding assay.
The multimer distribution of the VWF variants after purifica-
tion was similar (Fig. 2).

Addition of the RU5 Fab fragment to wt-VWF almost com-
pletely inhibited collagen binding, confirming that the A3 do-
main contains the binding site for collagen type III (Fig. 3).
Mutants P981A and E1021A, which bound normally to collagen
in the solid-state collagen binding assay, also had similar bind-
ing affinities and a similar number of binding sites as wt-VWF
in the SPR-based collagen binding assay (Fig. 3). Mutants that
exhibited strongly reduced collagen binding in the solid-state
assay divided in two populations in the SPR collagen binding
assay. Mutations I975A, T977A, V997A, and E1001A reduced
the affinity of VWF for collagen 5–10-fold, whereas at satura-
tion, the number of binding sites was at least 60% compared
with wt-VWF (Table I). Mutants D979A, P981H, S1020A, and
H1023A had a residual binding at saturation of less than 20%
compared with wt-VWF.

As shown in Fig. 4A, mutations that reduce collagen binding
are located at the front face of the domain and define a rather
flat collagen-binding site. Mutations at the bottom face did not
have an effect. Surface properties of the collagen-binding site
are shown in Fig. 4, B and C. The upper part of the collagen-
binding site contains a small negatively charged patch. In
addition, the collagen-binding site contains one large hydro-
phobic patch and two smaller hydrophobic patches.

Docking of a Collagen Triple Helix on A3—The amino acid
sequence of collagen that is recognized by the VWF-A3 domain
is not known. Under these circumstances, the use of automated
docking procedures, such as FTdock (26) and AutoDock (27),
that use scoring functions based on shape complementarity and
interaction energies is not meaningful. Therefore, we used the
interactive molecular graphics program O (28) to obtain an
impression of possible collagen-binding modes compatible with
structural and mutagenesis data. Because the amino acids of
A3 that are involved in collagen binding define an extended
and rather flat surface at the front face of the domain, a bound
collagen triple helix must lie nearly parallel to the front face. A
model of a triple helix restricted to lie parallel to the front face
of A3 was rotated and translated with respect to A3, and two
criteria were evaluated to select possible binding modes.
Firstly, the collagen triple helix should contact (d � 4 Å) all
residues of A3 involved in collagen binding. Secondly, mono-
clonal antibody RU5 bound to A3, as observed in the crystal
structure of the A3�RU5 complex (23), should block (d � 2 Å)
binding of collagen by sterical hindrance. For the evaluation of
distances, we assumed a fairly large radius for the collagen

triple helix of 9 Å, which corresponds to the approximate dis-
tance from the tip of an extended lysine side chain to the center
of the triple helix. Using a smaller radius would have reduced
the range of possible binding modes, but in the absence of
knowledge about the collagen residues actually involved, this
did not seem justified.

A range of orientations of the collagen triple helix fulfilled
the criteria (Fig. 4D). In these potential binding modes, the
collagen triple helix lies at an angle of about 60° to 90° to
strand �3 (located at the front face of the domain) and interacts
with the A3 domain via six to eight consecutive residues.

DISCUSSION

Von Willebrand factor A-type domains are found in many
proteins including collagens, complement proteins, and inte-
grins, where they are named I domains. These proteins are
involved in several biological functions such as cell-cell inter-
action and ligand-receptor binding. In integrins, these interac-
tions involve a divalent cation present in the MIDAS motif
located at the top of the domain.

FIG. 2. Multimer distributions of purified VWF variants. The
multimeric structure of purified VWF variants used in the SPR collagen
binding assay was analyzed by agarose gel electrophoresis followed by
Western blotting. The multimeric distributions of VWF mutants are
similar to that of recombinant wt-VWF.

FIG. 3. Binding isotherms of VWF mutants to collagen type III
in an SPR-based assay. Human placenta collagen types III and IV
were immobilized on a CM5 biosensor chip for a detection and reference
channel, respectively. Increasing concentrations of VWF were injected,
and binding at equilibrium was determined. Wild-type VWF and wt-
VWF preincubated with a 5-fold molar excess of RU5 Fab-fragment
were used as a positive and negative control, respectively. Each variant
was measured once, except for wt-VWF (	) and mutant I975A (E),
which were measured four times using two independently purified
batches of VWF and two sensor chips prepared with different batches of
collagen. The error bars represent the S.D. calculated from these four
measurements. Coefficients of variation determined from these multi-
ple measurements are 10% and 25% for the dissociation constants and
1.9% and 4.3% for the maximum binding of wt-VWF and mutant I975A,
respectively. Binding constants derived from the binding isotherms are
listed in Table I.

TABLE I
Apparent dissociation constants and maximum binding for the

VWF-collagen interaction
Binding constants were derived from the binding isotherms shown in

Fig. 3.

VWF variant KD � SEa Req,max
b � SEa

nM RU

wt-VWF 3.3 � 0.3 503 � 10
P981A 2.7 � 0.2 440 � 8
E1021A 5.8 � 0.6 540 � 14
I975A 28 � 2.8 420 � 18
T977A 25 � 4.4 419 � 38
V997A 24 � 2.5 551 � 23
E1001A 39 � 8.1 310 � 31
D979Ac 50
P981H 1.7 � 0.2 120 � 3.3
S1020Ac 30
H1023Ac 50

a S.E. of the fitted values from nonlinear regression.
b Maximum binding is expressed as the response at infinite VWF

concentration.
c Collagen binding of these variants was too low to calculate reliable

KD values. Req,max for these mutants was estimated from the binding
isotherms at a VWF concentration of 74 nM.
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VWF contains three A-type domains, of which the A3 domain
binds to collagen. The VWF-A3 domain does not contain a
functional MIDAS motif, and collagen binding is cation-inde-
pendent (20, 21). Previously, we excluded the top face of A3
from being involved in collagen binding (22) and showed that
His1023, located close to the edge of the front and bottom face, is
critical for binding of VWF to collagen (23). Based on these
results, we constructed a panel of 22 point mutants in which
solvent-exposed residues were mutated to either alanine or
histidine. These mutations were introduced in multimeric
VWF, and the binding of these VWF mutants to collagen type
III was evaluated.

In a solid-state collagen binding assay, 7 of the 22 mutants,
namely, I975A, T977A, D979A, P981H, V997A, E1001A, and
S1020A, displayed reduced collagen type III binding. None of
these mutations are located at the bottom face of A3, excluding
its involvement in collagen binding. We further characterized
these seven mutants and mutant H1023A, which also displays
strongly reduced collagen binding (23), by SPR. In contrast to
the solid-state binding assay, SPR analysis measures collagen
binding under equilibrium conditions and is not affected by
washing steps. The apparent dissociation constant for binding
of wt-VWF to collagen type III as determined by SPR was 3.3
nM, which is similar to values previously determined by us and
others (22, 29). Interestingly, mutants that were qualified as
“strongly reduced” in the solid-state assay separated in two
groups in the SPR analysis. Mutants D979A, S1020A, and
H1023A displayed a large reduction in affinity and in the
number of binding sites, showing that these residues are crit-
ical for collagen type III binding. In contrast, mutants I975A,

T977A, V997A, and E1001A were characterized by a 5–10-fold
reduced affinity but had a near normal number of binding sites,
indicating that these residues contribute to collagen binding
but are not essential. Residues essential for collagen binding
are located in strand �3 and loop �3�4 in the lower half of the
front face of A3, whereas nonessential residues are located in
the upper half of the front face in loops �2�3, �2�3, helix �3,
and strand �3 (Fig. 3A).

Mutation of Pro981 to alanine did not affect collagen binding,
whereas mutation to histidine markedly decreased VWF bind-
ing to collagen. Apparently, Pro981 is not required for binding to
collagen type III, but the introduction of a bulky histidine side
chain at the lower half of the front face of the domain interferes
with collagen binding via sterical hindrance. This observation
further supports our conclusion that the collagen-binding site
is located at the front face of A3.

Docking of a collagen triple helix on the front face of the A3
domain suggested a range of possible engagements (Fig. 4D)
and predicts that at most eight consecutive residues in a col-
lagen molecule interact with A3. Based on the surface charac-
teristics of the collagen-binding site (Fig. 4, B and C), we
propose that collagen sequences recognized by A3 contain pos-
itively charged and hydrophobic residues.

Despite their similarity in fold and ligand, VWF-A3 and
collagen-binding integrin I domains have distinctly different
binding sites. In A3, a rather hydrophobic and flat binding site
is located at the front face, whereas integrin I domains bind
collagen in a predominantly hydrophilic groove at their top face
and require a functional MIDAS motif (18, 30). Integrin I
domains undergo a large conformational change upon collagen

FIG. 4. Characteristics of the collagen-binding site on the VWF-A3 domain. A, stereoview of the A3 domain that shows the effect of
mutations on collagen binding by color. Mutation of residues shown in magenta strongly reduces collagen binding. Mutation of residues shown in
green partially reduces collagen binding, whereas mutation of residues shown in gray has no effect. Pro981 is shown in red. Mutation P981A has
no effect on collagen binding, whereas mutation P981H strongly reduces binding. The effect of five mutations investigated in our previous study
(23), R963A, E987A, H990A, R1016A, and H1023A, are included in the figure. B, solvent-accessible surface with electrostatic potential contoured
from red (�260 mV) to blue (�260 mV). C, solvent-accessible surface with hydrophobic and hydrophilic regions in green and white, respectively.
D, space-filling representation of the A3 domain with two collagen triple helices that indicate the putative range of orientations for the A3-collagen
interaction. Residues of A3 are color-coded as described in A, except that residues that show no effect on collagen binding are colored yellow, and
residues for which no data are available are shown in gray. Figures were generated with MOLSCRIPT (36), RASTER3D (37), and GRASP (38). The
atomic coordinates for the crystal structure of A3 were taken from Protein Data Bank entry 1ATZ (12).
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binding that makes them particularly suited for signal trans-
duction and modulation of ligand binding affinity (18). In con-
trast, the VWF-A3 domain appears to function as an independ-
ent structural unit, and there is no evidence for modulation of
its collagen binding affinity, nor does binding of A3 to collagen
appear to affect the affinity of the VWF-A1 domain for platelet
receptor GpIb�. Thus, the collagen-binding site of A3 merely
performs an adhesive function, whereas binding sites of I do-
mains are more sophisticated and also play a regulatory role
(31).

Recently, we determined the crystal structure of the VWF-A1
domain in complex with an amino-terminal fragment of plate-
let receptor GpIb� (11). Like A3, the A1 domain does not
contain a MIDAS motif. GpIb� binds to two distinct sites on A1.
The larger of the two binding sites is located at the front face of
A1 and consists of residues from strand �3, helix �3, and loop
�3�4. Interestingly, the same structural elements contribute
residues to the collagen-binding site of A3, suggesting that
ligand-binding sites in A-type domains that lack a MIDAS
motive may all be located in a similar position at the front face
of the domain.

Genetic screening has identified four mutations, S968T,
Q971H, I978T, and Q999R, that affect binding of VWF to
collagen (32, 33). These mutations are located at or just below
the front surface of the domain, and their effect on collagen
binding is consistent with our mutagenesis data. Surprisingly,
these mutations caused no (32) or only moderate (33) bleeding
symptoms, which questioned the relevance of the A3 domain
for immobilization of VWF to the vascular matrix (32). How-
ever, Wu et al. (34) recently showed that collagen binding by
the A3 domain is relevant because an antibody blocking the
VWF-A3-collagen interaction prevented the formation of plate-
let-rich thrombi and prolonged the skin bleeding time at high
doses. Further investigations are required to reconcile these
conflicting observations and to establish the physiological im-
portance of VWF-A3 in platelet adhesion.

After submission of this manuscript, Nishida et al. (35) re-
ported mapping of the collagen-binding site of the VWF-A3
domain using a novel NMR technique. Their findings with
regard to the location of the binding site and the orientation of
a bound collagen triple helix are in complete agreement with
our results.

In summary, the binding site for collagen type III is located
at the front face of the VWF-A3 domain. Residues in the lower
half of the collagen-binding site are essential for collagen bind-
ing, whereas residues in the upper half contribute to binding
but are not essential. We suggest that a collagen triple helix
that interacts with A3 contains hydrophobic and positively
charged residues. Further understanding of the VWF-collagen
interaction requires the identification of specific collagen se-
quences involved in VWF binding.
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