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Abstract Von Willebrand factor (VWF) is a large multi-
meric adhesive glycoprotein, with complex roles in
thrombosis and hemostasis, present in circulating blood
and in secretory granules of endothelial cells and platelets.
High shear stress triggers conformational changes respon-
sible for both binding to the platelet receptor glycoprotein
Gplb and its self-association, thus supporting the formation
of platelet plug under flow. Ristocetin also promotes the
interaction of VWF with Gplb and is able to induce platelet
aggregation, and thus is largely used to mimic this effect in
vitro. In this research paper, we followed the time course of
VWEF self-association in solution induced by ristocetin
binding by light scattering and at the same time we col-
lected atomic force microscopy images to clarify the nature
of the assembly that is formed. In fact, this process evolves
initially through the formation of fibrils that subsequently
interact to form supramolecular structures whose dimen-
sions would be capable of trapping platelets even in the
absence of any degree of shear stress or interaction with
external surfaces. This intrinsic property, that is the ability
to self-aggregate, may be involved in some pathological
settings that have been revealed in clinical practice.
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Introduction

Von Willebrand factor (VWF) plays a key role in primary
hemostasis (Matsushita et al. 2000; Sakariassen et al.
1979). This protein derives from a complex gene (180 kb,
52 exons) and is synthesized as pre-pro-VWF, including a
22-residue signal peptide and a 741-residue propeptide
(Sadler 1998). VWF undergoes extensive posttranslational
processing, glycosylation, and assembly in the endoplasmic
reticulum, Golgi, and post-Golgi. It consists of ~250 kDa
monomeric subunits, which form disulfide-linked multi-
mers of 500-20,000 kDa. Each VWEF subunit contains
2,050 amino acids made up of conserved modular domains.
This complex structural organization is fundamental for its
functioning in repairing vascular damage; this event is
indeed rapidly followed by firm platelet adhesion and their
attachment at the site of endothelial injury is primarily
modulated by platelet-subendothelium interaction. By vir-
tue of this process, the platelet receptor Gplb binds to the
extracellular matrix components through the intermedia-
tion of VWF multimers (Ruggeri and Zimmerman 1981).
The evident pro-thrombotic risk associated with this pro-
tein is mainly avoided as this process does not occur in
static conditions and requires pre-activation of soluble
VWE. This process involves a conformational change that
exposes the binding site for Gplb in the Al domain of
VWEF. This activation mechanism is triggered either by
mechanical forces, such as the high shear stress
(>5,000 s_l) found in arterial circulation, or by interaction
with external surfaces and chemicals/snake venoms (Barg
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et al. 2007; Matsui and Hamako 2005; Matsushita et al.
2000; Savage et al. 2002; Singh et al. 2006; Ulrichts et al.
2005). 2B von Willebrand disease (2B-VWD) (Groot et al.
2007; Matsushita et al. 2000) also results in a more stabi-
lized and active form of the protein.

High shear stress causes micro- and macro-conforma-
tional changes to occur in VWF, transforming it from a
globular state into a stretched conformation (Siedlecki
et al. 1996). Interaction of the platelet GpIb receptor with
the Al-domain of immobilized VWF (Miura et al. 2000)
results in initial adhesion, characterized by a continuous
surface translocation of the platelets (Savage et al. 1996).
This process ultimately leads to stable platelet adhesion by
means of interaction with the platelet collagen receptors
GPVI and GPIa/lla (Nieswandt and Watson 2003), acti-
vation of the platelet GPIIb/IIla receptor complex (Savage
et al. 2001), and finally platelet aggregation. Notably, the
same shear-induced conformational changes also expose a
peptide bond in the A2 domain of the VWF molecule that
is cleaved by the metalloprotease ADAMTS-13, which
proteolyzes the ultra-large VWF multimers, thus limiting
their high pro-hemostatic properties (Tsai 2003). Although
self-association and aggregation of VWF under high shear
stress are already a recognized phenomenon (Singh et al.
2006), the molecular mechanism driving the process has
only recently been clarified (Barg et al. 2007; De Luca
et al. 2000). VWF multimers undergo a dramatic shape
change as a function of the shear rate that is responsible for
the formation of VWF fibers, which are organized in spider
web-like structures (Schneider et al. 2007). The latter
represents an ideal anchor that serves to capture flowing
platelets as the primary hemostasis process takes place.

These past studies showed that in all cases the aggre-
gation and web-formation processes are essentially linked
to the mechanical force generated by shear. On the other
hand, ristocetin or other molecules, such as the venom
botrocetin, also promote the interaction of VWF with
GPIb. The antibiotic ristocetin is a polyphenol molecule
that interacts with the A1 domain of VWF, thus providing a
model for changes in VWF conformation that may occur in
vivo, as we demonstrated in a recently published paper (Di
Stasio et al. 2009). It could also be considered of special
interest as a model for the conformational changes that
occur in natural VWF molecules affected by the mutations
that cause the different forms of type 2B VWD. It is
noteworthy that the transition from a globular conforma-
tional state of VWF protein to a stretched active one is
a very fast process. It occurs in seconds, as induced by
both mechanical (shear stress) and chemical (ristocetin or
botrocetin) effectors. In this paper, using atomic force
microscopy (AFM) and light scattering (LS), we investi-
gated the slower morphological changes of VWF multi-
mers occurring in the presence of ristocetin to assess the
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ability of VWF to self-assemble in solution as a function of
allosteric modulators and possibly of type 2B mutations,
even in the absence of hydrodynamic shear stress.

Materials and methods
VWEF purification and characterization

VWEF was purified from fresh frozen plasma of type A- or
B-specific blood of healthy volunteers by glycine salt
precipitation and gel filtration, following the procedure
described elsewhere (Tsai 1996). Electrophoresis of VWF
in agarose gels containing sodium dodecyl sulfate (SDS-
agarose) was performed as previously described (Ruggeri
and Zimmerman 1981) with minor changes (Di Stasio et al.
2009) to verify the polydispersity of the sample.

Final protein concentration was determined by UV
absorbance at 280 nm on a double beam Varian model
Cary 2200 spectrophotometer (Palo Alto, CA), using
extinction coefficients (¢) calculated on the basis of the
amino acid composition of the VWF monomer. The cal-
culated ¢ value for VWF was equal to ¢ (0.1%) = 0.846.
The sample was diluted with 10 mM Hepes buffer pH 7.0
(containing 5 mM CaCl, and 125 mM NaCl) to a final
concentration of 0.5 uM. This VWF solution was used to
record the time zero in the kinetics experiments. A risto-
cetin standard solution was added to the sample (final
concentration 3 mg/ml) in order to induce maximum con-
formational change in VWF. After ristocetin was added,
the final concentration of VWF was 0.4 uM.

Ristocetin (Helena Laboratories, Beaumont, TX) stan-
dard solution (16 mg/ml) was prepared and freed of sul-
phate ions, as previously detailed (De Cristofaro et al.
2005). The molarity of the ristocetin solution was calcu-
lated using a molecular mass value of 2,166 Da and an ¢
value (0.1%, w/v) at 280 nm equal to 4.41.

Static light scattering

Static light-scattering measurements were performed dur-
ing VWF aggregation by using a computer-interfaced
scattering system ALV-125 (ALV, Langen, Germany). In
light scattering experiments, the light scattered out of the
incident beam is due to the presence of local fluctuations of
dielectric constant over the entire scattering volume and, in
the case of diluted solutions, these fluctuations depend on
the size and shape of the scattering particles. Static light
scattering (Kerker 1969) therefore measures the time-
averaged scattered intensity, /, as a function of the scat-
tering wave vector ¢ = (4nn/))sin(¥/2) where 0 is the
scattering angle, 4 is the laser wavelength, and n the
refractive index.
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The scattered intensity can be expressed as the convo-
lution of the single particle correlation function and the
pair correlation function (Kerker 1969):

1(q) =~ P(q)S(q) (1)

where P(q) is the form factor and S(g) the structure factor.

Let us now image micro-gels as a collection of fibers
made of an assembly of “building blocks” that can be
sketched as cylindrical objects with diameter d and length /
(Fig. 1). A fiber is made of many segments joined together
end-to-end within two branching points. Thus we expect
that the average fiber length is much longer than the seg-
ment length [, the latter being likely related to the persis-
tence length of the fibers (Ferri et al. 2001, 2002).

When our techniques access the fractal regime gd < 1,
the behavior of I(g) is determined only by the spatial cor-
relations of the segments (Papi et al. 2005), thus:

I(q) = Aq™* (2)
where
A = Keppul1=%) (3)

Here K is the optical constant given by K = (412//*Ny)
n2(dn/dc)*with N, being Avogadro’s number, cy the
sample concentration, and (0n/0c) the refractive index
increment of the solute.

The mass per unit length ratio of the segments, u, is
defined as u = Naympd? /4. The diameter d and the density
p of the segments represent the corresponding parameters
of the fibers. It could be noteworthy to observe that since
within a single aggregation [ is nearly a constant (Ferri
et al. 2001, 2002), and the normalized amplitude (A/A¢) is
proportional to . Furthermore in the case of homogeneous
fibril packaging, A/A, is even directly proportional to the
fibril diameter.

Quasi-elastic light scattering

Quasi light scattering technique measures the intensity
autocorrelation function g, (t) = (I(t)I(¢ 4 7))/ (I)*where

£

<>
o4
density p
Micro-gel Segment
Fig. 1 Sketch of the micro-gel structure. The micro-gel is a fractal
assembly of segments of length /, diameter d, and density p, joined
together end-to-end with only a few branching points. The segment
length should not be confused with the average fiber length between

the branching points but is rather likely related to the persistence
length of the fiber

is the lag time and brackets represent the ensemble average.
The g,(7) function can be related to the field autocorrelation
function g((r) through the Siegert relation g,(t) =1+
Bg3(t) where B is an instrumental constant (in our set-up,
f = 1). The mathematical form of g;(r) depends on the
physical properties of the investigated system. For mono-
disperse particles, the density autocorrelation function
decays exponentially following g(t) = e '", where the
decay rate I' depends on the particle translational diffusion
coefficient according to I' = Dg*. For a polydisperse
sample, g(t) is more complex than a single exponential. In
this case the distribution of decay rates must be accounted
for by introducing a weighting function (A):

o0

gi(1) = /Pr(rh)efr(r“”drh (4)

0

where pi(r,) is the normalized intensity-weighted radius
distribution function describing the distribution of the
fraction of the intensity scattered by a particle of hydro-
dynamic radius #, and decay rate I'(r,), given by:

T(r) = kTq? /671, (5)

where 7 is the water viscosity and k the Boltzman constant.

The recovery of the p(ry,) distribution, a classical hill-
posed problem, can be obtained by the regularized Laplace
inversion of the intensity autocorrelation function (Maul-
ucci et al. 2005). In this case, the intensity-weighted radius
distribution is obtained by a direct numerical inversion of
the DLS data.

Atomic force microscopy

Atomic force imaging was performed by an SPMagic SX
atomic force microscope (Elbatech, Italy) in the contact
operation mode. The samples were maintained on a glass
coverslip in an aqueous environment by just gently adding
a drop of buffer on the sample’s surface; the measurements
were taken at 7= 310 K . We did not wash the sample
after the deposition to avoid the shear stress induced by the
buffer flow that could modify the structure of the macro-
aggregates. The microscope probe consisted of an ultra-
sharp silicon nitride cantilever of a calibrated force
constant k = 0.05 N/m with a tip radius of less than 10 nm
(MikroMash). Image analysis was performed with WSxM
software (Nanotec Electronica, Spain).

Results and discussion
Light scattering is established as a technique for the

investigation of protein aggregation in solution (De Spirito
et al. 2003, 2006; Parasassi et al. 2008). The scattered
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intensity from VWF solutions was collected at several
angles corresponding to wave vectors ¢ in the range
0.46 x 10° < ¢ < 2.5 x 10° cm™" and is reported in the
inset of Fig. 2 as a function of g. Measurements were
performed at different times after the addition of ristocetin
in order to study VWF’s chemically induced self-aggre-
gation process. Just after the addition of ristocetin, within
the span of time required to complete the first angular run
(about 180 s), there was an increase in the scattered
intensity. This is attributed to the conformational change
(Shankaran et al. 2003) from a globular to a stretched
conformer that is responsible for the exposure of the binding
site to other VWF multimers. Very recently, the group
of Schneider (2007) thoroughly investigated the reverse
process via the relaxation of ultra-large VWF bundles in a
microfluidic-AFM hybrid reactor. Notably this retraction
process is completed on a time scale of about 100 s in good
agreement with our data (Steppich et al. 2008). Moreover,
intensity distribution shapes are well captured by Eq. 2,
where A is a constant proportional to the mass-to-length
ratio p and d is the fractal dimension (Ferri et al. 2001,
2002; Papi et al. 2005).

The time evolution of A and d; (Fig. 2) reveals the
thickening of elongated structures formed early on, as
indicated by the increase in A by three orders of magnitude,
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Fig. 2 Span of time covered by VWF aggregation upon ristocetin
addition in light-scattering experiments: normalized amplitude A/A,
(squares, left ordinate) and fractal dimension d; (circles, right
ordinate) increase with time, eventually reaching a plateau. Inset:
Log-log plot of the scattered intensity distributions versus ¢ during
the time span covered by aggregation; the filled squares, at the bottom
of the inset, represent data in the absence of ristocetin. Slopes, ranging
from —1 to —1.7, represent the mass fractal dimension dy of the
aggregates and clearly show an evolution in the polymers’ branching.
In the meantime, the amplitude increases, showing a thickening of the
VWEF, with the growth of elongated structures
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with a contextual increase in branching as demonstrated by
the fractal dimension variation ranging from 1 to 1.7 (Ferri
et al. 2001) (see Fig. 2).

To gain further insight into the growing mechanisms,
AFM images were collected both prior to and at different
intervals following ristocetin addition. The elongation,
branching, and thickening of the structures, resulting from
a self-assembly of VWF protein [already characterized by
LS in this work and in a previous paper (Di Stasio et al.
2009)], are shown in the images composing Fig. 3 (a—c).
Moreover, on larger time scales (d, e), these structures
further evolve to become more and more compact, thereby
creating local micro-gel structures that finally overlap. By
combining AFM and LS measurements, we can therefore
show that the aggregation mechanism consists of an initial
fibril formation, at short length scales and terminating after
about 2 h, which then evolves by forming a micro-gel
throughout the aggregation process. The aggregation’s
driving mechanism, i.e., fibril formation (Brunelli et al.
2007), can be further investigated by means of a quanti-
tative analysis of AFM images (see Fig. 4). In the absence
of ristocetin (Fig. 4a, b), VWF assumes its resting state
and is characterized by the presence of a large polydis-
persed family of protein with an average radius of
Rapm = 25 &£ 7 nm. In the same panel, quasi elastic light
scattering confirms, albeit through increased statistics, the
observed size distribution with an average radius of
Ry s = 19 = 5 nm. These results correspond well to the
pattern of VWF multimers observed in gel electrophoresis
and confirm previous findings obtained using electron
microscopy, small angle neutron scattering, turbidimetry,
and light scattering (Di Stasio et al. 2009; Loscalzo et al.
1985; Singh et al. 2006; Slayter et al. 1985).

Later on, 1 h after the addition of ristocetin (Fig. 4c, d),
elongated and branched fibrils are clearly observable. Fibril
radius has a size distribution that ranges from the value
corresponding to that of the smaller VWF molecules to
about twice that of the larger ones, with an average of
Rgp, = 34 £+ 15 nm. Thus, early fibrils occur by means of
an ordered binding of VWF molecules in a pearl necklace
manner. Control experiments performed under the same
experimental conditions but in the absence of ristocetin
showed that no conformational changes occurred in VWF
molecules (data not shown).

The transformation of multimeric plasma-derived VWF
into a widespread immobile network is dependent on several
physical and biochemical factors; these factors are chiefly
represented in vivo by matrix proteins (Barg et al. 2007).
Under shear, after a rodlike/random coil transition (Shank-
aran et al. 2003), VWF can form a spider web-like network,
which represents an optimal structure onto which circulating
platelets can anchor and thus support primary hemostasis
(Raghavachari et al. 2000; Schneider et al. 2007). Moreover,
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(A) no rist.

Fig. 3 3.5 x 3.5 pm AFM images of the supramolecular aggregates
of VWF protein a in the absence of ristocetin and b 1, ¢ 2,d 8, and e
24 h after its addition. Supramolecular structures evolve with time

Fig. 4 a AFM images of VWF
protein in the absence of
ristocetin. b Size distribution of
the VWF in the absence of
ristocetin as a result of a
statistical analysis of four
different AFM images (closed
squares) and as a result of
the dynamic light-scattering
size distribution of the
hydrodynamic radius (open
circles). ¢ Magnification of
AFM image of the
supramolecular aggregates of
VWEF protein after 1 h. d Size
distribution of the VWF early
aggregates as a result of a
statistical analysis of four
different AFM images.
Supramolecular structures
evolve with time from small
dispersed aggregates to a
network characterized by an
average fibril radius of 34 nm

190nm
T

VWEF solution structure is stabilized by frequent interdomain
interactions taking place between A-domain residues located
on different monomer units (Ulrichts et al. 2005). Such
interdomain interactions may be important regulators of
VWF’s function in physiology and pathology. In this paper
we investigated the formation of VWF’s spider web-like
network: this process seems to evolve initially by forming
early fibrils; only later does the branching formation
increase, and micro-gel spots, with a characteristic fractal
dimension of about 1.7, become evident.

Conclusion

Based on the present findings, we propose that the large
conformational changes induced by ristocetin binding
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disrupt the multiple domain interactions that occur in the
globular VWF structure, as demonstrated by our AFM
experiments (see Fig. 4a). Upon stabilization of the
extended conformation through ristocetin binding, homo-
typic domain interactions are substituted by heterotypic
A-domain associations, which contribute to the formation
of the network shown in Fig. 4c. The mechanism is a
physical example of the model known as “3D swapping”
(Liu and Eisenberg 2002), by means of which the confor-
mational transitions in a multidomain protein alter internal
homotypic interactions, thereby allowing heterotypic
domain interactions and hence the formation of aggregates.
This mechanism optimizes the formation of a spider web-
like network, which anchors circulating platelets through
binding of the Gplb-IX-V membrane complex. We
hypothesize that a different distribution of multimers in
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VWEF likely affects the efficiency and thus the rate of the
network’s formation (future experiments will be done to
test this statement). Thus, this proposed mechanism may
play a relevant role in vivo. In fact, VWF has a mean half-
life of about 20 h, a length of time comparable to the
period required for the structural rearrangements to
manifest.

Moreover, patients with severe aortic stenosis normally
present high levels of shear stress across the stenotic valve.
These patients usually show low levels of circulating VWF,
a phenomenon attributed to an enhanced proteolysis of
VWF multimers by the metalloprotease ADAMTSI13,
which recognizes and cleaves VWF multimers only under
shear stress of >30 dyn/cm2 (Tsai 2003). However, in this
setting, the generated high shear stress may also promote
aggregation of VWF molecules, thereby contributing to the
decrease of circulating VWF levels. Similarly, in particular
as regards type 2B VWD, the decreased levels of the ultra-
large molecular weight form may arise not only as a con-
sequence of enhanced binding to platelet Gplb, but also as
a product of the above mechanism responsible for VWF
aggregation. The pathological deposition of these VWF
aggregates in micro-circulation may contribute to the
thrombo-hemorrhagic syndromes that occur in these clini-
cal settings.
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