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Abstract: Von Willebrand factor (VWF), ablood multimeric
protein with a very high molecular weight, plays a crucial
role in the primary haemostasis, the physiological process
characterized by the adhesion of blood platelets to the
injured vessel wall. Hydrodynamic forces are responsible
for extensive conformational transitions in the VWF
multimers that change their structure from a globular
form to a stretched linear conformation. This feature
makes this protein particularly prone to be investigated
by mechanochemistry, the branch of the biophysical
chemistry devoted to investigating the effects of shear
forces on protein conformation. This review describes
the structural elements of the VWF molecule involved in
the biochemical response to shear forces. The stretched
VWF conformation favors the interaction with the
platelet GpIb and at the same time with ADAMTS-13,
the zinc-protease that cleaves VWF in the A2 domain,
limiting its prothrombotic capacity. The shear-induced
conformational transitions favor also a process of self-
aggregation, responsible for the formation of a spider-web
like network, particularly efficient in the trapping process
of flowing platelets. The investigation of the biophysical
effects of shear forces on VWF conformation contributes
to unraveling the molecular mechanisms of many types of
thrombotic and haemorrhagic syndromes.
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Introduction

Vascular damage is rapidly followed by adhesion and firm
attachment of blood platelets at the site of endothelial
injury. This process is mediated by von Willebrand factor
(VWF), a multimeric protein of variable molecular weight
ranging from about 0.5 to about 20 megadalton, which
acts as a bridge between the subendothelial collagen and
platelets, a process referred to as primary haemostasis
[1, 2]. VWF multimers link, in fact, the platelet receptor
Gplb/IX/V to collagen fibrils of the extracellular matrix [2,
3]. VWF immobilized on subendothelial collagen forms a
reactive surface, which can capture platelets from flowing
blood [4]. The latter in the circulatory tree isare subjected
to forces generated by flow itself. Shear stress is a force
that is mathematically expressed as a vector, having both
a magnitude and direction. The magnitude of the shear
stress vector is directly proportional to blood flow and
fluid viscosity and indirectly proportional to the vessel
radius. Consequently, blood vessels with high flow and
small lumens are exposed to high shear stress, while
vessels with low flow and large diameters are exposed to
low shear stress. Hence, macromolecules in blood flow
experience the effect of high shear in the microcirculation
(arterioles and capillaries), where the values of forces are
>20-30 dyn/cm2 (corresponding to 2-3 pascal), whereas the
shear effect is minimal in the venous circulation. Notably,
at shear stress> 20 dyn/cm?, VWF undergoes micro- and
macro-conformational changes from a globular state to
a stretched chain conformation, where especially the
A2 domain undergoes relevant structural changes [5-7].
VWF derives from a huge gene (180 kb, 52 exons), and is
synthesized as pre-pro-VWF, including a 22-residue signal
peptide and a 741-residue propeptide. VWF undergoes
extensive posttranslational processing, consisting of
glycosylation, sulfation, and assembly in the endoplasmic
reticulum, Golgi, and post-Golgi organelles. The ~250 kDa
monomeric subunits form disulfide-linked multimers of
500 to 20,000 kDa. Each mature VWF monomer contains
2050 amino acids made up of conserved domains arranged
in the order D1-D2-D’-D3-A1-A2-A3-D4-B1-B2-B3-C1-C6-CK
[1]. In Figure 1 a cartoon shows the scheme of the various
VWF domains with their main relative functions, which
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Figure 1: Schematic representation of the VWF monomer. VWF is synthesized as a pre-pro-VWF that comprises 763 residue propeptide, and
the 2050-residue mature subunit. After initial removal of the signal peptide, the pro-VWF monomers associate in the endoplasmic reticulum
in “tail-to-tail” dimers by the formation of disulfide bonds engaging the carboxyl-terminal CK domains (formation of the “dimeric bouquet”).
Thereafter, dimers further multimerize by forming “head-to-head” disulfide bonds between the amino-terminus (D3 domain) in the Golgi
apparatus. Some binding sites that are important for the hemostatic function of VWF are also indicated together with the ADAMTS13
cleavage site in the A2 domain. Relevant regions in which mutations have been found to be associated with VWD types 1 and 2 are also

shown. The symbol 1} indicates the glycosylation sites.

are variably inhibited by inherited mutations present
in the different subtypes of von Willebrand disease.
Binding of the platelet GpIba receptor to the A1 domain
of immobilized VWF results in an initial adhesion,
characterized by a continuous surface translocation
of the platelets [8, 9]. This process ultimately leads to a
stable platelet adhesion through interaction with the
platelet collagen receptors GpVI and a.f, integrin (Gpla/
ITa) [10-12], activation of the platelet GplIb/Illa receptor
complex and, finally, to platelet aggregation. During the
process of primary haemostasis, the interaction between
VWF and GplIba does not occur under static conditions
but it needs a pre-activation of soluble VWF. This process
consists of a conformational change of VWF molecules,
which expose within the A1 domain the binding site for
Gplba. This mechanism is triggered either by mechanical
forces, such as a high shear rate (>5000 s), found in the
microcirculation or by chemical potentials generated by
the interaction with biochemical effectors [5, 6, 13-15].
However, even natural mutations causing type 2B von
Willebrand disease (VWD 2B), such as the Arg1306Trp or
Arg1341Trp or Arg1306Trp [16, 17] in the Al domain, are
also able to stabilize a conformational state favoring the
interaction with the platelet receptor even under very
low shear conditions [18]. The stretched conformation of

VWF not only permits the interaction with the platelet
Gplb receptor, but also the proteolytic attack by the zinc-
protease ADAMTS-13 (A Disintegrin And Metalloproteinase
with a Thrombospondin type 1 motif, member 13) [7,
19-22], which, cleaving the Tyr1605-Met1606 in the A2
domain of VWF, fragments the protein and limits the pro-
haemostatic and prothrombotic activity of the ultra-large
VWF multimers [7].

Besides conferring the ability to VWF multimer
to interact with the platelet receptor and at the same
time to be fragmented by ADAMTS-13, high shear stress
can favor a VWF self-association, a process by which
multimeric VWF binds to or aggregates with additional
VWF multimers. This process is responsible for the
formation of VWF fibers, that are organized as spider-
web like structures [5, 23]. This network constitutes an
ideal anchor to recruit flowing platelets in the circulation
during the process of primary haemostasis. All these
VWF properties stem from the unique capacity of this
multimeric protein to be very sensitive to external
hydrodynamic forces [5]. Many biological processes are
controlled and variably modulated by external physical
forces, such as cell adhesion, cytoskeleton organization,
cell division, bacteria invasion, and the activity of ion
channels [24-30].
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The high sensitivity of VWF to hydrodynamic forces
raises the question concerning the molecular mechanisms
by which VWF multimers undergo major conformational
changes responsible for the acquisition of their full
pro-haemostatic and prothrombotic activities. Besides
the shear-dependent conformational changes of VWF
multimers, also the binding of VWF Al domain with the
platelet receptor Gplb/IX/V and subendothelial collagen
have been extensively studied from a biophysical point of
view. To characterize the acting biophysical mechanisms,
different types of bonds were identified, such as the catch-
slip bond [31-33] or flex bond [34] (see below). Notably, the
flex bond was demonstrated to occur in the binding of
the VWF A1 domain to Gplb [34]. In elegant experiments
using the ReaLiSM method (repeated measurements of
the binding and unbinding of a receptor and ligand in a
single-molecule), Kim et al. demonstrated two states of
the receptor-ligand bond, that is, a flex-bond [34]. One
state was observed at low hydrodynamic force (<5pN),
whereas a second state begins to engage at about 10
pN with a ~20-fold longer lifetime and greater force
resistance. The second state can resist to flowing forces
that could disaggregate the platelet plug. Nonetheless,
although plenty of experimental evidence was provided
by different Authors, no definitive conclusion has
been reached on what type of bond stabilizes and/or
controls VWF interaction with platelets or the vessel
wall. Thus, before analyzing what is known about the
molecular mechanisms adopted by VWF in responding to
hydrodynamic forces, we will describe the main aspects
of the scientific theory developed to analyze and unravel
the mechanisms by which many natural proteins sense
the action of external physical forces, that is the scientific
branch referred to as mechanochemistry.

Principles of mechanochemistry

Between 1978 and 1988 different authors formulated
and developed the theory of mechanochemistry, based
on the assumption that in the interaction between
two macromolecules an external force exponentially
accelerates dissociation between interacting particles
[35, 36]. The basic principle for the application of
mechanochemistry in biochemical systems relies on
the fact that macromolecules in living systems do not
often interact each other freely in solution, according
to classical kinetics and thermodynamics principles,
but very often interact tethered to other subcellular
structures and in a highly structured mode. The difference
between the mechanochemical approach to manipulating
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chemical reactivity is that mechanical force, unlike
temperature, pressure, or solution composition, is a
vector, whose direction, which can be changed in the
attachment points, can heavily modify the observed
kinetic rate of the reaction. The study by Dembo et al.
[36] proposed a classification of three types of molecular
bonds according to how the off-rate depends on that
force. The behavior described earlier by the Bell model
[35, 36] was called slip bonds, as force shortens the bond
lifetime. This model is very intuitive, as it predicts that
the external force increases the rate of dissociation. This
model was compatible with results obtained with atomic
force microscopy, which were theoretically validated by
Shapiro & Qian in 1997 in the framework of the Kramers’
rate of molecular dissociation theory [37, 38]. This model
predicts that in any experimental measurement of the
interaction between two molecules, the bond may break
down at any time and space point over a range of forces, as
the Brownian motion of the molecules must be considered
[37, 38]. Force (f) exponentially increases the rate at which
bonds are broken, according to the relation:

k(f) =k, - exp (f/f) )]

where Kk(f) is the rate at which the bond breaks at a certain
force, f, and f_ is the characteristic force for dissociation.
The force (f) in eq. 1 can be related to an interaction
distance (Dx=k,T/f, ), where k, is the Boltzmann constant
and T is the absolute temperature. Based on this relation,
the force reduces the magnitude of the energy barrier by
the amount f -Dx.

The second type of bond was defined catch bond: it
is characterized by a counter-intuitive behavior, as force
prolongs bond lifetime. Catch bonds show different
characteristics from the slip bonds, in any kind of
experimental methodology employed. The occurrence
of the apparently counterintuitive catch bonds was
demonstrated in several biochemical systems, comprising
the interaction between VWF and the platelet receptor
Gplb/IX/V [34]. However, the simple catch bond model
can also change into a more complex system. If in atomic
force experiments on single-molecule a constant force
and velocity of stretching is used, catch bonds show
simple mono-exponential dissociation kinetics. A typical
example is given by the interaction between P-selectin
and its receptor PSLG-1 [39]. However, in the case of
catch bonds, another scenario could be depicted: the
energy landscape of a catch-slip bond has two bound
states and dissociates along two pathways according to
a sliding-rebinding mechanism. Under the catch regime,
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the binding affinity of one molecule (ligand, “L”) for the
interacting molecule (receptor, “R”) progressively grows
with force owing to mechanical interface remodeling
and formation of additional binding contacts, which
results in bond strengthening. This trend continues until
the size and conformation of the binding pocket of R
becomes comparable with the molecular dimension and
conformation of L at a critical force f=fc, at which point
the slip regime sets in. Under the slip regime, the binding
affinity of L gradually decreases with the increasing force
f>fc due to the disruption of binding contacts, which
weakens the bond. Different biophysical mechanisms
have been proposed to drive this complex behavior: 1)
single or dual bound states with two dissociation pathways
[40-42], allostery [43-46], combined entropic controlled
dissociation and energetic-controlled break [47], and
global deformation of the molecule [48, 49]. The third
class is represented by ideal bonds, which indicate the
case in which bond lifetime is independent of an externally
applied force. A theoretical plot of the dependence the
lifetime of all the above bond types as a function of the
applied external force is shown in Fig. 1. Based on these
theoretical concepts, several experimental methods of
dynamic force spectroscopy on single-molecule were
developed and applied to investigate some biological
systems concerning protein-protein interactions and cell-
protein interactions [50-52]. These methods, as reported
below, have been widely applied also to the study of the
mechanical force-dependence of the VWF conformation
in relation to its interaction with GpIb and ADAMTS-13.

The effect of shear forces on von
Willebrand Factor

The ability of VWF to interact with platelets and sub-
endothelial collagen contributes to the arrest of bleeding
by sequestering platelets from vascular blood flow, thus
mediating their adhesion to the exposed subendothelial
matrix at sites of vascular damage. Under arterial
flow, VWF drives this process [1, 2], as it can change its
conformation as a function of shear stress, generating a
conformer suitable to the above interactions. Once secreted
from the Weibel-Palade bodies into the plasma milieu
at physiological pH, VWF assumes a more globular and
compact conformation. In most part of the circulatory tree,
VWF remains in this conformational state, but can rapidly
change its conformational state in the microcirculation
flow. Although most of the interactions that VWF can
make with many macromolecular ligands are possible
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only if VWF assumes a stretched conformation under
high shear forces, the interaction with subendothelial
collagen can take place even by globular VWF conformer,
as collagen was demonstrated to be rather insensitive
to hydrodynamic forces [53-55]. Collagen III is believed
to be essential for the interaction with the A3 domain,
whereas collagen VI is believed to be essential for the
interaction with the A1l domain. Experiments in vitro
showed that the interaction between the A3 domain and
type VI collagen has only an ancillary role that can be
useful in the case of natural mutations that impair the
Al interaction with type III collagen. The latter appears
to be far more abundant in artery walls and skin than
collagen type VI, which makes it the prevalent binding
partner for VWF [53]. Recent studies showed that platelets
would strongly adhere to high molecular weight VWF
multimers (HMW-VWF), present in the circulation after
their release from the endothelial storage granules, prior
to their deposition onto collagen at a damaged vascular
site [53]. As anticipated above, the interaction between
the VWF Al domain and the Gplb/IX/V platelet receptor
can occur only in the microcirculation, where a shear
rate>2000 sec! is generated. From the mechanochemistry
standpoint, the interaction between VWF and collagen
can be thus characterized by an “ideal bond”, thus
independent of externally applied forces. This finding
agrees with the possibility to measure the interaction
between HMW-VWF with collagen in ELISA tests even
under static conditions in the common diagnostic practice
of von Willebrand disease (VWD) [56]. Once immobilized
on subendothelial collagen, VWF forms a reactive surface
capable of capturing platelets from flowing blood [57, 58].
Furthermore, when VWF multimers are bound to collagen,
their rotational entropy, present when the protein is free in
solution, is drastically reduced and the elongational force
becomes predominant. This force acts on the multimers so
that the latter form an elongated strain on the endothelial
surface that exposes multiple binding sites for ligands and
receptor. Of interest, this biophysical process is induced,
besides hydrodynamic forces, also by specific interactions
with pharmacological and biochemical agents, such as
the antibiotic glycopeptide ristocetin, the snake venom
botrocetin and polyphosphate [15, 59-62]. Finally, even
gain-of-function natural mutations causing type 2B von
Willebrand diseases (2B VWD), such as the p.Arg1306Trp
or p.Arg1341Trp, are able to stabilize a conformational
state that is prone to the interaction with the platelet
receptor Gplb even under very low shear conditions, thus
causing platelet clumping in the systemic circulation [17,
63].
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What is the structural basis of such conformational
transition induced by mechanical forces under flow?
Elegant biophysical and biochemical studies together
with findings on natural VWD variants in the Al and A2
VWF domains have largely, although not completely,
clarified this issue. Conformational flexibility of VWF
was previously limited to the context of polymer physics,
whereby a shear stress level>30 dyn cm? would cause
the unfurling of VWF multimeric strings. This stretching
phenomenon can expose the Al domains that bind
to platelet Gplb. However, the studies by Auton et al.
demonstrated thatunder certainshearstress conditionsthe
above macro-conformational transition is accompanied
by a certain degree of molecular flexibility that allows the
VWEF Al residues engaged in the binding to GplIb to fit into
the interacting cleft of the receptor [64]. Natural mutations
causing type 2M von Willebrand disease, such as p.G1324A
and p.G1324S, generate in fact a more rigid sequence due
to the substitution of the simple side chain of glycine
(hydrogen atom) with a larger side chain (methyl group
and hydroxyl group of alanine and serine, respectively)
that strongly limits the conformational flexibility of that
part of the molecule contained in the B-turn between
B-strands 2 and 3 within the native state of VWF [64].
Substitution of a bulky side chain-containing amino acid
sterically hinders, in fact, the ¢-p conformational space
of the peptide, making this region of the structure more
rigid. Furthermore, the hydroxyl group of Ser1324 provides
additional structural stability as it forms an additional
hydrogen bond with histidine 1322 (see Fig. 2). Hence, not
even external hydrodynamic forces are able to counteract
the rigidity of this segment of the protein, which has
become much more rigid due to the type 2M mutations.
By contrast, in the wild type VWF hydrodynamic forces
induce conformational transitions that, occurring mostly
in the A2 domain, propagate thereafter through the Al
and other domains of the monomer, causing ultimately a
stretching of the multimer.

The effects of hydrodynamic
forces on VWF: the A2 domain as a
mechanosensitive switch

Shear forces act along the entire contour of a
macromolecule, thus the long chains of high molecular
weight multimers of VWF are more easily stretched in
shear flow. However, the VWF monomer contains a
domain that acts as a mechanosensitive machine, that
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Catch bond
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Figure 2: Different types of bonds as a function of applied

external force, according to mechanochemistry principles. The
figure illustrates the mains types of bond lifetime according to

the mechanochemistry theory proposed by Dembo et al. [36]: the
external forces enhance the bond lifetime (catch bond), reduce the
bond lifetime (slip bond), did not change the bond’s lifetime (ideal
bond) or have a mixed effect (catch and slip bond).

Figure 3: Structure of the type 2M p.Gly1324Ser VWF A1 domain
(PDB accession code 5BV8) [64]. The dashed line shows the
hydrogen bond between the hydroxyl group of Ser1324 and the
imidazole of His1322. This hydrogen bond contributes to rigidify
this part of the domain, rendering it much less sensitive to external
shear forces. The figure is generated by the program Pymol (v. 2.3)

is the A2 domain. The X-ray crystal structure of the A2
domain [6] showed, in fact, that this part resembles the
overall conformation of the so-called VWA domain,
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Figure 4: A) Crystal structure of calcium-bound human VWF A2 domain (PDB accession code 3ZQK), shown in cartoon representation.

The central B-sheets are encircled by a-helices. The blue arrow indicates the a4-less loop.. B) Structure of human A2 domain of VWF (PDB
accession code 3GXB, shown in the same prospective of panel A). The figure shows the interactions between the vicinal Cys1669-Cys1670
peptide bond (yellow) interacting with some apolar side chains of amino acids in the B4-strand, such as Leu1603 (orange) and Tyr1605-
Met1606 (magenta). The Ile1619 (orange) in the a,-less loop is also shown. C), D and E) panels show the cartoon representation of the

Al (PDB 1AUQ), A2 (PDB 3GXB), and A3 (PDB 1A03) domain of VWF, respectively. Note the similar global structures of the three domains
containing a central region composed of B-sheets encircled by a-helices. The major structural difference resides in the presence of the
absence of the a4-loop, substituted by a loop (red arrow). NH,- and COOH- represent the N- and C- terminal ends of the domains. The figure

is generated by the program Pymol (v. 2.3)

present in a protein superfamily comprising integrins on
cell surfaces, complement components and DNA repair
proteins [65]. However, the A2 domain shows a unique
structure if compared to other VWA domains. In fact,
the A2 domain has a sequence of a-helices and -strands
that alternate in sequence (see Fig. 3). The B-sheet core
is highly hydrophobic and contains [-strands with
the order B3-p2-B1-B4-p5-B6, with B3 antiparallel to the
others. The domains belonging to the VWA superfamily
show six amphipathic a-helices around the p-sheet.
However, the A2 domain of VWF lacks an a4-helix (Fig.
3A), having a long loop replacing the a4-helix running
from the C terminus of the p4-strand to the N terminus of
the B5-strand. This loop has a higher B-factor compared
to the a4-helix of Al or A3 domain and shows an apolar
interaction between the side chain of Leul619 end the

core B strand. Overall, this loop is thus characterized by
high conformational flexibility and has contact with the
core B4 strand that contains the Tyr1605-Met1606 peptide
bond cleaved by ADAMTS-13. Another aspect renders
the A2 domain unique from a structural standpoint: the
presence of the vicinal disulfide Cys1669-Cys1670 peptide
backbone, which forms an 8-membered ring (Fig. 3B).
The ring is nonplanar and thus strained (mean w angle
»152°), confers rigidity to this protein segment, thus
acting as a barrier to external hydrodynamic forces, and
interacts with some apolar side chains of amino acids
in the B4-strand, such as Leu1603 and Tyr1605 (Fig. 3B).
Furthermore, the vicinal disulfide gets in contact with the
al-B2 loop residue Met1528, p2-strand residue Ile1535, and
N- terminal residue Met1495 [6]. The structural peculiarity
of the vicinal disulfide Cys1669-Cys1670 plays a central
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Figure 5: Effect of shear forces on the A2 domain of VWF. The A2 domain is shown in cartoon representation (PDB accession code 3gxb). As
explained in the text, shear forces act on this domain and particularly on the 8-membered Cys1670-Cys1669 disulfide ring. The external
hydrodynamic force acts primarily on this Cys1670-Cys1669 disulfide ring that represents a high energy barrier to the mechanical force. If
the external force overcomes this energetic barrier, it will be transmitted to the hydrophobic core containing the Tyr1605-Met1606, via the
apolar interactions of the vicinal Cys1670-Cys1669 ring with Leu1603 and Tyr1605. By virtue of this mechanical energy transfer, both the
poor packing of the B4 strand and the high conformational flexibility of the long a4-less loop destabilize the hydrophobic core, which is
solvated so that the Tyr1605-Met1606 peptide bond becomes available to proteolytic attack by ADAMTS-13. The conformational transition
eliminates also the shielding effect of the A2 domain on the A1 domain that can bind to the platelet Gplb.

role in the mechanosensitive properties of the entire A2
domain, whose genetic mutations are largely responsible
for many forms of Group II type 2A von Willebrand disease
(p.R1597W, p.G1505E, p.11628T, and p.E1638K) that shows
a loss of high molecular weight multimer because of an
increased proteolysis by ADAMTS-13 in the bloodstream.
The supernormal proteolysis by ADAMTS-13 is linked to
the tendency of these VWF mutants to be in a more “open”,
unfolded conformations that render the Tyr1605-Met1605
in the hydrophobic core of the P4 strand susceptible
to the proteolytic attack by the metalloprotease. The
hydrodynamic shear forces, due to the structural aspects
described above, act mostly on the A2 domain, as the
unfolding will proceed from the C-terminal end rather
than the N-terminal one of the A2 domain, because the
C-terminal structural elements can be more easily removed
one at a time from the end of the domain, while the 1
strand at the N-terminal is surrounded by counterforts
constituted by B2 and B4 strands in the core of the domain

(see Fig. 4). Based on this structural arrangement, any
external hydrodynamic force acting on the C-terminus
of the A2 domain will be simultaneously sensed by the
8-membered Cys1670-Cys1669 disulfide ring, which acts a
high energy barrier to the external force. If this energetic
barrier is overcome, the external force will be transmitted
to the hydrophobic core containing the Tyr1605-Met1606,
because of the apolar interactions with Leul603 and
Tyr1605. At this point, the poor packing of the B4 strand
and the high conformational flexibility of the long loop
replacing the a4 strand give rise to an easy unfolding of the
hydrophobic core. The unfolding of the inner hydrophobic
core of the A2 domain is accompanied by solvation of the
region and the Tyr1605-Met1606 becomes available to the
proteolysis by ADAMTS-13 (see Fig. 5).

We should consider that the above biochemical
pathway, unraveled by the X-ray diffraction studies by
Zhang et al [6], induces a shift of the reversible reaction
F<>U, where F and U are the folded and unfolded
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conformers of the A2 domain, toward the unfolded form. It
must be outlined that in the flowing blood VWF multimers
are exposed to high hydrodynamic forces for a limited time
and, due to the reversibility of the unfolding reaction,
ADAMTS-13 could exert its proteolytic activity for a very
short time [21, 22]. However, the nature has provided VWF
with a biochemical mechanism that allows conversion
from a cis- to a trans Trp1644-Prol1645 peptide bond [66].
This structural transition is capable to greatly delay the
process of refolding of the A2 domain, thus allowing
a more prolonged activity by ADAMTS-13. It also to be
remarked that, when VWF multimers bound to collagen
at sites of vascular injury, the rotational flow vanishes
and the elongational flow is sufficiently high to unfold
the molecule and allow at the same time to interact with
platelet Gplb and be proteolyzed by ADAMTS-13 during
vessel repair.

The effect of the mechanosensitive
properties of the A2 domain on the
other domains of VWF

Once the unfolding of the A2 domain takes place,
conformational transitions involve also the vicinal Al
and A3 domains, so that the binding sites for other
ligands become available for interactions. Hence, the
conformational instability of the A2 domain under enough
shear forces can affect also the interaction between the
A1l and A2 domains. These two domains are adjacent to
each other and connected by a linker of 30 amino acids.
Previous studies showed that under low shear conditions
the Al domain, and particularly the Gplb binding site,
is shielded by a specific inhibitory interaction with the
vicinal A2 domain [54]. Thus, once enough shear force
overcomes the resistance of the A2 domain to unfold, the
conformational transition in the A2 domain gives rise
to two different effects: 1) the exposition of the Tyr1605-
Met1606 to solvent, rendering it available to the proteolytic
attack by ADAMTS-13; 2) the elimination of the shielding
effect of the A2 on the Al domain with exposition of the
Gplb binding site in the A1 domain. Furthermore, the shear
force-dependent stretching of the whole VWF multimer
creates many binding sites available for interactions with
cell receptors and other protein ligands.

What is, from a biophysical standpoint, the
relationship between the magnitude of the shear force
and the molecular size of VWF that makes possible these
functional effects described above? The study by Zhang
et al. predicted that the A2 domain unfolds around 11

Stefano Lancellotti et al: Mechanochemistry of von Willebrand factor

— 201

PN of tensile force [6]. However, when it circulates in the
blood, VWF achieves this unfolding force in an A2 domain
as a function of several factors, such as macromolecular
conformation, location along the multimer contour, and
the corresponding distribution of local internal tensile
force. With experimental and computational methods, it
was shown that that unfolding of A2 domains, and thus
proteolysis of VWF multimers by ADAMTS-13, occurs
preferentially near the center of untangled multimers.
Experimentally we know that ultra-large VWF multimers
undergo rapid scission upon secretion into the vasculature
because of their length [67]. Zhang et al. [7] analyzed the
distribution of internal tensile force in a computational
analysis for a multimer composed of 25 dimers along the
multimer contour, each dimer modeled as a dumbbell
with two spheres of radius a = 13 nm separated by a rigid
tether of length d = 94 nm, obtaining an interesting result.
In fact, the tensile force F(j) to the inside of any sphere
pair j in a chain with N dimers, is the sum of the force on
all the outer dimer pairs. Hence, the total tensile force is
given by [7, 68]

W+HN+1-j)

N
FG)s ) flix(d+2a)] : fd+20) (2
=

Where (i) is the normal force between two spheres that are
a certain distance (x) apart. From eq. 2, the normal force
on a monomer in the center of a multimer is approximately
proportional to N? (i.e., when j=1), whereas the force on
a monomer at the end of a multimer is proportional to N
(i.e., whenj = N).

This quadratic dependence markedly separates
longer and shorter multimers, if referred to the capacity
of external shear force to stretch the molecule. Hence,
in a simulation, Zhang et al. calculated that 11 pN can
unfold an upper length limit for VWF of 200 monomers,
as observed in atomic force experiments [7]. The relation
between the tensile force and the length of the VWF
multimers expressed in eq. 2, affects the behavior of VWF
multimers that undergo shear forces in the circulation. To
perform their physiological pro-haemostatic functions,
VWF multimers must undergo a correct transition of
stretching, which, however, is not sufficient to fully
activate adhesiveness to platelets through binding to
Gplb. However, although not sufficient, the stretching is
a necessary step, since weak interactions between distal
monomers of the VWF multimer tethered on endothelium
must be broken to re-direct tension and enable it to build up
along the central part of the multimer chain. When tension
is >20 pN, it mechanically induces a second transition of
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the Al domain to a high-affinity conformation suitable
to binding to GpIb. Thus, the length of VWF multimers
is essential for the VWF’s haemostatic function: short
multimers are not able to reach sufficient forces to induce
the conformational transitions described above. Another
advantage of having sufficiently long multimers resides in
their ability to expose more interaction sites than shorter
chains. The occurrence of these biophysical mechanisms
is observed also in pathological conditions responsible
for opposite effects. Inherited VWF diseases characterized
by severe deficiency of high molecular weight VWF
multimers (e.g. type 2A VWD) cause haemorrhages,
whereas in the acquired disease referred to as thrombotic
thrombocytopenic purpura, the accumulation of ultra-
large VWF multimers, due to deficiency of ADAMTS-13,
causes thrombotic complications in the microcirculation,
where high shear stress is generated [69-71]. Moreover,
natural mutations of the VWF Al domain may differently
affect the conformational transitions of the whole VWF
multimer linked to external hydrodynamic forces, as
noticed above for the type 2M von Willebrand mutations
p.G1324A and p.G1324S. This effect is associated with
resistance to unfolding induced by denaturing agents,
reduced sensitivity to hydrodynamic force and decrease
of affinity for Gplb under shear flow and resistance to
limited proteolysis [64]. By virtue of these mutations, the
physiological equilibrium between a more compact and a
more disordered conformation of the A1 domain of VWF
is shifted toward the former and this structural effect
results in a decrease of both the interaction with GpIb and
proteolysis by ADAMTS-13 [64]. By contrast, the natural
mutation R1306W in the A1 domain, causing a type 2B von
Willebrand disease, switches the equilibrium toward an
unfolded conformation of VWF multimers, thus showing
a higher sensitivity to shear stress [17], which facilitates
exposure of GPIb binding sites. The mean hydrodynamic
diameter of resting p.R1306W VWF multimers was indeed
significantly greater than that of wild type VWF multimers
(210+60 nm vs. 87+22 nm, respectively) [64]. At shear forces
<14 dyn cm?, the p.R1306W multimers rapidly populates
stretched conformers, acquiring the capacity to interact
with GpIb which, instead, was induced for WT VWF by
shear forces >30 dyn cm? only.

Another relevant VWF activity linked to the
acquisition of a stretched conformation under shear flow
is the propensity to self-aggregate [5]. The stretched VWF
conformation favors, in fact, a process of self-aggregation,
responsible for the formation of a spider web-like
network, particularly efficient in the mechanical trapping
of flowing platelets [5]. Thus, the effect of shear stress on
conformational changes in VWF shows a close correlation
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with the platelet adhesion and thrombus formation in
the arterial microcirculation, where high shear stress is
present. Recent studies have remarked that the sensitivity
of the A2 domain to shear forces plays a major role in
inducing a process of self-aggregation of VWF [23]. Thus,
when the unfolding prevails under the effect of shear
forces, VWF multimers act as promoters of thrombotic
mechanisms but at the same time are prone to the
proteolysis by ADAMTS-13 that limits the pro-hemostatic
and prothrombotic function of VWF. When this proteolytic
process cannot take place, due to the formation of auto-
antibodies against ADAMTS-13 or for genetic deficiency of
the metalloprotease, thrombotic microangiopathy occurs,
characterized by an accumulation of ultra-large VWF
multimers that have a high prothrombotic activity causing
a multi-organ ischemic failure [70, 72]. Prothrombotic
effects of VWF multimers may be also generated when,
once the “open” conformation of the VWF multimer is
generated by shear, the side chain of Met1606 may be
more easily oxidized by chemical radicals produced by
activated polymorphonuclear cells at sites of inflamed
endothelium. Under these conditions, oxidizing species,
such as ROS and HOCI, can modify the Met1606 residue
to sulphonyl-methionine, rendering VWF resistant to
ADAMT-13 proteolysis [73, 74]. Furthermore, molecular
dynamics simulation showed that oxidation of Met1606
reduces the force necessary to initiate unfolding [75].
Altogether, these phenomena promote an accumulation
of ultra-large VWF multimers that, being more sensitive
to shear stress, favors platelet adhesion and aggregation,
and contributes to thrombotic complications in several
clinical settings [76, 77]. As anticipated in a previous
section, the same transition from a folded to a stretched
VWF conformer can be attained even under static
conditions upon the interaction of some molecules with
the A1 domain of VWE. These molecules, essentially
represented by ristocetin, botrocetin and polyphosphate,
bind to different sites in the A1 domain and trigger the
conformational transition of VWF multimers [15, 59, 60].
Ristocetin, an old antibiotic with a glycopeptide structure,
withdrawn from the market as it was associated with
the development of thrombocytopenia, binds in the Al
domain to a specific region comprising Lys534 (VWF
sequence: 1297), Arg 571 (VWF sequence: 1334), Lys572
(VWF sequence: 1335), Glu596 (VWF sequence: 1359),
Glu613 (VWF sequence: 1376), Arg6l6 (VWF sequence:
1379), Glu626 (VWF sequence: 1389), and Lys642 (VWF
sequence: 1405) [15]. Botrocetin, a venom from Bothrops
jararaca snake, promotes platelet-VWF agglutination in
several mammalian species, interacting with a cluster of
two amino acids, constituted of Arg636 (VWF sequence:
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1399) and Lys667 (VWF sequence:1430) [15]. Thus, both
physical (shear forces) and chemical (ligand binding)
potentials can generate the free energy change needed to
sustain the conformational transitions in VWF multimers.
In both cases, the induced conformational changes
disrupt the multiple inter-domain interactions present
in the native VWF structure [67]. Upon stabilization of
the stretched conformation, the swapped domains of
a VWF multimer can interact with the same domain
but belonging to a different multimer. Hence, the non-
covalent intra-monomer interactions between domains
are broken and restored between different multimer
chains: this aggregation mechanism may be an example
of the biophysical phenomenon referred to as 3D domain
swapping [78, 79]. The latter is a mechanism that allows
protein molecules to form dimers or polymers by
exchanging an identical structural element, referred to as
“domain”. More properly, we should consider the process
of VWF multimerization and subsequent molecular
aggregation as a 3D domain swapping mechanism. The
dimerization process of the VWF mature monomers takes
place at acidic pH in the endoplasmic reticulum and
occurs through the formation of disulfide bonds at the
C-terminal cystine knot (CK) domain, as detailed in the
next section. The stable dimer represents the fundamental
structure that allows a progressive polymerization process
that culminates in the formation of very high molecular
weight VWF multimers in the endothelial Weibel-Palade
bodies (WPB), through the further formation of disulfide
bonds. However, these ultra-large VWF multimers, once
secreted in the circulation, under the action of shear
forces exploit a 3D swapping mechanism for the creation
of extended VWF fibril networks, where flowing platelets
can be easily trapped through the interaction between the
Gplb and VWF A1 domain. This scenario was confirmed by
experimental studies, as described in the next paragraph.

The intracellular dimerization and
multimerization processes of VWF
affect the sensitivity to shear of
mature VWF multimers

VWF glycoprotein is biosynthesized as a preproprotein:
the signal peptide sequence is removed during
translocation into the endoplasmic reticulum (ER),
while cleavage by furin takes place later to generate the
pro-piece and mature fragments. Most disulfide bonds
are formed in the endoplasmic reticulum, and proVWF
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dimerizes after the formation of intersubunit disulfide
bonds at the C-terminal cystine knot (CK) domain. ProVWF
dimers undergo a drastic pH change through the trans-
Golgi network and the so-called Weibel-Palade bodies,
where pH»6. In these granules, VWF dimers are further
polymerized by the formation of additional disulfide
bonds and are assembled into helical structures that form
well-organized, parallel tubule-like structures [80-82]. In
vitro studies showed that the non-covalent dimerization
of the N-terminal ends of proVWF dimers are favored by
homotypic interactions between the D1 and D2 domains
[81]. Assembly of these dimers onto the end of a growing
helical tubule puts the D’D3 domains within a dimer 13
nm apart from one another, and places one D’D3 domain
adjacent to a different D’D3 domain from another dimer.
This is a first mechanism compatible with a 3D domain
swapping, which induces a correct disposition of two
monomers for the formation of a physiological form of a
dimer (Fig. 6A). Helical arrangement constitutes, in fact,
a useful template for disulfide bond formation during
N-terminal multimerization, preventing N-terminal
disulfide bonds between monomers within the same
dimer [83]. At the same time, this mechanism can ensure
that covalent interaction between VWF monomers is
co-linear with assembly into helical tubules, as electron
microscopy studies have demonstrated [81]. Notably, this
geometric arrangement of VWF multimers in the Weibel-
Palade bodies of endothelial cells can compact mature
VWF molecules »50-fold compared with stretched VWF
after secretion in the blood stream [81]. Under the effect
of external shear forces that induce the conformational
changes and stretching of the ultra-large VWF multimers,
the molecules can interact each other, forming spider-
web like structures (see cartoon in Fig. 6B), where flowing
platelets can easily be trapped in the process of primary
haemostasis [5]. This is the molecular process that should
be considered bona fide a 3D domain swapping, as it
engages multimeric proteins as basic elements functional
to the process.

Experimental evidences show that the early
dimerization process could affect the final conformation
(and thus function) of VWF multimers. For instance,
the presence of the von Willebrand factor (VWF) variant
c.2771G>A, causing the p.R924Q mutation in the D’D3
domain in combination with another mutation, the rare G
allele of c.5843-8C>G in the intron 34 region, was reported
to be associated with a reduced level of VWF multimers
and coagulation FVIII [18]. Very recently, a compound
heterozygous mutation in cis position in the D’D3 and D4
domains (p.R924Q and p.A2178S, respectively) was found
by our group in a 55-year-old Italian man characterized
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Figure 6: Schematic cartoon showing the assembly of proVWF dimers in helical tubules according to the data reported in [83, 88]. A)
Assembly templates disulfide bond formation between D’D3 domains of adjacent proVWF dimers is favored by the non-covalent dimerization
of the N-terminal ends of proVWF dimers through homotypic interactions between the D1 and D2 domains. Note the partial shielding of the
A2 on the A1 domain in the dimer in the absence of shear forces. B) Under the effect of mechanical forces, the multimers are unfolded and
stretched, with the A1 domain available to interact with the platelet receptor Gplb. At the same time, through the 3D swapping mechanism,
the unfolded dimers can interact each other to form a spider web-like lattice.

by mucocutaneous bleedings with inconstant
thrombocytopenia. This subject showed a low level
VWEF:Ag and even lower VWF:act levels, with a functional
and electrophoretic pattern resembling that of a canonical
form of type 2B VWD with enhanced interaction with
Gplb and ADAMTS-13. (Lancellotti S et al., submitted for
publication). It is likely that the contemporary mutations
in the D’D3 and D4 domain in cis position can perturb
the non-covalent interactions between the monomers,
reducing the shielding effect of the A2 on the A1 domain.
This phenomenon could explain the above findings and the
behavior as a 2B-like form of VWD, although the canonical
forms of type 2B VWD are so classified when generated
by mutations in the Al domain [84]. Notably, previous
results showed that the 764-1035 region comprising the
D’D3 domains of mature VWF plays an inhibitory role
in the multimer molecule for Gplb interaction. In the

absence of external shear forces, the A1 domain and the
D’D3 region are in proximity, possibly mediated by the
positively charged segment centered on Lys968 [85]. If the
interaction between the Al and D’D3 domain is disrupted
by physical forces, then VWF undergoes a conformational
transition leading to the exposition of the A1 domain that
can bind to its ligands. A similar effect was observed in
fact with an anti-VWF monoclonal antibody, 1C1E7, which
binds to the 764-1035 region of VWEFE. This MoAb, in fact,
when bound to the D’D3 domain, enhanced the VWF/GPIb
binding, confirming that the elimination of the interaction
between the D’D3 and A1 domains allows the latter to be
exposed and interact with GplIb [86, 87].
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Conclusions

In this review, we have described how the high sensitivity
of VWF multimers to mechanical forces, which is
centered in the A2 domain, plays a pivotal role in the
pathophysiology of this haemostatic protein. From a pure
mechanochemistry standpoint, VWF sensitivity to shear
forces derives from most types of bonds. The multimer
interaction with subendothelial collagen is regulated
in fact by ideal bonds, as the binding is not affected by
shear forces. On the contrary, the subsequent steps,
including the transition from a folded to an unfolded
conformation, are driven by catch bonds, as elevated
shear stress induces a conformational transition that,
starting in the A2 domain of the protein, is subsequently
transmitted to the A1 domain and the other domains. The
shear-induced conformational transitions of VWF play
also a fundamental role in haemorrhagic and thrombotic
diseases. It was shown indeed how the phenotypes of
some forms of type 2 von Willebrand disease stem from
altered structural responses of VWF to external shear
forces. In some types of 2M VWD (G1324A and G1324S) the
rigidity conferred to the A1 domain of the protein hampers
the fitting process into the binding site of platelet Gplb
that even high shear stress is not capable to overcome.
At variance with this scenario, some type 2B VWF forms
are mostly populated by stretched VWF multimer,
which is more sensitive to lower shear forces, causing
increased proteolysis by ADAMTS-13 and interaction
with GpIb. Hence, we should always keep in mind that
shear forces finely regulate the properties of VWF both in
physiological and pathological conditions. Even acquired
cardiovascular diseases, such as severe stenosis of the
cardiac aortic valve, could affect the shear stress-induced
conformational transitions of VWF multimers. Aortic
stenosis is in fact associated locally with high shear stress,
which favors the proteolytic interaction with ADAMTS-13,
leading to an enhanced degradation or clearance of von
Willebrand factor. Mechanochemistry principles and
their experimental application in biochemical studies are
a powerful tool to elucidate the functional properties of
VWF and will further provide in the next years insights
that will thoroughly change our understanding of the
biophysical mechanisms responsible for the activation
of VWF multimers under physiological and pathological
conditions. The application of experimental strategies
exploiting the mechanochemistry principles will help
us to understand also how variably modulating with
pharmacological tools the functional behavior of VWF
multimers under flow conditions in haemorrhagic and
thrombotic diseases.
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