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Abstract

The mechanical force-induced activation of the adhesive protein von Willebrand Factor (VWF),
which experiences high hydrodynamic forces, is essential in initiating platelet adhesion. The
importance of the mechanical force-induced functional change is manifested in the multimeric
VWEF’s crucial role in blood coagulation, when high fluid shear stress activates plasma VWF
(pPVWF) multimers to bind platelets. Here we showed that a pathological level of high shear stress
exposure of pVWF multimers results in domain conformational changes, and the subsequent shifts
in the unfolding force allow us to use force as a marker to track the dynamic states of multimeric
VWEF. We found that shear-activated pVWF multimers (spVVWF) are more resistant to mechanical
unfolding than non-sheared pVWF multimers, as indicated in the higher peak unfolding force.
These results provide insight into the mechanism of shear-induced activation of pVWF multimers.

Von Willebrand factor (VWEF) is a large multimeric protein constructed from two identical
VWF monomers linked by C-terminal disulfide bonds into dimers, and the dimers then
polymerize via N-terminal disulfide bonds into long VWF multimers [1-3]. The domain
organization of a 250 kDa, 60 nm long VWF monomer [2, 4] is shown in Fig. 1(a). The
largest VWF multimers contain up to 200 monomers [5] and are concentrated after synthesis
in Weibel-Palade bodies and a-granules, the storage compartments of endothelial cells and
platelets, respectively [2]. In response to stimulation by cytokines and other agents, these
ultra-large VWF (ULVWF) multimers are rapidly secreted in long string-like structures by
endothelial cells (ECs), where they are anchored [6]. EC-anchored ULVWF multimeric
strings are hyper-adhesive in their capacity to bind platelet glycoprotein (GP) Ib-1X-V
complexes [3, 7]. Circulating pVWF multimers are hemostatically inactive toward platelets,
but can be activated by exposure to high shear stress [2, 8, 9]. It has been proposed that,
under high shear stress, pVWF multimers undergo a change in conformation from a globular
to an elongated form (quaternary structure change) [2, 9-11]. More recently, it has been
demonstrated that shear-activated pVWF multimers become laterally apposed into fibrils via
multimer-to-multimer disulfide bonds [12].
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The shear-induced conformational change exposes or alters the A1 domain in VWF
monomeric subunits, enabling large VWF multimers to bind to platelet GP Ib-1X-V and
initiate platelet adhesion and aggregation. The difference in the dynamic states of various
forms of VWF multimers determines the on-off switching of VWF multimeric activation for
platelet binding. In this study, we used single-molecule manipulation to monitor the force
response of different forms of VWF multimers. The peak force was used as an indicator of
the dynamic states of VWF monomeric subunit domains within VWF multimers.

We pulled single VWF multimeric molecules using an atomic force microscope (AFM) [Fig.
1(b)] (see Supplemental Material [13]). The sawtooth patterns of force peaks in the force-
extension curves of pVWF multimers [Fig. 1(c), (d)] are characteristic of multi-domain
protein unfolding (tertiary structure change) [14-16]. The value of the peaks specifies the
force required to unfold the domains, and is related linearly to the unfolding free energy
barrier and logarithmically to the pulling speed [Fig. 2(a)] [16—18]. The change in contour
length (A L) histogram of pVWF [Fig. 2(b)] shows a major peak at 30(8) nm. The values in
the parentheses are one standard deviation. This is a typical length for an unfolded domain
of 90 amino acid residues assuming 0.34 nm per residue [5, 19]. In addition, there was a
minor peak at 60(15) nm, corresponding to an unfolded domain of 180 amino acid residues,
consistent with domain unfolding.

ULVWEF multimers contain a larger number of monomers than p\VVWF, and are more active
in adhering to platelets and inducing platelet aggregation [23]. We observed differences in
peak unfolding forces at high pulling speeds between ULVWF and pVWF multimers [Fig.
2(c)], indicating that p\VVWF multimers and ULVWF are in different conformational states.
Similarly, at high levels of shear stress (60-120 dyn/cm?), the capacity of pVWF multimers
to adhere to, and aggregate to platelets increases as previously shown [23] and re-affirmed in
this study (Supplemental Fig. 1). That is, spVVWF become functionally similar to ULVWF
multimers. The peak unfolding force of pVWF multimers increased after exposure to high
shear stress, but the force-extension curves are qualitatively similar to unsheared pVWF
multimers and unsheared ULVWF multimers. However, the reaction of pVWF to spVWF
may not be 100%, and the shift in the peak force is a qualitative observation. The difference
in the peak unfolding forces between pVWF multimers and either spVWF or ULVWF
multimers was more pronounced at high pulling velocities [Fig. 2(c)]. This finding is
compatible with the shear-induced conformational change in pVWF (to spVWF) that
increases the exposure of platelet-binding A1 domains in the VWF monomeric subunits of
spVWF multimers. It has been shown that exposure to a 100 dyn/cm?, high fluid shear stress
induces pVWF multimers to associate laterally and form VWF fibrils that have an increased
capacity to bind to platelet GPIba [8]. This fibrillar state of laterally-associated VWF
multimers may be the conformation of spVWF multimers that is functionally similar to
ULVWEF (Supplemental Fig. 2).

To measure the kinetics in spVWF force experiments, peak unfolding force measurements
of pVWF were conducted at different delay times after shear exposure. The spVWF
unfolding force decreased over time, and reached an equilibrium force after 10 hours [Figs.
3(a) and (b)]. Thus, the shear-induced change in pVWF to the sp\VWF multimeric
conformation changes with time, with a prolonged relaxation time of several hours. Fitting
the data to the exponential equation A9 = Fp + (Fs— F,) exp(-4 7), where Fis the peak
force immediately after shear exposure, /-, is the equilibrium peak force, and zis the time
constant, yields /=180 pN, £, =130 pN, and z= 3 hours. The difference in the peak
unfolding force between spVWF or ULVWF multimers and pVWF multimers is more
pronounced at high pulling velocity.
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The force-extension curves showed that the unfolding force peaks correspond to the changes
in the VWF multimeric conformation at the level of one or more domains within the VWF
monomeric subunits. This conclusion is supported by i) the force-extension curves display a
characteristic sawtooth pattern of repeated force peaks, resembling the known sequential
unfolding of other multi-domain proteins [14]; ii) the increase in contour length after each
peak, AL is 30 nm, which is comparable to the contour length of an unfolded domain or an
intermediate state; and iii) at 1000 nm/s pulling velocity, the value of the peak unfolding
force was distributed at 100-130 pN, and varied linearly with the natural logarithm of
pulling velocity, as is typical of domain unfolding.

In addition, by stretching VWF dimers under similar conditions, we have observed up to
four unfolding peaks per force-extension curve [Fig. 3(c)], suggesting that there are two
unfolding events per monomer. The two force peaks can be from the unfolding of two
different domains or from two partial domains. This conclusion is supported by when
pulling eight serially linked titin 127 domain, (127)g, up to eight unfolding peaks have been
observed [14]. For comparison, pVWF curves have up to ten force peaks, suggesting that
there are up to five monomers at a given pull. The number of peaks of ULVWF does not
differ from pVWEF or spVWEF significantly, even though the ULVWF sample has more
repeating units than pVWF [13]. Hence, it suggests a stronger interaction in ULVWF among
monomers that may prevent the ULVWF polymer chain to be isolated to undergo domain
unfolding. The dimer force peak and change in contour length, A L, distributions are
consistent with that of the multimer, further supporting the conclusion that the features in the
multimeric VWF force-extension curves correspond to individual domain unfolding.

In the monomeric subunits of VWF multimers, the force peaks may be the combined result
of unfolding of different domains. It is likely, however, that there is a major contributor to
the force signal. A probable candidate is the VWF A2 domain, because it does not have
disulfide bonds, and has been observed to unfold in the pico-newton force range [24, 25].
AL, of 60(15) nm determined from our experiment is similar to 57(5) nm observed by
Zhang et a/. [5]. The most frequent A L, observed, 30(8) nm, is consistent with the values
reported in Zhang et a/. [5], showing 40% of the unfolding peaks with A L. of 23(5) nm,
which is attributed to partial unfolding of A2 [5, 24, 26]. The Al and A3 domains contain
disulfide bonds, which are unlikely to unfold during stretching experiments, because at a
100 nm/s pulling velocity, disulfide bonds typically rupture at 2 nN [27], a force much
higher than the typical unfolding force (100-200 pN) observed in our study. Previous
studies of the forced-unfolding of A1A2A3 triple domains also reveal that the VWF A2
domain can be partially or completely unfolded, possibly after inter-domain uncoupling [26,
28]. These findings suggest that the unfolding of a portion of the A2 domain in VWF
monomeric subunits may be the main contributor to our unfolding force signals. We have
ruled out that the change of unfolding force is simply due to more exposed A2 domains
without intramolecular interactions, since such a configuration will only yield more
unfolding peaks in a given pull [Fig. 3(c)], but not a significantly altered unfolding force
[10, 17].

Our results suggest that high shear stress (100 dyn/cm?) converts spVWF multimers to a
conformation that was metastable, probably due to the lateral association of spVWF
multimers, with a long relaxation time. Over several hours, the metastable state of spVWF
crossed the energy barrier and relaxes to a more stable state. Using the time constant z=3
hours determined from the relaxation curve shown in Fig. 3(b), we estimate the activation
free energy barrier from spVWF to pVWF, using the Arrhenius equation, k= Aexp(-AG/
kgT), where k= 1/t is the rate constant, A Gis the free energy of barrier from spVWF to
pVWF, and A is the pre-exponential factor. Assuming that A is between 10° s™1 and 1010
s71, AGis 12-19 kcal/mol [29-31]. The barrier height from an active state to an inactive
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state is comparable to protein unfolding, further supporting the notion of domain
conformational changes for the observed force peak change.

Figure 4 highlights the free energy landscape [32] of different forms of VWF multimers.
Our results suggest that p\VWF multimers have different conformational states before and
after shear exposure that unfold through different pathways (pathways 1 and 2). Proteins
with multiple conformational states of different activities have been observed by force
measurements [33]. Here, pVWF multimers are in a native, inactive state, but can be
converted to a metastable, active state (SpVWF) by exposure to high shear stress. This state
may be considered ‘misfolded’ since it is a non-native state [34]. The spVWF multimer’s
peak unfolding force, which is related to the barrier height [17, 35], is likely to be higher
than that of pVWF multimers, because high shear stress induces the lateral association of
several pVWF multimers into a fibrillar form spVWF multimers. Thus, shear effects on
VWF monomeric A2 domains causes an associated increase in the exposure of platelet-
binding VWF Al domains.

In summary, our results demonstrate that pVWF multimers have a different conformational
state that unfold via a different pathway after exposure to high shear stress. pVWF is in a
native, inactive state that can be converted to a metastable, active state, spVVWF, by high
shear stress. The peak unfolding force of spVWF multimers is higher than that of unsheared
pVWF multimers, potentially because high shear stress induces the lateral association of
pVWEF multimers into a fibrillar form as indicated by the formation of large VWF
aggregates after shear exposure. Thus, an increased intramolecular interaction shifts the
domains to a different state that has a higher unfolding barrier. Shear-activated
conformational changes in the A2 domains in VWF monomeric subunits of spVWF
multimers may provoke an increased exposure of neighboring (platelet-binding) Al
domains. The effect decreases over several hours. It will be interesting to investigate if
structural studies can resolve the two states and what external factors, whether physical,
chemical, or biological, may affect the stability of and switching rate between these states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

Multimeric VWF unfolding with AFM. (a) The domain organization of a VWF monomeric
subunit, where Al is the platelet GP 1b-1X-V receptor binding domain, A2 contains the
cleavage site for ADAMTS-13, and D3 contains the binding site for the subendothelial
matrix collagen. The locations of the disulfide bonds where the VWF connects to form
dimers and multimers are presented. (b) Experimental setup of single-molecule pulling of a
VWEF multimer using AFM. A purified pVWF multimer, which is composed of 7
polymerized dimers of VWF, was pulled while the force was recorded. Typical force-
extension curve of (c) a pVWF multimer, and (d) a pVWF dimer, pulled at a constant
velocity of 1000 nm/s.
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FIG. 2.

Unfolding of multimeric VWF. (a) Unfolding force as a function of pulling velocity for
pVWE. The unfolding forces were binned by pulling velocity. The inset shows the binned
histograms fitted with Gaussian curves. The peak of the the fitted Gaussian was plotted
against the pulling velocity. The error bars indicate half bin width. The line is a linear fit to
the logarithm of the velocity. (b) Histogram of the change in contour length of pVWF. The
solid line indicates a double Gaussian fit to the distribution, which has a major peak at 30
nm and a minor peak at 60 nm. We analyzed all the data together, and therefore, the major
contribution of the data comes from A L,30 nm. Inset: The change in contour length, AL,
was the difference of the L. determined by WLC model fit to the data (dashed red lines),

Fx)="% Lp W it , Where Fis the force, xis the distance, L,and L;are the
persistence Iength and the contour length, respectively, T is the temperature, and kg is the
Boltzmann constant [20-22]. The persistence length L, was 0.4 nm, which is consistent with
unfolded protein chains. (c) Velocity-dependent unfolding forces of different forms of
multimeric VWF. The trend is similar to protein domain unfolding.
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Dynamics of VWF multimers. The data were taken at 1000 nm/s pulling velocity. (a) Peak
force distributions of spVWEF as a function of time since exposure to a pathological level of
100 dyn/cm? fluid shear. (b) spVWF peak force decreases with time since shear exposure.
The solid line is a fit to an exponential curve, F (9 = £, + (Fs— Fp) exp(=17) (see text). The
error bars are half of the bin width in the histogram. (c) Number of unfolding peaks in a
given force curve from different forms of VWF multimers. pVWF dimer has up to four

force peaks, indicating that there are two unfolding events per monomer.
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pVWF and spVWEF, respectively. The barrier of pathway 3 contributes to the change in peak

stretching of pVWF molecules results in domain unfolding (pathway 1), while the spVWF
force in the time-dependent studies of spVWF shown in Fig. 3(b).

domain unfolds through a different pathway (pathway 2). High shear stress promotes the

pVWEF to the metastable spVWF state (pathway 3), which relaxes to a lower energy state,
over several hours. The barriers of pathways 1 and 2 result in the force peaks observed for

Free energy landscape of multimeric VWF. pVWEF is the native, equilibrium state. Fast

FIG. 4.
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