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The large plasma glycoprotein von Willebrand factor (VWF) senses
hydrodynamic forces in the bloodstream and responds to elevated
forces with abrupt elongation, thereby increasing its adhesiveness
to platelets and collagen. Remarkably, forces on VWF are elevated
at sites of vascular injury, where VWF's hemostatic potential is
important to mediate platelet aggregation and to recruit platelets
to the subendothelial layer. Adversely, elevated forces in stenosed
vessels lead to an increased risk of VWF-mediated thrombosis. To
dissect the remarkable force-sensing ability of VWF, we have per-
formed atomic force microscopy (AFM)-based single-molecule force
measurements on dimers, the smallest repeating subunits of VWF
multimers. We have identified a strong intermonomer interaction
that involves the D4 domain and critically depends on the presence
of divalent ions, consistent with results from small-angle X-ray
scattering (SAXS). Dissociation of this strong interaction occurred
at forces above ~ 50 pN and provided ~80 nm of additional length
to the elongation of dimers. Corroborated by the static conforma-
tion of VWF, visualized by AFM imaging, we estimate that in VWF
multimers approximately one-half of the constituent dimers are firmly
closed via the strong intermonomer interaction. As firmly closed
dimers markedly shorten VWF's effective length contributing to
force sensing, they can be expected to tune VWF's sensitivity to
hydrodynamic flow in the blood and to thereby significantly affect
VWF’s function in hemostasis and thrombosis.

hemostasis | molecular force sensors | protein mechanics |
single-molecule force spectroscopy | atomic force microscopy

orce-sensing molecules are critically involved in a variety of

biological processes, such as regulation of muscle gene ex-
pression or assembly of the cytoskeleton (1-4). In the vascula-
ture, activation of the plasma glycoprotein von Willebrand factor
(VWEF) for hemostasis crucially depends on its distinct ability to
sense hydrodynamic forces (5-7). These forces result from the
interplay between hydrodynamic flow and VWF’s extraordinary
length (8-10), which can exceed 15 pm in the plasma (6). VWF’s
length arises from its linear multimeric nature. Linear multimers
(concatamers) are composed of a variable number of dimers, which
are linked N-terminally via disulfide bonds. Dimers, the smallest
repeating subunits of VWF with a molecular mass of ~500 kDa,
consist of two monomers that are linked via C-terminal disulfide
bonds (11, 12).

Under static conditions, VWF was reported to adopt a col-
lapsed conformation (6). When subjected to sufficiently high
forces, as for instance at sites of vascular injury, vasoconstric-
tion, or stenosis, VWF undergoes an abrupt transition from the
collapsed to a stretched conformation (Fig. 14) (6). This tran-
sition was shown to correlate with an increased adhesiveness to
collagen and platelets (6, 13), enabling stretched VWF to recruit
platelets to an injured vessel wall and to promote the formation
of a platelet plug. VWF’s physiological importance is underlined
by mutations that can cause von Willebrand disease (14), the most
common hereditary bleeding disorder.

www.pnas.org/cgi/doi/10.1073/pnas.1516214113

Down-regulation of VWF’s hemostatic potential is achieved by
the cleavage of long concatamers into shorter ones by the enzyme
ADAMTSI13 (a disintegrin and metalloprotease with a throm-
bospondin type 1 motif, member 13) (15). Notably, the specific
cleavage site is buried in the A2 domain and exposed by A2
unfolding (8, 16). The interplay of force-induced A2 unfolding
and enzymatic cleavage has been investigated in detail at single-
molecule level (8). In this context, unfolding of an isolated A2
domain was shown to occur at forces of ~ 7-14 pN at loading
rates ranging from 0.35 to 350 pN-s™'. In the presence of neigh-
boring Al and A3 domains, A2 unfolding was observed at slightly
higher forces of ~ 20 pN and comparable loading rates (17).

VWF’s activation for hemostasis correlates with its elongation
above a critical force threshold (6, 7). However, the current under-
standing of the underlying molecular mechanisms is limited. Clearly,
A2 unfolding is likely to contribute significantly to the elongation
of VWE, as the induced length increment of roughly 45 nm (at 20 pN)
is almost as large as the end-to-end length of a static monomer
(8, 17-19). Stabilization of all other domains in VWF through di-
sulfide bonds was predicted (20), but lacks experimental evidence.

Besides domain unfolding, separation of potential intramonomer
and intermonomer interactions may play a crucial role for VWF’s
elongation. For example, interactions between monomers may
tune VWF’s force-sensing ability by promoting compactness, as
suggested by various computational studies (6, 21, 22). Exper-
imentally, self-association of VWF molecules was reported, but
has not been assigned to individual domains (23, 24).

Significance

Excessive blood loss at a site of vascular injury is prevented by
recruitment of platelets to the injured vessel wall and the
formation of a platelet plug. Under elevated shear flow con-
ditions, these processes are critically mediated by the large
plasma glycoprotein von Willebrand factor (VWF). Remarkably,
VWF's activation for hemostasis correlates with its abrupt elon-
gation at sufficiently high shear rates. In this study, we have
discovered a strong intermonomer interaction in VWF that is
expected to tune VWF's ability to sense hydrodynamic forces in
the bloodstream. Our data will help to comprehend the force-
induced activation of VWF and provide clues for understanding
clotting disorders, such as von Willebrand disease and throm-
bosis, at the single-molecule level.
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Fig. 1. Single-molecule force measurements on VWF dimers. (A) lllustration
of VWF's ability to sense hydrodynamic forces in blood vessels. When subjected
to sufficiently high forces, for instance at sites of vascular injury, vasocon-
striction, or stenosis, VWF undergoes an abrupt transition from a collapsed to a
stretched conformation and promotes hemostasis. (B) Schematic representa-
tion of pulling recombinant VWF dimers. A ybbR-tag at the N terminus of one
of the monomers allowed for covalent anchoring, and a Twin-Strep-tag at the
N terminus of the other monomer enabled specific pulling via a Strep-Tactin
functionalized AFM cantilever. (C) Denoised force—extension traces of dimers
showing A2 unfolding peaks (blue arrows) at low (type I traces) or at high
extension values (type Il traces). Type | traces repeatedly exhibited a peak
(dimer opening, green arrow) at higher force. The final peak (brown arrow)
corresponds to the unbinding of the Twin-Strep-tag from Strep-Tactin. (D) Bi-
modal distribution of the position of the first A2 unfolding event.

In this study, we report on force-induced conformational changes
of VWF and present a strong intermonomer interaction that is
expected to tune VWE’s force-sensing ability in the bloodstream.
Evidence for this interaction comes from force—extension traces of
dimers, which were probed in atomic force microscopy (AFM)-
based single-molecule force measurements. Complementarily, we

20f6 | www.pnas.org/cgi/doi/10.1073/pnas.1516214113

characterized the static conformation of VWF by AFM imaging
and small-angle X-ray scattering (SAXS). From the combination
of force and imaging data, we gain a quantitative understanding of
the mechanisms underlying the force-sensing ability of VWEF.

Results

Force Response of VWF Dimers. For AFM-based single-molecule
force experiments, we genetically engineered VWF heterodimers,
composed of two monomers with different peptide tags (Fig. 1B).
These tags were located at the N termini of constituent monomers,
thus allowing for pulling VWF in its native force-sensing direction.
A ybbR-tag at the end of one of the monomers enabled covalent
anchoring to a Coenzyme A (CoA) functionalized glass surface (25),
and a Twin-Strep-tag at the end of the other monomer allowed for
specific pulling via a Strep-Tactin functionalized AFM cantilever
(26). The Twin-Strep-tag was preferred over a single Strep-tag to
achieve more stable binding and reduced off-rates. To minimize
protein—surface interaction, polyethylene glycol (PEG) spacers were
used both at glass surface and cantilever (Materials and Methods).

Force—extension traces of specific pulling events were identified
by using the characteristic unfolding pattern of the A2 domain as
a positive fingerprint (Fig. 1C). Due to the existence of two A2
domains in dimers, only traces with two A2 unfolding peaks were
considered. We verified that this fingerprint corresponds to A2
unfolding by pulling heterodimers with disulfide bridged A2
domains (Fig. S1) and by pulling bifunctional monomers (Fig.
S2). Characteristic peak forces on the order of 20 pN and sub-
sequent length increments of ~ 45 nm are in agreement with
reported values for A2 unfolding (8, 17-19). Moreover, forces of
the last peak (rupture peak) in force—extension traces are in line
with those reported for dissociating the Strep-tag/Strep-Tactin
interaction (27), underlining the specific nature of the analyzed
pulling events (Fig. S3).

We obtained two types of force—extension traces of VWF di-
mers under near-physiological buffer conditions (Fig. 1C and Fig.
S4), showing A2 unfolding peaks at low (type I) and at high ex-
tension values (type II). Type II traces revealed the first A2
unfolding peak at extension values of 179 +29 nm and the second
A2 unfolding peak at 226 + 37 nm. Given a static end-to-end length
of ~130 nm for a VWF dimer and an overall linker length of
60 nm, these traces are in line with expectations for loading a
flexible (open) dimer (28). Traces of type I showed A2 unfolding
peaks at considerably lower extension values of 110 + 22 nm (first A2)
and 161 +22 nm (second A2). Classification of traces into two
types is backed up by a bimodal distribution of the position of both
first (Fig. 1D) and second A2 unfolding. From a double-Gaussian
fit to the distribution of the first A2 unfolding position, we esti-
mated the ratio of type I traces as 60% and type II traces as 40%.

In traces of type I, we repeatedly observed an additional high-
force peak (green arrow in Fig. 1C) before the rupture peak. In
these cases, the position of rupture closely matched the one ob-
served in type II traces. However, as a result of the relatively weak
Twin-Strep-tag/Strep-Tactin interaction, this additional peak only
showed up in ~10% of type I traces. In the remaining 90% of type I
traces, rupture of the construct from the cantilever occurred be-
fore observing a high-force peak, and at considerably lower ex-
tension values (Fig. S5).

The high-force peak was observed at forces ranging from
roughly 50-120 pN, depending on the applied loading rate (Fig.
2B). Importantly, the high-force peak was never observed twice
in a trace and, moreover, was never observed in monomer traces
(Fig. S2). Consequently, we excluded domain unfolding as the
origin of this high-force peak, in agreement with the prediction of
disulfide bonds stabilizing all domains in VWF except the A2
domain (20). Hence, we hypothesized this peak to result from the
dissociation of a strong intermonomer interaction, which may be
conceptualized as the opening of a firmly closed dimer (Fig. 24).

Mdller et al.
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Fig. 2. Analysis of the high-force peak in type | force-extension traces of
VWEF dimers, resulting from the opening of firmly closed dimers. (A) lllus-
tration of the corresponding conformational changes of VWF dimers. Due
to a strong intermonomer interaction, unfolding of the mechanically less
stable A2 domain (blue) precedes the opening of the dimer. (B) Force-
loading-rate dependency of the dissociation of the strong intermonomer
interaction. Due to the relatively weak Strep-tag/Strep-Tactin interaction,
most events may be missed due to an inaccessible region in the force-
loading-rate space. (C) Overlay of 30 force—extension traces of type I. Cross-
section profiles at constant force, as shown for 20 and 60 pN, were fitted to
a multipeak Gaussian distribution, and the distance between the two last
peaks yielded a characteristic length increment. (D) Length increments of
dimer opening events as a function of force. Solid and dashed lines are fits
of the inextensible and extensible WLC model, respectively. Error bars were
calculated by propagation of the uncertainties of the mean positions of the
last two Gaussian peaks (1 SD). Dimeric constructs A1-CK (brown squares)
and A2-CK (green triangles) exhibited very similar increments.

To estimate the incremental length obtained from such opening
events, we overlaid 30 type I traces and analyzed cross-sections at
constant force (Fig. 2C), ranging from 20 to 100 pN. This method
was preferred over the method of contour length transformation
(29, 30), which relies on a model describing the elasticity of a
uniform polymer. We obtained characteristic length increments
above 80 nm that increased with force (Fig. 2D). Additional mea-
surements on truncated dimeric constructs lacking either only the
N-terminal D’'D3 domains (Al-CK; squares in Fig. 2D) or both
D'D3 and adjacent Al domains (A2-CK; triangles) yielded the same
results (Fig. S6). For the full-length constructs, the length increase

Mdller et al.

with force was approximately described by the (inextensible)
Worm-like chain (WLC) model [%, = 1.9; Fig. 2D, solid line
(31)], yielding a contour length of Lc =102 nm and a persistence
length of P=0.6 nm. Including an enthalpic stretch modulus S in
the WLC model [extensible WLC model (32)] yielded a better fit

fed = 1.3; Fig. 2D, dashed line), with fitting parameters L¢ = 84 nm,
§=1,120 pN, and P=6.4 nm. Latter is in excellent agreement with
the value of P =6.4 nm inferred from AFM imaging (Fig. S7).

A comparison of the length increments with distances reported
for static dimers suggested the observed interaction to be mediated
by the D4 or A3 domain of VWF (28). To locate the responsible
domain, we performed force measurements on VWF dimers with
a deletion of either domain. We still observed the characteristic high-
force peak upon deletion of the A3 domain (Fig. S8). In contrast,
deletion of the D4 domain (D4N-TIL4, Fig. 34) resulted in a loss
of the characteristic high-force peak and yielded only a single type
(type II) of force—extension traces (Fig. 3B) and a unimodal dis-
tribution of the position of both first (Fig. 3C) and second A2
unfolding. Additionally, we found that upon addition of EDTA
the high-force peak disappeared, resulting solely in traces of type
II (Fig. S9). These findings strongly indicate a highly specific in-
teraction involving the D4 domain and divalent ions.

Static Conformation of VWF. By AFM imaging, we visualized the
static conformation of dimeric VWF constructs (Fig. 4 and Figs.
S10-S12), adsorbed from near-physiological buffer onto a poly-L-
lysine—coated mica surface. We found dimers with conformations
ranging from fully flexible to fully closed (Fig. 44). To quantify the
compactness of a dimer, we measured its stem length, i.e., the
distance from the CK domain to the position at which the two con-
stituent monomers separate from each other. Additionally, we de-
termined the distance between the CK domain and the beginning
of higher N-terminal domains for the two constituent monomers
and used the mean of these distances to normalize the stem length
(Fig. S10). For wild-type dimers, the distribution of the normalized
stem length (Fig. 4B) yielded one peak decaying from zero stem
length (flexible dimers, ~65%), and another peak centered slightly
above 1 (closed dimers, ~35%). Dimers lacking the D4 domain
(Fig. 4C) and full-length dimers adsorbed from buffer containing
EDTA (Fig. S9) exhibited only the population of normalized stem
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Fig. 3. Single-molecule force measurements on VWF dimers lacking the
D4 domain. (A) Schematic representation of the pulling configuration.
(B) Denoised force-extension trace lacking the high-force peak characteristic
for opening firmly closed dimers. (C) Unimodal distribution of the position of
the first A2 unfolding event.
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Fig. 4. Static conformation of VWF probed by AFM imaging. (A) Images of individual VWF dimers. Conformations of dimers range from fully flexible
(normalized stem length of 0) to fully closed (normalized stem length above 1). Numbers in images are values of the normalized stem length. White arrows
mark the CK domains, and green arrows mark positions corresponding to potential strong intermonomer interactions. (Scale bar, 30 nm; range of color scale,
2.4 nm.) (B) Distribution of the normalized stem length of wildtype (WT) dimers, showing a peak decaying from zero stem length and a peak centered slightly
above 1. (C) Distribution of the normalized stem length of dimers lacking the D4 domain, showing only the peak decaying from zero stem length. (D) Image
of a VWF concatamer consisting of four dimeric subunits. Arrows and scales are as in A.

lengths decaying from zero (Fig. 4C and Fig. S9). The observed
stem length distributions are consistent with a simple model as-
suming C domains to zip up pairwise from the CK domains with a
constant domain—domain interaction free energy (Fig. S11). This
model suggests that forces in the low piconewton range—below the
force resolution of AFM force measurements—are sufficient to
break C-domain interactions.

Additionally, we probed the conformation of dimeric VWF
constructs (A1-CK) in solution using SAXS (Supporting Infor-
mation). The SAXS data indicate a change in the conforma-
tional ensemble from relatively rigid conformations under near-
physiological buffer conditions to more flexible and as a result
more globular conformations in the presence of EDTA (Fig. S9),
fully consistent with the AFM results.

AFM imaging further revealed that dimers as constituents of
concatamers (Fig. 4D) exhibit similar static conformations and a
similar degree of compactness as isolated ones. Especially in mul-
timeric samples, we also observed dimers exhibiting colocaliza-
tion of N-terminal portions of the constituent monomers, likely
resulting from the strong intermonomer interaction, despite not
possessing a fully closed stem (lower left dimer in Fig. 4D). Im-
portantly, we did not observe any clear colocalization between
distinct dimers within a concatamer except the intrinsic multi-
merization through D’'D3.

Discussion

In this study, we used AFM-based single-molecule force mea-
surements to probe the force response of VWF dimers. We iden-
tified a strong intermonomer interaction that withstood forces of
50-120 pN at loading rates ranging from 0.1 to 10 nN-s~". For each
loading rate, the measured forces presumably represent only the
lower part of a distribution of forces required for dissociating the
strong intermonomer interaction. This bias is a result of the rel-
atively weak Twin-Strep-tag/Strep-Tactin interaction, which was
used for pulling VWF and dissociates at forces that are in a similar
range as those of the strong intermonomer interaction. It is there-
fore likely that the force—loading-rate dependency of the dissoci-
ation of the strong intermonomer interaction is characterized by
higher mean forces than measured in our experiments.

The strong intermonomer interaction appears to be highly spe-
cific, judging from a reproducible length increase after dissociation.
Additionally, the interaction was only observed in the presence of
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divalent ions. These results are corroborated by observations from
AFM imaging, which revealed both compact and flexible confor-
mations of VWF dimers at pH 7.4 in the presence of divalent ions,
but only flexible conformations upon addition of EDTA. This
finding is in line with previous transmission electron microscopy
(TEM) studies on VWF at pH 7.4 in absence of divalent ions
(28, 33). Further evidence for a specific intermonomer interaction
comes from experiments on deletion constructs. While deletion of
the A3 domain did not significantly change the force response of
VWF dimers, the strong intermonomer interaction disappeared
upon deletion of the D4 domain. This finding is again supported
by AFM imaging, which showed that deletion of D4 promotes a
flexible conformation of dimers. Recent TEM studies showed that
a D4-D4 complex forms at pH 6.2 in the presence of calcium and
promotes stem formation (28). We hypothesize that a D4-D4
complex also forms under physiological conditions, explaining our
force and imaging data.

Force—extension traces of firmly closed dimers are characterized
by A2 unfolding peaks at low extension values. Flexible dimers,
such as induced by addition of EDTA, show A2 unfolding peaks
at considerably higher extension values. Under near-physiological
buffer conditions, we found two populations in the positions of
first and second A2 unfolding events. A rough estimation based
on a double-Gaussian fit yielded a ratio of 60% firmly closed and
40% flexible dimers. The existence of firmly closed and flexible
dimers is corroborated by AFM imaging results, although quan-
tified with roughly inverted ratios (35% closed, 65% flexible). The
difference in ratios may well originate both from uncertainties of
the double-Gaussian fit and from the strict criterion of a fully formed
stem for assigning dimers as compact. Remarkably, the observed
ratio of approximately one-half firmly closed and one-half flexible
dimers indicates a difference in Gibbs free energy close to zero
between the firmly closed and the open state. Given the fact that
the dimer bond is mechanically strong, this implies that the ex-
change kinetics between the two states are exceptionally slow, at
least along the reaction coordinate probed in our force mea-
surements. For elucidating the underlying structural mechanisms,
high-resolution structures of the D4 domain and of the C domains
are of outstanding interest. AFM imaging further revealed that di-
mers within VWF concatamers have a similar conformation as iso-
lated ones. In particular, we found flexible and closed dimers with
very similar ratios. As we did not observe any clear colocalization
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of domains between distinct dimers, we assume that the force re-
sponse of VWF can be largely tracked back to its individual dimers.

In blood vessels, forces on VWF concatamers result from their
interplay with hydrodynamic flow, in particular with an elonga-
tional flow component (7, 34), characterized by a velocity gra-
dient along the direction of flow. We expect that VWF subjected
to pure elongational flow will align to the stretching axis already
at moderate rates. Partially formed stems of dimers not shielded
by the strong intermonomer interaction are expected to unzip.
At rates that induce peak forces in VWF of 10-20 pN, A2 do-
mains of VWF will start to unfold. Indeed, simulations strongly
suggest that such forces can be reached for a 5-um-long polymer
when subjected to a physiologically relevant elongational flow
rate of 1,000 s~' (34). A2 unfolding is likely to set in at the
middle of concatamers, where tensile forces are highest (8), but
may propagate rapidly through VWF, favored by the positive
feedback between force and concatamer length in hydrodynamic
flow. The overall increase of VWF’s effective length—i.e., its
length contributing to the sensing of hydrodynamic forces—due
to unfolding of the A2 domain can be estimated based on our
force data of dimers. Although in the case of a flexible dimer
unfolding of the A2 domain almost doubles the distance between
the N termini, the distance is roughly tripled in the case of a
firmly closed dimer. This means that the effective length of a
concatamer may be increased due to A2 unfolding by a factor of
2-3. Because hydrodynamic peak forces scale with the square of
effective length (7, 8), we assume that after A2 unfolding VWF
will be subjected to peak forces that are up to nine times higher
than the ones that induced initial A2 unfolding. At such high
forces, the strong intermonomer interaction in firmly closed di-
mers can dissociate, whereupon VWF can fully elongate. The
additional length increase due to this last elongation step can be
estimated to be ~ 20%, assuming that one-half of the constituent
dimers were initially firmly closed. In general, lower forces than
specified above will also trigger the described conformational
changes of VWF, yet on longer timescales.

The above considerations suggest that unfolding of A2 do-
mains may trigger the full elongation of VWEF. This cooperative
behavior may explain the abrupt elongation behavior of VWF
under high shear conditions (6). However, we note that in shear
flow, which can be conceptualized as a superposition of an elon-
gational and rotational flow component (10), VWF undergoes a
tumbling motion, whereupon individual subunits may relax and
refold. Although the refolding of the A2 domain has already been
studied in detail (8, 18, 19), it will be of great value to study the
dynamics of stem formation in dimers and the reversibility of the
strong intermonomer interaction, e.g., with the help of a markedly
stronger tag. Interestingly, a recent study has identified two distinct
regimes of VWF bundle relaxation (35). We speculate that the
regime of fast relaxation might be a result of A2 refolding and that
the regime of slow relaxation might be associated with the for-
mation of partially or fully formed stems.
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Hidden length in firmly closed dimers implies a significantly
reduced length of VWF contributing to force sensing. Thus, a higher
ratio of firmly closed dimers in a concatamer leads to a decreased
initial force response to elongational flow. For example, the force-
sensing length of a concatamer comprised one-half of firmly closed
dimers is decreased by ~ 30% compared with a completely flexible
concatamer with the same number of dimers. Subjected to elon-
gational flow, the concatamer with firmly closed dimers will there-
fore experience only roughly one-half of the force compared with
the fully flexible concatamer. Consequently, elongation of a VWF
concatamer with firmly closed dimers will require significantly
higher rates of elongational flow than elongation of a fully flexible
concatamer with an identical number of dimers. Importantly, small
changes of the local environment, mutations, and possibly drugs may
drastically affect the ratio of firmly closed dimers, thereby shifting
critical rates of elongational flow to activate VWF for hemostasis
and thrombosis.

Conclusion

In AFM-based single-molecule force measurements, we have iden-
tified a strong intermonomer interaction in VWF dimers that in-
volves the D4 domain and critically depends on divalent ions. At
high forces above ~ 50 pN, the strong interaction could dissociate
and thereby provide ~ 80-nm flexible length to VWF, corresponding
to the previously hidden stem length. We estimate that in VWF
concatamers roughly one-half of the constituent dimers are firmly
closed. While flexible dimers may serve to finely sense hydrodynamic
forces at an early stage of elongation, the ratio of firmly closed di-
mers clearly affects the effective length of VWF and will thus tune
its force-sensing ability in the bloodstream. Overall, our data eluci-
date force-sensing mechanisms of VWF, which are the key to its
function in hemostasis and its role in thrombosis.

Materials and Methods
Experimental Procedures, Data Analysis, and Engineering of Recombinant
Proteins. Please refer to Supporting Information.

Buffers. To mimic physiological conditions, we used 20 mM Hepes, 150 mM
NacCl, 1 mM CaCl,, 1 mM MgCl,, pH 7.4. For measurements with EDTA, we
used 20 mM Hepes, 150 mM NacCl, 10 mM EDTA, pH 7.4.
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