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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

Force-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
(VWF) 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 μm 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. 1A) (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.

Down-regulation of VWF’s hemostatic potential is achieved by
the cleavage of long concatamers into shorter ones by the enzyme
ADAMTS13 (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−1. In the presence of neigh-
boring A1 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 VWF, 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).
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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.

Author contributions: J.P.M., R.S., and M.B. designed research; J.P.M., S.M., A.L., C.B., and
L.K.B. performed research; T.O. and D.A.P. engineered recombinant proteins; J.P.M., S.M.,
A.L., C.B., L.K.B., W.V., and J.L. analyzed data; and J.P.M. wrote the paper with input from
coauthors.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.
1To whom correspondence should be addressed. Email: jochen.mueller@physik.
uni-muenchen.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1516214113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1516214113 PNAS Early Edition | 1 of 6

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1516214113&domain=pdf&date_stamp=2016-01-16
mailto:jochen.mueller@physik.uni-muenchen.de
mailto:jochen.mueller@physik.uni-muenchen.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1516214113


In this study, we report on force-induced conformational changes
of VWF and present a strong intermonomer interaction that is
expected to tune VWF’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

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 VWF.

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. 2A).
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Fig. 1. Single-molecule force measurements on VWF dimers. (A) Illustration
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 II traces). Type I 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.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1516214113 Müller et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1516214113/-/DCSupplemental/pnas.201516214SI.pdf?targetid=nameddest=SF2
www.pnas.org/cgi/doi/10.1073/pnas.1516214113


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 (A1-CK; squares in Fig. 2D) or both
D′D3 and adjacent A1 domains (A2-CK; triangles) yielded the same
results (Fig. S6). For the full-length constructs, the length increase

with force was approximately described by the (inextensible)
Worm-like chain (WLC) model [χ2red = 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
(χ2red = 1.3; Fig. 2D, dashed line), with fitting parameters LC = 84 nm,
S= 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. 3A) 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. 4A). 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. 2. Analysis of the high-force peak in type I force–extension traces of
VWF dimers, resulting from the opening of firmly closed dimers. (A) Illus-
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.
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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−1. 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

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-μm-long polymer
when subjected to a physiologically relevant elongational flow
rate of 1,000 s−1 (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 VWF. 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.

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
NaCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.4. For measurements with EDTA, we
used 20 mM Hepes, 150 mM NaCl, 10 mM EDTA, pH 7.4.
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SI Results
SAXS Results. To characterize the conformation of dimeric A1-CK
constructs in solution, we performed SAXS measurements, both in
the presence and absence of divalent ions. SAXS is a powerful
technique to probe the structural ensembles and conformational
transitions of macromolecules in solution, under a wide range of
buffer conditions (36–38). The Kratky representation [q2 · IðqÞ vs. q]
is frequently used to represent scattering data (intensity I, scat-
tering vector q; for details, see SAXS data acquisition and
analysis) of flexible or partially folded macromolecular ensem-
bles (39). A well-defined peak in the Kratky plot is typical of
well-folded globular proteins; in contrast, an increase of the
q2-weighted intensity at high q is characteristic of unfolded or
partially folded structures. The SAXS data indicate a conforma-
tional transition of the ensemble of dimeric VWF constructs upon
the change from near-physiological buffer conditions (including
1 mMMg2+ and 1 mM Ca2+) to buffer containing 10 mM EDTA
(Fig. S9E). In the presence of divalent ions, the SAXS profile in
Kratky representation exhibits a plateau shape (with two small
peaks), implying an ensemble of mostly folded conformations.
However, a population adopting a more flexible conformation
may still be present. In the absence of divalent ions, the Kratky
plot changes shape, exhibiting a nonparabolic diverging shape for
higher q values, indicative of the dimeric constructs adopting a
more flexible ensemble. The radius of gyration determined from
the SAXS data changes from 22.5 to 20.5 nm upon addition of
EDTA. Moreover, the maximal intramolecular dimension Dmax
of the dimeric constructs is reduced when divalent ions are ab-
sent: we found a Dmax of 70 nm for dimeric constructs in near-
physiological buffer and a Dmax of 54 nm for constructs in EDTA
buffer. The shape of the PðrÞ function (a histogram of pairwise
distances in the molecule) calculated from SAXS data of dimers
under near-physiological conditions resembles the shape typical
of rather extended rod-like molecules (Fig. S9F). In contrast, a
shortening and steeper decay of the PðrÞ occurs when divalent
ions are absent, indicating a more globular ensemble of confor-
mations of A1-CK dimers. Both in the absence and presence of
divalent ions, the PðrÞ functions exhibit a peak at a distance of
10 nm, corresponding to the approximate diameter of a partially
or fully formed stem. Overall, the SAXS data are fully consistent
with the findings from AFM imaging: under near-physiological
buffer conditions, VWF dimers adopt elongated, rod-like confor-
mations, while still maintaining some amount of flexibility. Re-
moval of divalent ions by EDTA induces a conformational change
of the ensemble, characterized by a larger degree of flexibility and
as a result more globular conformations.

Simple Model for C-Terminal Stem Formation in VWF Dimers. The
AFM imaging data indicate that the stem formed by interactions
of the C domains in the VWF dimer has variable length (Fig. 4
and Fig. S9D). In the absence of divalent ions (Fig. S9D) or for
the D4-deletion mutant (Fig. 4C), the stem length exhibits an ap-
proximately exponential distribution. Here, we present a simple,
minimalistic model that can rationalize these observations. In our
model, we make several assumptions: first, we assume that the C
domains of both constituent monomers, which are covalently
linked at their CK domains, form the stem similar to a zipper, i.e.,
that they “zip up” hierarchically from the C terminus. In particular,
this means that we assume that C domain number k (numbering
from the C terminus) can only interact with C domain number k
on the opposite monomer and that this interaction is only pos-
sible if C domains k− 1 are already interacting. In principle, other

interactions between C domains could be possible as well, for ex-
ample, intramonomeric interactions or interactions between mono-
mers that do not correspond to the hierarchical zipper geometry.
However, because we only observe such interactions very in-
frequently in the AFM images, we assume the probability of in-
teractions that do not follow the strict zipper geometry to be
negligible in our model. Second, we make the assumption that
each pair of C domains in the zipper has an equal and constant
interaction free energy if it is in contact and that each pair of C
domains contributes equally to the length of the stem. These latter
assumptions, too, could be refined, e.g., by allowing different in-
teraction energies or different lengths for each pair of domains or
by introducing cooperativity between domains. However, our aim
was to build a simple and minimal model that can account for the
data, but not for all possibilities.
Given the assumption that domain pairs zip up with a constant

interaction free energy ΔG, the probability of n pairs of domains
to interact (with n= 0, 1, . . . , 6) is proportional to expð−n ·ΔG=kBTÞ
and the relative (normalized) fraction of dimers with n interacting
C domains is as follows:

f ðnÞ= e−n·ΔG=kBT

Pk=6
k=0 e−k·ΔG=kBT

. [S1]

We fitted Eq. S1 with the interaction free energy ΔG as the
only free parameter to the binned normalized stem length data
(number of bins equal to 7, within a range from 0 to 1), assuming
standard Poisson errors for the bins. We found that our simple
model provides a good fit to the data (Fig. S11); the best fit for
the D4-deletion construct yielded ΔG= 0.49 kBT ≘ 0.29 kcal/mol
(χ2red = 1.3), and for the EDTA condition we found ΔG= 0.56
kBT ≘ 0.33 kcal/mol (χ2red = 1.5).
The fact that our simple hierarchical zipper model can account

for the normalized stem length data in the absence of divalent
ions and for the D4-deletion construct suggests that the C-domain
interactions are close to thermodynamic equilibrium and do not
feature a high degree of cooperativity, at least under our imaging
conditions. The fact that the fitted interaction free energies are
very similar for the full-length construct in the presence of EDTA
and for the D4-deletion construct in the presence of divalent ions
(ΔG= 0.56 kBT vs. ΔG= 0.49 kBT) suggests that D4-domain in-
teractions are strongly suppressed in the absence of divalent ions
and that, in contrast, divalent ions do not play an important role
for C-domain interactions.
The fact that our simple model suggests relatively weak C-domain

interactions is fully consistent with the fact that we do not observe
peaks that would correspond to the dissociation of pairwise
interacting C domains in the single-molecule force measurements
(Fig. 1C). The opening of one pair of interacting C domains
lengthens the dimer by ∼10 nm in the direction of the applied force
(Fig. 1B, taking into account that there are six pairs of interac-
tions). This length change implies that a force of 2 pN—below the
detection limit of AFM force measurements—would bias the equi-
librium of interaction between opposite C domains by 2 pN·10 nm =
20 pN·nm ≈ 5 kBT, implying that in less than 1% of the cases at least
one pair of C domains remains bound in thermodynamic equilibrium.

SI Materials and Methods
Single-Molecule Force Measurements. VWF constructs, bearing a
Twin-Strep-tag II (WSHPQFEKGGGSGGGSGGGSWSHPQFEK)
and a ybbR-tag (DSLEFIASKLA), were covalently attached to
CoA functionalized glass slides. For functionalization, slides were

Müller et al. www.pnas.org/cgi/content/short/1516214113 1 of 10

www.pnas.org/cgi/content/short/1516214113


silanized with (3-aminopropyl)-dimethyl-ethoxysilane (APDMES)
(40), and then coated with 25 mM of a 5-kDaN-hydroxy-succinimide
(NHS)-PEG-maleimide linker, and finally treated with 25 mMCoA.
Functionalized slides were incubated overnight and at 4 °C with
1 mg·mL−1 VWF constructs in OPTIPRO-SFM medium supple-
mented with Sfp-transferase and MgCl2 (25). After incubation
with proteins, slides were carefully rinsed with buffer. Before mea-
surements with EDTA, immobilized proteins were incubated for 8 h
with EDTA buffer.
AFM cantilevers with a silicon tip (BL-AC40TS-C2; Olympus)

were silanized with APDMES and then coated with 25 mMof the
5-kDa NHS-PEG-maleimide linker. Maleimide chemistry allowed
for covalent attachment of a Strep-Tactin construct bearing a single
cysteine residue (Strep-Tactin-Cys). To this end, Strep-Tactin-Cys
was initially reduced in the presence of tris(2-carboxyethyl)phosphine
(TCEP) beads and then separated from TCEP beads by filtering.
After incubation of cantilevers with the NHS-PEG-maleimide linker,
cantilevers were incubated with 10 μM reduced Strep-Tactin-Cys.
Single-molecule force measurements were performed using

custom-built instruments (41), driven each by an MFP-3D AFM
controller (Asylum Research). Spring constants of the cantilevers
were determined individually using the thermal-noise method (42).
Force–extension traces were recorded in closed-loop mode at six
different pulling speeds ranging from 200 to 6,400 nm·s−1. To
probe different VWF molecules, the xy stage was moved by 100 nm
after each trace.

Analysis of Force–Extension Traces. For analysis, force–extension
traces were subjected to total variation denoising (43). In the
case of dimeric VWF constructs, only traces with two A2 un-
folding peaks were evaluated. Overlays of force–extension traces
were generated by offsetting undenoised characteristic traces in
direction of the extension axis. The offsets, which were chosen to
align curves with respect to the stretch before the rupture peak,
were within ∼20 nm. Heat maps of overlays were generated
based on a bin size of 2 pN × 2 nm.

AFM Imaging.VWF constructs carrying an N-terminal Twin-Strep-
tag were purified via a HiTrap StrepTrap (GE Healthcare) using
the AEKTA Explorer chromatography system (GE Healthcare)
and eluted with buffer containing 50 mMTris, 150 mMNaCl, and
2.5 mM d-Desthiobiotin (pH 8.0). Afterward, purified constructs
were buffer exchanged to the measurement buffer. We observed
O-glycosylation of the (GGGS)3 linker region of the Twin-Strep-
tag (Fig. S12), to a markedly higher extent for the full-length
constructs than for the truncated constructs, such as A1-CK. We
verified that the conformation of tagged constructs was un-
affected, by comparison with dimers lacking peptide tags, which
exhibited a very similar degree of compactness as both full-
length and truncated constructs. Force–extension traces of di-
mers were unaffected by abovementioned glycosylation, as ver-
ified by pulling heterodimers with a single Strep-tag, lacking the
(GGGS)3 linker (Fig. S4).
Dimers lacking peptide tags were purified by centrifuge filtration

using Amicon Ultra-15 MWCO 100 kDa (Merck Chemicals).
Shown in Fig. 4A are dimers lacking peptide tags. DelD4 dimers
shown in Fig. S10 were selected from a sample purified by cen-
trifuge filtration only, and very likely correspond to ybbR-tagged
homodimers, present as byproduct in the heterodimer sample.
Multimeric samples were purified by centrifuge filtration using
Amicon Ultra-15 MWCO 100 kDa and buffer exchanged to near-
physiological buffer.
For substrate preparation, we used a method similar to the one

reported by Vanderlinden et al. (44). Freshly cleaved mica sheets
(grade I; SPI Supplies) were incubated with 20 μL of a poly-L-
lysine solution [Mr, 500–2,000; 0.01% (wt/vol); Sigma-Aldrich; in
ultrapure water] for 30 s. Subsequently, they were rinsed with
25 mL of ultrapure water and dried in a stream of nitrogen. Twenty

microliters of buffer solution containing ∼ 5 μg·mL−1 of either
dimeric or multimeric VWF constructs were deposited on the
functionalized mica substrates and incubated for 30 s. Afterward,
the substrates were rinsed with 20 mL of ultrapure water and
dried in a stream of nitrogen.
AFM images of 1 μm2 and 1,024 × 1,024 pixels were recorded in

tapping mode in air using an MFP-3D AFM (Asylum Research)
and silicon tips with resonance frequencies of ∼ 300 kHz and a
nominal spring constant of 26 N·m−1 (AC160TS; Olympus).

Processing and Analysis of AFM Images. Raw image data were
processed and analyzed using SPIP software (version 6.3.6; Image
Metrology). Image processing included plane correction (third-
order polynomial plane fitting and flattening according to the
histogram alignment routine) and Gaussian filtering. Dimers
were individually traced along their contour by following local
maxima in height, and different characteristic lengths were
extracted from the resulting height profiles. To quantify the
compactness of a dimer, we determined its stem length, i.e., the
distance from the CK domain to the position where the two
constituent monomers separate from each other. We further
measured the distance between the CK domain and the beginning
of higher N-terminal domains for the two monomers and used the
mean of these distances to normalize the stem length.

Sample Preparation for SAXS Measurements. For SAXS measure-
ments, dimeric A1-CK constructs carrying an N-terminal Twin-
Strep-tag were purified via a HiTrap StrepTrap using the AEKTA
Explorer chromatography system and eluted with buffer containing
50 mM Tris, 150 mMNaCl, and 2.5 mM d-Desthiobiotin (pH 8.0).
Eluates were buffer exchanged to near-physiological buffer or to
buffer containing EDTA. Purified constructs were concentrated to
the desired concentrations by centrifuge filtration using Amicon
Ultra-15 MWCO 100 kDa. Before each SAXS measurement, sam-
ples were filtered again using a centrifuge filter with a pore size of
0.22 μm (Sigma-Aldrich). Concentrations of each sample were de-
termined in a spectrophotometer (Thermo Scientific) assuming
standard protein extinction coefficients at a wavelength of 280 nm.

SAXS Data Acquisition and Analysis. SAXS data were collected at
the BM29 beamline (European Synchrotron Radiation Facility,
Grenoble, France) and at the P12 beamline [Deutsches Elektronen-
Synchrotron, Hamburg, Germany (45)]. SAXS data shown here
were collected at the P12 beamline at an X-ray wavelength λ of
1.24 Å and a sample-to-detector distance of 3 m, resulting in a q
range of 0.03–4.82 nm−1 [q= 4π sinðθÞ=λ, where 2θ is the total
scattering angle]. Data were acquired with an exposure time of
45 ms and 20 repeats per sample. Repeat exposures of the same
sample showed no signs of radiation damage and were averaged.
Matching buffer samples were measured using identical proce-
dures, and buffer profiles were subtracted for background cor-
rection. Protein concentrations varied from 0.4 to 1.2 mg·mL−1.
Measurements for different protein concentrations showed good
reproducibility after scaling by forward scattering intensity, in-
dicating the absence of aggregation or interparticle interference.
Data shown in Fig. S9E correspond to the highest measured
concentrations. We obtained radii of gyration Rg by Guinier
analysis of the lowest q data with the limit q ·Rg < 1.3. We used
the program PRIMUS to compute the pair distance distribution
function PðrÞ (46) (Fig. S9F). This approach also provides an
estimate for the maximum dimension of the macromolecule, Dmax.

Plasmid Construction. VWF-cDNA was cut out from the plasmid
pMT2-VWF (ATCC 67122; LGC Standards) by EcoRI (Life
Technologies) and inserted into the EcoRI site of the plasmid
pBKSJH- (a modified pBluescript KS, which has an EcoRI site
flanked on both sides by NotI sites; Agilent). The resulting
plasmid was digested with NotI (Life Technologies) and the insert
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was ligated into the plasmids pIRESneo2 (Takara Bio Europe)
(pIRESneo2-VWF) and pIREShygroTO2 (pIREShygroTO2-VWF).
The latter plasmid (pIREShygroTO2) was constructed by initially
cutting out the neomycin resistance of pIRESneo2 by SmaI (Life
Technologies) and XbaI (Life Technologies), and by blunting the
digest with T4-Polymerase (Life Technologies). From the plasmid
pcDNA3.1/Hygro(−) (Life Technologies), the hygromycin B re-
sistance was cut out by Eco72I (Life Technologies) and blunt-end
ligated into the digested and blunted pIRESneo2. Finally, a silent
mutation was introduced to destroy the EcoRI site of the hygromycin
B resistance. Plasmids pIRESneo2-VWF and pIREShygroTO2-VWF
were used for mutagenesis with the QuikChange Multi Site-Directed
Mutagenesis Kit (Agilent) to delete the VWF-Pro amino acid
sequence 26–763 (pIRESneo2-delPro-VWF and pIREShygroTO2-
delPro-VWF). pIRESneo2-delPro-VWF and pIREShygroTO2-del-
Pro-VWF were used to insert a 6×His-tag after amino acid 2813
by mutagenesis (pIRESneo2-delPro-VWF-His and pIREShygroTO2-
delPro-VWF-His). Similarly, pIRESneo2-delPro-VWF-His was used
to insert the yBBR-tag 5′ of amino acid 764 (pIRESneo2-delPro-
yBBR-VWF-His) and pIREShygroTO2-delPro-VWF-His to insert
the Twin-Strep-tag 5′ of amino acid 764 (pIREShygroTO2-delPro-
Twin-Strep-VWF-His). pIRESneo2-delPro-yBBR-VWF-His was fur-
ther used to introduce the C2771R mutation by mutagenesis and
insert the Twin-Strep-tag 5′ of the His-tag using the QuikChange
Multi Site-Directed Mutagenesis Kit (pIRESneo2-delPro-yBBR-
VWF-C2771R-Twin-Strep-His). pIRESneo2-delPro-yBBR-VWF-His
and pIREShygroTO2-delPro-Twin-Strep-VWF-His were used to
insert mutations N1493C and C1670S by mutagenesis using the
QuikChange Multi Site-Directed Mutagenesis Kit (pIRESneo2-delPro-
yBBR-VWF-N1493C/C1670S-His and pIREShygroTO2-delPro-
Twin-Strep-VWF-N1493C/C1670S-His) (16). pIRESneo2-delPro-
yBBR-VWF-His and pIREShygroTO2-delPro-Twin-Strep-VWF-His
were used for mutagenesis to delete amino acids 1873–2255 (D4N-
TIL4) (pIRESneo2-delPro-yBBR-VWF-delD4-His and pIRE-
ShygroTO2 delPro-Twin-Strep-VWF-delD4-His). pIRESneo2-del-
Pro-yBBR-VWF-His and pIREShygroTO2-delPro-Twin-Strep-VWF-
His were used for mutagenesis to delete amino acids 1672–1874
(pIRESneo2-delPro-yBBR-VWF-delA3-His and pIREShygroTO2
delPro-Twin-Strep-VWF-delA3-His). pIRESneo2-delPro-yBBR-VWF-
His was used for PCR amplification of amino acids 1–25 and
the yBBR-tag and cloned in the NheI and EcoRI site of pIR-
ESneo2 (pIRESneo2-VWF-sig-peptide-yBBR). pIREShgroTO2-
delPro-Twin-Strep-VWF-His was used for PCR amplification of
amino acids 1–25 and the Twin-Strep-tag and cloned in the NheI
and EcoRI site of pIREShygroTO2 (pIREShygrTO2-VWF-sig-
peptide-Twin-Strep). In pIRESneo2-delPro-yBBR-VWF-His, an
EcoRI site 5′ of the amino acid 1238 was inserted by mutagene-
sis. The resulting plasmid was digested by EcoRI, and the fragment
encoding amino acids 1238–2813+His was ligated into pIRESneo2-
VWF-sig-peptide-yBBR (pIRESneo2-VWF-sig-peptide-yBBR-
VWF-A1-CTCK-His). The product of ligation into pIREShygroTO2-
VWF-sig-peptide-Twin-Strep was designated pIREShygroTO2-VWF-
sig-peptide-Twin-Strep-VWF-A1-CTCK-His. In pIRESneo2 del-
Pro-yBBR-VWF-His, an EcoRI-site 5′ of the amino acid 1463
was inserted by mutagenesis. The resulting plasmid was digested by
EcoRI, and the fragment encoding amino acids 1463–2813+His
was ligated into pIRESneo2-VWF-sig-peptide-yBBR (pIRESneo2-
VWF-sig-peptide-yBBR-VWF-A2-CTCK-His). The product of ligation
into pIREShygroTO2-VWF-sig-peptide-Twin-Strep was designated
pIREShygroTO2-VWF-sig-peptide-Twin-Strep-VWF-A2-CTCK-His.
For encoding monomers with a single N-terminal Strep-tag,
pIRESneo2-delPro-VWF-His was used to insert the Strep-tag 5′
of amino acid 764 by mutagenesis (pIRESneo2-delPro-Strep-tag-
VWF-His). pIRESneo2-delPro-Strep-tag-VWF-His was further

used to introduce the C2771R mutation by mutagenesis using the
QuikChange Multi Site-Directed Mutagenesis Kit (pIRESneo2-
delPro-Strep-tag-VWF-C2771R-His).

Transfection and Expression. HEK 293 cells (Deutsche Sammlung
von Mikroorganismen und Zellkulturen, Braunschweig, Germany)
were transfected in DMEM (Life Technologies) containing 10%
(vol/vol) FBS (Life Technologies) with 4 μg of plasmid (for co-
transfection, 2 μg of both plasmids) and 15 μL of Lipofectamine
2000 (Life Technologies). Twenty-four hours after transfection,
cells were transferred into selection medium with 500 μg·mL−1

G418 (Invivogen). For cotransfected cells, the selection medium
additionally contained 250 μg·mL−1 Hygromycin B (Invivogen).
After 2–3 wk, the resulting polyclonal cell culture was seeded for
expression. After 72 h of growing, the medium was changed against
OPTIPRO-SFM (Life Technologies) for secretion of VWF. The
culture supernatant was collected after 72 h and concentrated
using Amicon Ultra-15 MWCO 100 kDa.

Preparation of Strep-Tactin with a Single Cysteine. Two Strep-Tactin
(ST) constructs were designed: a wild-type construct and one har-
boring an N-terminal 6×His-tag as well as a unique cysteine (Cys)
residue. Both ST variants were PCR amplified from synthetic
templates (Centic) and cloned into pET vectors. Expression was
achieved in 1-L and 500-mL SB cultures of transformed Escher-
ichia coli BL21(DE3)-CodonPlus, respectively. The harvested cell
pellets were treated separately in the beginning and dissolved in
4 mL per 1 g cell mass B-PER (Life Technologies). After addition
of Lysozyme and DNase (Roche), cells were fully lysed by soni-
fication. Insoluble cell debris as well as inclusion bodies were sedi-
mented by centrifugation at 20,000 × g for 30 min. After discarding
the supernatant, the inclusion body-containing pellet was again
resuspended in 4 mL per 1 g washing buffer [30 mM Tris·HCl, pH
7.5, 150 mM NaCl, and 0.1% (vol/vol) Triton X-100]. Centrifu-
gation and washing of the inclusion bodies were repeated four
times, until the supernatant appeared fairly cleared. The inclusion
bodies containing the Cys-modified ST were then dissolved in 6
mL of solubilization buffer (20 mM Tris·HCl, pH 7.5, 6 M gua-
nidinium HCl), the ones containing unmodified ST in 12 mL. The
solubilized protein fractions were again subjected to centrifugation
for 30 min at 20,000 × g, and the supernatant with the unfolded ST
constructs was collected. After determining the protein concen-
tration in the solubilized fractions by measuring the absorbance at
280 nm, the entire amount of unmodified ST was used and mixed
with the volume equivalent of a 10th in mass of the latter with
6×His-Cys-ST. To accomplish refolding, the mixture was slowly
and dropwise added to a stirred reservoir of 500 mM 1× PBS and
10 mM β-mercaptoethanol. The mixture was stirred overnight at
4 °C to maximize refolding of the mixed ST. Next, the 500-mL
protein sample was filtered through a cellulose filter to remove
precipitate and then loaded onto a 5-mL HisTrap FF column (GE
Healthcare) for Ni–immobilized metal ion affinity chromatography
purification. Elution of the reassembled 1× Cys-ST tetramer was
achieved by a linear gradient from 10 to 300 mM imidazole (in 1×
PBS, 10 mM β-mercaptoethanol). The intended 1:3 stoichiometry
(1× 6×His-Cys-ST, 3× unmodified ST) was observed. Samples
were pooled after elution from the affinity column and dialyzed
against 1× PBS. As free reducing agent in the storage buffer would
later on interfere with Mal-PEG immobilization of the 1× Cys-ST,
bead-immobilized TCEP was added to the protein inside the di-
alysis tubing. ST was long-term stored at 4 °C in presence of TCEP
beads. Typically, yields of 15 mg of purified protein per 1.5 L
(500 mL for expression of His-tagged, Cys-ST, which is the yield
affecting constituent) culture could be obtained.
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Fig. S1. Single-molecule force measurements on VWF dimers with mutations N1493C and C1670S, which induce a disulfide bridge stabilizing the A2 domain.
(A) Schematic representation of the pulling configuration. (B and C) Denoised force–extension traces (type I with the characteristic high-force peak and type II
without) lacking the characteristic A2 unfolding peaks.
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Fig. S2. Single-molecule force measurements on VWF monomers. (A) Schematic representation of the pulling configuration. A ybbR-tag at the N terminus and
a Twin-Strep-tag at the C terminus enabled specific pulling via a Strep-Tactin functionalized cantilever. (B) Denoised force–extension trace showing a single A2
unfolding peak and lacking the high-force peak characteristic for the opening of firmly closed dimers. (C) Unimodal distribution of the position of A2 un-
folding.
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Fig. S7. Estimation of the persistence length of VWF’s C-terminal region from AFM imaging. Shown is the mean value of the mean-squared distance hR2
s,s+ Li as

a function of the separation L along the contour of VWF monomers (N= 10), which was parameterized by the coordinate s. The experimental data were fitted
using the following expression for 2D equilibrated polymer chains (47): hR2

s,s+ Li= 4P · ðL+ 2Pðe−L=2P − 1ÞÞ. The fitting parameter P denotes the bending per-
sistence length in the context of the WLC model. The value of 6.4 nm (reduced χ2red =0.76) obtained for P is close to the size of individual C domains (20). Fitting
a different model that assumes kinetic trapping on adsorption yielded a clearly nonsensical value of P = 3.5 μm (χ2red = 6.85), backing up the assumption of full
equilibration. It should be noted that minor deviations from full equilibrium would imply that the obtained value slightly underestimates the persistence
length. Errors bars represent the SD of the mean values.
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Fig. S8. Single-molecule force measurements on VWF dimers lacking the A3 domain. (A) Schematic representation of the pulling configuration. (B) Denoised
force–extension traces. Traces were essentially unaffected by deletion of A3, in particular the characteristic high-force peak. (C) Bimodal distribution of the
position of the first A2 unfolding event for all traces.
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Fig. S9. Flexibility of VWF dimers induced by addition of EDTA. (A) Denoised force–extension traces of EDTA-treated dimers showing A2 unfolding peaks only
at high extension values (type II). The characteristic high-force peak, which was observed for dimers under near-physiological conditions, was never observed.
(B) Unimodal distribution of the position of the first A2 unfolding event. (C) Representative AFM images of individual VWF dimers adsorbed from EDTA buffer
at pH 7.4. Arrows mark the positions of the CK domains. (Scale bar, 30 nm; range of color scale, 2.4 nm.) (D) Distribution of the normalized stem length of
dimers adsorbed from EDTA buffer, showing a single peak decaying from zero stem length. (E) SAXS profiles in Kratky representation [q2 · IðqÞ vs. q] for dimeric
A1-CK constructs at pH 7.4 in the presence of divalent ions (light blue) and upon addition of EDTA (dark blue). (F) Distance distribution functions PðrÞ of dimeric
A1-CK constructs computed from experimental SAXS data represented in the same colors as in E. The PðrÞ functions are normalized to give equal areas.
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Fig. S10. Analysis of static lengths in dimeric VWF constructs. Characteristic lengths were determined from height profiles of individual dimers, obtained by
tracing each dimer in AFM images individually along its contour, following local maxima in height. Arrows indicate the position of the CK domains, which were
identified with the last C-terminal local maximum in height. The beginning of the higher N-terminal domains was defined as the position where the first large
increase in height N-terminal of the CK domains reached its half-maximum value. (Scale bar, 30 nm; range of color scale, 2.4 nm.) (A) Analysis of wild-type
dimers. (B) Analysis of dimers lacking the D4 domain.
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Fig. S11. Distributions of the normalized stem length of dimers lacking the D4 domain (A) and wild-type (WT) dimers adsorbed from EDTA buffer (B). Both
distributions show a single peak decaying from zero stem length. To estimate the interaction free energy ΔG between opposite C domains, a simple model for
C-terminal stem formation was fitted to both distributions. The fit yielded an interaction free energy ΔG= 0.49 kBT for delD4 dimers and ΔG= 0.56 kBT for WT
dimers adsorbed from EDTA buffer (see SI Results).

Fig. S12. O-Glycosylation of GGGS linker repeats in Twin-Strep-tagged VWF (48–51). (A) Representative AFM image of VWF dimers purified via a Strep-Tactin
column. Most constituent monomers exhibited tentacle-like polymer chains protruding from their N termini. Such tentacles were only observed in dimers
carrying a Twin-Strep-tag and never observed as isolated ones on the surface. As a result of purification, at least one of the two constituent monomers of a
dimer carried an N-terminal Twin-Strep-tag and hence exhibited tentacles. Green arrowheads mark N termini free of tentacles, very likely corresponding to
ybbR-tagged monomers. White arrows indicate the position of the CK domain. (Scale bar, 50 nm; range of color scale, 2.4 nm.) (B) Representative AFM image of
truncated A1-CK dimers purified via a Strep-Tactin column. A1-CK dimers were—similarly to other truncated constructs—mostly free of tentacles. Blue ar-
rowheads mark occasional N-terminal tentacles. The conformation of A1-CK constructs was very similar to the conformation of full-length constructs and
constructs lacking tags. In particular, the observed ratios of compact and flexible dimers were very similar for all these constructs. Importantly, force mea-
surements on truncated heterodimers (Fig. S6) yielded very similar ratios of firmly closed and open dimers as measurements on full-length constructs. White
arrows indicate the position of the CK domains. Scale bar and range of color scale are as in A. (C) Representative AFM image of VWF homodimers carrying
single N-terminal Strep-tags without GGGS linker repeats. Tentacle-like polymer chains were not observed. Importantly, force measurements on heterodimers
with a single N-terminal Strep-tag yielded very similar ratios of firmly closed and open dimers as measurements on Twin-Strep-tagged heterodimers (Fig. S4).
Scale bar and range of color scale are as in A. (D) Representative AFM image of VWF monomers carrying a single N-terminal Strep-tag without GGGS linker
repeats. Tentacle-like polymer chains were not observed. Scale bar and range of color scale are as in A.
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