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Abstract

Von Willebrand factor (VWF) is a multimeric plasma glycoprotein that is critically involved in
hemostasis. Biosynthesis of long VWF concatemers in the endoplasmic reticulum and the
(trans-)Golgi is still not fully understood. We use the single-molecule force spectroscopy
technique magnetic tweezers to analyze a previously hypothesized conformational change in
the D’D3 domain crucial for VWF multimerization. We find that the interface formed by
submodules C8-3, TIL3, and E3 wrapping around VWD3 can open and expose two previously
buried cysteines that are known to be vital for multimerization. By characterizing the
conformational change at varying levels of force, we are able to quantify the kinetics of the
transition and the stability of the interface. We find a pronounced destabilization of the interface
upon lowering the pH from 7.4 to 6.2 and 5.5. This is consistent with initiation of the
conformational change that enables VWF multimerization at the D’D3 domain by a decrease
in pH in the trans-Golgi network and Weibel-Palade bodies. Furthermore, we find a
stabilization of the interface in the presence of coagulation factor VIII (FVIII), providing
evidence for a previously hypothesized binding site in submodule C8-3. Our findings highlight
the critical role of the D’D3 domain in VWF biosynthesis and function and we anticipate our
methodology to be applicable to study other, similar conformational changes in VWF and
beyond.

Introduction

Von Willebrand Factor (VWF) is a large plasma glycoprotein, critically involved in primary
hemostasis. Long VWF multimers travel in the blood stream in a globular conformation and
undergo conformational changes upon sensing increased hydrodynamic forces, present e.g. at
sites of vascular injury!. Through these changes, VWF exposes binding sites for blood
platelets*®. After binding to collagen in the injured vessel wall, force-activated VWF thus
enables formation of a hemostatic plug, built by multiple platelets binding to it* (Figure 1A).
The peak hydrodynamic forces acting on VWF scale approximately with the square of its
length>®. VWE’s occurrence in form of ultra-large concatemers, reaching lengths up to 15 um
upon unfolding®’, is thus vital for effective force-activation through hydrodynamic forces at
sites of vascular injury.

Biosynthesis of such long concatemers is a highly complex process®®: VWF is expressed as a
prepropeptide, comprising a short signal peptide and the prodomains D1 and D2 in addition to
the domains featured in mature VWF!? (Figure 1A). The signal peptide is cleaved during
transport of proVWF to the endoplasmic reticulum (ER), where numerous cysteine bridges
form, which shield most domains against unfolding under force!!. In the ER, monomers
dimerize via formation of three cysteine bridges between the C-terminal cystin knot (CK)
domains’™!! (Figure 1B) and glycosylation is initiated. After dimerization, proteins are
transferred to the Golgi (pH 6.2), where the stem region of VWF dimers is compacted into a
“dimeric bouquet”!? and VWF is extensively posttranslationally modified by N- and O-
glycosylation, sialylation and sulfation. In the trans-Golgi network, furin cleaves off the
propeptide*! 11315 dimers assemble into a helical shape and multimerize by interdimer cysteine
bonding at positions Cys1099-Cys’1099 and Cys1142-Cys’1142 in the N-terminal D’D3
domains. The multimers are stored in Weibel-Palade bodies (WPB) (secretory granules) at an
even lower pH of 5.4 and secreted into the bloodstream’-8,
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To ensure unrestricted functionality, it is of vital importance that all cysteine bridges form
natively. Most disulfide bridges are formed in the ER — with the notable exception of the two
cysteine bridges (Cys1099-Cys’1099 and Cys1142-Cys’1142) in the D’D3 domain mediating
VWF multimerization!#. A crystal structure of the monomeric D’D3 domain at neutral pH,
characteristic of the ER, has revealed a wedge-like conformation of the D assembly!®. In this
conformation, the C8-3, TIL3, and E3 submodules make close contact with the VWD3 domain
(Figure 1C), effectively burying the cysteines at positions 1099 and 1142. This conformation
likely prevents premature multimerization in the ER!S. It has been hypothesized that in the
acidic pH of the (trans-)Golgi, a conformational change in the D’D3 domain exposes the
cysteines to enable multimerization!'®. However, details of this necessary conformational
change are currently unknown.

In addition to enabling multimerization, the D’D3 domains serve another function critical for
hemostasis: By binding coagulation factor VI (FVIII), they protect FVIII from rapid
clearance!”!® and transport it to sites of vascular injury. Mutations within the VWF D’D3
domain that impede this high-affinity binding lead to type 2N von Willebrand disease, a
condition characterized by reduced plasma levels of FVIII'®?°. Structural and biochemical data
reveal binding of the FVIII C1 domain to the D’ modules of VWF and, additionally, hint at
interactions of FVIII with the VWF D3 core!6-17-21:22,

Here, we employ magnetic tweezers (MT) to study the conformational change in the D’D3
domain necessary for multimerization as well as the interaction of the D’D3 domain with FVIIL.
MT are a powerful tool for single-molecule force spectroscopy, enabling multiplexed
application of a large range of constant forces***°. Recently, assays have been introduced
employing MT for studying force-induced conformational changes in proteins®®2%. For this
purpose, single proteins are tethered between a glass surface and a magnetic bead. A magnetic
field, generated by electro- or permanent magnets, exerts precisely controlled forces on the bead
and thus the tethered molecule. Conformational changes in the tethered protein lead to changes
in the bead position, which is monitored by video microscopy.

In this study, we investigate full-length VWF dimers under different levels of constant force
(Figure 1D), to directly probe the stability of the D’D3 domain. We observe fast, reversible
transitions at constant forces around 8 pN that we identify as a large-scale conformational
change in the D’D3 domain (Figure 2A). Investigating the force-dependency of the transitions,
we can infer the stability and dynamics of the interface. At the pH present in the Golgi and
WPB, we find a significant destabilization of the interface burying the cysteines at positions
1099 and 1142 compared to neutral pH, validating the hypothesis that reduced pH plays a
crucial role in VWF’s biosynthesis. Furthermore, we find a stabilization of the interface in
presence of FVIIL, strongly supporting the hypothesis of a binding site of FVIII within the D
submodules in addition to the D’ submodules!®-!.

Results

To probe the stability of the wedge-like D3 interface formed by VWD3 with C8-3, TIL3, and
E3, we use an assay that comprises VWF dimers, the smallest repeating subunits of long VWF
concatemers (Figure 1D). We tether the dimers in MT between a flow cell surface and
superparamagnetic beads using a previously described coupling strategy based on covalent
surface attachment via elastin-like polypeptide (ELP) linkers?®?°, The other terminus is attached
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to a superparamagnetic bead via a non-covalent, highly stable biotin-streptavidin bond*’. In our
MT setups, we apply varying levels of constant force by precisely adjusting the height of two
permanent magnets located above the flow cell (Figure 1D). Among the twelve domains of
mature VWF monomers, only the A2 domain is not shielded against unfolding at comparably
low forces by long-range disulfide bridges. The A2 unfolding is thus one of the first responses
of VWF to mechanical force and has been extensively investigated using magnetic?® and optical
tweezers® as well as atomic force microscopy-based®! single-molecule force spectroscopy.
Here, we use the two A2 unfolding events (one from each monomer in the dimer) as a molecular
fingerprint: in the beginning of each measurement, we apply a force of 11 pN and identify
specifically coupled VWF dimers by observing two = 35 nm steps that correspond to the A2
unfolding signature®® (Figure 2A, blue inset).

Conformational Transition in the D'D3 Domain Is Revealed by MT. After selecting specific
VWEF tethers, we perform an inverted force ramp protocol, starting at 12 pN and decreasing the
force iteratively in steps of 0.3 pN until 6 pN (Figure 2A). In the force-plateaus between 12 and
6 pN, we observe rapid, reversible transitions between a maximum of three states, named in the
following Top, Middle, and Bottom (Figure 2A, orange inset). The population of these states
shifts with decreasing force towards the bottom state, and the midpoint force Fi,, at which
transitions from the M state to the T or B state are equally likely, is found to be at around 8 pN.
The three states are separated by two equidistant steps of Az = 7.6 nm at the applied forces,
suggesting that the transitions stem from conformational changes that occur in each of the
monomers independently. To uniquely assign the molecular origin of the observed transitions,
we performed control measurements on different domain-deletion constructs, in which
individual domains are deleted, but which are otherwise identical to the wild type dimer. We
observe the three-state transitions independently of A2 unfolding (Figure 3A, Supplementary
Figure S1A) and independently of the deletion of the D4 domain (Figure 3B, Supplementary
Figure S1A) or deletion of the Al domain (Figure 3C, Supplementary Figure S1B).
Furthermore, the characteristic parameters of the transition, namely the midpoint force and the
distance between the states are not altered in the domain deletion constructs (Figure 3 D, E).
Therefore, we can exclude an origin within or related to the Al, A2, or D4 domains. When
deleting the D’D3 domain, however, the transitions vanish (Supplementary Figure S1C),
strongly suggesting that a conformational change in this domain causes the transitions.

Under neutral pH and in the absence of force, the C8-3, TIL3, and E3 submodules wrap around
the large VWD3, forming a wedge-like assembly that buries the two unbound cysteines!¢
Cys1099 and Cys1142 (Figure 1C). We hypothesized that by applying force, we unwrap this
assembly and open the interface between VWD3, C8-3, TIL3, and E3. We verified this
hypothesis by inserting 20 additional amino acids (aa) into the naturally occurring sequence
between the VWD3 and C8-3 submodules (Figure 2B, C, “Linker insert”) and evaluating the
distance between the states. As unfolded protein chains exhibit entropic polymer elasticity and
are not completely stretched at the forces we apply, the measured distance between the states
depends on the force at which the transitions occur. For the construct with the linker insert, the
transitions shift to lower forces compared to the wild type construct. To ensure that the
difference in force does not systematically bias the measured distance, we take into account the
stretching elasticity by calculating the contour lengths from the experimentally observed
distances using the worm-like chain model?®, assuming bending persistence length Lp = 0.5 and
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contour length Lc = 0.4 nm per aa%32, The contour length is the length of an unfolded chain of
amino acids that is completely stretched and is thus independent of force. We find that inserting
the 20 aa leads to an increase in contour length by 13.4 nm + 4.8 nm (Figure 2B), in agreement,
within experimental error, with the predicted 8 nm.

As an additional validation, we perform steered molecular dynamics (SMD) simulations on the
D submodules (Figure 2C) by fixing the N terminus of the VWD3 submodule and pulling on
the C terminus of the E3 submodule, which mimics force propagation through the D assembly
in the MT assay. We find that in the simulations, the externally applied force opens the interface
between VWD3 and C8-3, TIL3, and E3, while the individual subdomains initially remain
folded (Figure 2C). Comparing the distance of the termini in the initial structure with their
distance at the end of the simulation, we find an increase of 14.8 nm at the high forces of the
SMD simulation, which is in good agreement with the experimentally determined length
increase, again taking into account the protein elasticity. The results from pulling a construct
with an elongated linker and the SMD simulations validate and visualize that we are opening
the interface in the D3 domain in our MT assay.

Transitions Are Inhibited in a Fraction of D3 Domains. The above findings strongly suggest
that the observed transitions between three states stem from independently opening the
interfaces in the two D3 domains of the tethered dimers. Interestingly, three-state transitions
are not observed in all specific tethers exhibiting two A2 unfolding steps. Transitions between
three states are observed in roughly 15 % of specific tethers, while in 36 %, we observe
transitions only between two states, however, with otherwise identical parameters (see next
section), suggesting that these correspond to conformational changes in only one of two D3
domains. The rest of the specific tethers show no transitions at all, suggesting that no
conformational changes in either of the two D3 domains occur. In some cases, we initially
observed three-state transitions, but in a later experiment on the same tether under the same
conditions only two-state transitions. Together, these findings indicate that the conformational
change can be inhibited. Considering that interface opening exposes two unbound cysteines
(Figure 1C, yellow spheres), a possible explanation could be formation of non-native cysteine
bridges interfering with native interface formation.

Force-Dependent Stability of the D3 Interface. To extract thermodynamic parameters of the
underlying transitions, a triple Gaussian function (Table 1, Equation 10) is fit to the extension
histogram in each plateau with three-state transitions (Figure 4A, right). Thresholds are defined
at the two minima between the three states (states indicated by dashed lines in Figure 4A).
Based on the thresholds, the relative populations of B, M, and T states are determined at each
force as the number of data points below, between, and above the thresholds divided by the
total number of data points. The relative population of the three states shifts systematically with
force (Figure 4B). To model the force-dependent fractions, we assume that the D3 interface can
be either in a closed state or in a “peeled off” open state. The external force biases the free
energy landscape towards the open state and we assume that the free energy difference between
the open and closed interface depends linearly on force as AG(F)= AGo — F-Az. Here, AGo is
the free energy difference in the absence of force and Az is the distance between the free energy
minima along the force direction. Assuming the two D3 domains in the dimer behave identically
and independently, the probability of both domains being open (Pip), one domain being open


https://doi.org/10.1101/2021.11.29.470312
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.29.470312; this version posted November 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

and one closed (Pmiddie), and both domains being closed (Ppottom) can be described with
Equations 1-3 (Table 1). Fitting these equations to the relative population of states (Figure 4B,
solid lines) yields the fit parameters F12, the midpoint force, at which it is equally likely for the
domains to be open and closed, as well as Az, the distance between the states. We find an
excellent fit of the three-state model to the data (Figure 4B), which confirms the assumption of
identical, independent transitions. The same analysis can be performed for molecules exhibiting
two-state transitions, where only one D3 domain exhibits conformational changes
(Supplementary Figure S4A). Here, a two-state model is fit to the relative state populations
(Equation 4-5, Table 1), providing an independent fit of the same parameters (Supplementary
Figure S4B). We find that the distributions of fit parameters obtained from analyzing molecules
with two- and three-state transitions are nearly identical (Supplementary Figure S4D, E), which
further supports the hypothesis that the underlying processes are indeed identical and that the
intra-D3 domain transition is prevented in a fraction of D3 domains. Taking all fit parameters
from two- and three-state transition molecules together (> 30 molecules; Figure 4D, E, solid
lines) we find Fi, = 8.3 = 1.1 pN and Az = 7.6 = 1.7 nm (mean = std), which corresponds to a
mean free energy of AGo =F12 * Az=9.0+ 2.3 kcal/mol and provides a measure of the interface
stability.

Kinetics of the Conformational Changes in the D3 Interface. In addition to providing insights
into the force-dependent equilibrium, our MT extension time traces can reveal kinetic
information from the transitions at different forces. Using the same thresholds as for state-
population analysis, we identify dwell times (Figure 4A, t; Supplementary Figure S3A, B) as
times that are spent in one state before crossing the threshold. The dwell times in the three-state
transitions, however, reflect the kinetics of two equal processes happening independently at the
same time. To access the dwell times of individual domains, Topen and Teiosed, dwell times in the
middle plateau are divided by two and associated with the dwell times in the bottom state and
the top state, respectively. This procedure to obtain so-called pseudo-dwell times for individual
domains takes into account the number of domains opened and closed in each state and weighs
the measured dwell times accordingly®***. We find the pseudo-dwell times for each plateau to
be exponentially distributed (Supplementary Figure S3C, D). The force-dependent mean
pseudo dwell times are well-described by exponential, Arrhenius-like relationships® (Table 1,
Equations 6 and 7; Figure 4 C, solid lines). Fitting parameters 1o, open and To, closed are the lifetimes
of the open and closed conformation at zero force and AZgpen and Azciosed are the distances to the
transition state along the pulling direction. The sum of AzZgpen and AZciosed
(3.1 nm + 4.7 nm = 7.8 nm) is found to be in excellent agreement with Az obtained from fitting
relative state populations, which provides a consistency check between equilibrium and kinetic
analysis and suggests that there is a single dominant energy barrier along the reaction pathway.
The extrapolated lifetimes at zero force of the closed conformation 7o, closed are in the range of
hours. In comparison, the lifetimes of the open states in the absence of load to, open are much
shorter, only on the order of milliseconds. The extrapolated lifetimes at zero force provide
another route for calculating the mean free energy: AGo: = kgT * log(To,open/To.closed) = 9.3 = 1.7
kcal/mol, in excellent agreement with the AGo value computed from the force-dependent
populations in the previous section (Figure 5C). The good agreement between the free energy
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differences obtained from equilibrium and lifetime analysis provides another consistency check
between the thermodynamic and kinetic analyses.

Lowering pH Destabilizes the D3 Interface. We analyzed the equilibrium and kinetics of the
conformational change under different physiologically relevant conditions (Figure 5).
Specifically, we compared pH 7.4, characteristic of blood, with the lower pH conditions of pH
6.2 and 5.5, representative of the conditions in the trans-Golgi network and WPB, respectively.
We find that the extension change Az is insensitive to pH (Figure 5B), suggesting that the
overall fold of the D3 domain and geometry of the transition is not affected in this pH range.
However, we find a significant destabilization of the interface (p < 0.00412; two-tailed t test
for two independent means, performed on F1)2), reflected both in a lower midpoint force (Figure
SA, yellow [pH 7.4]: 8.3 £ 1.1 pN, orange [pH 6.2]: 7.2 £ 0.8 pN, and red [pH 5.5]: 6.6 £ 0.5
pN), and a corresponding decrease in AGo (Figure 5C, pH 7.4: 9.0 £ 2.3 kcal/mol, pH 6.2: 6.8
+ 2.3 kcal/mol, pH 5.5: 6.3 £ 1.5 kcal/mol). Furthermore, the D3 interface becomes more
dynamic and in particular the extrapolated lifetime in the open conformation is increased by
decreased pH from 0.004 s at pH 7.4 to ~0.3 s at pH 6.2 and pH 5.5, suggesting an
approximately 10-fold higher exposure of the cysteines buried by the D3 interface at acidic pH.
Previously, it was reported that for successful VWF multimerization low pH and Ca?" are
required’. To investigate the role of Ca?’, we performed measurements in the presence of
10 mM EDTA, to chelate divalent ions. In contrast to decreased pH, we found that EDTA does
not significantly affect the stability of the interface (Figure SA-C). The fact that the addition
of EDTA does not alter the stability of the interface could either indicate that Ca?" ions have
only limited influence on the interface or that structural ions, e.g. the ion positioned in a Ca**
binding loop in VWD3 (Figure 2C, 1), are so stably bound that they are not efficiently removed
by EDTA.

FVIII Binding Stabilizes the D3 Interface. We next used our MT assay to probe the transitions
in the D3 domain in the presence of FVIII. We find a highly significant stabilization
(p <0.00781; two-tailed t test for two independent means, performed on Fi») of the D3
interface in the presence of ~ 640 nM FVIIIL. FVIII has been reported to predominantly bind to
the D’ submodules?!-*2. Based on point mutations in the C8-3 domain, which lead to 2N von
Willebrand disease phenotypes with decreased ability to bind FVIIL, it was however
hypothesized that FVIII could also have a less prominent interaction site in the C8-3 module'®.
Our results strongly support a binding site in the D3 domain, as FVIII directly impacts the
conformational change of the D3 interface.

Absence of D3 Interface Transitions in Multimerized D’D3 Domains. There is currently no
crystal structure available for a dimerized D’D3 domain. Therefore, the native force
propagation through the D’D3 domain in multimerized VWF is not known. To assess whether
the conformational change in the D3 domain would only play a role in biosynthesis or might
also occur in VWF multimers and potentially be relevant for VWF force-activation, we
investigated an “inverted” VWF dimer that is dimerized via its D’D3 domains (Supplementary
Figure S5). Here, we again observed A2 unfolding events, but no additional transitions,
suggesting that the transition in the D3 interface only occurs prior to multimerization at the
interface.
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Discussion

VWF multimerization is a crucial process for successful hemostasis. It is known that the free
cysteines Cys1099 and Cys1142, located in the N-terminal D’D3 domains, are crucially
involved in multimerization in the trans-Golgi. However, the crystal structure of a monomeric
D’D3 domain at neutral pH shows these two cysteines buried in a wedge-like structure formed
by the VWD3 — C8-3, TIL3, and E3 interface. The details of how the cysteines are exposed to
enable multimerization were previously unknown. Recently, Springer and coworkers
hypothesized that Cys1099 attacks the cysteine bond between Cys1097 and Cys1091, forming
a new bond with Cys1091 and releasing Cys1097 for disulfide bond formation with Cys1097’
in a second dimer*®. However, no matter whether Cys1099 or Cys1097 forms an inter-dimer
disulfide bond alongside Cys1142, there has to be a prior conformational change to expose both
cysteines buried in the wedge. It has been hypothesized that this conformational change is
induced by the acidic pH in the Golgi apparatus!®3®. Here, we used MT to examine a
conformational transition in the D3 domain, peeling submodules C8-3, TIL3, and E3 off the
larger VWD3 submodule and thus exposing the unbound cysteines. Studying the D3 interaction
under various levels of constant force, we obtained force-dependent populations and rates that
we extrapolated to zero load to characterize the stability of the interface. Both the extrapolated
lifetimes and the estimated free energies suggest that the D3 interface is very stable at neutral
pH, with a fraction of only about 1 in 107 molecules being in the open conformation at any
given time in the absence of force, thus effectively shielding the free cysteines buried by the
interface. At lower pH, characteristic of (trans-)Golgi and WPB, the D3 interface is
significantly destabilized and becomes more dynamic. The pronounced pH dependency can be
rationalized on the molecular level by the large number of histidine-residues in the interface
that can be protonated at acidic pH and then likely destabilize the interaction between the four
submodules'®. Biologically, the regulation of the conformational change by pH is of great
importance for VWEF’s biosynthesis to enable exposure of the buried cysteines involved in
multimerization only under the acidic pH in the trans-Golgi network. The stability of the
interface revealed by our assay suggests that VWF dimers are protected from forming
premature cysteine bridges involving Cys1099 and Cys1142 in the ER, which would have the
potential to disturb organized compaction and multimerization in the trans-Golgi network.
Finally, we characterized the D3 interface opening in the presence of FVIII. We found a
statistically significant stabilization of the interface, indicating that FVIII not only binds to the
D’ modules, but also to the D modules of the D’D3 domain, as had been suggested by structural
and biochemical information. Our results highlight how complex interactions regulate the
biosynthesis and function of VWF and demonstrate how MT force spectroscopy can probe
biologically relevant conformational changes under a broad range of conditions.

Materials and Methods

VWF Constructs. Dimeric VWF constructs were designed as hetero-bifunctional dimers,
consisting of two different types of monomers possessing different N-terminal peptide tags.
One monomer possessed a ybbR-tag, allowing for covalent conjugation of CoA-biotin. The
second monomer was equipped with a strep-tag II for high-affinity purification, followed by a
tobacco etch virus (TEV) protease cleavage site®’ and the N-terminal sortase motif*®* GG. The
TEV site served two purposes: First, to remove the strep-tag after purification, to avoid
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interaction with streptavidin on the magnetic beads, and second, to expose the sortase motif
GG, which must be located terminally for the sortase-mediated ligation to the ELP linker. In
addition to full-length dimers, comprising all domains present in mature VWF, also several
constructs with deletions of certain domains were investigated as controls: delD4, with a
deletion of the full D4 assembly (D4N-TIL4, aa 1873-2255), delD’D3, with a deletion of the
full D’D3 assembly (TIL’-E3, aa 764-1273), and delA1, with a deletion of the A1 domain (aa
1272-1462). Additionally, an “inverted” construct was expressed, which dimerized N-
terminally. To produce such N-terminally, but not C-terminally linked dimers, monomers with
mutation p.Cys2771Arg in the CK domain to impair C-terminal dimerization***° and with C-
terminal tags for site-specific protein attachment were expressed in the presence of the VWF
propeptide (VWFpp) domains D1 and D2.

Hetero-bifunctional dimers were obtained by co-transfection of HEK-293 cells with two
different plasmids so that the two different types of monomers were co-expressed.
Multimerization was obstructed by deleting the VWF pro-peptide sequence (domains D1 and
D2, aa 26-763). N-terminal tags were inserted after the required N-terminal signal peptide (aa
1-25). Plasmid construction, transfection of HEK-293 cells and protein expression were
performed as described in detail in Miiller et al!. In brief, 2¢10% HEK-293 cells (DSMZ,
Germany) were transfected in Dulbecco’s modified Eagle’s medium (Life Technologies)
containing 10 % fetal bovine serum (Life Technologies), 2 pg of each of the two plasmids, and
15 pl Lipofectamine 2000 (Life Technologies).

24 h after transfection, cells were transferred into selection medium containing 500 pg/ml G418
(Invivogen) and 250 pg/ml Hygromycin B (Invivogen). After 2-3 weeks, the polyclonal cell
culture was seeded for expression. After 72 h of cell growth, the medium was exchanged against
OPTIPRO serum-free medium (Life Technologies) for serum-free collection of secreted
recombinant VWEF. The culture supernatant was collected after 72 h and concentrated using
Amicon Ultra-15 MWCO 100 kDa (Merck Millipore).

All dimeric constructs were purified via a HiTrap StrepTrap affinity chromatography column
(GE Healthcare) using the AEKTA Explorer system (GE Healthcare). As running buffer,
20mM Hepes, 150mM NaCl, ImM MgCl,, ImM CaCl,, pH 7.4, was used. Elution buffer
additionally contained 2.5mM d-desthiobiotin. Eluted VWF constructs were buffer exchanged
(to the running buffer) and concentrated by centrifuge filtration using Amicon UltraMWCO
100 kDa (Merck Millipore). After 5 washing steps with 500 pl of running buffer, the volume
was decreased to = 100 pl before inverting the filter and harvesting the protein.

Steered Molecular Dynamics Simulations. The steered molecular dynamics (SMD)
simulations were performed using the crystal structure of the monomeric von Willebrand Factor
D'D3 assembly by Dong ef al. (PDB-ID 6n29)*. Further structure preparation as well as the
MD simulations were performed using VMD with the QwikMD plugin***. Standard
parameters defined by QwikMD have been used for the simulations. The MD simulations were
conducted using the NAMD molecular dynamics package** together with the CHARMM36
force field**+.

The disulfide bonds that preserve the structure of the individual subdomains were treated using
the classical MD forcefields parameters. As a first pre-processing step, the original crystal
structure was solvated in a box containing TIP3 water molecules and a NaCl concentration of
0.15 M. Before the pulling experiment, the protein was relaxed by molecular dynamics
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simulation for 100 ns. For the steered molecular dynamics experiment, the water box was
enlarged in the pulling direction and the molecule was pulled at the C-terminal glycine while
the N-terminal aspartate was anchored SMD simulations were run with an applied pulling speed
of 1 A/ns for 150 ns.

MT Instrument. MT experiments were performed on a previously described custom setup?®46.
The setup employs a pair of permanent magnets (5x5x5 mm?® each; W-05-N50-G,
Supermagnete, Switzerland) in vertical configuration®’. The distance between magnets and
flow cell (and, thus, the force) is controlled by a DC-motor (M-126.PD2; PI Physikinstrumente,
Germany). An LED (69647, Lumitronix LED Technik GmbH, Germany) is used for
illumination. A 40x oil immersion objective (UPLFLN 40x, Olympus, Japan) and a CMOS
sensor camera with 4096x3072 pixels (12M Falcon2, Teledyne Dalsa, Canada) allow to image
a large field of view of approximately 440 x 330 um? at a frame rate of 58 Hz. Images are
transferred to a frame grabber (PCle 1433; National Instruments, Austin, TX) and analyzed
with a LabView-based open-source tracking software*®. The bead tracking accuracy of the setup
is = 0.6 nm in (X, y) and = 1.5 nm in z direction. For creating the look-up table required for
tracking the bead positions in z, the objective is mounted on a piezo stage (Pifoc P-726.1CD,
PI Physikinstrumente). Force calibration was conducted as described by te Velthuis ef al.®
based on the transverse fluctuations of long DNA tethers. Importantly, for the small extension
changes on the length scales of our protein tethers, the force stays essentially constant®®, with
the relative change in force due to tether stretching or protein unfolding being < 10, Force
deviations due to magnetic field inhomogeneities across the full range of the field of view are
< 3%. The largest source of force uncertainty is the bead-to-bead variation, which is on the
order of < 10% for the beads used in this study?®4750-31,

Single Molecule MT Measurements. Preparation of flow cells was performed as described?®.
In brief, aminosilanized glass slides were functionalized with elastin-like polypeptide (ELP)
linkers 2, possessing a single cysteine at their N terminus as well as a C-terminal Sortase motif,
via a small-molecule crosslinker with a thiol-reactive maleimide group [sulfosuccinimidyl 4-
(N-maleimidomethyl)cyclohexane-1-carboxylate; Sulfo-SMCC, Thermo Fisher Scientific].
Flow cells were then assembled from an ELP-functionalized slide as bottom and a non-
functionalized glass slide with two small holes for inlet and outlet as top, with a layer of cut-
out parafilm (Pechiney Plastic Packaging Inc., Chicago, IL) in between to form a channel. Flow
cells were incubated with 1 % casein solution (Sigma-Aldrich) for 1 h and flushed with 1 ml
(approximately 20 flowcell volumes) of buffer pH 7.4, near physiological (Supplementary
Table 1).

CoA-biotin (New England Biolabs) was coupled to the ybbR-tag of the VWF-dimer constructs
in a bulk reaction in the presence of 5 uM sfp phosphopantetheinyl transferase®® and 10 mM
MgCl;, at 37 °C for 60 min. Afterwards, VWF dimers were diluted to a final concentration of
approximately 20 nM in pH 7.4, near physiological buffer (Supplementary Table 1), and
incubated in the flow cell in the presence of 2 uM evolved pentamutant Sortase A>*> for 30
min. Subsequently, the flow cell was flushed with 1 ml of measurement buffer (pH 7.4, near
physiological buffer with 0.1 % Tween-20 (Supplementary Table 1)). Finally, beads
functionalized with streptavidin (Dynabeads M-270, Invitrogen) were incubated in the flow cell
for 60 s, and unbound beads were flushed out with 1 ml of measurement buffer.
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At the beginning of each measurement, the tethered beads were subjected to two 5-min intervals
of a constant force of 11 pN to allow for identification of specific, single-tethered beads by the
characteristic unfolding of the two A2 domains?® (Fig. 2A, green inset). Only beads that showed
two A2 unfoldings were analyzed further. After 30 s at a low resting force of 0.5 pN, beads
were subjected to a forceramp starting at 12 pN and going down to 6 pN in steps of 0.3 pN,
with each plateau of constant force lasting for 5 minutes. All measurements were performed at
room temperature = 22 °C). For testing the transitions under different buffer conditions, buffer
was exchanged and the same measurement protocol was repeated. Buffer composition of
different buffers are listed in Supplementary Table 1. To test the influence of Factor VIII, we
used a haemophilia A drug — Advate 500 L.E. (Baxter AG, Wien, Austria) — containing octocog
alfa, recombinant human factor VIII. After diluting the powder according to the manufacturers
instructions, we filtered the recombinant F-VIII, exchanged the buffer to our measurement
buffer with pH 7.4, and increased the concentration by centrifuge filtration using Amicon
UltraMWCO 100 kDa (Merck Millipore): After 5 washing steps with the measurement buffer,
we decreased the volume to = 90 pl before harvesting F-VIII by filter inversion. This resulted
in a F-VIII concentration of 0.642 uM. The = 90 pl were inserted into the flowcell and incubated
for 30 min before repeating the same measurement protocol described above.

Data Analysis. Data analysis was performed with custom MATLAB scripts. Specific VWF
dimer tethers were selected on the basis of the two A2 fingerprint unfolding events,
characterized previously?®!. Extension vs. time traces were subjected to a tether-specific
smoothing with a moving average filter. The number of frames used for the smoothing was
determined based on the distance of the states and the Allan Deviation (AD) of the tether
extension fluctuation (see Supplementary Figure 2). The distance between the states Az was
determined from fitting a double or triple Gaussian function to the histogram of the extension
in the lowest constant force plateau exhibiting a population in all two or three-states,
respectively and evaluating the distance between the peaks, as shown in Supplementary Figure
2B to the left (1.)). The AD was calculated from a 30 second fragment of the trace at the lowest
constant force plateau exhibiting no transitions and fit with a theoretical model of an

overdamped bead (Supplementary Figure 2B middle (2.))). The AD is defined as

1
og(1) = 5 < (Zi41 —2)? > (1

where z; is the mean of the measurement interval of length t. The angle bracket denotes the
arithmetic mean over all measurement intervals. In other words, the AD is one-half of the

averaged square distance between the means of neighbouring intervals®¢->8

. Intuitively, it gives
a measure of the spatial resolution after averaging over a time interval t. Using the criterion
that the deviation should be at least four times smaller than the evaluated distance Az, a
smoothing factor for each trace can be determined by multiplication of the averaging interval
T, where AD equals Az/4, with the measurement frequency. This smoothing factor — typically
in the range of 8 to 13 frames — is applied to the time extension-time trace before evaluation of

the state-population and the dwell times in each force plateau.
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Figure 1. Von Willebrand Factor (VWF) domain structure and magnetic tweezers assay.

A Domain sequence of a full VWF monomer*. Domains are scaled to length. The propeptide is
cleaved by furin before mature VWF concatemers are secreted into the bloodstream. Binding
sites of different interaction partners of VWF are indicated. B Mature monomers are dimerized
via C-terminal linkage of the CK domains in the endoplasmic reticulum (ER) and subsequently
multimerized via N-terminal linkage of two D'D3 domains in the trans-Golgi network. C
Crystal structure of the D'D3 domain in its closed conformation (PDB accession code 6N29)'6.
The D'D3 domain comprises six submodules: TIL' and E' (“D’ submodules”) project out, while
C8-3, TIL3, and E3 form a wedge with the larger VWD3 module (“D submodules”). Cysteines
for multimerization are buried in the interface and indicated by yellow spheres. The crystal
structure was rendered using VMD?*2, D Schematic of VWF dimer in magnetic tweezers. VWF
is covalently attached to a flow cell surface via an elastin-like polypeptide (ELP) linker.

Coupling to a paramagnetic bead is achieved via a stable biotin-streptavidin linkage. Reference
beads are baked to the surface to account for drift. Force is applied through two permanent
magnets above the flow cell.
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Figure 2. MT force spectroscopy reveals conformational change in the D'D3 domain. A
Extension-time trace of a VWF dimer exhibiting fast, reversible transitions between three
distinct states at forces around 8 pN. At the start of the measurement, two 5- min measurements
at 11 pN serve to identify specific tethers by observing two = 35 nm A2 unfolding events (blue
inset, unfolding events indicated by arrows). Subsequently, the force is decreased from 12 pN
to 6 pN in steps of 0.3 pN to systematically study the transitions between three states, separated
by = 7.5 nm. The population in the respective states shifts with decreasing force, with an
increasing fraction of time spent in the lower extension levels at lower forces. At forces around
8 pN, transitions from the M state to the T or B state are equally likely (orange inset). In the
inset, the three states (Top, Middle, and Bottom) are indicated by dashed lines and are clearly
visible in the extension histogram. The histogram is fit with a triple Gaussian function (black
line, Table 1 Equation 10) to extract relative positions and populations of the three states. Traces
recorded at 58 Hz are smoothed with an 11-frame moving average filter, and grey trace in the
orange inset shows raw data. B Histogram of contour length transformed increment of the wild
type dimer and a modified dimer with an additional 20 aa long linker insertion into the naturally
occurring flexible sequence between VWD3 and C8-3 (position of the linker insert indicated in
C v). Histograms were fitted with a single Gaussian (Table 1, Equation 8) using a maximum
likelihood fit. Mean =+ std are: Lcwe = 19.0 £ 2.4 nm, Lcjinker = 32.4 = 4.1 nm C Steered
molecular dynamics (SMD) simulations validate molecular mechanism in the D’D3 domain
causing transitions. i Crystal structure of simulated part of the D'D3 domain with VWD?3 (blue),
C8-3 (red), TIL3 (green), and E3 (orange)'®. Termini are marked with purple spheres. Two
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cysteines involved in multimerization (Cys1099 and Cys1142) are marked with yellow spheres.
Ca?" is shown as a silver sphere. ii Initial state of SMD simulation. The pulling direction is
marked with an arrow. iii-iv Under the influence of force, E3, TIL3, and C8-3 are "peeled" off
the large VWD3 submodule. v Final state. Subdomain structure is kept by long-range disulfide
bridges*!6. Total length gain in the simulation is 14.8 nm. Arrow indicates position of linker
insert in red histogram in panel B.
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wt delD4 delA1 47Wt delDd delA]

Figure 3. The conformational change in the D’D3 domain is unaffected by other domains.
A Three-state transitions occur independent of the unfolding of the two A2 domains. Left:
Schematic of wild type (wt) VWF dimer, right: Extension-time trace at 8.3 pN. Three-state
transitions are observable before and after A2 unfolding. Extension histogram of the segment
marked in dark orange reveals three distinct states that can be fitted with a three-term Gaussian
(solid black line). B Three-state transitions occur independent of a deletion of the D4 domain.
Left: Schematic of VWF dimer with deletion of both D4 domains, right: Extension-time trace
at 9.0 pN. Extension histogram reveals three distinct states that can be fitted with a three-term
Gaussian (solid black line). C Three-state transitions occur independent of a deletion of the Al
domain. Left: Schematic of VWF dimer with deletion of both A1 domains, right: Extension-
time trace at 7.5 pN. Extension histogram reveals three distinct states that can be fitted with a
three-term Gaussian (solid black line). D, E Neither midpoint forces (D) nor Az (E) (see main
text for a discussion of the model) of the deletion constructs are significantly different from the
wt. In the boxplots in D and E each data point corresponds to an individual molecule. The line
in the boxes indicates the median of all data points, the box the 25" and 75" percentile, and the
whiskers the furthest data point outside the box, but within 1.5 times the box width. Number of
molecules included in D and E: wt: 33, delD4: 13, delAl: 15.
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Figure 4. Stability and dynamics of the D3 interface probed by MT force spectroscopy. A
Extension-time traces of VWF dimers in MT. Three-state transitions shift with decreasing force
towards the bottom state. The three states (Top, Middle, and Bottom) are indicated by dashed
lines. Histograms of the extensions are shown on the right. Black lines show triple Gaussian
fits. B Analysis of the relative population of the different states as a function of force. Circles
represent experimental data with each circle corresponding to a 5-min force plateau. A three-
state model assuming two independent transitions fits the experimental data well (solid lines,
Table 1, Equations 1-3). Fit parameters are the mid-force F12 (here Fi2 = 7.85 pN), at which
domains are equally likely open or closed, and the distance between the states Az (here Az =
6.5 nm). C Pseudo dwell time distributions. Pseudo dwell times for open and closed domains
are calculated from dwell times in the top, middle, and bottom state. For each plateau, pseudo
dwell times are determined and fit with an exponential to determine the mean dwell times for
each force. Mean dwell times in the open (open circles) and the closed state (filled circles)
depend exponentially on the applied force (solid lines are exponential fits, Table 1, Equations
6-7). D Histogram of mean midpoint forces determined from fitting the two or three-state model
(panel B, Supplementary Figure 4B). The solid line is a Gaussian fit with mean + std: 8.3 + 1.1
pN. E Histogram of Az determined from fitting the two or three-state model (panel B,
Supplementary Figure 4B). The solid line is a Gaussian fit with mean + std: 7.6 £ 1.7 nm.
Histograms in D and E show distributions of 33 molecules.
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Figure 5. The stability of the D3 interface is modulated by pH and FVIII binding. A
Midpoint force F1/2 for different buffer conditions (pH 7.4 [yellow]; pH 6.2 [orange];
pH 5.5 [red]; pH 7.4 + EDTA [green]; pH 7.4 + FVIII [purple]). Buffer compositions are listed
in Supplementary Table 1. The D3 interface is destabilized by decreasing pH, not affected by
addition of EDTA (to remove the Ca?" from the binding loop in VWD3), and stabilized by
addition of FVIIIL. The difference between F1/2 at pH 7.4 and pH 6.2 is highly significant at p
<0.00412 (two-tailed t test for two independent means). The difference between F1/2 at pH 7.4
and pH 7.4 + FVIII is highly significant at p < 0.00781 (two-tailed t test for two independent
means). B There are no significant differences in Az values under all conditions. In the boxplots
in A and B each data point corresponds to an individual molecule. The line in the boxes
indicates the median of all data points, the box the 25th and 75th percentile, and the whiskers
the furthest datapoint outside the box, but within 1.5 times the box width. C Free energy
differences between the open and closed state of the D3 interface. The free energy differences
were obtained from the equilibrium data as F1/2¢Ax and from the kinetics as
kpTelog(to,closed/To,open). The data fall along the 45° line (dashed), indicating that the two
estimates give consistent values. Comparison of the different conditions reveals a lower free
energy difference for decreased pH of 6.2 and 5.5, indicating a destabilization of the domain at
low pH. Number of molecules for the five conditions: pH 7.4: 33; pH 6.2: 11; pH 5.5: 4; pH
7.4+ EDTA: 16; pH 7.4 + Factor 8: 5.
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Context Formula Variables and Fit #
parameters
Three-state P = 1 F Force 1
transitions, top ™ 2 ks Boltzmann constant
probability top B AZ°<F_F%> T Temperature
state 1+e keT Az & F 1 fit parameters
Three-state p _ 1 F Force 2
transitions, middle = ( ) ( ) kg Boltzmann constant
. — Aze| F—-F1 Aze| F—F1
probability 1 2/ 1 2 T Temperature
middle state l+5e kT +5e kel Az & F; fit parameters
Three-state 1 F Force 3
transitions, Poottom = R 2 kg Boltzmann constant
.- ol F-F;
probability z ( 5) T Temperature
bottom state 1+e ksT Az & F 1 fit parameters
Two-state P = 1 F Force 4
transitions, top ™ ~ AZ.<F_F1> ks Boltzmann constant
probability top 2 T Temperature
state 1+e kel Az & F i, fit parameters
Two-state 1 F Force 5
transitions, Foottom = A (F v ) kg Boltzmann constant
ey * —r1
probability 2 T Temperature
bottom state 1+e kel Az & F 1. fit parameters
Dwell times (AZZWTnF ) F force 6
open state Topen(F) = Toopene’ *o kg Boltzmann constant
T Temperature
T0,0pen, AZOpen fit
parameters
Dwell times () = -AZCICZTS%TEJ) F force 7
closed state Tetoseall') = Tclosea® kg Boltzmann constant
T Temperature
T0,closed, AZclosed fit
parameters
Gauss-fit, one _(ﬂ)z a, b, c fit parameters 8
term aee ¢
Gauss-fit, _(x—b1)2 _(x—bz)z a1, by, c1, az, by, co fit 9
two terms aee 1’ +azee parameters
Gauss-fit, x—by)? x—by\? x-bs\? | aj, by, c1, a2, by, c2, a3, | 10
a- ® e_( Cq ) + a- ® e_( Cy ) + A ® e_( C3 )
three terms 1 2 3 bs, c3 fit parameters

Table 1: Equations and fit functions. Equations describing the equilibrium and the kinetics
of the transitions in the D3 domains assuming independent processes.
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Supplementary Figure S1. Control measurements with domain deletions to assign the
transitions to the D'D3 domain. Individual domains were deleted to verify the origin of the
transitions in the D'D3 domain. Apart from deleted domains, constructs possessed the same tags
and were objected to the same force protocol as the wild type. A Heterodimer with D4 domain
deletions (schematic of construct shown as inset (black frame)). Molecules with D4 domain
deletions show A2 domain unfolding events (inset with blue frame) and three-state transitions
(inset with orange frame), proving transitions to be independent of the D4 domain. Notably,
transitions also appear in between the two A2 unfolding events, suggesting that transitions are
also independent of the A2 domain. B Heterodimer with A1 domain deletions (schematic of


https://doi.org/10.1101/2021.11.29.470312
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.29.470312; this version posted November 30, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

construct shown as inset (black frame)). Molecules with A1 domain deletions show A2 domain
unfolding events (inset with blue frame) and three-state transitions (inset with orange frame),
proving transitions to be independent of the Al domain. C Heterodimer with D'D3 domain
deletions (schematic of construct shown as inset (black frame)). Constructs with D'D3 domain
deletions show A2 domain unfolding events, but no transitions. This was checked for > 40
molecules. The absence of transitions in this deletion construct strongly suggests that transitions
originate in the D’D3 domain.
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Supplementary Figure S2. Analysis procedure of extension-time traces exhibiting three-
state transitions. A Raw data of an extension-time trace, recorded at 58 Hz in one constant
force plateau. Thresholds separating bottom (B), middle (M), and top (T) states are shown as
green and blue solid lines. Noise of the trace induces transitions over the thresholds in addition
to transitions caused by domain opening and closing. The purple box indicates exemplary
segment of the trace analyzed in panel B3 after the analysis. B Procedure to determine
smoothing factor for dwell time analysis. In a first step, a three-term Gaussian is fit to the
extension histogram and the distance between the fitted peaks indicates the Az that needs to be
resolved for dwell time analysis. Dashed lines indicate the T, M, and B state. Secondly, the
Allan deviation for a 30 second time interval at the lowest force plateau for this molecule is
calculated (solid black line, according to Equation 1) and fit with a theoretical model of the
Allan deviation (red dashed line). The Allan deviation is defined as the square root of one-half
of the averaged square distance between the means of neighbouring intervals of length t.
Intuitively, it gives a measure of the spatial resolution after averaging over a time interval .
Using the criterion that the deviation should be four times smaller than the distance Az (green
dashed line), a smoothing factor for each trace is determined depending on its noise level (blue
dashed line). This smoothing factor is applied to the trace before analysing dwell times and
fractions in a third step (right panel). Yellow squares indicate the first data point after crossing
the threshold from below, i.e. transition from B to M or from M to T; red squares indicate the
first data point after crossing the threshold from above, i.e. transition from T to M or M to B.
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Supplementary Figure S3. Exemplary dwell time evaluation for an extension-time trace
at constant force. A Short segment of a extension-time trace measured for a wild type D’D3
domain VWF dimer exhibiting three-state transitions at a force of 8.4 pN. Raw data are filtered
with an 11-frame moving average (which is the smoothing factor determined according to
Supplementary Figure 2 for this molecule). The green horizontal line is the threshold between
the bottom state (B) and the middle state (M) and the blue horizontal line is the threshold
between the middle state (M) and the top state (T); yellow squares indicate the first data point
after crossing the threshold from below, i.e. transition from B to M or from M to T; red squares
indicate the first data point after crossing the threshold from above, i.e. transition from T to M
or M to B. B Time trace derived from the analysis shown in panel A, indicating the current state
of D3 domains with “T” corresponding to both domains opened, "M" corresponding to one
domain open and one domain closed and "B" corresponding to both domains closed. The time
between the transitions between “B” and “M” and "M" and "T" correspond to the dwell times.
To obtain pseudo dwell time distributions of the individual domains, dwell times in the bottom
state were collected together with half of the dwell times in the middle state for a distribution
of Teiosed and dwell times in the top state were collected with half of the dwell times in the middle
state for a distribution of Topen. C, D Histograms of pseudo dwell time distribution in the closed
state (C) and the open state (D) obtained from the analysis shown in panels A and B. The pseudo
dwell times are well described by single exponential fits, shown as solid orange line. Insets
show the mean dwell time.
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Supplementary Figure S4. Two-state transitions in a wild type VWF dimer construct. A
Extension-time trace for a VWF dimer showing only transitions between two states. The same
experimental force ramp was conducted as for molecules exhibiting three-state transitions (see
Figure 2). Insets show two the A2 unfolding events that are used as a molecular fingerprint,
indicating a specifically attached dimer (blue inset), and two-state transitions close to the
midpoint force at 8.1 pN together with a histogram of the extension (dark blue inset). Top and
Bottom states are indicated with dashed lines. Extension was smoothed with a 9-frame moving
average filter. B Two-state model fit to the fraction of time spent in the top and in the bottom
state. Fit parameters are the midpoint force and the distance between the states. C Dwell time
distributions in the top and in the bottom state. Unlike for the three-state transitions, dwell times
for an individual domain can be determined directly for two-state transitions. D Distributions
of midpoint forces evaluated from fitting two- and three-state transition molecules, respectively.
Solid lines are Gaussian fits. Distributions are equal within experimental error. Fit parameters
(95 % confidence bounds) are: Mean + std. are: Fi2, 3state = 8.2 £ 0.9 pN and Fi/2, 2-state = 8.4 =
1.2 pN. E Distributions of Az values evaluated from fitting two- and three-state transition
molecules respectively. Solid lines are Gaussian fits. Distributions are equal within
experimental error. Mean + std. are: Azssate = 7.1 £ 2.0 nm and AZystate = 8.0 £ 1.3 nm.
Distributions in D and E include 15 three-state transition molecules and 18 two-state transition
molecules.
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Supplementary Figure S5. Physiological force-loading of an inverted dimer. Extension-
time traces under the same force ramp protocol that was used to analyze the two- and three-
state transitions with an inverted dimer (schematic of construct shown as inset). In this
conformation, force propagates through the D'D3 domain as through VWF that is multimerized
by cysteine linkage in the D'D3 domains (see Figure 1). Extension was smoothed with a 5-
frame moving average filter. In total, >40 inverted molecules with two A2 unfolding events
were screened for transitions, but none showed any.
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Supplementary Tables
Name Ingredients
pH 7.4 20 mM Hepes, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,
pH 7.4 + EDTA 20 mM Hepes, 150 mM NaCl, 10 mM EDTA
pH 6.2 20 mM BisTris, 150 mM NaCl, 1 mM CaCl,, | mM MgCl
pH 5.5 20 mM Na-Acetate, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,

Supplementary Table S1: Buffers used for MT measurements. The pH of buffers was
adjusted with HCI and NaOH. For the measurement, buffers were supplemented with 0.1 %
Tween-20 to reduce unspecific interactions of beads.
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