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ABSTRACT Von Willebrand factor (VWF) is a multimeric plasma glycoprotein that is activated for hemostasis by increased
hydrodynamic forces at sites of vascular injury. Here, we present data from atomic force microscopy-based single-molecule
force measurements, atomic force microscopy imaging, and small-angle x-ray scattering to show that the structure and me-
chanics of VWF are governed by multiple pH-dependent interactions with opposite trends within dimeric subunits. In particular,
the recently discovered strong intermonomer interaction, which induces a firmly closed conformation of dimers and crucially in-
volves the D4 domain, was observed with highest frequency at pH 7.4, but was essentially absent at pH values below 6.8. How-
ever, below pH 6.8, the ratio of compact dimers increased with decreasing pH, in line with a previous transmission electron
microscopy study. These findings indicated that the compactness of dimers at pH values below 6.8 is promoted by other inter-
actions that possess low mechanical resistance compared with the strong intermonomer interaction. By investigating deletion
constructs, we found that compactness under acidic conditions is primarily mediated by the D4 domain, i.e., remarkably by
the same domain that also mediates the strong intermonomer interaction. As our data suggest that VWF has the highest me-
chanical resistance at physiological pH, local deviations from physiological pH (e.g., at sites of vascular injury) may represent
a means to enhance VWF’s hemostatic activity where needed.
INTRODUCTION
To prevent excessive blood loss at sites of vascular injury,
damaged vessel walls need to be sealed rapidly and effec-
tively by a hemostatic plug. A key player in the formation
of a hemostatic plug is the multimeric plasma glycoprotein
von Willebrand factor (VWF). Activated by increased
hydrodynamic forces at sites of vascular injury, VWF criti-
cally mediates hemostasis by binding to subendothelial
collagen and promoting platelet aggregation (1–3). VWF’s
central role in hemostasis is underlined by a variety of mu-
tations in VWF that cause the common bleeding disorder
von Willebrand disease (4).

The complex biosynthesis of linear VWFmultimers (con-
catamers) in vascular endothelial cells and megakaryocytes
involves extensive posttranslational processing (4,5), some
steps of which crucially depend on pH-regulated conforma-
tional changes of the protein (6,7). After expression as
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preproproteins—comprising a short signal peptide sequence
and propeptide domains D1 and D2 in addition to the do-
mains present in mature VWF (D0D3, A1, A2, A3, D4,
C1-C6, and CK; see Fig. 1 A)—and subsequent cleavage
of the signal peptide, monomers are dimerized in the endo-
plasmic reticulum (ER, pH 7.4) in a tail-to-tail fashion via
disulfide linkage between their C-terminal CK domains
(5,8). Dimers are equipped with N- and O-linked glycans
in the ER and the Golgi, respectively (5). At the lowered
pH values of the Golgi and trans-Golgi (pH 6.2), dimers
were shown to preferentially adopt a compact conformation,
as monomers zip up from the CK domains to the A2 do-
mains to form so-called dimeric bouquets (7). However,
A2 and A3 are not crucial for bouquet formation (7). Such
compact dimeric bouquets are thought to favor the forma-
tion of closely packed helical tubules built up from dimers
in the trans-Golgi and Weibel-Palade bodies (6,9). The
latter are secretory granules of endothelial cells and have
a pH of ~5.4 (10), close to VWF’s isoelectric point (pI)
(11). Tubule formation crucially depends on pH-regulated
association of the propeptide domains D1 and D2 (5,6),
and goes hand in hand with orderly linear multimerization
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FIGURE 1 Single-molecule force measurements on dimeric VWFA1-CK constructs under varied pH conditions. (A) Domain organization of mature VWF

(residues 764–2813) as described in (1,12). The positions of histidine residues are indicated by the black lines beneath. (B) Schematic of pulling dimeric

A1-CK constructs (not drawn to scale). (C and D) Denoised force-extension traces of type I and type II characterized by A2 unfolding peaks (blue arrows)

at low (type I) and high (type II) extension values, respectively. Type II traces were observed throughout the probed pH range, whereas type I traces, showing

the force response of dimers that were initially firmly closed via the strong intermonomer interaction (13), were essentially obtained only at pH values of

R6.8. For all pH values at which type I traces were observed, dissociation of the strong intermonomer interaction (green arrow) yielded unvaried charac-

teristic length increments. The final peak (brown arrow) corresponds to tag unbinding, i.e., to dissociation of the specific Twin-Strep-tag/Strep-Tactin inter-

action and rupture of the probed molecule from the AFM tip (13,34). (E and F) Unimodal distributions of the position of the first A2 unfolding peak obtained

at pH 6.2 (E, n¼ 253) and 6.6 (F, n¼ 385). The distributions are well described by fits of Gaussian functions (solid lines). (G–K) Bimodal distributions of the

position of the first A2 unfolding peak obtained at pH values of 6.8 (G, n¼ 586), 7.1 (H, n¼ 329), 7.4 (I, n¼ 317), 8.0 (J, n¼ 336), and 8.6 (K, n¼ 428). To

estimate the ratio of type I and type II traces, the distributions were fitted with double Gaussian functions (solid lines). (L) Ratio of type I traces as a function

of the pH. Error bars represent Poisson noise (1 SD). To see this figure in color, go online.

pH-Dependent Interactions in VWF Dimers
of dimers (6,7). Templated by the tubule architecture, link-
age of dimers occurs in a head-to-head fashion via the
formation of disulfide bonds between N-terminal D0D3 do-
mains (5,7), resulting in concatamers built up from dimers
as the smallest repeating subunits, which after proteolytic
cleavage of the propeptide possess a mass of ~500 kDa. It
was speculated that histidine residues in VWF’s C-terminal
segment D4-CK mediate pH-dependent bouquet formation
(7). Indeed, several of VWF’s domains harbor a comparably
large number of histidines (Fig. 1 A). The highest density
of histidines is found in VWF’s D4 domain, which is an as-
sembly of distinct submodules (D4N, D4, C8-4, and TIL4)
(12).

Upon secretion into the vasculature, VWF encounters a
pH of 7.4 and adopts an overall more flexible conformation
(1). However, we recently showed that a strong intermono-
mer interaction is present in roughly half of VWF’s dimeric
subunits under near-physiological conditions (13). In brief,
atomic force microscopy (AFM)-based single-molecule
force measurements on VWF dimers revealed two types
of characteristic force-extension traces. While type II
traces only exhibited peaks corresponding to the well-
characterized unfolding of the A2 domains (~10–20 pN)
(14–17), type I traces revealed an additional peak at high
force (>50 pN) that was identified with the dissociation of
a strong intermonomer interaction, which provided an
additional length of ~80 nm to the elongation of dimers.
Our data further revealed that this interaction critically in-
volves the D4 domain and divalent ions. In the bloodstream,
elongational forces on VWF result from the interplay of an
elongational flow component and VWF’s extraordinary
length (14,18), which may exceed 15 mm in the plasma
(2). Force sensing, i.e., the conversion of flow into a physi-
ological signal, is crucial for VWF’s hemostatic function, as
Biophysical Journal 111, 312–322, July 26, 2016 313
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VWF’s activation for collagen binding and binding to the
platelet glycoprotein Ib (GPIb) was shown to be force-
induced (2,3). Increased forces acting on VWF are encoun-
tered where elongational flow components are elevated, as
for instance at sites of vascular injury, but also in stenosed
vessels, where VWF can provoke thrombosis (1). Impor-
tantly, by reducing the effective force-sensing length of con-
catamers, the strong intermonomer interaction in VWF’s
dimeric subunits can be assumed to increase critical rates
of elongational flow to activate VWF for hemostasis (13).

While the pH crucially affects VWF’s conformation, it
has not been clarified to what extent it influences VWF’s
mechanics, i.e., its response to external forces. It has been
proposed that pH variations may play a pivotal role in
VWF’s activation by affecting critical rates of elongational
flow (19). Certainly, the pH in healthy blood vessels is pre-
cisely buffered to maintain a pH of 7.4, and small deviations
of 0.1 already represent pathophysiological conditions.
However, as suggested by several studies (20–24), the pH
may vary locally at sites of injury and inflammation.
Furthermore, to shed light on the nature of the molecular
mechanisms underlying VWF’s structure and mechanics,
in particular regarding the strong intermonomer interaction,
a comprehensive investigation of the influence of the pH is
of general interest.

Here, we present data from AFM-based single-molecule
force measurements, AFM imaging, and small-angle x-ray
scattering (SAXS). Our results show that the ratio of dimers
that exhibit the strong intermonomer interaction strongly de-
pends on the pH and reaches a maximum at pH 7.4. Dimers
were in the focus of our investigations because they build up
higher-order concatamerswithout significantly changing their
individual structure (13).Our data further reveal that compact-
ness of dimers under acidic conditions is accomplished by
another intermonomer interaction that has, however, a lower
mechanical resistance. Overall, we combine force and imag-
ing data to dissect and locate pH-dependent interactions
within VWF’s dimeric subunits and to characterize their
mechanical resistance, which crucially affects force sensing
by VWF and thus VWF’s activation for hemostasis.
MATERIALS AND METHODS

Genetic engineering of recombinant proteins

Heterodimeric VWF constructs were expressed in HEK 293 cells (DSMZ,

Braunschweig, Germany) after the cells were initially cotransfected with

two different plasmids encoding the VWF sequence and N-terminal

ybbR- or N-terminal Twin-Strep-tag, respectively (13). The constructs

used for AFM imaging experiments possessed a Strep-tag instead of the

Twin-Strep-tag. VWF monomers were expressed in HEK 293 cells after

the cells were transfected with a single type of plasmid encoding the

VWF sequence and both N-terminal ybbR-tag and C-terminal Twin-

Strep-tag. Plasmid construction was carried out as previously described

in detail (13). Cells were transfected in Dulbecco’s modified Eagle’s me-

dium (Life Technologies, Darmstadt, Germany) containing 10% fetal

bovine serum (Life Technologies), 4 mg plasmid (for cotransfection 2 mg
314 Biophysical Journal 111, 312–322, July 26, 2016
of both plasmids), and 15 mL Lipofectamine 2000 (Life Technologies).

At 24 h after transfection, the cells were transferred into a selection medium

containing 500 mg/mL G418 (Invivogen, Toulouse, France). In the case

of cotransfected cells, the selection medium additionally contained

250 mg/mL Hygromycin B (Invivogen). After 2–3 weeks, the polyclonal

cell culture was seeded for expression. After 72 h of cell growth, the me-

dium was exchanged against OPTIPRO-SFM (Life Technologies) for secre-

tion of recombinant VWF. The culture supernatant was collected after 72 h

and subsequently concentrated using Amicon Ultra-15 MWCO 100 kDa

(Merck Chemicals, Schwalbach, Germany).

Strep-Tactin with a single cysteine, which was used to specifically pull

Twin-Strep-tagged VWF, was prepared as described in (13,25).
Buffers

For experiments under varied pH conditions, we used buffer solutions con-

taining 150 mM NaCl and 20 mM of one of the following buffering agents:

Na-acetate (pH 5.4), BisTris (pH 6.2, 6.6, and 6.8), Hepes (pH 7.1 and 7.4),

or Tris (pH 8.0 and 8.6). The pHwas adjusted using HCl and NaOH, respec-

tively. Buffers used for measurements in the presence of divalent ions

additionally contained 1 mM CaCl2 and 1 mM MgCl2. Buffers used for

measurements in the presence of free Imidazole further contained

200 mM Imidazole in addition to CaCl2 and MgCl2. Prior to measurements

in the absence of divalent ions, proteins were incubated with 10 mM EDTA

for 8 h and the buffer was exchanged to the measurement buffer. For SAXS

measurements in the absence of divalent ions, the buffers still contained

10 mM EDTA. Since SAXS requires much larger amounts of protein

than the single-molecule techniques, we refrained from an additional buffer

exchange to buffer without EDTA to minimize sample loss. The presence of

EDTA in the measurement buffer, compared with the initial incubation with

buffer containing EDTA and subsequent buffer exchange, did not affect the

ratios of compact dimers observed in AFM imaging, as verified for pH 6.2

and 7.4 (Fig. S5 in the Supporting Material).
Single-molecule force measurements

For single-molecule force measurements, samples and cantilevers were

prepared as previously described (13). In brief, VWF constructs carrying

a ybbR-tag (DSLEFIASKLA) and a Twin-Strep-tag (WSHPQFEKG

GGSGGGSGGGSWSHPQFEK) were covalently attached to a glass

surface functionalized with coenzyme A (CoA). For preparation of

CoA-functionalized surfaces, glass slides were initially silanized with

(3-aminopropyl)-dimethyl-ethoxysilane (APDMES) (26). Afterward, a

5 kDa N-hydroxy-succinimide-polyethylene glycol-maleimide linker

(PEG linker, 25 mM) was conjugated to amine groups on the glass surface.

The maleimide group of the PEG linker allowed for subsequent coupling of

CoA (25 mM) to the PEGylated glass surfaces. Effective coupling was

achieved at pH 7.2 in buffer containing 50 mM sodium phosphate,

50 mM NaCl, and 10 mM EDTA. Finally, the CoA-functionalized

slides were incubated with VWF constructs (1 mg/mL) in OPTIPRO-

SFM medium, in the presence of Sfp-transferase and MgCl2. The slides

were incubated overnight at pH 7.4 and 4�C. After incubation, the slides

were carefully rinsed with buffer, ensuring a permanent liquid environment

for immobilized proteins and a loss of nonimmobilized proteins.

In a manner similar to that used for surfaces, AFM cantilevers with a sil-

icon tip (BL-AC40TS-C2; Olympus, Tokyo, Japan) were silanized with

APDMES and incubated with the 5 kDa PEG linker (25 mM). Afterward,

Strep-Tactin bearing a single cysteine residue (Strep-Tactin-Cys) was cova-

lently attached to maleimide groups at the cantilever surface (13,25). Before

incubation, Strep-Tactin-Cys was reduced in the presence of tris(2-carbox-

yethyl)phosphine beads and then separated from them by filtering. The can-

tilevers were then incubated with the reduced Strep-Tactin-Cys (10 mM) for

3 h. Before experiments were conducted, the cantilevers were relocated into

the respective buffer for each experiment.
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Single-molecule force measurements were carried out as described pre-

viously (13) using custom-built instruments (27), each controlled by an

MFP-3D controller (Asylum Research, Santa Barbara, CA). The cantilever

spring constants were determined using the thermal noise method (28). The

cantilever was brought into contact with the sample surface and retracted at

six different pulling speeds ranging from 0.2 to 6.4 mm/s. The sample was

displaced in the x-y direction after each force-extension trace to probe

different molecules.

Force-extension traces were subjected to total variation denoising (TVD)

and then further analyzed (29). To separate specific pulling events from un-

specific ones, we used A2 unfolding peaks as a positive fingerprint (13). At

pH values of %7.4, ~2% of the total number of traces, which also includes

traces that did not reveal any adhesion between the cantilever tip and a

molecule, exhibited the fingerprint of two A2 unfolding peaks in A1-CK di-

mers. At the alkaline pH values of 8.0 and 8.6, however, the yield of traces

that showed clear A2 unfolding peaks was significantly decreased to ~0.5%.

To estimate the ratio of type I and type II traces for pH values ofR6.8, the

bimodal distributions of the position of the first A2 unfolding peak were

fitted with a double Gaussian function. More precisely, five free parameters

were fitted: the peak amplitudes and positions for both peaks individually

and a single value for the width of either peak, accounting for experimental

uncertainties that are virtually the same for type I and type II traces. To

generate characteristic overlays of force-extension traces, undenoised

force-extension traces were used. Traces were offset (offsets within

20 nm) along the extension axis to achieve alignment with respect to the

stretch before the rupture peak.
AFM imaging

Heterobifunctional dimeric VWF constructs (either full-length dimers or di-

mers with a deletion of the D4 domain), carrying both N-terminal Strep-

tags and ybbR-tags, were purified using a HiTrap StrepTrap column (GE

Healthcare Europe, Freiburg, Germany). Eluates were buffer exchanged

to the respective measurement buffer and concentrated by centrifuge filtra-

tion using Amicon Ultra-15 MWCO 100 kDa.

Substrates were prepared as previously described (13). In brief, freshly

cleaved mica sheets (grade I; SPI Supplies, West Chester, PA) were incu-

bated with 20 mL of a poly-L-lysine (PLL) solution (molecular weight

500–2000; 0.01% w/v (Sigma-Aldrich); in ultrapure water) for 30 s. After-

ward, they were thoroughly rinsed with 25 mL of ultrapure water and dried

in a stream of nitrogen. Then, 20 mL of buffer solution containing ~5 mg/mL

of VWF constructs was deposited on the functionalized mica substrates and

incubated for 30 s. Finally, the substrates were rinsed with 20 mL of ultra-

pure water and dried in a stream of nitrogen.

AFM images of 1 mm � 1 mm and 1024 � 1024 pixels were recorded in

tapping mode in air using an MFP-3D atomic force microscope (Asylum

Research) and cantilevers with silicon tips (AC160TS; Olympus). These

cantilevers have a nominal spring constant of 26 N/m and a resonance fre-

quency of ~300 kHz. Raw image data were processed and analyzed using

SPIP software (v6.4.4; Image Metrology, Hørsholm, Denmark). Image pro-

cessing involved plane correction (third-order polynomial plane-fitting and

flattening according to the histogram alignment routine) and Gaussian

filtering.

Dimer conformations were analyzed by tracing dimers individually

along their contour, following local maxima in height, employing poly-

line profiling. To quantify the compactness of a dimer, we measured

its stem length, i.e., the distance along the contour between the CK

domain and the position at which the two constituent monomers separate

from each other. We additionally determined the distance from the CK

domain to the beginning of higher N-terminal domains for the two con-

stituent monomers and used the mean of these distances to normalize the

stem length.

For the sigmoidal fit shown in Fig. 3 C, the following function was used:

y ¼ ymax

��
1þ exp

��
xhalf � x

��
rate

��
SAXS data acquisition and analysis

For SAXS measurements, samples of A1-CK dimers carrying an

N-terminal Twin-Strep-tag were prepared as described previously (13).

Measurements were performed at beamline P12 (Deutsches Elektronen

Synchrotron, Hamburg, Germany) (see Fig. 3 D) (30), as described in

(13), and at beamline X12SA (cSAXS) at the Swiss Light Source (Paul

Scherrer Institute, Villigen, Switzerland) (Fig. S6). Measurements at beam-

line X12SA employed an x-ray energy of 12.4 keVand a sample-to-detector

distance of 7 m, resulting in a q range of ~(0.04 – 1.5) nm�1 (with q ¼ 4p

sin(q)/l, where 2q is the total scattering angle and l is the x-ray wave-

length). Sample solutions were added to 1-mm-diameter quartz capillaries

and kept at room temperature. Data were acquired with an exposure time of

1 s each at 10 positions along the length of the capillary. For all samples, the

10 profiles showed no signs of radiation damage. Matching profiles were

averaged. Corresponding buffer samples were measured using identical

procedures, and buffer profiles were subtracted for background correction.

To display the data in Kratky representation (intensity I(q) � q2 vs. q), we

scaled the data by a constant factor. To compute the pair distance distribu-

tion functions P(r), we used the program PRIMUS (31).
RESULTS

Force response of dimeric VWF under varied pH
conditions

For single-molecule force measurements, we used hetero-
bifunctional VWF constructs (13) composed of two A1-
CK monomers (aa 1238–2813) with different N-terminal
tags (Fig. 1 B). Dimeric A1-CK constructs were preferred
over full-length constructs because they resulted in signif-
icantly increased yields of specific pulling events. Higher
yields may be a result of the tags being more accessible
when located at the native linker N-terminal of A1 than
when located directly at the N-terminus of D0D3. A
ybbR-tag at the N-terminus of one of the A1-CK mono-
mers enabled covalent attachment to a CoA-functionalized
glass surface (32), and a Twin-Strep-tag at the N-terminus
of the other A1-CK monomer allowed for specific pulling
via a Strep-Tactin-functionalized AFM cantilever (33).
We used PEG spacers at both the glass surface and
the cantilever to minimize unspecific protein–surface
interactions.

We performed single-molecule force measurements un-
der different pH conditions, ranging from pH 6.2 to pH
8.6, while keeping the ionic conditions fixed (150 mM
NaCl, 1 mM CaCl2, 1 mM MgCl2). We adjusted the
different pH values by buffer exchange, after attachment
of the constructs to the functionalized surface at a pH of
7.4. Force-extension traces corresponding to specific pulling
events were identified by using the appearance of two A2
unfolding peaks as a positive fingerprint (13). For all probed
pH values, traces corresponding to specific pulling events
did not exhibit any further characteristic peaks except those
of A2 unfolding and, in type I traces, the high-force peak
corresponding to the dissociation of the strong intermono-
mer interaction in initially firmly closed dimers. Type I
and type II traces exhibited A2 unfolding peaks at low
Biophysical Journal 111, 312–322, July 26, 2016 315
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formation of the strong intermonomer interaction in VWF’s dimeric sub-

units. (A) Unimodal distribution of the position of the first A2 unfolding

peak in force-extension traces of A1-CK dimers measured at pH 6.6
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type II traces were observed. (B) Histogram of the position of the first

A2 unfolding peak, obtained after buffer exchanging immobilized proteins

to a buffer solution with pH 7.4 (n ¼ 323) and with the same cantilever that
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(solid line) yielded a ratio of (35 5 3)% type I traces. To see this figure in

color, go online.
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and high extension values, respectively (first A2 unfolding
peak at roughly 80 and 150 nm, respectively) (13).

While type I traces were only observed at pH values
ofR6.8 (Fig. 1 C), type II traces were observed at all exam-
ined pH values (Fig. 1 D). In other words, at a pH of 6.2 and
6.6, only type II traces were observed (Fig. S1), whereas at
pH values of R6.8, both type I and type II traces were ob-
tained (Fig. S2), albeit with markedly varied ratios. Accord-
ingly, quantifying the position of the first A2 unfolding peak
in force-extension traces yielded unimodal distributions for
pH 6.2 and 6.6 (Fig. 1, E and F), and characteristic bimodal
distributions for pH values of R6.8 (Fig. 1, G–K). These
distributions revealed that for both type I and type II traces,
the mean values of the positions of first A2 unfolding were
conserved throughout the probed pH range within a standard
deviation (SD) of 5 nm, showing that no domains were
significantly destabilized by acidic pH, e.g., due to destabi-
lized disulfide bonds. In line with this, force-extension
traces of VWF monomers (D0D3-CK) at pH 6.2 were essen-
tially identical to those obtained at pH 7.4 (Fig. S3). We esti-
mated the ratios of type I and type II traces for pH R 6.8
from double Gaussian fits to the distributions of the first
A2 unfolding position. The ratio of type I traces as a
function of the pH exhibited an abrupt increase at pH ~7.0
and a maximum value of (66 5 5)% at pH 7.4 (Fig. 1 L),
closely matching the ratio previously observed for full-
length dimers (13). Upon further alkalization, the ratio of
type I traces slightly decreased, resulting in a value of (44
5 3)% at pH 8.6. It should be noted that at both pH 8.0
and 8.6, the yield of specific pulling events (i.e., force-
extension traces exhibiting two clear A2 unfolding peaks)
was lower than at pH % 7.4. Overall, these data show that
the formation of the strong intermonomer interaction in
VWF’s dimeric subunits strongly depends on the pH.

To test for reversibility of the underlying molecular
mechanisms, we exchanged the buffer of immobilized pro-
teins after measurements at pH 6.6 (histogram of the first A2
unfolding position shown in Figs. 1 F and 2 A) to buffer so-
lution adjusted to pH 7.4. Importantly, force-extension
traces of type I were recovered, indicating that the pH-
dependent mechanisms that critically affect the formation
of firmly closed dimers are largely reversible. However,
the ratio of type I traces was lower [(35 5 3)%] than it
was in experiments without prior incubation at acidic pH,
as inferred from the bimodal distribution of the position of
the first A2 unfolding (Fig. 2 B).
Conformational ensemble of VWF dimers under
varied pH conditions

To complement the single-molecule force experiments, we
employed AFM imaging to assess the conformations of
dimeric VWF constructs adsorbed onto a PLL-coated
mica substrate under different pH conditions (see ‘‘Buffers’’
section in Materials and Methods, and example images in
316 Biophysical Journal 111, 312–322, July 26, 2016
Fig. 3, A and B). We quantified the ratio of compact dimers
by analyzing the conformation of each dimer individually.
In detail, we determined the stem length for each dimer,
i.e., the distance along the contour from the CK domain to
the position at which the two constituent monomers separate
from each other. We further measured the distance along the
contour between the CK domain and the beginning of higher
N-terminal domains for both monomers, and used the mean
of these distances to normalize the stem length. In general,
the distributions of this normalized stem length exhibited
two distinct populations corresponding to dimers with
(partially) open stems and fully formed ones, respectively
(Fig. S4). Dimers corresponding to the second population,
exhibiting a normalized stem length above 1, were assigned
as compact (13). It should be noted that at alkaline pH
values, a nonnegligible fraction of molecules—up to
~40% at pH 8.6— had to be discarded from analysis because
apparent self-aggregation repeatedly impeded unequivocal
tracing, in line with observations from an earlier transmis-
sion electron microscopy study (7).

We determined the ratio of compact full-length dimers
(D0D3-CK) as a function of pH in both the presence
(Fig. 3 C, blue circles) and additionally in the absence
(Fig. 3 C, red triangles) of divalent ions, i.e., under condi-
tions that obstruct the formation of the strong intermonomer
interaction (13). In the latter case, to remove divalent ions
from solution, samples were incubated with EDTA before
buffer exchange to the measurement buffer. In the absence
of divalent ions, compactness decreased monotonically
with increasing pH and was very well described by the fit
of a simple sigmoidal function (Fig. 3 C, dashed line),
reaching its half-maximum at a pH of ~6.6. These findings
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FIGURE 3 Conformation of dimeric VWF con-

structs under varied pH and ionic conditions. (A)

Representative AFM image of full-length VWF di-

mers (D0D3-CK) adsorbed onto a functionalized

mica surface from buffer solution without divalent

ions and adjusted to pH 6.2. Arrows mark the posi-

tions of CK domains. A large fraction (>50%) of di-

mers exhibited a compact conformation with fully

formed C-terminal stems. Insets show examples of

a flexible dimer with a partially formed stem and a

compact dimer with a fully formed stem, respec-

tively. Numbers indicate values of the normalized

stem length. Scale bar is 100 nm; range of color

scale is 2.4 nm. (B) Representative AFM image of

VWF dimers with a deletion of the D4 domain

(delD4 dimers), adsorbed onto a functionalized

mica substrate from buffer solution adjusted to pH

6.8 and containing divalent ions. White arrows

mark the positions of CK domains. Throughout the

whole probed pH range, nearly all delD4 dimers ex-

hibited a flexible conformation. The green arrow in-

dicates an occasional compact dimer. Scale bar is

100 nm; range of color scale is 2.4 nm. (C) Ratio

of compact VWF dimers as a function of the pH.

Only dimers with a normalized stem length above

1 were assigned as compact. Shown are data for

full-length dimers in the presence (blue circles)

and absence (red triangles) of divalent ions, and

for delD4 dimers in the presence of divalent ions

(brown squares). The dashed red line is a sigmoidal

fit (half-maximum value at pH 6.6) to the data ob-

tained for full-length dimers in the absence of diva-

lent ions, i.e., under conditions that obstruct the

formation of the strong intermonomer interaction

mediated by the D4 domain (13). Error bars repre-

sent Poisson noise (1 SD). For each data point, n

R 100 dimers were analyzed. (D) SAXS profiles

in Kratky representation (top) and computed dis-

tance distribution functions P(r) (bottom) for

dimeric A1-CK constructs in the presence of diva-

lent ions at pH 6.2 (dark blue) and pH 7.4 (light

blue), and in the presence of 10 mM EDTA at pH

7.4 (red). To see this figure in color, go online.
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suggest that compactness is mainly driven by a single pro-
cess in the absence of divalent ions. In the presence of diva-
lent ions, for pH values of %6.8, we obtained ratios of
compact dimers essentially identical to those observed in
the absence of divalent ions. Above a pH of 6.8, however,
a second regime of compactness was observed. Intriguingly,
the deviation from the data obtained in the absence of diva-
lent ions was highest at a pH of 7.4. These findings are in
line with the pH dependence of the strong intermonomer
interaction observed in force measurements.

For further structural characterization, we performed
SAXS measurements on A1-CK dimers at pH 6.2 and 7.4,
both in the presence of divalent ions and in the presence of
EDTA. SAXS is a solution-based technique that does not
require immobilization of samples on to a surface, making
it a complementary tool to dissect conformational changes
of dimeric VWF upon varying solution conditions in bulk
(35,36). We observed a conformational transition when the
pH was changed from 6.2 (Fig. 3 D, top, dark blue) to 7.4
(light blue) in the presence of divalent ions, as revealed by
the SAXS profiles in Kratky representation. For both solu-
tion conditions, the Kratky plots exhibit a plateau shape
with two slight peaks. However, at the lower pH value, the
peaks are more pronounced and the intensity is lower at
higher q-values, implying more compact and less flexible di-
mers at pH 6.2 than at pH 7.4. SAXS data were further ac-
quired in the presence of EDTA, i.e., under conditions that
obstruct the formation of the strong intermonomer interac-
tion. At pH 7.4, we observed a transition to an ensemble
of more flexible conformations (13), indicated by a more
diverging shape at high q-values and less pronounced peaks
in the Kratky plot (Fig. 3 D, top, red). In contrast, at pH 6.2,
no significant change was observed upon addition of EDTA
(Fig. S6). These findings are further corroborated by a com-
parison of the pair distance distribution functions P(r) (histo-
grams of pairwise distances in the molecule, Fig. 3 D,
Biophysical Journal 111, 312–322, July 26, 2016 317
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bottom). In the presence of divalent ions, the shape of the
P(r) function is indicative of a rather extended, rod-like
molecule, even more pronounced at pH 6.2 than at pH 7.4.
In contrast, upon addition of EDTA at pH 7.4, a shortening
and steeper decay of P(r) was observed, indicating a more
flexible and thus more globular ensemble of dimer confor-
mations. Overall, the SAXS data are fully in line with the re-
sults from AFM imaging.

Furthermore, again employing AFM imaging, we studied
the compactness of dimers with a deletion of the D4 domain
(aa 1873–2255; delD4 dimers) in the presence of divalent
ions (Fig. 3 C, brown squares). Throughout the whole pH
range, compact dimers were observed only occasionally
(Fig. 3 B), strongly suggesting that the D4 domain plays a
key role not only in forming the strong intermonomer inter-
action (13), but also in promoting the compactness of dimers
under acidic pH conditions.

We further observed that the pH also affected the forma-
tion of C-terminal stems (7,13). To investigate this effect
without the influence of D4-mediated interactions, we
analyzed the distributions of the normalized stem length
for the delD4 construct (Fig. 4), which exhibited virtually
only values of the normalized stem length below 1, corre-
sponding to flexible dimers. In general, higher average
stem lengths were favored by low pH, even in the absence
of D4-mediated interactions promoting compactness. In
particular, also the functional shape of the stem length dis-
tributions changed considerably with the pH. While at alka-
line pH values the distribution of the normalized stem length
exhibited an approximately exponential shape, at lower pH
values it revealed a maximum centered at roughly 0.4 that
became more prominent with decreasing pH, suggesting
that the different C-domain interactions involved in stem
formation are differently affected by the pH. The maximum
centered at ~0.4 corresponds to dimers possessing roughly
0
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half-formed C-terminal stems, i.e., stems that are formed
from CK domains up to a region comprising domains
C5–C3, which interestingly exhibit a comparably low den-
sity of histidine residues (Fig. 1 A).
Obstruction of the strong intermonomer
interaction by Imidazole

The data presented above indicate that the strong intermono-
mer interaction is most favorable at pH 7.4 and only occurs
in the presence of divalent ions. We aimed to gain further
insight into the underlying molecular mechanisms. To that
end, we tested whether the role of divalent ions in the strong
intermonomer interaction originates from an electrostatic
effect or involves coordination chemistry, possibly with
the histidine residues that are abundant in the D4 domain
(Fig. 1 A). We performed force experiments on A1-CK di-
mers at pH 7.4 in buffer solution supplemented with free
Imidazole (200 mM) in addition to MgCl2 and CaCl2. In
contrast to EDTA, which has only very low selectivity
among the different divalent cations, Imidazole has virtually
no affinity for Mg2þ and Ca2þ but is capable of forming
strong coordination bonds with transition metal ions (37),
which might be available during the biosynthesis of VWF.
Strikingly, essentially only force-extension traces of type
II were obtained (Figs. 5 A and S7), as inferred from a un-
imodal distribution of the position of the first A2 unfolding
event (Fig. 5 B). Obstruction of the strong intermonomer
interaction by free Imidazole was further corroborated by
AFM imaging of full-length dimers adsorbed from the
same buffer solution. In the presence of Imidazole, nearly
all dimers exhibited a flexible conformation (Fig. 5, C
and D), which is in line with a scenario in which divalent
(transition) metals are involved in the formation of the
strong intermonomer interaction.
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FIGURE 5 Obstruction of the strong intermonomer interaction by Imid-

azole. (A and B) Single-molecule force measurements on A1-CK dimers at

pH 7.4 in the presence of divalent ions and 200 mM Imidazole. Force-exten-

sion traces of type II (A) were observed almost exclusively, as inferred from

a unimodal distribution of the position of the first A2 unfolding peak (B).

(C and D) AFM imaging of full-length VWF dimers adsorbed onto a

functionalized mica surface from a buffer solution adjusted to pH 7.4 and

containing 200 mM Imidazole in addition to divalent ions. Nearly all

dimers exhibited a flexible conformation (C). Scale bar is 30 nm; range

of color scale is 2.4 nm. The ratio of compact dimers was close to zero

(D) (n ¼ 81), which is similar to that obtained in the absence of divalent

ions (see Fig. 3 C). Further coplotted is the markedly higher ratio observed

for dimers adsorbed from buffer containing divalent ions but no Imidazole

(see Fig. 3 C). Error bars represent Poisson noise (1 SD). To see this figure

in color, go online.
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DISCUSSION

In this work, we performed AFM-based single-molecule
force measurements, AFM imaging, and SAXS to charac-
terize VWF’s force response and conformational ensemble
under different pH conditions. We initially found that the
mechanical resistance of VWF’s dimeric subunits strongly
depends on the pH, as quantified by the ratio of type I
force-extension traces, i.e., traces corresponding to the force
response of dimers that were initially firmly closed via the
strong intermonomer interaction (13). Interestingly, at low
pH values of 6.2 and 6.6, virtually no dimers exhibited the
strong intermonomer interaction. At first glance, this finding
may appear contradictory to the imaging data, which reveal
that almost throughout the whole examined pH range, low
pH favors a compact conformation of dimers, confirming
a previous transmission electron microscopy study (7). In
fact, combining the results from force and imaging experi-
ments leads to the conclusion that compact dimers below
pH 6.8 have a low mechanical resistance (Fig. 6, top) and,
accordingly, that the strong intermonomer interaction in
VWF dimers is absent at these low pH values. In other
words, compactness of dimers under acidic pH conditions
is not accomplished by the strong intermonomer interaction,
suggesting that a second pH-dependent process promotes
compactness under acidic pH conditions (7). Indeed, in
the presence of divalent ions, the compactness of dimers
as a function of the pH revealed two regimes, strongly sug-
gesting that at least two pH-dependent interactions promote
compactness.

The process that promotes compactness above pH 6.8
is the formation of the strong intermonomer interaction
(Fig. 6, bottom), as inferred from two observations: first,
the critical pH of 6.8, above which a second regime of
compactness was observed, equals the critical pH of the
strong intermonomer interaction observed in force experi-
ments, and second, compactness above pH 6.8 can be abol-
ished by taking out divalent ions from solution, in line with
the loss of the strong intermonomer interaction observed in
force experiments after treatment of samples with EDTA
(13). In the absence of divalent ions, a monotonic decrease
of the compactness of dimers with increasing pH was
observed. The fact that this decrease was well described
by the fit of a sigmoidal function suggests the existence of
unidirectional, pH-dependent interactions that do not rely
on divalent ions. AFM imaging experiments on dimeric
delD4 constructs revealed a crucial role of the D4 domain
in promoting compactness under acidic pH conditions.
This finding strongly suggests the existence of a second in-
termonomer interaction mediated by D4 that is mechani-
cally less stable than the strong intermonomer interaction.

Importantly, C-terminal stem formation by itself, based
on weak interactions between C domains (13), was also
affected by the pH, as revealed by distributions of the
normalized stem length obtained for delD4 dimers under
varying pH conditions. While at alkaline pH values the dis-
tributions exhibited an approximately exponential shape,
decreasing the pH led to the emergence of a maximum cor-
responding to dimers possessing roughly half-formed stems,
suggesting that the different C-domain interactions involved
in stem formation are differently affected by the pH. Going
along with this observation, the average value of the normal-
ized stem length increased by trend with decreasing pH
(Fig. 4), implying a decreased average distance between
the two D4 domains within a full-length dimer. As a
decreased distance between D4 domains in turn results in
a higher effective concentration of these two putative bind-
ing partners, one could speculate that the pH dependence of
the stem formation might be the only pH dependence under-
lying the increased compactness of dimers with decreasing
pH. A simple estimation, based on the observed distances
between N-terminal domains in a dimer (Fig. 4, G–L) and
the assumption that the effective concentration of D4 scales
with the inverse cube of these distances, suggests that the
pH-induced changes of the distance between the D4 do-
mains of a dimer may well lead to an increase of their effec-
tive concentration by a factor of 4 over the probed pH range.
However, the strong pH dependence of the ratios of compact
Biophysical Journal 111, 312–322, July 26, 2016 319



B

C

D

S S

SSSSSS SSSSS

S S

SSSS SSSSSS

S S

SSSSSS

SSSS

A

S S

SSSS SSSSSS

Force

10 – 20 pN

> 50 pN

weak
 pH 6.8

strong
 pH 6.8

< 5 pN

10 – 20 pN

Type II

Type I

FIGURE 6 Strong and weak C-terminal rods in VWF’s dimeric subunits. Schematically depicted are force-induced conformational changes (the indicated

forces correspond to loading rates probed in single-molecule force experiments) of VWF dimers that initially possess a fully formed C-terminal stem (C-ter-

minal rod) (A). At pH values below ~6.8, C-terminal rods are by trend weak and can dissociate at forces clearly below the detection limit of AFM force

experiments, i.e., dissociation very likely occurs well below 5 pN (B). At forces of ~10–20 pN, VWF’s A2 domains unfold and add a contour length of

~60–70 nm (lengths in the schematic are drawn roughly to scale) each to the elongation of dimers (14–17) (D). At pH values above ~6.8, however, C-terminal

rods are by trend firmly closed via the strong intermonomer interaction. In this case, unfolding of the A2 domains at 10–20 pN is the first critical step of

elongation (C). At forces above 50 pN, the strong intermonomer interaction can dissociate and add ~80 nm to the elongation of dimers (D). In the blood-

stream, forces on VWF result from an interplay between elongational flow and length, implying a positive feedback between force and length. Therefore, for

a VWF concatamer subjected to elongational flow under acidic pH conditions, forces of, e.g., 10–20 pN (as required for A2 unfolding), will be reached more

readily than under near-physiological conditions, due to rapid initial opening of weak rods. To see this figure in color, go online.

Müller et al.
dimers in the absence of divalent ions (Fig. 3 C, red) sug-
gests that (assuming a constant affinity for the interaction
between the two D4 domains) a change of the effective con-
centration by almost two orders of magnitude would be
necessary to explain the observed increase of compactness
with decreasing pH. Therefore, we assume that the mechan-
ically weak intermonomer interaction mediated by D4 under
acidic conditions possesses an intrinsic pH dependence.
Remarkably, the direction of this pH dependence is the
opposite of that of the strong intermonomer interaction
mediated by the same domain. The pH dependence of
both the weak D4-mediated interaction and stem formation
may play a pivotal role in orderly multimerization and pack-
ing of VWF in the trans-Golgi and WPB (7).

Undoubtedly, a key finding of this study is the pH depen-
dence of the strong intermonomer interaction in VWF’s
dimeric subunits. Strikingly, decreasing the pH from 7.4
by less than one unit switches off the strong intermonomer
interaction, thereby drastically decreasing the mechanical
resistance of dimers. While the strong intermonomer inter-
action was virtually not observed at pH 6.6, it could form
again after a buffer exchange to buffer solution adjusted to
pH 7.4. This finding indicates that the molecular mecha-
nisms that underlie the pH dependence of the strong inter-
monomer interaction are largely reversible. Importantly,
the key domain D4 possesses a high density of histidine res-
idues whose Imidazole side chains can be protonated, result-
ing in a change of their net charge, at a pH of ~6.5 (the pKa

value of free histidines (38)). This value is very close to the
pH range over which the strong intermonomer interaction
was abruptly switched off. A possible role of histidines
was indeed indicated by measurements in the presence of
free Imidazole, which revealed obstruction of the strong in-
termonomer interaction. Given that the strong intermono-
320 Biophysical Journal 111, 312–322, July 26, 2016
mer interaction crucially depends on divalent ions (13),
we propose that the coordination of metal ions by histidine
residues may play a fundamental role in the formation of the
strong intermonomer interaction. Indeed, it is well-known
that coordination chemistry through Imidazole is impeded
by protonation. It should be noted that full obstruction of
the strong intermonomer interaction by removal of divalent
ions was not achieved by a simple buffer exchange to buffer
that did not contain divalent ions, and instead required the
addition of EDTA (see Materials and Methods, ‘‘Buffers’’).
This implies that ion species that were not added to our
buffer solutions (e.g., ions of transition metals such as
zinc) could also be involved in the formation of the strong
intermonomer interaction. We further note that one should
take the effect of Imidazole into account when using it in
protein purification procedures.

Histidine residues might also play a role in mediating the
increase in compactness of dimers under acidic conditions,
as suggested by the sigmoidal fit to the data obtained in the
absence of divalent ions, which reached its half-maximum
value at a pH of ~6.6, close to the pKa value of histidines.
We believe that high-resolution structures, especially of
the D4 domain and its constituent modules, will be of great
value for elucidating the pH dependencies within VWF.

In the vasculature, activation of VWF for hemostasis
crucially depends on its ability to sense hydrodynamic
forces (1,2,39) originating from an interplay of concatamer
length and elongational flow components (14,40,41). Impor-
tantly, force sensing by VWF is tuned by the strong intermo-
nomer interaction in its dimeric subunits, as it markedly
shortens the effective length of a concatamer contributing
to force sensing (13). For the pH values probed in our exper-
iments, the fraction of firmly closed dimers reached a
maximum at a pH of 7.4, indicating that VWF’s mechanical
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resistance is maximized with respect to the physiological pH
of 7.4 in the blood. Accordingly, the critical rates of elonga-
tional flow needed to activate VWF for hemostasis, i.e., to
initiate collagen binding and platelet aggregation, will be
highest at physiological pH, assuming that the interactions
of VWF with collagen and platelets as such remain unvaried
by the pH.

It is tempting to speculate about the role of this pH depen-
dence, considering that the pH may be disturbed locally at
sites of vascular injury. Indeed, it iswidely accepted that local
pH variations, especially acidification, occur in connection
with injury and inflammation (20–24), although it remains
unclear to what extent and on which timescales the blood
pH may be affected. Our data suggest that deviations from
physiological pH will lower the critical rates of elongational
flow to activate VWF for hemostasis. In particular, acidifica-
tion is expected to reduce such critical elongational flow rates
very effectively. Indeed, data obtained from flow experi-
ments and published within the framework of a PhD thesis
(42) suggest that critical shear rates for elongation of VWF
are lowered upon both acidification and alkalization. In prin-
ciple, the relative impact of the pH on critical elongational
flow rates can be estimated based on the ratio of firmly closed
dimers inVWFobserved at a given pH (13). For instance, at a
pH of 6.6, where virtually no dimers exhibit the strong inter-
monomer interaction, the critical elongational flow may
only be roughly half that observed at pH 7.4, as in the latter
case VWF’s effective force-sensing length is expected to
be decreased by ~30%, assuming that approximately half
of VWF’s dimeric subunits are firmly closed via the strong
intermonomer interaction. It should be noted that under
acidic conditions, VWF’s force-sensing length will initially
be lower than under physiological conditions, due to compact
yet mechanically relatively unstable dimers. However, as
strongly suggested by our force data, most compact dimers
below pH 6.8 will open up at comparably very low elonga-
tional flow rates and consequently increase VWF’s effective
force-sensing length very rapidly, thereby triggering further
elongation, due to the positive feedback between hydrody-
namic force and length. In a nutshell, one could speculate
that VWF’s pH-dependent elongation behavior represents a
smart means to enhance VWF’s hemostatic activity where
needed.

In summary, the structure and mechanics of VWF are
governed primarily by two distinct intermonomer interac-
tions within its dimeric subunits (Fig. 6). Remarkably,
the two interactions exhibit opposite pH dependencies
while at the same time they both appear to be mediated by
modules of VWF’s D4 domain. Strikingly, decreasing the
pH by one unit from physiological pH yields a markedly
increased degree of compactness of dimers but a con-
siderably decreased mechanical stability. While high com-
pactness at acidic pH can be assumed to be a prerequisite
for orderly multimerization in the trans-Golgi and storage
in Weibel-Palade bodies, low mechanical resistance at
acidic pH may enhance VWF’s hemostatic activity at sites
of locally lowered pH encountered in the wake of injuries.
Therefore, our data should provide further insights into
VWF’s activation for hemostasis.
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