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von Willebrand factor, Jedi knight of the bloodstream
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When blood vessels are cut, the forces
in the bloodstream increase and change
character. The dark side of these forces
causes hemorrhage and death. However,
von Willebrand factor (VWF), with help
from our circulatory system and platelets,
harnesses the same forces to form a he-
mostatic plug. Force and VWF function
are so closely intertwined that, like mem-
bers of the Jedi Order in the movie Star
Wars who learn to use “the Force” to do
good, VWF may be considered the Jedi

knight of the bloodstream. The long length
of VWF enables responsiveness to flow.
The shape of VWE is predicted to alter
from irreqularly coiled to extended thread-
like in the transition from shear to elonga-
tional flow at sites of hemostasis and
thrombosis. Elongational force propagated
through the length of VWF in its thread-like
shape exposes its monomers for multi-
meric binding to platelets and subendo-
thelium and likely also increases affinity
of the A1 domain for platelets. Specialized

domains concatenate and compact VWF
during biosynthesis. A2 domain unfolding
by hydrodynamic force enables postse-
cretion regulation of VWF length. Mutations
in VWF in von Willebrand disease contrib-
ute to and are illuminated by VWF biology.
| attempt to integrate classic studies on
the physiology of hemostatic plug forma-
tion into modern molecular understanding,
and point out what remains to be learned.
(Blood. 2014;124(9):1412-1425)

“The Force will be with you, always.”
Obi-Wan Kenobi to Luke Skywalker, Star Wars

VWF architecture

Domains in the VWF monomer

von Willebrand factor (VWF) is a mosaic protein (Figure 1A).° AL, A2,
and A3 domains each contribute 1 or more functions. The C-terminal
cysteine knot (CTCK) domain dimerizes VWF (Figure 2).''% D
assemblies are composed of von Willebrand D repeats (designated
VWD1, 2, 3, and 4 in figures), cysteine-8 (C8), trypsin inhibitor-like (TIL),
and E modules (Figure 1A-F). Multiple lobules in D assemblies may
correspond to component domains (Figure 2B).> D1, D2, and D'D3
assemblies mediate assembly and disulfide linkage of VWF dimers into
long tubules characteristic of Weibel-Palade bodies (WPBs) (Figure
2-3).3°D’ and D3 bind factor VI (FVII) and thus deliver FVIII to platelet
plugs. The structure of D" shows how E’ extends the highly dynamic TIL'
module away from the D3 assembly to bind FVIII (Figure 1J).”

von Willebrand C (VWC) modules have 2 disulfide-rich sub-
domains (Figure 1H).3° The E module of D assemblies is related to
the first VWC subdomain.>’ The 6 tandem VWC modules extend
VWEF length and give it flexibility (Figure 2). Platelet integrin auyy,33
binds an RGD motif in the VWC4 module” (Figure 1A).

O-glycosylated polypeptide segments adjacent to A domains
(Figure 1A,F-G)'° are flexible.' These segments regulate Al and A2
function''"'* and responsiveness to ristocetin.'>!” Ristocetin seren-
dipitously activates VWF and is used diagnostically as a surrogate
for flow-induced VWF activation.'®

Biosynthesis and multimerization

To align function with force and become a Jedi knight, VWF evolved
long length. VWF monomers dimerize through the CTCK domain in

the endoplasmic reticulum (ER)? (Figure 2). As the pH drops to 6.2
during transit to the trans-Golgi, monomers zip up from CTCK
through A2 into dimeric bouquets' (Figure 2B,D). At pH 6.2 and in
Ca>", the prodomain D1D2 fragment also dimerizes.® Therefore,
VWF monomers may zip up along their entire lengths (Figure 2D).

Dimers then assemble into helices that correspond to the tubules
of WPBs (Figure 3). Similar helices are assembled in vitro from
purified D1-D2 and (D'D3), fragments (Figure 3A-B)° and in vivo
in WPBs (Figure 3F)."® Close proximity of D’D3 assemblies of
adjacent dimers in helices (Figures 2E and 3D-E) templates disulfide
formation in the Golgi.>*® N-to-N D3-D3 and C-to-C CTCK-CTCK
disulfide linkages follow the path of the helix about the axis of the
VWEF tubule like a coiled rope. Furin cleaves between D2 and D'D3;
however, the prodomain remains strongly noncovalently associated.

The C-terminal portion of each VWF dimer is disordered in
tubules.'® Helical symmetry is broken near the flexible O-glycosylated
regions that flank A1l. Tubules in WPBs pack too closely to allow
dimeric bouquets to extend radially (Figure 3H-I). The similar iso-
electric point of VWF and pH of WPB of 5.4°° assists compaction.

Helical tubule assembly endows VWEF with its unique length scale.
Tubules give WPBs their characteristic long length in endothelial cells
(Figure 3H-LM).>'*''® Tubules in human platelet o-granules are
short, but porcine tubules are long enough to distend a-granules?’
(Figure 3K-L).

Stimulated secretion of VWF

Helical assembly enables rapid, orderly secretion of VWF like an
uncoiling rope.%?? Immediately after fusion with the plasma membrane
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Figure 1. Mosaic domain structure of VWF. (A) Cysteines are vertical lines and are connected for disulfide bonds assigned chemically,'®>'% by structure,”“® or by

homology.? N- and O-linked glycans are closed and open lollipops, respectively.'®

Domains are scaled to length and residues are shown with pre-pro numbering. (B-F) D

assembly modules. (G-l) A, C, and CTCK domains. Disulfides assigned as described above are connected with colored lines. Secondary structures are overlined and
disordered residues are in italics in structurally characterized TIL',” E’,” A1,64:66:107.108 pp 51.54.55 o3 77.107.109 anq CTCK domains.*® N and O-glycosylated residues and the
RGD motif are in red. (J) D’ ribbon diagram with disulfides shown with yellow sulfur atoms.”

through an initially narrow secretion pore, pH throughout the WPB

structure (Figure 371).1923 Thus, D1-D2 remains associated until

rises to plasma pH of 7.4,>° and WPB engorge with a marked helices disassemble at neutral pH.>* VWF is also stored in the

increase in spacing between tubules which maintain their helical

subendothelial extracellular matrix.>
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Figure 2. Biosynthesis and secretion of VWF. (A) Module functions in biosynthesis. (B) Appearance of VWF domains in negative stain EM with class averaging.'? Two
examples of D1D2 and (D'D3A1), class averages are shown. A1-CTCK dimeric bouquet class averages, with averaging centered on different domains, are shown in
composite, with (D'D3A1), added in the position of A1 separated by dashed lines. Domains that would originate from the same VWF dimer precursor are labeled in white, and
those that would originate from other dimers and be disulfide linked during concatemer formation in tubules are labeled in yellow. (C-F) Schematic organization of domains
during biosynthesis and secretion based on structural data.’>®'® Dimensions are from Zhou et al' and Huang et al.®

These findings suggest a model for stimulated secretion of prodomain dissociation,?* dimeric bouquet unzipping, and
VWE at sites of injury (Figure 2F). VWF is expelled by a ring of VWF expansion to an irregular conformation.'?**” Individual
actomyosin around the WPB.>> Secretion is accompanied by VWEF molecules emerging from WPBs might associate laterally to
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proVWF dimer proVWF dimer

Figure 3. VWF tubule morphogenesis and structure. (A-B) In vitro assembly of D1D2 and (D'D3), fragments at pH 6.2 in Ca* into tubules (A) and helical 3-dimensional
reconstruction (B) showing external view (right) and a cross-section through the hollow tubule (left) colored from red to blue based on distance from the helical axis.® (C) Single
tubule in a clathrin-coated immature WPB in the juxta-Golgi.''® (D-E) Schematic of tubule assembly.® Helical assembly is shown as progressing from bottom to top. Each
successive pro-VWF dimer is numbered and shown alternately with solid or striped diagonal fill. Interdimer disulfide crosslinks form at the twofold symmetry axis between
D’'D3 domains (red SS). VWF helices are 1-start, that is, contain a single VWF molecule. Because of twofold symmetry, the 2 ends of the helix are identical.® (F) Helical
reconstruction from cryoelectron tomography of tubules in endothelial cell WPB (see panels H-1).'® Panels B and F are aligned vertically to show similar structure of tubules
formed in vitro and in vivo. (G) Another example of tubule biogenesis in the juxta-Golgi.''® (H-l) Cryoelectron tomograms of a mature WPB in an endothelial cell (H) and
a reconstruction (1) showing individual tubules (colored)."® (J) A WPB with increased spacing between tubules and a stalk (arrowhead).'® The WPB may have been captured
during secretion and the stalk may be a secretion pore. (K-L) VWF tubules in porcine platelet a-granules, in EM sections that run parallel (K) or normal (L) to the tubule axis.?'
In contrast to WPB, a-granules contain other components that segregate away from the paracrystalline VWF tubules (T, marked with arrows). (M) A cultured human umbilical
vein cell immunofluorescently stained with anti-VWF to visualize WPB. Reprinted from Tom Carter, National Institute of Medical Research, United Kingdom, with permission.

form the “strings” secreted by endothelial cells observed by Concatemer denotes end-to-end or chain-like linkage,?®?” and
microscopy in flows.?® is appropriate for any such polymer, whether protein, DNA, or

The single ultralong VWF molecule formed in a WPB tubule  synthetic. The Jedi knight qualities of VWF emerge because it can
is a concatemer. Multimer is also appropriate, just less specific. ~ formalong thread. A branched, brush-like molecule with the same
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number of monomers would be much shorter, and much less
responsive to flow.?? “Concatemer” honors the ability of linear
VWEF to “feel the Force” and its origin in the WPB more than
“multimer.”

VWEF in flow

The enormous length of VWF

The contour length at neutral pH of VWF monomers is 70 nm. "'~

From helix parameters,®'® the VWF molecule in a 5-wm-long tubule
(Figure 3M) contains 3500 monomers and can extend to a contour
length of 250 wm. Secreted threads bundle into 100- to 1000-pum-
long strings bound to the endothelial cell surface. Cleavage by
ADAMTS13 facilitates VWEF release into flow.?® Further cleavage by
ADAMTSI13 occurs after release into the bloodstream; the size dis-
tribution reaches homeostasis after 2 hours.** Depending on the method
of estimation, concatemers in plasma can contain up to 40 to 200
monomers, with corresponding thread lengths of up to 3 to 15 wm.!
The shape of VWF

In stasis, VWF is irregularly coiled (unevenly compacted on itself)
due to self-association between VWF monomers,32‘33 whereas in
flow it extends.’>>* Extension above a threshold shear correlates
with activation of VWF-dependent aggregation of platelets in stirred
cuvettes, platelet binding and rolling on VWF substrates, and
binding of VWF to collagen and VWF substrates.>>>°

The shape of long. flexible molecules is highly dynamic in
shear flow (Figure 4A-B).?%**! Because adjacent shear lamina
differ in velocity (Figure 4A, left), cells and long molecules tumble
(Figure 4A-C). Indeed, shear flow is conceptually identical to the sum
of rotational and elongational flow components*®*' (Figure 4A).
During each 360° cycle of tumbling in shear flow, VWF is subjected to
2 cycles each of elongation and contraction.>>*** VWF dynamics
may be appreciated in movies, in which self-association between VWF
monomers simulated as beads on a string is overcome by shear or
elongational flows (Figure 4C; supplemental Videos 1-6, available at
the Blood Web site).*>** Measurements of VWF shape in shear have
the challenge of image blur and are only in their infancy, but suggest
that VWF remains largely compact at low shear, and elongates above
5000 s~ '3

In hemostasis and thrombosis, shear flow is interrupted by 2
zones of elongational flow>'**** (Figure 4D-E). Shear gradients are
synonymous with elongational flow; flow and shear accelerate and
decelerate in zones 1 and 2 (Figure 4D-E), respectively. As shown by
the stretched orange globules (Figure 4D-E), in zone 1 elongation occurs
parallel to the flow direction because the leading end of VWF is moving
faster than its trailing end; elongation occurs perpendicular to the flow
direction in zone 2 because the streamlines are diverging. Notably, the
second zone of elongational flow corresponds to the site of hemostatic
plug and thrombus formation. Because the rotational component of flow
is absent or lesser in these zones, VWF is predicted to elongate much
more in elongational than shear flow*'*** (Figure 4C).

The physics of polymers in flows provides a strong concep-
tual foundation for understanding VWF behavior.>**'** In the
irregularly coiled state in shear flow, the hydrodynamic force on
VWF s related to coil diameter. Force scales primarily with length??;
in elongational flow, VWF will extend and experience a much larger
force related to its contour length. Polymer physics provides several
scenarios for threshold and hysteresis effects that could provide
sharp transitions for VWF activation in vivo.?**1*>**> For example,
because force on VWF increases with extension, the initial transition

BLOOD, 28 AUGUST 2014 - VOLUME 124, NUMBER 9

from an irregular coil requires a high threshold shear or elongational
rate, but once VWEF extends, it will tend to stay extended for some time
even when rates fall below those that initially triggered extension (the
hysteresis effect). The most important VWEF trigger in vivo is likely
to be the transition from shear to elongational flow; VWF extends
at a much lower threshold of elongational than shear flow***
(Figure 4C; supplemental Videos 1-6). When bound to endothelium
during secretion or to collagen in vascular injury, VWF cannot
tumble. It will then experience flow differently, and be much more
extended than VWF free in shear flow.*®

“A Jedi can feel the force flowing through him”

As force is exerted on VWF, it will straighten like a rope in a tug
of war (Figure 5E-I). Force is transmitted through each domain, and
exerted on termini that neighbor other domains or O-linked segments
(Figure 5A-E). Straightening will expose domains that were buried in
the irregular coil conformation for binding to ligands and remove
steric hindrance from neighboring domains.*’

Distinct topologies of domains in VWF cause them to experi-
ence force differently (Figure 5). VWC domains have their N and C
termini at opposite ends; force is borne by a cross-section 3 polypeptide
chain segments wide with multiple disulfide crosslinks (Figure SE).
The CTCK dimer interface is highly reinforced to resist hydrody-
namic force (Figure 5D).*® Force is exerted on the center of the dimer
interface, where 3-strands in each monomer extensively hydrogen
bond across the interface and interchain disulfides are sandwiched
between cysteine knot disulfides in each monomer (Figure 5D).

In contrast to most extracellular domains, von Willebrand A
domains have their N and C termini close to one another (Figure SA-C).
This geometry makes von Willebrand A domains susceptible to having
their termini pried apart by force. A1 and A3 have long-range disulfide
bonds. In A3, the disulfide directly resists force (Figure 5C) but in
Al an extensive hydrogen bond network must be broken before
the disulfide bears force (Figure 5A).6’4'66’77’107’109

A domains and von Willebrand disease (VWD)
The A2 domain and VWD type 2A

Uniquely among domains in VWF, A2 lacks a long-range disulfide
(Figures 1A, 5B, and 6) and thus can be completely unfolded by
elongational force as shown in single molecule experiments
(Figure 7A-D).***%53 Unfolding of A2 is required for cleavage by
ADAMTS13 (Figure 7D),** consistent with burial of the specific
cleavage site between Tyr'®*® and Met'®%® in the central B-sheet in
the folded domain®'>*5° (Figure 5B).

A2 unfolding kinetics increase exponentially with force.
Single molecule measurements on A2, and the calculated peak force
and rate of force application on VWF tumbling in vivo at 100 dyn/em?,
correctly predict the maximal length of VWF to be ~100 monomers.**

Patients with the bleeding diathesis VWD type 2A have overly short
VWEF concatemers (Figure 8).*° Three type 2A mutations decrease
thermal stability of A2 by 10°C to 18°C.>* The R1597W mutant slows
the rate of A2 refolding by threefold but does not affect force-dependent
unfolding.> These results, together with the short VWF concatemers
found in type 2A VWD (Figure 8B), suggest that the length of time
that A2 remains unfolded limits ADAMTS13 cleavage. The idea that A2
refolding in the bloodstream may often occur before A2 is found and
cleaved by ADAMTSI13 is also consistent with Ky; values above
ADAMTS13 concentration in plasma.**>%>7

43,52,53
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Figure 4. Shear and elongational flows and relation to platelet plug formation and thrombosis. (A) Shear flow, which may be represented as elongational flow
superimposed on rotational flow.*®*' Arrows show streamlines and dots regions of no flow. (B) Cartoon of VWF elongating, compressing, and tumbling in shear flow.*® (C)
Stills representing the last frame of movies simulating VWF in shear and elongational flows at the indicated rates (supplemental Videos 1-6). VWF is represented as a string of
50 spheres (cyan except for spheres at the 2 ends in magenta). Simulations are similar to those described in Schneider et al®® and Sing and Alexander-Katz.** Simulations
and movies are courtesy of Darren Yang and Wesley Wong (Children’s Hospital, Boston, MA). Both shear and elongational flows are measured as velocity/distance and have
units of s™'. VWF becomes thread-like at much lower values of elongational flow than shear flow. (D-E) Shear and elongational flows in a bleeding vessel (D) and stenotic
vessel (E). Round orange spheres show the effect of elongational flow on the shape of a polymeric protein in the flow field.** Two zones of elongational flow marked 1 and 2
are described in “The shape of VWF” section. Elongation of VWF concatemers would occur in the directions shown by the orange globules. (F) Light micrographs of rat
mesentery artery (top) and vein (bottom) before and 9 minutes after the wall of the vein was nicked with scissors. Reprinted from Zucker®® with permission. A platelet plug
(arrow) lies above the vein. Vasoconstriction occurs in both the artery and vein and is only seen when a platelet plug is formed, demonstrating that platelet plugs release
a diffusible vasoconstrictor.%® (G-I) Human skin wound experiment for determination of bleeding time. Reprinted from Wester et al®® with permission. (G) Schematic showing the
morphology of the hemostatic plug (HP) formed by a transected vessel (Vs). The plug is 90% outside the vessel. (H-1) Biopsy excised 30 seconds after wounding. Two light
micrographs a few sections apart are shown of the same hemostatic plug (HP) formed at the outflow of a transected vessel. D, dermis; E, epidermis; Vs, transected vessel; W,
wound. (J-K) Differential interference contrast microscopy of thrombosis formation at sites of vessel constriction in vivo (J) and in vitro (K), reprinted from Nesbitt et al'®® with
permission. Flow is left to right. Scale bars are 10 num. (J) Mouse mesenteric arteriole crush injured with a needle. A platelet aggregate (cyan shading) forms downstream of the
injury and stenosis site (red arrow). Blue and yellow arrows mark the center and downstream extent of the platelet aggregate. Time is shown in seconds. After release of the
stenosis the aggregate embolized (24 seconds). (K) Whole blood in a microchannel with a 90% stenosis and downstream expansion. Red and black arrows mark the margins of
the platelet aggregate (cyan shading). Much less aggregation was noticed with a lower rate of downstream expansion; that is, with lower elongational flow rates.'®
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(D’D3),
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Figure 5. How VWF and its domains experience force. (A-E) Force on domain termini. Domains are shown in cartoon representation, colored in rainbow from N terminus
(blue) to C terminus (red). Disulfides and an Arg in A1 that participates in H bonds are shown in stick with orange sulfurs and blue nitrogens. Arrows show how tensile
(elongational) force is exerted across domains when they are present in an elongated VWF concatemer experiencing hydrodynamic force. (A-C) are in similar but slightly
different orientations. (A) A1 has a highly conserved set of hydrogen bonds external to the long-range disulfide (black dashes) seen in all crystal structures.5-¢1%8 (B) A2 has
a C-terminal, vicinal disulfide bond and a bound Ca®" ion (silver sphere).>'5*5% (C). A3, in contrast to A1, has no hydrogen bonds external to its long-range disulfide, which
shows flexibility, with differences in position among structures or disorder.””"'%71% (D) The CTCK domain is highly reinforced against elongational force.*® (E) The VWC
domain has no hydrophobic core and flexibility between its 2 subdomains.2 VWC domains in VWF are not yet characterized at high resolution and are known from collagen 11A®
and crossveinless 2.° (F) Portion of a VWF concatemer at pH 7.4 in negative stain EM." Arrow and arrowheads mark approximate monomer-monomer interfaces at tail-to-
tail (arrow) and head-to-head (arrowhead) positions. (G-I) VWF concatemer schematics. (G) interprets the conformation captured in EM in panel F. (H) How the conformation
in panel G would be straightened by elongational force. Panel | schematizes at larger scale domain architecture under elongational force.
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A GPlba

Figure 6. Structural, binding, and mutational features of A domains. (A-B) The A1 (A) and A3 (B) domains (cyan) in identical orientations bound to GPIba (magenta) and
collagen (silver), respectively. Disulfides are in yellow stick. (A) The A1-GPlba complex forms a super B-sheet at the interface between the A1 B3 and GPlba 14 strands.
PT-VWD mutations (green Ca atom spheres) stabilize the B-switch in its bound over its unbound conformation.®® VWD type 2B mutations (red Ca spheres)®® locate distal
from the GPIba interface, near to the A2 termini where elongational force is applied. VWD type 2B mutations are hypothesized to stabilize an alternative, high-affinity
conformation.5+®%71 A region of GPIba that is important for interaction with A1 in high shear and in ristocetin is shown in gray.”7® (B) A3 with collagen bound (silver) shown in
identical orientation as A1 in (A) and with collagen-contacting residues shown in stick.”” A nuclear magnetic resonance structure of A3 bound to fibrillar collagen® shows an
identical binding site (collagen-perturbed residues shown with Ca atom spheres). (C) Detail of 2 superimposed A2 structures, 1 of which shows a 2 A outward movement of the
C-terminal a6-helix that may mimic an early step in elongational force-induced A2 unfolding. Arrows show direction of movement of key sidechains including scissile residue
Tyr'®% and a6-helix regions. C-terminal residue Ser'®”" is labeled “C,” arrows show direction of movement from chain A to chain C.5' (D-E) VWD type 2M mutations®283
(silver Ca-atom spheres) in A1 (D) and A3 (E), shown in identical orientations. Type 2M mutations are much more numerous and widely distributed in A1. VWD type 2M
mutations in A3 locate adjacent to or are buried beneath the collagen binding site. (F) A2 domain structural specializations. The view is rotated almost 180° from that in Figure
5B. Ca®" is shown as a sphere with coordinating sidechain and backbone carbonyl groups in stick. Isomerization of the cis-peptide bond shown in stick would slow refolding.
In C-F, A domain secondary structures are emphasized by their colors: B-strand, cyan; a-helix, magenta; loop, orange yellow. Collagen bound to A3 is shown in silver.

A2 has striking specializations as the “shearbolt” domain of
VWEF that may regulate the force dependence and kinetics of
unfolding and refolding. A Ca”*-binding loop unique to A2 in
the a3-B4 loop (Figures 5B and 6F) stabilizes A2 against
ADAMTS13 cleavage® and speeds refolding kinetics.”'? A2
has an “a4-less loop™ in place of an a4 helix.>* Crystal structure
snapshots®' capture a breathing motion that may mimic the first

step in A2 unfolding, in which the important®*>® C-terminal
vicinal disulfide moves away from its hydrophobic interface
with the central 3-sheet (Figure 6C). Because the N-terminal 31
strand is clamped in the center of the (3-sheet, force-induced
unfolding begins at the C terminus and proceeds through the
B4-strand, which contains the scissile bond; all A2 structural
specializations occur in this C-terminal portion.>*>
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Figure 7. Single-molecule studies on VWF A1 and
A2 domains. (A-D) Adapted from Zhang et al*® with

~DNA Dig permission. (A) Schematic diagram of how the

C / A2 domain (colored in rainbow as in Figure 5A) is

/. held between 800-bp double-stranded DNA handles

S and tethered to 2 beads in a laser trap (left) and
GPibG micropipette (right). DNA is covalently linked through
,’ disulfide bridges to Cys residues mutationally added

jd at the N and C termini of A2. DNA handles have biotin

; Force and digoxigenin (Dig) tags at opposite ends for binding

to beads functionalized with streptavidin and digoxige-
nin antibody. Force is applied by micropipette move-
ment (right), and measured by bead displacement
in the laser trap (left). The sine qua non of single
molecule data are measurement of single molecule
events; other types of events are recorded and they
must be discarded using fiduciary markers. DNA
handles provide a single molecule signature, that is,
a plateau at 67 pN at a transition from B to S DNA.
Furthermore, adsorption to beads, cantilever tips, and
substrates is prevented by holding proteins away from
them with DNA handles. (B) Three representative
cycles of force increase, decrease, and clamping at
a constant low level to enable A2 refolding. (C) Traces
of force vs tether extension in the force increase
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In contrast to VWD type 2A, in ADAMTS13 deficiency, VWF is
too long and causes thrombotic thrombocytopenic purpura (TTP)
(Figure 8C).8"!!! Cleavage of unfolded A2 by plasmin appears
to back up ADAMTS 13 cleavage most of the time***%; however, TTP
patients are subject to sudden appearance of life-threatening micro-
thromboses in multiple organs.’' Cleavage by ADAMTSI3 after
secretion (Figure 8C-D) is an ingenious evolutionary solution to the
problem of regulating the length of such a long molecule.®"-'**+112 The
measuring device for VWF length is the hydrodynamic force applied
after secretion. Because peak internal tension scales with the square of
concatemer length, unfolding of A2 is very sensitive to length.*?

The A1 domain, platelet GPlba, and VWD

Flow-regulated binding of VWF A1 to glycoprotein (GP)Iba on the
platelet surface is the most remarkable Jedi knight virtue. GPIba has
a N-terminal leucine-rich repeat (LRR) horseshoe-shaped domain

phases of cycles ii and iii in panel B. An abrupt unfolding
event is seen in ii and not iii. It is inferred that A2 was
unfolded at the beginning of iii. (D) Two representative
traces showing ADAMTS13 cleavage in presence of
enzyme (1) and no cleavage in absence of enzyme (2).
In each trace unfolding of A2 is seen, and A2 is
returned to a clamped force of 5 pN. Cleavage of the
tether returns force to 0. (E-G). Repeated measure-
ment of GPlba and VWF A1 domain binding and
unbinding in a single molecule RealiSM construct.
Modified from Kim et al”* with permission. (E) Schematic.
The ReaLiSM contains from N to C the A1 domain, a
1L 43-residue polypeptide linker, and GPlba, and is

expressed as a secreted protein in mammalian
cells. Cysteines are included at the N and C termini for
disulfide linkage to DNA handles, which are coupled to
beads as in panel A. (F) One representative cycle.
Unbinding and rebinding are measured as abrupt
changes in tether extension during pulling (red) and
relaxation (black). (G) Schematic model of A1- GPlba
flex-bond. The model reflects 2 different pathways for
receptor-ligand dissociation”" and association (J. S. Kim,
N. E. Hudson, and T.A.S., unpublished observations),
with a slower dissociating and faster associating state
induced by force. A1 (cyan) and GPlba (magenta) are
subjected to tensile force at the N and C termini of the
ReaLiSM construct (arrows), and after dissociation,
also at the junctions with the polypeptide linker.

(Figure 6A) followed by an anionic region with sulfated tyrosines,
important in binding to thrombin,®* a long mucin-like stalk, and
C-terminal transmembrane and cytoplasmic domains. Deficiency
of GPIb in Bernard-Soulier syndrome impairs hemostasis.®

Over a highly electrostatic interface, a positively charged face of
Al binds to the negatively charged, concave face of GPIba®*
(Figure 6A). A1 is the most positively charged domain in VWF with
a calculated isoelectric point of 9.4. Electrostatics may thus make
a contribution to accelerating the rate of Al and GPIba binding.

In an unusual binding mode, a super (3-sheet forms between Al
and the B-switch of GPIba in their complex® (Figure 6A). Among
uncomplexed GPIba structures, the 3-switch can be loop-like, a-helical,
or disordered.®> Upon binding to Al, the GPIba B-switch forms a
B-ribbon that adds on to the edge of the B-sheet in A1 (Figure 6A).%+%6

Mutations in VWD type 2B are gain-of-function®; they increase
binding of VWF to platelets and the affinity of A1 for GPIba.**5>-¢7
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Figure 8. VWD and concatemer length distributions. (A) VWF and its domains to scale by amino acid residue with distribution of VWD mutations. Mutations are from the
International Society for Thrombosis and Hemostasis Database.®® Each missense mutation, including mutations of the same residue to different amino acids, is shown as
a dot. Mutations are type 1, partial quantitative deficiency; type 2A, reduced platelet adhesion with absence of long multimers; type 2B, increased platelet adhesion; type 2M,
qualitative defect in platelet or collagen binding; type 2N, qualitative defect in binding FVIII; type 3, severe quantitative deficiency.* (B-D) VWF length distributions shown with
SDS-agarose electrophoresis followed by western blotting with anti-VWF. 1, 2A, 2B, and 3, respective VWD types; EC, VWF secreted by histamine-stimulated endothelial
cells in vitro (in absence of ADAMTS13); NP, normal plasma; TTP, thrombotic thrombocytopenic purpura. (B) Reprinted from Sadler* with permission. (C) Reprinted from

Loirat et al'"" with permission. (D) Reprinted from Arya et al''? with permission.

Yet, these mutations do not map to the binding interface; instead,
they are often buried and map closer to the N and C-termini and long-
range disulfide of A1 than to the main GPIba interface (Figure 6A).
Directed evolution identified another distal A1 mutation that shifts
the long-range disulfide 1 residue and raises affinity 10-fold.%> Notably,
VWD type 2B mutations map near where elongational force would
be applied to Al in VWF concatemers (Figures SA and 6A), and
suggest the hypothesis that conformational change in Al could
increase its affinity for GPIba.®*6°

In platelet-type VWD (PT-VWD), gain-of-function mutations in
GPIba cause a similar phenotype as in VWF type 2B.%® In each
disease, enhanced binding of VWF to platelets causes selective
clearance of longer VWF concatemers (Figure 8A) and platelets®®
and perhaps also enhanced cleavage by ADAMTS13 (Figure 8A).

Most PT-VWD mutations map to the GPIba B-switch.*%>%8 Rather
than altering the interface between Al and GPIba, these PT-VWD
mutations are thought to favor the 3-ribbon conformation of the bound
state over the alternative conformation of the unbound state. 6668

Measurements on force-dependent interactions between Al
and GPIba’%"? suggest force-induced conformational change
(flex-bond behavior) (Figure 7E-G). A receptor and ligand in a single
molecule (ReaLISM) construct in which A1 and GPIba are fused
through a polypeptide linker allows rigorous measurements of
force-dependent disassociation kinetics, and uniquely also enables

measurement of association kinetics (Figure 7E-F).”! Above ~10
pN, the receptor-ligand bond shifts to a second, higher affinity state.
Each state acts like a slip-bond, that is, force exponentially increases the
rate of receptor-ligand dissociation.”" Extrapolation to zero force shows
the second, extended state dissociates more slowly than the first, flexed
state. Ristocetin selectively stabilizes the second, more force-resistant
state.”!

Measurements of force-dependent association kinetics suggest
that 2 states also exist prior to association (J. Kim, N. E. Hudson, and
T.A.S., unpublished observations). One state exists below ~10 pN
and a second state with more rapid, force-dependent association
kinetics predominates above ~10 pN (Figure 7G). A VWD type 2B
mutation mechanically stabilizes the second state. A PT-VWD mu-
tation increases affinity by slowing bond dissociation and speeding
bond association. When A1 and GPIba dissociate, elongational force
is applied to the N and C termini of A1 with the same geometry as in
VWF concatemers in flows (Figure 7G). The results support the idea
that elongational force in VWF concatemers induces a conforma-
tional change in A1 that increases affinity for GPIb. Force may enable
conformational change within A1l by breaking hydrogen bonds that
intervene between the sites of force application and the long-range
disulfide (Figure 5A). VWD type 2B mutations (Figure 6A) and
ristocetin, which binds nearby,'>'”"”* may facilitate the same con-
formational change.
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Force-dependent switching between 2 states of the GPIba-Al
receptor-ligand bond’! is consistent with mutational data. LRR3-5 of
GPIba, which have limited contact with Al in crystal structures
(Figure 6A)**°® are required for ristocetin-stimulated binding of
VWE to platelets,”* and in flow become more important as shear
increases.”” These findings suggest increased contact with LRR3-5
in a second, force-stabilized conformational state of the A1-GPIba
complex (Figure 7G).”!

Thus, elongational flow is hypothesized to activate VWF binding
to GPIb on platelets by 2 independent mechanisms: (1) Overall elon-
gation of VWEF, exposing multiple binding sites for GPIb (avidity).
(2) Conformational change in A1, increasing force-dependent on-rate
and decreasing force-dependent off-rate (affinity).

Collagen binding to A3 and A1 and VWD type 2M

Collagen binds to the face of the A3 domain that bears the 33-strand
(Figure 6B). The corresponding face in A1 binds GPIba (Figure 6A).
Fibrillar and triple helical collagen IIl bind identically’®"’ and
define a shallow trench on A3 (Figure 6B). Highly specific contacts
recognize residues 572-580 in collagen III and homologous or
identical sequences in collagens I and I1.”’

Al binds collagen VI, a microfibrillar collagen’® and binds collagens
I and 111 less well.” Structural homology between Al and A3, and the
similar shapes and positions of their binding sites for GPIbaw and
collagen, suggest that they might bind collagen in homologous positions.

Heparin, present among glycosaminoglycans in the extracellular
matrix, binds the basic A1 domain of VWF. Clusters of Lys and Arg
residues on the same electropositive face of A1 that binds GPIba are
implicated in heparin binding.*

Type 2M mutations in Al and A3 result in qualitative defects
in VWF binding to platelets or collagen (Figure 8A).*#' 2M mutations
in A1 decrease binding to GPIba, with some also decreasing binding
to collagen.®'®? Remarkably, 2M mutations map throughout the A1
domain, with only a few in the GPIba binding site (Figure 6D). Most
mutations are buried and thus may either disrupt the conformation
of A1 or shifting to a higher affinity conformation.

Few type 2M mutations map to A3 (Figures 6E and 8A). The much
larger number of mutations that map to A1 may relate to the unique role
of Al in binding GPIba and redundancy between A1 and A3 in binding
collagen. However, it is quite striking that all known 2M mutations in
A3%85 map close to the collagen binding site (Figure 6E).

Hemostasis and thrombosis
VWEF length and disease: “Bring balance to the Force”

As described, VWF that is too short in VWD types 2A and 2B and
PT-VWD results in bleeding diatheses, whereas VWE that is foo long
in TTP results in thrombosis. Although VWD type 2B and PT-VWD
gain-of-function mutations paradoxically lead to bleeding diathesis,
the lack of significant thrombosis is a testament to self-regulation by
VWF, GPIba on platelets, and ADAMTS13. Itis only in ADAMTS13
deficiency that the dark force takes over and the Jedi turns into
Darth Vader. Length regulation after secretion even allows length
to be personalized. Patients with aortic stenosis have shorter VWE
which predisposes them to bleeding%; however, one wonders if
this shortening also protects them against thrombosis.

VWD and low VWF are associated with lowered incidence of
arterial thrombosis.?”*® Conversely low ADAMTS13 is arisk factor
for venous thrombosis and ischemic stroke.*"°

BLOOD, 28 AUGUST 2014 - VOLUME 124, NUMBER 9

Unfolding of A2 to create the substrate for ADAMTS13 and
activation of A1 for binding to platelet GPIba are each induced by high
flows. How is the balance achieved that enables hemostasis? This
question deserves much more investigation; however, the answers may
lie in kinetics and elongation of VWF at lower forces than required to
unfold A2. A2 unfolding and ADAMTS13 cleavage contribute to the
dynamics of VWE-dependent platelet plug and thrombus growth.”' %
The idea that binding to GPIba on platelets occurs more rapidly than
cleavage by ADAMTS13 is supported by the observation that after
stimulated secretion of VWF strings by endothelial cells, binding of
platelets precedes cleavage by ADAMTS13.%8 The observation of
enhanced cleavage upon ADAMTS13 supplementation in vivo®'>
also suggests that it takes some time after unfolding of A2 for
ADAMTS13 to find and cleave A2.**?

The hemostatic plug and the physiology of elongational flow

Upon rupture of a vessel, platelets bind to VWF in the sub-
endothelium and further plasma VWF binds through Al and A3 to
collagens I, III, and VI in exposed tissues.>**** Collagens provide
a strong foundation for the growing platelet plug, and linkage to the
surrounding tissue for subsequent force exertion by platelets in
retraction. Collagen also strongly activates platelets through GPVI,
and provides a substrate for platelet integrin o,f3;. Tissue factor
activates the clotting cascade, generating thrombin and fibrin.
Thrombin potently induces secretion of VWF from endothelial WPB
and platelet a-granules and activates platelet integrin auyy,33 binding
to fibrin. However, in the absence of VWF or GPIba on platelets,
plugs fail to form.**

An extensive VWF-platelet network forms a lip around the vessel
rim. As the plug grows, the bloodstream may be deflected or divided
into jets that rapidly become smaller.”* Remarkably, the plug forms
largely outside the vessel, precisely at the site of elongational flow at
the vessel outlet®® (Figure 4D,G-I).

Upstream vasoconstriction creates a second site of elongational
flow, and by narrowing the vessel, increases the shear rate between
the two sites of elongational flow, and hence the elongational rate at
the outflow site (Figure 4D,F). Clean transection of vessels as used in
bleeding tests mechanically induces localized vessel constriction.”®
Furthermore, once platelets begin to form a plug, they release a
substance, presumably thromboxane A2,”” that induces neighboring
vessels, including uninjured venules and arterioles, to constrict”®
(Figure 4F). Because diffusion must occur in all directions, this
substance will also diffuse in tissue parallel to the injured vessel,
and may be responsible for constriction to a distance of ~500 wm
upstream (Figure 4F). Reflex responses to blunt injury also lessen
bleeding, presumably through sympathetic, adrenergic stimulation
of vascular smooth muscle.””-*®

The transition to elongational flow at the outflow site will
elongate VWF precisely where its function is needed (Figure 4D).
Attachment at the outflow site will prevent tumbling of VWF, and
enable maximum extension. In contrast, for VWF tumbling in shear
flow, alternating cycles of elongation and contraction limit kinetically
the extension that can be reached (Figure 4B)®

Activation by elongational flow may explain how the platelet
plug grows and closes. VWF elongated by tethering will have
multiple Al domains exposed, and individual A1 domains may also
be induced by force exerted within the concatemer to transition
to a state with high affinity for platelet GPIba.. Thus, the tethered
VWF will avidly bind platelets. Furthermore, elongational flow will
elongate VWF as it flows by in the vicinity of tethered platelets,
enabling more VWF binding. Positive feedback between platelet
and VWF binding will continue until the plug is closed.
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Furthermore, at the upstream site of constriction (Figure 4D,F),
it may be hypothesized that VWF would elongate, and that pre-
elongated VWF or preformed VWF-platelet complexes could then join
the forming plug at the outflow site of elongational flow. The presence of
elongational flows specifically at sites of bleeding provides an elegant
mechanism for activating VWF just where hemostasis is needed.**

Previous quantitation of blood flow velocity in both heart-
proximal and distal ends of severed arteries and veins did not find a
good correlation with bleeding times, but did not consider either
vasoconstriction or elongational flow.”® A remarkable 49% of out-
flowing platelets are captured in plugs formed in proximal arterioles.”
It would be interesting to repeat this study with measures of vessel
constriction to test the hypothesized relationship of elongational flow
to platelet plug formation.

The white thrombus: “I felt a great disturbance in the Force”

Development and maturation of a thrombus in an intact vessel, for
example, after trauma in which collagen fibers become exposed, is
similar to that of a hemostatic plug.”* Elegant studies in vivo and in
vitro have emphasized the importance of shear gradients, that is,
elongational flow, in thrombus formation (Figure 4J-K).'% The 2
zones of elongational flow at a stenosis (Figure 4E) correspond in
hemorrhage to the zones of vessel constriction and outflow, respec-
tively (Figure 4D). Notably, VWF and platelets accumulate in the
second zone of elongational flow in both the hemostatic plug and
white thrombus (Figure 4G-K).

Elongational flow is much more effective than shear flow in
inducing thrombus formation. An upstream shear of 1800 s~ that
peaks at 20000 s~ ' at the stenosis and transitions to 800 s~
downstream induces strong platelet accumulation (Figure 4K),
whereas no thrombus formation occurs in a straight channel at
20000 s~ '.1% Similarly, theory and simulation show elongation of
VWEF at much lower elongational than shear rates*** (Figure 4C).
Following injury, efficient initiation of thrombus formation requires
VWEF and platelet GPIba.'% Subsequent stabilization of an inner
zone of platelets and tether restructuring between discoid platelets
requires integrin o33 and a low level of platelet activation, whereas
maintenance of the thrombus and continued accretion of platelets in
alooser, transiently adhering layer requires GPIba.'® It is tempting
to speculate that VWF activation by elongational flow plays a key
role in white thrombus formation, growth, and closure. VWF is
particularly important in the final step of vessel occlusion, both in
arteries and veins.'®''*?

VWF is emerging as an important risk factor and therapeutic target
in thrombosis, particularly in stroke.'®* Mutations in Al and A3 that
abolish GPIba and collagen binding, but not mutation of VWC4 to
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abolish integrin ayy,3; binding, are protective against brain ischemia-
reperfusion injury.'® A number of potential therapeutics to VWF
including Al domain inhibitors and ADAMTS13 show promise in
small animals,48’91"03 even when given after an ischemic insult, 7103104

This review has emphasized how VWF has Jedi knight powers
to sense the difference between good shear flow and bad
elongational flow. Physics provides the broad outlines on how
elongational flow can activate VWFE.*! It is now important to
make experimental measurements, determine whether platelet
binding can synergize with flow in elongating VWF, and relate the
admixtures of shear and elongational flows that are seen in vivo in
health, hemostasis, and thrombosis to values required for VWF
elongation. The predicted high-affinity, force-induced confor-
mation of A1 will be important to structurally characterize. The D
assemblies are unknown at atomic resolution, and hold the secrets
of dimeric bouquet formation, helical tubule assembly in WPB,
and binding to and stabilization of FVIII. How D'D3 binds FVIII
could lead to important advances in FVIII replacement therapy for
hemophilia A. Finally, it is important to realize the power of VWF
and its length regulation by ADAMTS 13 as therapeutic targets in
thrombosis, stroke, and myocardial infarct.
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