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The interaction of circulating platelets with the vessel wall involves a process of cell catch and release, regulating cell
rolling, skipping, or firm adhesion and leading to thrombus formation in flowing blood. In this regard, the interaction of
platelet glycoprotein Iba (GPlba) with its adhesive ligand, vWF, is activated by shear force and critical for platelet
adhesion to the vessel wall. In this issue of the JCI, Yago and colleagues show how gain-of-function mutations in the
GPIboa-binding vWF A1 domain disrupt intramolecular interactions within WT vWF A1 that regulate binding to GPlba and
flow-enhanced platelet rolling and adhesion (see the related article beginning on page 3195). Together, these studies
reveal molecular mechanisms regulating GPlbo-vWF bond formation and platelet adhesion under shear stress.
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The interaction of circulating platelets with the vessel wall involves a process
of cell catch and release, regulating cell rolling, skipping, or firm adhesion
and leading to thrombus formation in flowing blood. In this regard, the
interaction of platelet glycoprotein Ibo. (GPIba) with its adhesive ligand,
vWTF, is activated by shear force and critical for platelet adhesion to the vessel
wall. In this issue of the JCI, Yago and colleagues show how gain-of-function
mutations in the GPIba-binding vWF A1l domain disrupt intramolecular
interactions within WT vWF A1 that regulate binding to GPIbo and flow-
enhanced platelet rolling and adhesion (see the related article beginning on
page 3195). Together, these studies reveal molecular mechanisms regulating
GPIbo-vWF bond formation and platelet adhesion under shear stress.

One of nature’s mightiest forces is reptil-
ian in origin. The gecko’s foothold has a
force of approximately 10 N/cm?, allowing
the gecko to more than support its own
weight under the force of gravity (1). The
biomechanics of this superb adaptation
for reversible weight-bearing attachment
to smooth surfaces involves hair-like struc-
tures (seta) on the footpad that end in mul-
tiple spatula-shaped projections capable
of bearing approximately 20 uN per seta.
Altering the 3D orientation of the seta with
the surface (related to uncurling and peel-
ing movements of the toe) can increase or
decrease detachment forces (1).

No less remarkable in the mammalian
world are structural adaptations at the
molecular level controlling receptor-medi-
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ated cell adhesion, in particular cell attach-
ment under hydrodynamic shear flow in
the bloodstream (2-8). In the case of blood
platelets, this involves the reversible inter-
action between platelet glycoprotein Iba
(GPIbay; the major ligand-binding subunit
of the GPIb-IX-V complex) and vWF asso-
ciated with an injured or diseased vessel
wall. Fluid shear rates in flowing blood
may be minimal at the center of the ves-
sel, but become increasingly pronounced
approaching the vessel wall as a result of
drag (9). Shear stress on an adherent cell
(force per unit area) depends on cell size,
fluid viscosity, and proximity to the wall.
At the cellular level, this has profound
effects on initial contact, translocation,
and firm adhesion of platelets under shear
conditions. As shear rates increase from
low physiological rates (less than 600 s1)
to high physiological rates (up to about
1,500 s!) to pathological rates (up to about
10,000 s71, such as in a stenotic artery), con-
tact adhesion of platelets is increasingly
dependent on GPIba/vWF, and elongated
tether-like structures may form parallel to
the direction of flow (10, 11).
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To date, little is understood about the
mechanical properties of individual GPIbo,/
vWF molecular bonds, or how congeni-
tal point mutations affecting GPIba-vWF
binding affinity determine the physical
interaction. In their study in this issue of the
JCI, Yago et al. use atomic force microscopy
(AFM) and molecular dynamics simulations
to show how orientation of the GPIb-bind-
ing Al domain of vWF with GPIba, involv-
ing alignment of specific amino acid resi-
dues, may regulate catch/slip bonding and
release of GPIba as shear force increases (8).

vWF

vWEF is a multifunctional adhesive glycopro-
tein stored in platelet a-granules and Wei-
bel-Palade bodies of endothelial cells. In its
mature form, it consists of disulfide-linked,
approximately 275-kDa subunits forming
multimers of at least 20,000 kDa (Figure
1). Each subunit is composed of conserved
domains: D'-D3-A1-A2-A3-D4-B1-B2-B3-
C1-C2 (12). The Al domain encompass-
ing the disulfide bond at C1272-C1458
(C509-C69S in the mature sequence) con-
tains the binding site for GPIba, heparin,
and other binding partners. The vWF A3
domain binds collagen, while C1 contains
an Arg-Gly-Asp (RGD) sequence that binds
the platelet integrin aupPs. The GPIb-bind-
ing site on vWF Al is cryptic under static
conditions, but becomes competent to bind
receptor when matrix associated, exposed
to shear force, or activated by nonphysi-
ological modulators such as the bacterial
glycopeptide ristocetin or the snake toxin
botrocetin (12, 13). Ultralarge vWF multim-
ers expressed on activated endothelial cells
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Figure 1

vWF-dependent platelet adhesion at high shear. GPIb—IX-V—dependent adhesion of human platelets to multimeric vVWF on the vessel wall — ini-
tiating thrombus formation — involves GPIba binding vVWF A1, a conformationally activated domain of vVWF. In their study in this issue of the JCI,
Yago et al. (8) show how shear force disrupts vVWF A1 electrostatic interactions of D1269 with R1306 and R1450, reorientating vVWF A1 relative
to receptor and aligning R1334 of vVWF to interact with E14 on GPIba, facilitating adhesion under flow (red and blue circles denote negatively
and positively charged residues, respectively; see ref. 8 for structures). The authors show that vWD type 2B mutations (R1306Q or R1450E)
constitutively disrupt interactions with D1269, enhancing binding to GPlba, as well as promoting ADAMTS-13-dependent cleavage within vVWF
A2. These findings explain how these VWD mutations lead to enhanced vWF binding to platelet GPlba and depletion of VWF associated with type
2B vWD. In WT vWF, the shear-induced changes in the binding interaction between vVWF and GPlba show how platelet adhesion is enhanced
under the influence of shear force and how thrombus formation can be initiated at the vessel wall in flowing blood.

are highly prothrombotic and bind platelets
with high avidity. Under shear stress, the
metalloproteinase a disintegrin and metal-
loproteinase with a thrombospondin type 1
motif-13 (ADAMTS-13) cleaves within the
A2 domain, between Y1605 and M1606,
decreasing vWF size and downregulating
GPIb-dependent platelet adhesion.

Platelet GPIb-IX-V

Thrombus formation requires the initial
contact of circulating platelets with the
vessel wall, triggering platelet activation,
shape change, and spreading as well as
secretion of agonists such as ADP, lead-
ing to activation of oupf; that binds vWF
or fibrinogen and mediates platelet aggre-
gation. Platelet GPIba (of the GPIb-1X-V
complex), which binds vWF, and the col-
lagen receptor GPVI/FcRy form an adhe-
sion-signaling complex unique to platelets
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and critical for thrombus formation at
high physiological or pathological shear
rates (12, 13). The vWF-binding domain of
GPIbo. — H1-E282, which is elevated from
the plasma membrane by a mucin stalk —
consists of an N-terminal disulfide-looped
capping sequence (residues 1-35), a leucine-
rich repeat sequence (residues 36-200), a
C-terminal disulfide-looped flanking
sequence (residues 201-268), and an anion-
ic/sulfated sequence (residues 269-282)
(12-14). Cocrystal structures show major
contact points for vWF Al clustered
mainly within the N-terminal capping and
C-terminal flanking sequences and binding
interfaces of electrostatic complementar-
ity (14-16). The domain of GPIba situated
between residues 1 and 282 also contains
binding sites for other adhesive ligands
(e.g., thrombospondin), counter-receptors
(e.g., P-selectin and the leukocyte integrin
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ampPz), and coagulation Factors XI and XII,
kininogen, and thrombin (12).

Bonding between vWF A1 and GPlba
The AFM method Yago et al. describe in their
current study (8) used a cantilever coated
with GPIba ectodomain (i.e., glycocalicin) or
albumin-coated control, which was placed in
contact with a petri dish surface coated with
WT or mutant vWF Al domain. It was left
approximately 4 nm above the surface for a
second to allow the bond to form; the probe
was then retracted at a preset force, allow-
ing measurement of whether a bond formed
and how long it lasted, i.e., bond lifetime (8).
Effects of shear on the GPIba-vWF interac-
tion were also measured by passing platelets
or GPIb-coated microspheres over immobi-
lized vWF Al. Analysis of the WT vWF Al-
GPIbo interaction revealed that binding was
biphasic, consistent with prolonged (catch)
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and shortened (slip) lifetime bonds. Catch
and slip describe bonds under the influence of
force: for catch bonds, force may enhance the
binding interaction to prolong bond lifetime,
for instance by conformational deformation;
for slip bonds, force lowers the energy barrier
between bound and free states, shortening
bond lifetime (7). In their experiments, Yago
etal. observed an upward trend with increas-
ing force to an optimal level (catch bonds);
as force further increased, bond lifetimes
decreased (slip bonds) (8). This behavior of
individual GPIba-vWF bonds under shear
correlated with adhesion of platelets or
beads to vWF under flow, where increasing
shear forces initially decreased rolling veloc-
ity, transitioning to increased rolling velocity
as the shear flow further increased. Breaking
of the GPIba-vWF bond was necessary for
the rolling platelet to move a step forward,
meaning that longer bond lifetimes decrease
rolling velocity. That is, the type (catch/
slip) and strength (regulating attachment/
detachment) of the receptor/ligand interac-
tion enabled the circulating cell to roll, skip,
adhere, or detach depending on shear force.

Other receptor/ligand interactions

Bond strengths and dynamics have previous-
ly been analyzed for other adhesion receptors,
revealing that multiphase bond formation
is common. Cadherins, which form homo-
typic bonds, may initially form rapid, weak
interactions followed by a lag and transition
to a second, stronger binding state with a
slow dissociation rate (2). Rupture forces for
abPs-fibrinogen complexes show increased
affinity of activated conformers of ouP; and
2 activation states (3, 4). However, like plate-
let GPIba-vWF adhesion, selectin-mediated
interactions controlling leukocyte adhesion
to the vessel wall (e.g., P-selectin-binding or
L-selectin-binding carbohydrate ligands) are
enhanced under flow conditions and involve
analogous catch/slip interactions (5-7).

Gain-of-function mutations and von
Willebrand disease

In human von Willebrand disease (vIWD),
vWEF may be depleted (type 1), qualitative-
ly abnormal (type 2A or 2B), or virtually
absent (type 3); type 2B vWD mutations are
clustered within the vWF Al domain and
cause enhanced affinity for viWF binding
to platelet GPIbal (11). Yago et al. also ana-
lyzed the effects of gain-of-function muta-
tions R1306Q and R1450E in the viWF Al
domain on GPIba bond formation as well as
the relative importance of catch/slip bond-
ing in GPIba-vWF-dependent adhesion
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(8). Compared with WT, mutant viWF Al
containing R1306Q or R1450E overcame
the dependence on shear for enhanced bind-
ing, eliminating catch bonds by prolonging
lifetimes at low forces, and increasing rolling
of platelets or beads as shear flow increased.
Based on molecular dynamics simulations
(simulating application of force to structures
determined under static conditions), Yago et
al. suggest that with WT vWF A1-GPIba,
increasing force ruptures an intramolecular
salt bridge connecting D1269 with R1306
or R1450, reorientating vWF Al relative to
receptor (11° angular rotation) and facilitat-
ing realignment of R1334 of vWF to interact
with E14 of GPIba, prolonging the bond life-
time (i.e., transition from slip to catch bond-
ing). In comparison, R1306Q or R1450E
mutations constitutively disrupt the bond
with D1269, enhancing binding to GPIba
involving R1334 or E14 in the absence of
shear. R1306Q or R1450E mutations in vWF
Al or A1A2A3 constructs not only enhanced
binding to GPIba, but also promoted
ADAMTS-13-mediated cleavage within
vWEF A2. Together, these results account for
VvWE deficiency associated with these type 2B
mutations (although not necessarily all type
2B mutations, some of which do not involve
charged amino acids). The results also show
how electrostatic interactions — intramo-
lecular bridging of D1269 and R1306 or
R1450 and complementary residues of
vWEF (R1334) and GPIba (E14) — regulate
GPIbo-vWF binding. Other evidence is con-
sistent with the importance of electrostatic
interactions between vWF and GPIba. (12).
A negatively charged patch centered on D63
within leucine-rich repeats 2-4 (L60-E128)
of GPIba becomes increasingly important
for GPIb-dependent adhesion to vWF as
the shear rate increases (17); L60-E128
makes minimal direct contact with viWF A1l
under static conditions, which suggests that
shear-dependent conformational changes
may occur in GPIba. Furthermore, muta-
tion of K1362A within the A1 domain of
mouse VWF ablates GPIb-dependent platelet
binding in vivo, with increased bleeding and
defective thrombus formation (18).

Conclusions

The present findings provide an under-
standing of how vWD mutations can affect
vWPEF activity and how the interaction of
vWF with GPIba can be regulated under
shear (8). The technology now available
for investigating single bond strength and
lifetime, together with whole-cell imaging
under flow conditions, suggests ways of
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exploring therapeutic approaches based on
disrupting adhesion kinetics, potentially
attenuating GPIb-vWF-dependent throm-
bosis at pathological shear rates.
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