Review article

'.) Check for updates

Unraveling the scissile bond: how ADAMTS13 recognizes and cleaves

von Willebrand factor

James T. B. Crawley,! Rens de Groot," Yaozu Xiang,! Brenda M. Luken,' and David A. Lane’

1Centre for Haematology, Imperial College London, London, United Kingdom

von Willebrand factor (VWF) is a large
adhesive glycoprotein with established
functions in hemostasis. It serves as a
carrier for factor VIl and acts as a vascu-
lar damage sensor by attracting platelets
to sites of vessel injury. VWF size is
important for this latter function, with
larger multimers being more hemostati-
cally active. Functional imbalance in mul-
timer size can variously cause microvas-
cular thrombosis or bleeding. The
regulation of VWF multimeric size and

platelet-tethering function is carried out
by ADAMTS13, a plasma metalloprotease
that is constitutively active. Unusually,
protease activity of ADAMTS13 is con-
trolled not by natural inhibitors but by
conformational changes in its substrate,
which are induced when VWF is subject
to elevated rheologic shear forces. This
transforms VWF from a globular to an
elongated protein. This conformational
transformation unfolds the VWF A2 do-
main and reveals cryptic exosites as well

as the scissile bond. To enable VWF pro-
teolysis, ADAMTS13 makes multiple inter-
actions that bring the protease to the
substrate and position it to engage with
the cleavage site as this becomes ex-
posed by shear. This article reviews re-
cent literature on the interaction between
these 2 multidomain proteins and pro-
vides a summary model to explain proteo-
lytic regulation of VWF by ADAMTS13.
(Blood. 2011;118(12):3212-3221)

Many of the coordinated processes involved in hemostasis are
driven by proteolytic reactions in which proteases cleave specific
substrate bonds. Bond cleavage can lead to activation, propagation,
or inactivation of a biochemical process. Control of proteolytic
reactions is complex and, in its broadest sense, embraces localiza-
tion of the protease and substrate, recruitment of cofactors for the
purpose of acceleration of cleavage and then, direct or indirect
inhibition of the protease to terminate its action. The plethora of
proteolytic reactions in hemostasis provides examples of both
general and process-specific mechanisms of control, which are all
needed to ensure effective coordination. The proteolytic regulation
of von Willebrand factor (VWF) function by its cleaving protease,
ADAMTS13, falls into the latter category (ie, process-specific
control), as it has certain unique features that set it apart from other
hemostatic reactions. VWF is a large adhesive glycoprotein,
necessary for initial platelet tethering and subsequent platelet
adhesion.! It is a multiadhesive protein that can interact with cell
surface, extracellular matrix, and plasma protein ligands through
specific domain binding sites.>® VWF is synthesized as a multi-
meric protein, which is central to its physiologic role. VWF function as a
vessel wall damage sensor and initiator of primary hemostasis is highly
dependent on its multimeric size.” The larger VWF multimers in plasma
are the most hemostatically reactive not only because they contain more
ligand binding sites, but also because they are more conformationally
responsive to vascular shear forces.!

In circulation, a first level of functional control of VWF is
provided by its adoption of a globular conformation.® The conse-
quence of a globular fold is that certain interaction sites are buried
and inaccessible to their ligands, which enables VWF to patrol the
intact vasculature without binding unnecessarily to platelets or to
plasma proteins. The functional quiescence of circulating VWF is
perturbed by vessel damage, which results in the exposure of the
collagen-rich matrix that normally underlies the protective endothe-
lial cell monolayer. Globular VWF recognizes this newly exposed

collagen leading to its specific recruitment to the damaged vessel
wall. VWF then undergoes a unique structural transition whereby it
is unfolded by local shear forces exerted on the tethered molecule
by the flowing blood.® In this way, VWF adopts an elongated,
“active” conformation that exposes previously hidden platelet
binding sites that mediate the capture of circulating platelets to the
site of vascular injury. These first steps in the genesis of the primary
platelet plug illustrate the importance of VWF conformation for its
hemostatic function. Intriguingly, this same process of shear-
dependent unfolding that activates VWF into a functional hemo-
static protein also represents a primary determinant of the proteo-
lytic regulation that controls VWF function.’

VWEF is synthesized in a multimeric form that is essentially too
large and thus too reactive for its routine functions. Although the
largest plasma VWF multimers have generally been considered to
range from 20- to 40-mers, more recent measurements have
estimated that 100- or 200-mers may also exist, suggesting that
stored endothelial and platelet VWF multimers may even exceed
this.!® Control of VWF size, therefore, requires a specific regula-
tory mechanism. The plasma metalloprotease, ADAMTS13, pro-
vides this function by cleavage of a single peptide bond (Tyr1605-
Met1606) located within the central VWF A2 domain (Figure
1A-B).!12 However, while in its globular conformation VWF is
essentially resistant to proteolysis, and only when VWF unfolds in
response to shear does the scissile bond become accessible for
ADAMTSI13 to cleave. Proteolysis reduces VWF multimer size
and, consequently, also its hemostatic function. The clinical
importance of the regulation of VWF multimeric size by
ADAMTSI13 is exemplified by the clinical manifestation of
dysfunction of the VWF-ADAMTS13 axis. ADAMTS13 defi-
ciency (with consequent loss of VWF proteolysis) is associated
with thrombotic thrombocytopenia purpura (TTP),'3 a disease
caused by clumping of platelets by ultra large (UL)-VWF and
defined clinically by microangiopathic hemolytic anemia and
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Figure 1. The substrate, VWF. (A) Domain organization
of VWF. N-linked and O-linked glycosylation sites are
represented by green and orange lollipops, respectively. A
The propeptide (yellow represents D1 and D2) is marked.

S-S indicates sites of intermolecular disulphide bond N
pairing. Vertical arrows indicate the location of cleavage

sites (furin and ADAMTS13). Ligand binding sites (FVIII,
GPlbe, collagen, and ay 5By are labeled below. (B) Sche-

matic representation of the VWF A1, A2, and A3 do-
mains. The paired cysteines in A1 and A3 are shown. The

vicinal disulphide bond that forms the molecular plug in

the A2 domain and the Tyr1605-Met1606 (YM)
ADAMTS13 cleavage site are also represented. (C) Struc-

ture of the VWF A2 domain highlighting the N-linked
glycosylation sites (green), vicinal disulphide bond (blue),

and the ADAMTS13 cleavage site (red) hidden in the
center of the folded domain. (D) Molecular models of the
unfolding of the VWF A1-A2-A3 domains. In globular

VWEF, the A3 domain collagen binding site is exposed.
Elevated shear forces on VWF cause uncoupling of the A
domains, extraction of the Cys1669-Cys1670 vicinal
disulphide plug, and unraveling of the A2 domain. This
exposes the GPIba binding site in the A1 domain, cryptic
ADAMTS13 binding sites, and the cleavage site in the A2
domain (red).
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thrombocytopenia.'* In contrast, excessive ADAMTS 13-mediated
VWEF proteolysis precipitates type 2A von Willebrand disease! in
persons carrying mutations in VWF that increase the cleavage
susceptibility of the scissile bond. There have also been sugges-
tions that the hemostatic imbalance caused by reduced ADAMTS13
cleavage of VWF may contribute to thrombosis associated with
cardiovascular diseases, but the evidence is currently conflicting. 617

Control of VWF function by proteolysis depends on themes that
are well rehearsed in hemostasis, including both the interaction of
remote exosites and recognition of the scissile bond by the
substrate-binding pocket of the protease. However, unlike the vast
majority of hemostatic proteases, ADAMTSI3 activity is not
subject to direct regulation by a specific inhibitor. Although free
hemoglobin'® and IL-6' can both inhibit ADAMTS13 function,
these do not represent normal physiologic regulators (but may
inhibit ADAMTS13 under pathophysiologic circumstances). Cer-
tain coagulation proteases, such as thrombin and plasmin,?® might
play a role in controlling activity because ADAMTS13 is sensitive
to proteolysis by these serine proteases at defined cleavage
inactivation sites.?! However, as evidence of ADAMTS13 proteol-
ysis in vivo has only been observed in patients with severe sepsis?
or in a very rare case of ay-antiplasmin deficiency,? it is probable
that this remains a pathologic phenomenon rather than a normal
control mechanism. The absence of a specific inhibitor, therefore,
implies that in the normal physiologic context, ADAMTSI13 is
essentially unregulated and that its activity is primarily controlled
by both the availability of the scissile bond of VWF and the
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specificity of the VWF-ADAMTS13 interaction. Substrate control
of protease function represents an intriguing and less familiar
mechanism in the setting of hemostasis, and yet this is central to
control and coordination of platelet tethering. Over the past decade,
much attention has been paid to the molecular mechanisms
underlying the control of VWF function by ADAMTS13, the focus
of this review.

The substrate, VWF

Synthesis of VWF is restricted to endothelial cells and megakaryo-
cytes.?*? The nascent polypeptide monomer (~ 310 kDa) contains
a signal peptide, a propeptide and the now familiar mature VWF
domain organization that contains a variety of specific ligand
binding sites (Figure 1A). Covalent dimerization of VWF mono-
mers takes place in the endoplasmic reticulum, mediated through
intermolecular disulphide pairing of Cys residues in the cysteine
knot domain.?%?” Multimerization of the dimers in the Golgi, in a
process catalyzed by the propeptide (D1 and D2 domains), which
acts as a protein disulphide isomerase to form disulphide bonds
between the N-termini of VWF dimers.?®? During its synthesis,
VWF undergoes extensive glycosylation with 12 N-linked and
10 O-linked glycan side chains on each mature monomer unit
(Figure 1A-C). Glycosylation is essential for secretion of the
protein and 4 N-linked sites (Asn99, Asn857, Asn2400, and
Asn2790) have been identified that are of particular importance for
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Figure 2. The protease, ADAMTS13. (A) Domain organization of
ADAMTS13. From the N-terminus are the metalloprotease domain (MP;
red), disintegrin-like domain (Dis; yellow), TSP repeats (1-8; green),

cysteine-rich domain (Cys; blue), spacer domain (purple), and CUB
domains (orange). Binding sites and function of specific domains are

Scissile A2 A2
bond.  domain domain D4-CK
recognition binding binding binding
(Unravelled VWF) (Globular VWF)

Ca?*-binding site

Dis exosite

labeled below. (B) Structure of ADAMTS13 N-terminal domains (MDTCS)
based on the crystal structure of DTCS and homology modeling of the MP
domain. Surface representation is shown. Domains are colored according
to panel A. (Insets) Cartoon representation of the location of the high-
affinity calcium binding site and coordinating residues (green) in the MP
domain, the active site containing 3 His residues (red) and catalytic
Glu225 (mauve), the disintegrin-like domain exosite, and spacer domain
exosite.

~
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synthesis/secretion.?%3! A small proportion of the N- and O-linked
glycans contain the ABO(H) blood sugars.’> Not only do these
influence plasma VWF levels, their presence also influences VWF
proteolysis by ADAMTS13, as shown by the increased proteolysis
of patients with the rare Bombay blood group.’> The most
important N-linked glycan in this respect is that attached to
Asn1574 within the A2 domain (Figure 1C), which, if removed,
appreciably increases the susceptibility of the VWF A2 domain to
unfold and be proteolysed.’® This glycan may help stabilize the
folding of the VWF A2 domain and therefore also influence the
domain unfolding necessary for proteolysis. The O-linked glycans
are clustered either side of the VWF A1 domain and probably play
arole in stiffening the hinge between the adjacent domains.>*

After glycosylation, furin removes the VWF propeptide, which
then assists in the trafficking of both the mature multimeric VWF
and cleaved propeptide to Weibel-Palade bodies of endothelial cells
or a-granules of platelets. VWF is stored in these organelles in
UL form. These UL-VWF multimers can be released constitutively
from the endothelium into the bloodstream,?® or on demand in
response to a variety of different physiologic agonists capable of
activating the endothelium or platelet.

On secretion, a proportion of VWF released from endothelial
cells remains tethered to the cell surface, from which it is
proteolytically cleaved and released by ADAMTS13.37 Once in
free circulation, VWF adopts its globular conformation. In this
respect, the behavior of the VWF A1-A2-A3 domains is central to
VWEF function. In its globular form, one can envisage that the
collagen-binding site within the A3 domain is constitutively
exposed on the surface, as it must provide the initial contact point
for the newly exposed collagen. Conversely, the glycoprotein Iba
(GPIba) binding site in the VWF Al domain remains largely
hidden until required to prevent spontaneous or unnecessary
platelet binding. The intervening VWF A2 domain that harbors the
ADAMTS13 cleavage site (Tyr1605-Met1606) is folded such that
the cleavage site and VWF A2 domain exosites are hidden/buried
(Figure 1B-C). While in this globular form, VWF exhibits func-
tional quiescence.

Mechanical shear forces in the bloodstream act on the VWF
molecule, thereby stretching it and changing its conformation. This
modulates the exposure of both VWF A1l domain platelet binding
sites and the VWF A2 domain ADAMTSI13 binding/cleavage
site(s).%3? Larger VWF multimers unravel more readily under high
shear.®® Furthermore, attachment of VWF multimers to collagen
and/or platelets further facilitates unfolding because of increased
tensile force acting on the VWF molecule. VWF unfolding is
thought to involve both the uncoupling of the VWF A1-A2-A3
tridomain cluster, and conformational changes within individual
domains,?® most notably the VWF A2 domain*® (Figure 1D).

The protease, ADAMTS13

ADAMTS13 is synthesized in hepatic stellate cells*' and vascular
endothelial cells*? as an ~ 180-kDa glycoprotein. Its domain
structure is depicted in Figure 2A. ADAMTS13 is a member of the
ADAMTS family of Zn?>"-dependent metalloproteases, which all
contain (from the mature N-terminus) a metalloprotease, disintegrin-
like, thrombospondin type 1 (TSP) repeats, cysteine-rich and
spacer domains.!343-45 Thereafter, different family members con-
tain variable numbers and types of domains.

The metalloprotease domains of the ADAMTS family are
characterized by a reprolysin-type Zn>* binding signature (HEXX-
HXXGXXHD) involving 3 perfectly conserved His residues
(Figure 2B). This sequence also contains an active-site Glu residue
(at position 225 in ADAMTS13), which polarizes a water molecule
that is stabilized by the coordinated Zn>* ion, and is part of the
proteolytic machinery. The Zn?"-binding motif is followed in all
ADAMTS metalloprotease domains by a tight “Met-turn,” which is
a further structural characteristic of these metalloproteases.

Whereas these common structural features in ADAMTS family
members are critical for substrate recognition and hydrolysis of the
scissile bond, differences in the substrate binding exosites and in the
architecture of the catalytic site allow each ADAMTS family member to
recognize and proteolyse its physiologic substrate at a particular site.
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ADAMTSI13 requires divalent cations for its activity.!” In
addition to the Zn?>* ion in the active center, Ca®* ions are also
required for enzyme function. On the basis of ADAMTS family
sequence conservation and structural analyses of the metallopro-
tease domains of ADAMTS1, ADAMTS4, and ADAMTS5,%48 a
double Ca?* binding site within the ADAMTS13 metalloprotease
domain coordinated by Glu83, Asp173, Cys281, and Asp284 was
predicted.*° However, functional evaluation of this Ca>* binding
site revealed that mutating either Glu83 or Asp173 to Ala did not
appreciably diminish proteolysis of a short VWF substrate.>® This
suggests that the binding of Ca?* to this site is not of major
importance for ADAMTS13 function. Conversely, mutation of
another candidate site composed of Asp182, Asp187, and Glu212
had a major influence on ADAMTSI13 activity.”® Single point
substitutions of these residues increased the Kppp) for Ca2* from
~ 72pM (for wild-type ADAMTS13) up to 720M, indicating a
large reduction in functional binding affinity for Ca?*. That these
residues are present in a loop adjacent to the ADAMTS13 active
site (Figure 2B) suggests that Ca>* binding provides structural
integrity to this loop that is necessary for efficient proteolysis of the
VWF substrate.

Adjacent to the metalloprotease domain in ADAMTS family
members are disintegrin-like domains, which share similarity with
snake venom disintegrins but lack the canonical cysteine arrange-
ment. Despite its name, the disintegrin-like domain of ADAMTS
family members does not appear to function like a disintegrin and
bears greater structural similarity to the cysteine-rich domains>':
this is evident from the recently published crystal structure of the
ADAMTS13 noncatalytic domains spanning the disintegrin to
spacer domains.’?> In addition, and unlike the ADAM family
metalloproteases, the disintegrin-like domain of the ADAMTS
family contains a linker region that extends around the back of the
metalloprotease domain and positions the disintegrin-like domain
at one end of the active-site cleft.

The TSP repeats of ADAMTS13 are homologous to the type
1 repeat of thrombospondin-1 and -2. The first TSP repeat (48-
54 residues) is very similar in all members and generally contains
6 cysteines. The downstream TSP repeats (after the spacer domain) are
much more variable in sequence. The 4th TSP repeat of ADAMTS13
contains just 4 Cys residues, 2 of which are predicted to remain
unpaired. Four TSP domains in ADAMTS13 contain a CSVSCG motif
in which the second serine is O-linked glycosylated and forms a
consensus binding sequence for the CD36 cell surface receptor.>

The cysteine-rich domain of ADAMTS13 demonstrates high
sequence homology with the other ADAMTS family members,
which contain 10 conserved cysteines (except ADAMTS10). This
precedes the spacer domain, which contains no cysteines and is of
highly variable length among family members. It is the least
homologous of all the domains and is globular with 10 3-strands in
a jelly roll topology, forming 2 antiparallel 3-sheets.

ADAMTS13 is the only member of the ADAMTS family to contain
CUB domains, of which there are 2 located at the C-terminus. CUB
domains are present on proteins known to be important for developmen-
tal regulation, such as bone morphogenetic protein-1.

ADAMTS13 recognition of globular VWF

Recognition of VWF by ADAMTS13 is complex, yet highly
specific and involves multiple interactions between distinct do-
mains of both ADAMTS13 and VWE, with some of the interaction
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sites on VWF only becoming exposed during shear. Much of the
structure-function work on ADAMTS13 has used domain deletion
mutants that retained the metalloprotease domain but were progres-
sively truncated from the C-terminus. Despite the limitations of
potential conformational changes induced by domain deletion,
these mutants have provided valuable initial tools for exploring
ADAMTS13 domain function. Early results with deletion mutants
of ADAMTSI13, however, provided inconsistent and condition-
dependent evidence for a functional role for the C-terminal TSP
repeats and CUB domains. For example, it was widely held that
truncation mutants of ADAMTS13 with deletions after the spacer
domain (MDTCS) retained most of their activity in cleaving VWF
under static denaturing conditions, implying that these domains
might be dispensable.’*>% Another study reported activity of
deletion mutants in flow based, but not in static assays.”’” However,
the C-terminal TSP and CUB domains have been claimed to be
important for optimal cleavage activity of ADAMTS13 under flow
conditions,’® against full-length murine VWF® and for cleaving
platelet decorated strings in vivo.® Finally, a peptide sequence
from first CUB domain was found to inhibit VWF proteolysis
under flow conditions.®! To resolve such conflicting results,
Zanardelli et al prepared deletion mutants of both VWF and of
ADAMTS13 and performed binding and activity studies under
both static and flow conditions.®> These experiments showed
that full-length ADAMTS13 could bind with a Kp ~ 86nM to
VWEF in its quiescent/globular (as opposed to its unraveled)
conformation. This binding is mediated in part by the VWF D4
domain and the TSP>-8 and/or the CUB domains of ADAMTS13.
Similar conclusions were drawn by Feys et al using immunopre-
cipitation of VWF-ADAMTS13 complexes in solution to deter-
mine a Kp ~ 79nM.% This interaction was dependent on the
ADAMTS13 TSP?#® repeats. Both studies demonstrated the
specific binding of ADAMTS13 to globular VWF, and that in the
absence of shear-induced unfolding of VWF this interaction is
nonproductive in terms of VWF proteolysis.

Feys et al demonstrated that a proportion of globular VWF
and ADAMTS13 normally circulate in plasma in complex with
each other.®® The stoichiometry of ADAMTS13 to globular
VWEF is low (~ 1 ADAMTS13 molecule per 250 VWF mol-
ecules).% This suggests that the larger, more hemostatically
active VWF multimers are the most probably globular VWF
forms to circulate in complex with ADAMTSI13.% It is also
these larger species that contribute most to platelet plug
formation. Consequently, although only a small percentage of
plasma ADAMTS13 (~ 3%) actually circulates bound to VWF,
this pool may be particularly effective at colocalizing VWF and
ADAMTSI13 to the site of vessel damage. Evidence that this
may be of functional significance was provided by Banno et al,®
who examined mice with an Adamtsl3 gene that expresses a
truncated form of the enzyme (ADAMTS135) that lacks the
TSP(7/8) and CUB domains.® Neither the Adamtsi3™* nor
Adamts13% mice had discernible differences in their plasma
VWF multimers, suggesting that the TSP(7/8) and the CUB
domains may not be necessary for modulating normal plasma
VWF size.®> However, mice expressing the truncated
ADAMTS13 were more thrombogenic in experimental throm-
bus formation under high shear conditions, suggesting that the
loss of the TSP(7/8) and CUB domains impaired the ability of
ADAMTSI13 to regulate VWF-dependent development of the
platelet plug.
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VWF A2 domain unfolding is required for
proteolysis by ADAMTS13

Although ADAMTS13 can bind globular VWFE, it cannot cleave it'?
because further binding sites and the scissile bond are hidden inside
the folded VWF A2 domain.®”% The folded VWF A2 domain
adopts an atypical Rossman fold in which amphipathic a-helices
surround a central 3-sheet in which the ADAMTS13 cleavage site
is buried®’ (Figure 1B-C). Although the VWF A2 domain is highly
homologous to the VWF Al and A3 domains, it is more prone to
unfolding because it lacks an intradomain disulphide bond that
connects the N- and C-termini and further destabilized because one
of the amphipathic a-helices has been replaced by a less-ordered
loop (a4-less loop)®” (Figure 1B-C). The VWF A2 domain crystal
structure has also revealed a very rare vicinal disulphide bond
between adjacent Cys1669 and Cys1670 at the C-terminus of the
last a-helix in the A2 domain. This vicinal disulphide bond forms
an 8-membered ring that bends the peptide backbone in an
unusually strained conformation and forms a “molecular plug” that
directly interacts with hydrophobic residues in the core of the
domain.%” This disulphide bond was therefore hypothesized to
stabilize the VWF A2 domain fold. Luken et al indeed showed that
when this disulphide bond is removed by mutagenesis, the VWF
A2 domain more readily unfolds and is more susceptible to
proteolysis by ADAMTS13.9 When VWF encounters elevated
rheologic shear forces, this “molecular plug” is pulled out,
allowing water molecules to enter and destabilize the hydrophobic
core resulting in VWF A2 domain unfolding (Figure 1D).

Of all the VWF A2 domains that are present in a long VWF
multimer, it is those in the middle that are most likely to unfold and
therefore be cleaved. Under shear the tensile forces that are applied
on VWF increase with the distance from the nearest end of the
multimer.?® This means that the force is highest in the middle, but
also that an VWF A2 domain in the middle of a large multimer is
more prone to unfolding than one in the middle of a short multimer.
This provides a mechanism that distinguishes VWF multimers that
need to be cleaved (larger ones) from those that do not (shorter
ones).

Zhang et al investigated the forces necessary to unfold the VWF
A2 domain using laser tweezers.>® They applied force to a single
VWF A2 domain and measured the increase in length at different
forces. They found that the VWF A2 domain typically unfolds at
approximately 11pN. Their analysis predicted that this tensile force
might correspond to that encountered in the middle of a free
flowing 200-mer VWF multimer in arterioles and capillaries. Apart
from during transit through arterioles and capillaries, such high
shear rates are also encountered when VWF is bound to platelets,
collagen or during secretion from endothelial cells. VWF bound to
platelets has indeed be shown to be more susceptible to cleavage by
ADAMTS13,7° and VWF multimers are cleaved by ADAMTS13
on secretion from endothelial cells.?’

Zhang et al also found that when force was relaxed after domain
unfolding, the VWF A2 domains could refold.?® Refolding after a
high shear encounter in the circulation is probably important in
preventing excessive cleavage. Interestingly, the VWF A2 domain
contains a cis-proline (Pro1645) that when exposed to high forces
(eg, when VWF is bound to platelets) could potentially become a
trans-proline, which could last long enough (100-1000 seconds) to
delay refolding and, in turn, enhance the opportunity for proteoly-
sis by ADAMTS13. The biophysical balance between unfolding
and refolding represents a key determinant of VWF function.
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Figure 3. ADAMTS13 recognition of the VWF cleavage site. (A) Molecular model
of the ADAMTS13 metalloprotease (MP; light red) and disintegrin-like (Dis; yellow)
domains. (Inset) The active site cleft. Active site residues (Zn2* ion, its 3 coordinating
His residues His224, His228, and His234, as well as the catalytic Glu225 residue)
and disintegrin-like domain exosite residues are labeled. The high-affinity functional
Ca?*-binding loop is also marked. Regions of the metalloprotease domain that are
predicted to harbor the S3, S2, S1, S1’, and S2’ subsites are labeled marked in
different colors. (B) Below the active site cleft, VWF A2 domain residues Leu1603-
Asp1614 are depicted as sticks and transparent spacefill. The P3, P2, P1, P1’, P2’,
and P9’ residues in VWF that are important for proteolysis are labeled and colored
according to their predicted complementary subsites (S) in the metalloprotease
domain.

The ADAMTS13 spacer domain binds to a
cryptic VWF A2 domain exosite that is
revealed on unfolding

Once the VWF A2 domain is unfolded, additional binding sites for
ADAMTS13 on VWF are revealed. To investigate where within the
VWF A2 domain these binding sites reside, short VWF A2 domain
fragments, such as VWFI115 and VWF73, have been used as
substrates.®®’! C-terminal deletion mutants of these fragments
demonstrated that VWF A2 domain residues Glul660-Argl668
appreciably contribute to the cleavage of the Tyr1605-Met1606
scissile bond.”! Gao et al found that the ADAMTSI13 spacer
domain binds to this sequence, referred to as a VWF A2 domain
exosite, and that deletion of either the spacer domain from
ADAMTSI13, or deletion of the VWF A2 domain exosite reduced
cleavage of VWF73 by approximately 20-fold.”> Wu et al isolated
short peptides containing the VWF A2 domain exosite that were
able to inhibit cleavage of short substrates and of full-length
multimeric VWE27 This VWF A2 domain exosite is cryptic
inasmuch as it is not exposed in the isolated folded VWF A2
domain or in globular VWFE.%2%0 Exposure of this cryptic exosite
requires the extraction of the adjacent molecular plug formed by
the vicinal disulphide bond, Cys1669-Cys1670 (Figure 1D) and
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uncoupling of the C-terminal a-helix in which residues Glu1660-
Argl1668 reside. As this region is predicted to unfold first, even
partial unfolding of the VWF A2 domain could be sufficient for the
spacer to bind.

Further insight into the nature of the ADAMTSI13 spacer
domain exosite that binds this VWF A2 domain site came from the
study of autoantibodies that arise in acquired TTP. The ADAMTS13
Cys and spacer domains were shown to be the primary autoimmune
target in TTP.7* Using both monoclonal and polyclonal antibodies
isolated from patients with acquired TTP, Pos et al demonstrated
that ADAMTS13 spacer domain residues Arg660, Tyr661, and
Tyr665 represent a core binding site for autoantibodies.” The
ADAMTS13 spacer domain residues Arg660, Tyr661, and Tyr665
reassuringly align as a surface cluster on the structure of the
noncatalytic domains,’? available for both antibody and VWF A2
exosite interactions” (Figure 2B). Substitution of these amino
acids resulted in a 12-fold reduction in catalytic efficiency (k¢./Ky,)
of VWFII15 proteolysis and a 25-fold reduction in VWFI115
binding.”> This suggested that the core binding site for TTP
autoantibodies overlapped with a functional spacer domain exosite.
Jin et al used similar mutagenesis approaches and suggested that
Arg659 of ADAMTS13 might also contribute to ADAMTS13
spacer-VWF A2 interactions.”® Although ADAMTS13 can bind
globular VWF with a Kp of ~ 80nM via interactions of the
C-terminal TSP and CUB domains, once VWF is unfolded this
binding increases appreciably (Kp ~ 5-10nM) because of the
cooperative effects of the spacer domain and the C-terminal TSP
and CUB domains.

An interesting point is that, although the ADAMTSI13 spacer
domain exosite undoubtedly engages with the cryptic VWF A2
exosite and is a major determinant of short substrate binding and
proteolysis, mutation of this exosite in full-length ADAMTS13
(rather than in the ADAMTSI13 truncation, MDTCS) does not
greatly influence proteolysis of full-length multimeric VWE.”>
Therefore, the interaction between the ADAMTS13 spacer domain
and the VWF A2 domain exosites makes a modest, rather than
pivotal, contribution to the proteolysis of full-length VWFE. This
may suggest some functional redundancy between the spacer
domain and C-terminal TSP and CUB domain binding sites and
further highlights the importance of additional functional exosites
in both molecules.

The ADAMTS13 disintegrin-like domain
interacts with a VWF exosite to orient the
scissile bond toward the active-site

The shear induced extraction of the vicinal Cys1669-Cys1670 plug
from the hydrophobic core of the VWF A2 domain not only
exposes the VWF Glul1660-Arg1668 A2 domain exosite, but also
destabilizes the domain fold to enable exposure of additional
sequences that act as additional exosites. Gao et al used deletion
mutants of VWF73 to propose a number of discreet interactions
between ADAMTS 13 domains and the VWF polypeptide.”” Simi-
lar conclusions were drawn by Akiyama et al based on their crystal
structure of the ADAMTSI13 DTCS domains and functional
analyses of ADAMTS 13 mutants.>> Both studies suggested that the
cysteine-rich domain contains a functional exosite that may interact
with residues adjacent to the VWF A2 domain exosite that binds the
spacer domain.”>7” However, at the time of writing, it is not yet
clear what the nature of this interaction is, or what its relative
contribution to the proteolysis of full-length VWF might be.
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The role of the ADAMTSI13 disintegrin-like domain was
investigated in detail by de Groot et al using both deletion and
substitution mutagenesis.”® A role for this domain had been
suggested by earlier reported domain deletion studies®*> and
confirmed by de Groot et al.”® The use of molecular modeling and
sequence homology alignments with ADAMTS family members
helped identify potential exosite residues in this domain that might
make interactions with VWE. Kinetic analysis of point substitu-
tions revealed that mutation of Arg349 or Leu350 in the ADAMTS13
disintegrin-like domain reduced cleavage of VWF115 by approxi-
mately 10- to 20-fold because of both an increase in K,, and
decrease in k., suggesting changes in both functional substrate
binding and substrate turnover.”® The effect of mutating this exosite
is very similar to the magnitude of the disruption of the spacer
domain exosite in proteolysis of short A2 domain fragments, but
appreciably greater when examining the proteolysis of full-length
multimeric VWE."3

The proximity of these amino acids in the disintegrin-like
domain to the active site in the adjacent ADAMTS13 metallopro-
tease domain (Figures 2B, 3A) suggested that they would likely
interact with VWF residues approximately 26A C-terminal to the
scissile bond.”® Fortuitously, previous work by Zanardelli et al had
identified Asp1614 (located 9 residues C-terminal to the cleavage
site) in the VWF A2 domain as functionally important to the
cleavage of VWF115.%8 Based on this, de Groot et al explored
whether Aspl614 in VWF forms a charged interaction with
Arg349. They showed that substituting either residue produced an
equivalent reduction in VWF115 cleavage, suggesting a mutual
and dependent interaction between these residues. This defined a
functional exosite on the ADAMTS13 disintegrin-like domain that
interacts with a complementary exosite on VWF involving Asp1614
and that this helps orientate the scissile bond toward the active
center of ADAMTS 1378 (Figure 3).

Role of the VWF P1-P1’ scissile bond
residues and the ADAMTS13 S1-S1’ pockets

Notwithstanding the importance of the aforementioned remote
exosite interactions for binding and for guiding the substrate to the
active site of ADAMTS13, the metalloprotease domain itself must
also necessarily interact with the substrate in the vicinity of the
cleavage site and therefore harbor sites that contribute to scissile
bond specificity. Indeed, interactions between the metalloprotease
domain and VWF scissile bond have been demonstrated to be
critical for VWF proteolysis, as mutagenesis of the Tyr1605 (P1)
and Met1606 (P1’) residues to alanine predictably greatly reduce
proteolytic efficiency.” The comparatively normal proteolysis of
VWF115 Tyr1605Phe and Tyr1605Trp variants’® demonstrated the
importance of the aromatic side chain of the P1 residue. Undoubt-
edly, the P1 and P1’ residues must be accommodated in specific
complementary binding pockets on ADAMTS13. The ADAMTS13
S1 pocket that accommodates the P1 residue probably involves
hydrophobic residues Leul51 and Val195.% Furthermore, molecu-
lar modeling has suggested that this may also be made up by
elements of the loop containing the high-affinity Ca®* binding site
(Figure 3).

Similar analysis using VWF115 Met1606Leu highlighted the
requirement for a large and hydrophobic amino acid in the P1’
position.” The nature of the S1’ subsite that accommodates the P1’
residue of the substrate has been recently investigated by de Groot
et al.8! This report showed thata VWF115 P1’ variant, Met1606Ala,

20z ke $0 uo 3sanb Aq Jpd-z1.2E001L L BE08UZ/68ZOVE L/ZL2E/ZL/8) L AAPd-B]oIlE/POO|G 8 suoedlqndyse//:diy wouy papeojumoq



3218 CRAWLEY etal

A VWF Multimer Globular)y B VWF Monomer

Shear-dependent
unravelling of VWF

@
A2 domain vicinal Cys plug extracted 93
Cryptic exosites and cleavage site exposed
d
GPlba <

A2
D D3 YW

E ADAMTS13 spacer domain binding

GPlba

Collagen

F AbAmMTS13 disintegrin-like domain binding

349 in Dis domain bind
D1614 in A2 domain

GPlba
(1) 22
D' D3
G ADAMTS13 metalloprotease domain binding

S3 subsite in MP domain
bind L1603 in A2 domain

Collagen

GPlba
“ ‘
D D3 | o4 B33 C1)C280K
Collagen

H ADAMTS13 active site

binding to cleavage site S1 & S1’ subsites in MP domain bind

(6)Y1605-M1606 cleavage site in A2 domain

BB Cys Spacer (2.3,4 55 .6,7,8 amwa)
GPlba
(1) 22
D' D3 s — D4 Mi23C1/C2 JoK
l Collagen

@ Proteolysis

was proteolysed 15- to 18-fold less efficiently than wild-type
VWF115. However, when ADAMTS13 residues Asp252-Pro256
were substituted with the corresponding residues of ADAMTSI,
the variant exhibited ADAMTS 1-like P1' specificity by efficiently
cleaving a VWF115 mutant with Ala at the P1’ site.3! This strongly
implied that amino acids Asp252-Pro256 of ADAMTSI3 are
important in shaping the docking site of the P1" (Met) residue of the
VWE scissile bond and contribute to the S1’ pocket (Figure 3).

Positioning of the VWF scissile bond: role of
the P3 residue

It is interesting to note that, in the literature to date, most attention
has been paid to regions and residues of VWF that are C-terminal to
the cleavage site. This approach has successfully identified the
importance of the VWF cleavage site residues, the ADAMTS13
disintegrin-like domain binding site and the VWF A2 domain
exosite that binds the spacer domain. Xiang et al hypothesized that
another necessary feature of enzymatic cleavage of VWF must be a
docking point for ADAMTS13 that is N-terminal to the scissile
bond.® They considered the cleavage susceptibilities of previously
reported short VWF A2 domain fragments that span the cleavage
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Figure 4. Proteolysis of VWF by ADAMTS13. VWF
circulates in plasma as a multimeric molecule (A) that
adopts a quiescent globular conformation. Each multi-
mer is composed of disulphide linked VWF monomers
(B). In its globular conformation, the A3 domain colla-
gen binding site is exposed. ADAMTS13 can bind to
this globular VWF via its TSP (5-8) and CUB domains
(C), step 1. This enables VWF and ADAMTS13 com-
plexes to form and circulate in plasma. Under elevated
shear forces (which can occur on secretion, collagen
binding, or passage through the microvasculature),
VWEF can unravel to expose A1 domain binding site for
GPlba. These shear forces also remove molecular plug
formed by the vicinal disulphide bond in the A2 domain,
which causes A2 domain unfolding (D), step 2 (see
Figure 1). This unfolding reveals cryptic exosites that
enable residues in the ADAMTS13 spacer domain to
bind to the unfolded A2 domain (E), step 3 (see Figures
1D, 2B). Thereafter, a critical low-affinity interaction
between D1614 and the Dis domain helps approximate
and position the cleavage site (F), step 4 (see Figure 3).
This enables further interactions between the MP
domain to occur, including an essential interaction via
an S3 subsite with L1603 in VWF (G), step 5 (see
Figure 3). Together, these interactions allow the MP
to engage via S1 and S1’ subsites with the cleavage
site (YM; H), step 6, after which proteolysis can
occur, step 7.

TSP5-8/CUB
bind D4-CK

site. One, VWF64 (1605-1668), cannot be cleaved by
ADAMTS13,”7 whereas others, such as VWF73 (1596-1668),
VWE76 (1593-1668), and VWF115 (1554-1668) are all proteoly-
sed efficiently.®®7182 The difference between the substrates that are,
and those that are not cleaved, resides in the sequence N-terminal to
the scissile bond. Therefore, Xiang et al conjectured that the
VWF1596-1604 sequence immediately N-terminal to the cleavage
site must contain a structural determinant that is essential for
proteolysis.80 Accordingly, by systematic substitution of all of the
amino acids in this region, they showed that VWF P3 residue,
Leul603, has an essential role in proteolysis of the scissile bond,
and the adjacent P2 residue (Vall604) plays an additional minor
role. Remarkably, substitution of Leu1603 alone to Ser, Asn, or Lys
all reduced the cleavage efficiency, up to ADAMTS13 > 400-
fold.8° Molecular modeling identified candidate interacting resi-
dues for VWF Leul603 on the surface of ADAMTS13 adjacent to
the active site. Mutagenesis studies identified ADAMTS13 resi-
dues Leul98, Leu232, and Leu274 as elements that together may
make up the S3 subsite (Figure 3).

Because the VWF P3 residue is functionally so important, it
suggested a role in the cleavage mechanism of the VWF scissile
bond. Xiang et al have proposed a model of cleavage in which the
VWEF P3 (Leul603), P2 (Val1604), and P9’ (Asp1614) residues act
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Figure 5. Location of VWF cleavage by ADAMTS13. Cartoon depicting the sites of VWF proteolysis by ADAMTS13. (UL)VWEF is synthesized by the endothelium and stored
within Weibel-Palade bodies (WPB; green). VWF multimers of various sizes, including UL-VWF, can be secreted directly into the circulation. (1) Alternatively, a proportion of
UL-VWF may attach to the endothelial surface during exocytosis and unravel in response to shear forces. Under such circumstances, the VWF A2 domain unfolds to enable
ADAMTS13 (red scissors) to cleave VWF and release the VWF string. Whether directly secreted or proteolytically released, VWF can adopt a globular fold in the plasma
circulation. However, during passage through the microvasculature, globular UL-VWF in free circulation will probably unravel (at least partially/transiently). (2) Such unraveling
permits the processing of the largest, most hemostatically active forms of VWF, resulting in their conversion to smaller plasma VWF multimers. Mutations in VWF that
precipitate type 2A von Willebrand disease are particularly influenced by such proteolysis. This group of mutations enhances the propensity of VWF to unfold in free circulation,
leading to excessive proteolysis and loss of hemostatically functional VWF. Conversely, ADAMTS13 deficiency results in the loss of such plasma processing. Under these
circumstances, platelets (Pl) can become bound to transiently unraveled VWF, leading to the accumulation of VWF-platelet aggregates that occlude the microvasculature, as
seen in patients presenting with TTP. At sites of vessel damage, endothelial damage results in exposure of subendothelial collagen. Plasma VWF binds to this, unravels, and, in
turn, recruits platelets. The presence of collagen and thrombin induces rapid platelet activation, which consolidates the platelet plug. Thrombin further stabilizes this through the
deposition of fibrin and the proteolytic inactivation of ADAMTS13. (3) Downstream of the site of injury (ie, in the absence of collagen and thrombin), VWF-platelet strings may
still be proteolysed by ADAMTS13, which in turn limits/regulates platelet plug formation. Low or reduced ADAMTS13 levels may impair this process and consequently influence

the pathophysiology of arterial thrombosis.

as docking sites on either side of the scissile bond.® This brings the
P1 and P1’ residues into position over the active site-coordinated
Zn" ion and the catalytic Glu225 of ADAMTS 13 for cleavage. A
model of the ADAMTS13 metalloprotease-disintegrin domains
aligned with the VWF sequence, including and surrounding the
scissile bond, is shown in Figure 3.

A multidomain, conformation-driven model of
VWF bond proteolysis by ADAMTS13

A summary model of VWF and ADAMTS13 interactions, encom-
passing binding at multiple sites, ultimately leading to scissile bond
cleavage can now be proposed that involves 7 potentially distinct
steps. Under normal physiologic conditions, VWF circulates in
plasma in a globular conformation in which the VWF A2 domain is
hidden within the core of the molecule. A binding site for
ADAMTS13 within the D4-cysteine knot domains of VWF is
nevertheless constitutively exposed, and a small proportion of
ADAMTSI13 can reversibly associate with the globular protein
(step 1), with binding mediated by its TSP5-CUB domains
(Kp ~ 80nM; Figure 4A-C). When shear forces begin to induce the
transition of VWF from a globular to a fibrillar conformation (ie,
when secreted, when tethered to the site of vessel injury by its A3
domain or during passage through the microvasculature under high
shear), additional exosite binding sites on VWF are revealed that
present themselves (step 2) to complementary sites on ADAMTS13.
The ADAMTS13 spacer domain recognizes residues VWF resi-
dues Glul660-Arg1668 (step 3), revealed when the vicinal Cys
disulphide bond plug is extracted from the hydrophobic core of the
A2 domain. This increases the affinity of ADAMTS13 for VWF
(Kp ~ 10nM). An ADAMTS13 disintegrin-like domain exosite
involving Arg349 recognizes a complementary exosite on VWF
composing Asp1614 in a critical, but low affinity, interaction (step
4). Thereafter, an essential contact is made between VWF Leul603
and a complementary S3 subsite in ADAMTS13 involving Leu198,
Leu232, and Leu274 (step 5). Together, these interactions bring the

Tyr1605-Met1606 scissile bond over the ADAMTS13 active site.
This allows the P1 and P1’ residues to engage with their respective
S1 and S1’ subsite pockets, involving ADAMTS 13 Leul51/Val195
(S1) and Asp252-Pro256 (S1'), respectively (step 6). Steps 3 to 6
can be envisaged to represent a “molecular zipper” that ends in the
precise delivery of the scissile bond to the active site. Once
cleavage has taken place (step 7), there is a consequent reduction in
affinity of protease and substrate, enabling the protease to recycle.

Location specific cleavage of VWF by
ADAMTS13

Three distinct locations of VWEF proteolysis by ADAMST13 can be
considered: (1) newly secreted VWF strings from the endothelial
cell surface, (2) UL-VWEF in free circulation, and (3) unraveled
VWEF at sites of platelet plug formation (Figure 5). Although
proteolysis in each of these instances could fulfill a somewhat
different purpose, the cleavage reaction is driven by local shear
forces that reveal the VWF A2 exosites that enable productive
ADAMTSI13 binding. That ADAMTS13 proteolysis is dependent
on shear-induced unfolding may seem paradoxical inasmuch as the
very unfolding process that is required for platelet tethering is also
the primary determinant of proteolysis that counteracts this func-
tion. However, the recent advances in our understanding of the
biochemistry of the interactions of ADAMTS13 and VWF have
provided a potential explanation for this.

Vessel damage exposes collagen, to which VWF binds and
subsequently unravels in response to shear forces. This, in turn,
allows circulating platelets to bind. The binding of GPIba to VWF
occurs rapidly, involving both fast on- and off-rates that exceed the
rate of VWF proteolysis by ADAMTS13.3%83 It should be noted
that, despite the high-affinity binding of ADAMTSI3 to VWF
(Kp ~ 10nM), the K,, for proteolysis is appreciably higher
(K = 0.16-1.6.M) 3887881 Moreover, at sites of vessel damage,
the presence of collagen and thrombin generated by activation of
the coagulation cascade can act as potent local activators of
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recruited platelets that prompt further VWF-independent adhesion
and aggregation. These recruited platelets can thereby become
resistant to the consequences of ADAMTS13-mediated VWF
proteolysis. As the platelet plug develops, however, it grows
beyond the site of injury (and also the primary source of collagen
and thrombin). In these locations, although unraveled VWF may
tether platelets through GPIba, binding is not consolidated as
effectively by the effects of collagen and thrombin. This probably
provides more time for ADAMTS13 to cleave VWE, and so
regulate platelet plug growth by confining it to the site of vessel
damage. This is further supported by the visualization of
ADAMTS13 function on the surface of developing thrombi using
whole blood flow models.?*

The scenario is different for VWF that is either newly secreted
from the endothelium, or larger VWF multimers that are present in
free circulation, which may naturally unravel to expose their
GPIba binding site. In these cases, such unraveling takes place in
the absence collagen or thrombin that could otherwise activate
bound platelets. As platelet tethering in these instances is not
consolidated by the effects of such agonists, and, furthermore, as
this process also promotes VWF A2 domain unfolding, the
proteolysis of VWF by ADAMTS13 can occur, albeit relatively
slowly. The consequent decrease in VWF multimer size reduces the
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shear forces exerted on the proteolysed molecules, enabling them
to adopt a quiescent globular conformation. This plasma proteoly-
sis thereby counteracts the formation of unwanted platelet-rich
thrombi in the microvasculature, thrombi such as occurs in persons
with TTP/ADAMTS13 deficiency.
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