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Abstract

Recombinant ADAMTS13 is currently undergoing clinical trials as a treatment for
hereditary thrombotic thrombocytopenic purpura, a lethal microvascular condition
resulting from ADAMTS13 deficiency. Preclinical studies have also demonstrated
its efficacy in treating arterial thrombosis and inflammation without causing bleed-
ing, suggesting that recombinant ADAMTS13 may have broad applicability as an
antithrombotic agent. Despite this progress, we currently do not understand the
mechanisms that regulate ADAMTS13 activity in vivo. ADAMTS13 evades canonical
means of protease regulation because it is secreted as an active enzyme and has a
long half-life in circulation, suggesting that it is not inhibited by natural protease inhib-
itors. Although shear can spatially and temporally activate von Willebrand factor to
capture circulating platelets, it is also required for cleavage by ADAMTS13. Therefore,
spatial and temporal regulation of ADAMTS13 activity may be required to stabilize
von Willebrand factor-platelet strings at sites of vascular injury. This review outlines
potential mechanisms that regulate ADAMTS13 in vivo including shear-dependency,
local inactivation, and biochemical and structural regulation of substrate binding.
Recently published structural data of ADAMTS13 is discussed, which may help to

generate novel hypotheses for future research.
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of VWF required for proteolysis by ADAMTS13, and on the changes

A disintegrin and metalloproteinase with thrombospondin motifs 13
(ADAMTS13) is the primary molecular regulator of von Willebrand
factor (VWF) platelet-binding activity (Figure 1). Dysregulation of
the ADAMTS13 and VWEF axis can lead to abnormal hemostasis in
the form of bleeding or thrombosis. Much of the interest surround-

ing this interaction has focused on the shear-dependent availability

in circulating ADAMTS13 levels during acute or chronic illnesses.
However, the regulation of ADAMTS13 proteolytic activity during
hemostasis remains unclear. Extracellular proteases are often regu-
lated by balancing the rate of activation (or secretion) with the rate of
inhibition to limit the spatial and temporal distribution of proteolytic
activity in response to a stimulus. ADAMTS13 does not appear to be

governed by these canonical mechanisms of protease regulation as
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FIGURE 1 ADAMTS13 binding to VWF and domain organization. A, ADAMTS13 proximal domains include the metalloprotease domains
(M), disintegrin-like domain (D), type-1 thrombospondin domain (T), cysteine-rich domain (C), and spacer domain (S). The distal CUB domains
are connected to the proximal domains through seven additional type-1 thrombospondin domains and three linker regions, which provide
ADAMTS13 with conformational flexibility. ADAMTS13 adopts a closed conformation in the absence of VWF binding in which the C-
terminal CUB domains bind to the VWF-binding exosite on the spacer domain. The closed conformation is facilitated by inherent flexibility
provided by the linker regions connecting T2-T3, T4-T5, and T8-CUB1. B, ADAMTS13 binds to VWEF in both a shear-independent and a
shear-dependent mechanism. The CUB domains bind to the D4-CK interval of VWF in a shear-independent mechanism, which positions
MDTCS near the A2 domain. This binding interaction facilitates localization of ADAMTS13 to VWEF strings under flow. Upon shear-activation
of the substrate, the spacer, cysteine-rich, and disintegrin-like domains bind to the unfolded VWF A2 domain, stabilizing its denatured state
and facilitating proteolysis of the Tyr1605-Met1605 scissile bond by the metalloprotease domain. VWF73, comprising residues Asp1596-
Arg1668 of VWEF, is a biochemical tool used to study ADAMTS13 activity in the absence of shear, and only engages the proximal MDTCS

domains of ADAMTS13.

itis secreted as an active enzyme and is resistant to natural protease
inhibitors found in blood. ADAMTS13 is instead primed to cleave
VWEF whenever sufficient shear rates impose forces on VWF that
expose its scissile bond. This raises the question: how does VWF
recruit platelets to the site of blood vessel injury despite the pres-
ence of ADAMTS13? It is possible that VWF-platelet string forma-
tion is simply governed by excess stoichiometry of VWF relative to
ADAMTS13' combined with the mechanosensitive nature of VWF
platelet-binding activity. However, this mechanism would not allow
for dynamic changes in VWF platelet-capturing activity in the early
stages of clot development compared to later stages and would
leave ADAMTS13 as possibly the only protease in the cardiovascular
system without a mechanism of regulation. Therefore, downregula-
tion of ADAMTS13 at sites of vessel injury may contribute to VWEF-
platelet string formation and the initial stages of clot formation.

1.1 | CLINICAL IMPORTANCE OF
ADAMTS13 REGULATION

The role of ADAMTS13 in the cardiovascular system is inexorably
linked to VWF. The importance of VWF regulation by ADAMTS13

is well-established for thrombotic thrombocytopenic purpura (TTP)
and von Willebrand disease (VWD). However, VWF and ADAMTS13
are now recognized as important contributors to a growing number of
diseasesanddisordersinwhich vascularinflammation and thrombosis
play a role, including cancer, atherosclerosis, sepsis, neurological
conditions, and liver disease.>” Therefore, although recombinant
ADAMTS13 products continue to make progress in clinical trials for
the treatment of hereditary TTP, additional therapeutic applications
are also being explored. For example, recombinant ADAMTS13
infusion is beneficial in experimental models of stroke,®? myocardial
infarction,® colitis,** skin allograft,'2 thrombotic microangiopathy,*®

14 renal disease,'® and trauma-

heparin-induced thrombocytopenia,
induced organ failure.*® Many of these conditions can be associated
with VWF-dependent inflammation or microvascular thrombosis.
Although these studies have not reported increased bleeding risk
following recombinant ADAMTS13 administration, this potential
adverse effect requires further investigation.

ADAMTS13 is relatively incapable of cleaving VWF unless suf-
ficient shear rates are present to impose enough force on VWF to
expose its cryptic scissile bond.” This shear-dependency protects
circulating VWF from indiscriminate degradation by ADAMTS13 and

may help to explain the low rates of bleeding in experimental animal
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models following ADAMTS13 infusion. ADAMTS13 therefore exhib-
its a high degree of specificity for its substrate that distinguishes
it from other thrombolytic agents like tissue plasminogen activator
(tPA) and its derivatives. The capacity of tPA to catalyze plasmin
generation is accelerated in the presence of fibrin, which helps to lo-
calize its activity to sites of thrombosis. However, tPA is also capable
of catalyzing plasminogen activation on soluble fibrinogen, which
can lead to systemic plasmin activity, acquired fibrinogen deficiency,
and bleeding.18 The lack of specificity for tPA limits its therapeutic
benefit in the treatment of acute ischemic stroke because of a risk
of bleeding. Several studies in experimental animal models have now
shown that recombinant ADAMTS13 infusion can improve ischemic
stroke recovery in mice receiving low tPA doses, without increasing
the risk of bleeding.*’"%?

Therefore, ADAMTS13 exhibits properties that are beneficial
to the treatment of thrombosis and inflammation, without causing
excessive bleeding. However, there is incomplete evidence for how
ADAMTS13 activity is regulated in vivo. Addressing this knowledge
gap is needed to understand how recombinant ADAMTS13 thera-
pies can be improved for the treatment of hereditary TTP and other

forms of thrombosis.?®2*

1.2 | SHEAR-DEPENDENT REGULATION

The antithrombotic activity of ADAMTS13 is partially controlled
by the shear-dependent availability of its substrate, VWF. Under
physiological conditions, circulating VWF multimers exist primar-
ily in a globular form. Under conditions of shear stress ranging
from approximately 35-70dyn/cm?, the attractive forces between
monomers are overcome by drag and VWF transiently unravels and
recompresses, which may allow for ADAMTS13 cleavage in circu-
lation.?> However, VWF cleavage by ADAMTS13 is more likely to
occur at the vessel wall, where VWF is tethered and shear stresses
are highest. Thus, ADAMTS13 cleaves VWF during secretion from
endothelial cells to establish a hemostatically balanced distribution

of multimer Iengths,%”27

and at sites of vascular injury where VWF-
platelet strings are adhered to subendothelial collagen.?®

The cleavage site for ADAMTS13 within the VWF A2 domain is
cryptic under static conditions and is exposed when shear stresses
exceed 10 pN of force across the domain.?>?” A vicinal cysteine
pair C1669/C1670 forms a disulfide bond that helps to stabilize the
A2 domain, providing a narrow window of shear conditions con-
ducive to unfolding.?®?? This structural stabilization further limits
the opportunity for ADAMTS13 to cleave VWF. Mutations in the
A2 domain in some patients with type 2A VWD may destabilize the
domain and increase its susceptibility to cleavage at lower shear
thresholds, increasing the risk for bleeding in these patients.3%%!
Once unraveled, exosites in the ADAMTS13 spacer, cysteine-rich,
and disintegrin-like domains bind to the VWF A2 domain to stabilize
its denatured conformation and align the scissile bond to the active
site within the metalloprotease domain.®? Atomic force microscopy

experiments have demonstrated that exposure of the scissile bond

within the VWF A2 domain requires force thresholds comparable
to those required to expose the high affinity platelet-binding site
within the VWF A1 domain.*® Therefore, shear forces alone may not
be sufficient to regulate the balance between VWF platelet-binding
activity and VWF cleavage by ADAMTS13. However, evidence from
the literature suggests that ADAMTS13 can be downregulated by
agonists generated at sites of vessel injury, which may promote

VWF-mediated platelet recruitment and hemostasis.

1.3 | PHYSIOLOGIC REGULATION

ADAMTS13 is primarily expressed in hepatic stellate cells,>* but is
also expressed in endothelial cells,®> podocytes,®® astrocytes, and
microglial cells.¥” Several studies have shown that ADAMTS13 ex-
pression can be downregulated in some cells by inflammatory cy-
tokines, such as interleukin-6 (IL-6), IL-1B, interferon-y, IL-4, and
tumor necrosis factor-a.2¢%83? Hepatic stellate cells can activate
into a fibroblast-like cell that deposits extracellular matrix in re-
sponse to liver injury; however, this phenotype switch does not
alter ADAMTS13 mRNA expression.40 ADAMTS13 mRNA levels are
reduced by ~50% in hepatic stellate cells exposed to interferon-y,
IL-4, or tumor necrosis factor-a.>® Because stellate cells contribute
to the majority of ADAMTS13 in circulation, these changes in ex-
pression may contribute to reduced ADAMTS13 levels in patients

41-44 o acute inflammatory conditions*’; however, this

with chronic
remains to be formally investigated. Changes to ADAMTS13 clear-
ance in various disease states has also not been adequately studied.
It is known that macrophage scavenger receptor CD163 is capable
of binding to fluorescently labeled recombinant ADAMTS13 and
mediating its endocytosis in vitro. Whether this, or other clearance
mechanisms, are important to regulating ADAMTS13 activity in vivo
remains unknown.

ADAMTS13 contains N-linked, O-linked, and C-linked glycans,
which together contribute to 20% of its mass.*® The N-linked glyco-
sylation and O-fucosylation are critical for the proper folding and se-
cretion of ADAMTS13.%” Once secreted into plasma, the removal of
N-glycans does not alter the proteolytic function of ADAMTS13.47
However, the effects of O-linked and C-linked glycosylation on pro-
teolytic function remain unclear. In addition to proper folding and
secretion, the glycosylation of ADAMTS13 may be important in
immune recognition and clearance.*® Introduction of N-glycans at
position K608 reduces the binding of autoantibodies to the spacer
domain, without altering proteolytic function.*® This finding sug-
gests that glycosylation may modulate susceptibility to TTP and
optimizing glycan structures on recombinant ADAMTS13 products
may be useful for developing improved therapeutics to treatimmune
TTP.

ADAMTS13 is constitutively secreted as an active protease and
has an usually long circulating half-life of several days. ADAMTS13
half-life following plasma infusion was recently reported between
3.4 and 7.9days (median 5.4days),24 whereas recombinant human
ADAMTS13 half-life was between 2 and 3days.?® Because plasma
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contains high concentrations of natural protease inhibitors known to
inhibit members of the ADAMTS protease family,*’ these observa-
tions provide indirect evidence that ADAMTS13 is resistant to natu-
ral protease inhibitors in circulation. Direct evidence for ADAMTS13
resistance to natural protease inhibitors has been reported as well,*°
demonstrating its resistance to alpha-2 macroglobulin, the 4 TIMP
isoforms, as well as small molecule inhibitors of metalloproteases.
These observations have led several groups to hypothesize that
ADAMTS13 exists in a latent conformation and becomes activated
in the presence of its substrate, VWF.>%%2 The biochemical and
structural features of ADAMTS13 that contribute to its resistance
to inhibition while maintaining activity toward its substrate are cur-
rently unknown. Understanding this unique property of ADAMTS13
may reveal novel mechanisms of protease regulation that have not
previously been defined.

Although ADAMTS13 is not directly regulated by natural pro-
tease inhibitors, its capacity to cleave VWF can be attenuated by
other physiological agonists. Platelet factor 4,2 alpha defensins,’*
L6, thrombospondin—l,56 and hemoglobin57 have all been shown
to bind VWF and directly compete with ADAMTS13 docking. Nazy
et al.>® demonstrated that platelet factor 4 binds to the human VWF
A2 domain, directly blocking proteolysis by ADAMTS13 in a purified
static system. However, Johnston et al.** demonstrated that plate-
let factor 4 did not attenuate the capacity of ADAMTS13 to cleave
VWEF strings released from endothelial cells in vitro in a flow cham-
ber model, or block the antithrombotic activity of ADAMTS13 in a
mouse model of heparin-induced thrombocytopenia. Similarly, al-
though human neutrophil peptides bind to the VWF A2 domain and
block its proteolysis by ADAMTS13 with an I1C, value of 45uM, this
concentration is not likely to be achieved in circulation.’* Whether
PF4 or human neutrophil peptides are present at sufficiently high
concentrations locally at sites of vascular injury to exert a transient

protection of VWF from ADAMTS13 cleavage remains unknown.

1.4 | PROTEOLYTIC MODIFICATION

Proteolytic degradation of ADAMTS13 may contribute to regu-
lating its activity at sites of vascular injury. Degraded forms of
ADAMTS13 have been observed in plasma collected from patients
with sepsis-induced disseminated intravascular coagulation and in
patients experiencing acute episodes of TTP.%®>? Proteases gener-
ated by the coagulation and fibrinolytic system or those released
by activated immune cells can be present in high concentrations
at sites of vascular injury. Biochemical studies have demonstrated
that thrombin, plasmin, factors Xa and Xla, and neutrophil elastase
cleave ADAMTS13 in vitro in a time- and concentration-dependent
manner.>8%-62 Degradation of ADAMTS13 by these proteases pri-
marily removes the C-terminal CUB domains from ADAMTS13, leav-
ing the proximal domains MDTCS mostly intact.®® Plasmin can also
cleave VWEF, and increasing plasmin generation by infusing recom-
binant tPA has been shown to partially compensate for ADAMTS13
deficiency in a mouse model of thrombotic microangiopathy,63

jth L=

However, endogenous plasmin generation is not capable of down-
regulating ultra-large VWF multimers during acute episodes of TTP,
suggesting that this pathway does not meaningfully contribute to
VWEF regulation.

Crawley et al.®® found that thrombin- and plasmin-mediated
cleavage of ADAMTS13 reduces its activity toward purified human

1.5 observed that

VWEF under static conditions in vitro. Garland et a
ADAMTS13 degraded by thrombin or factor Xla has an impaired
ability to process VWF on the surface of endothelial cells in con-
ditions of flow. These observations are consistent with several in
vivo studies showing that the ADAMTS13 CUB domains are essen-
tial for regulation of VWF-platelet string formation in mice.®*-%¢
For example, unlike other mouse strains like 129/Sv, the C57BL/6
mouse strain express a truncated form of ADAMTS13 lacking the
C-terminal TSP1-7 to the CUB2 domains because of the insertion
of an intracisternal A-particle retrotransposon into intron 23 of the
Adamts13 gene.®”%® As a consequence, C57BI/6 mice exhibit more
rapid occlusion time than 129/Sv in response to ferric chloride in-
jury to mesenteric arterioles and increased stability of VWF-platelet
strings at high shear rates (5000s™).%” De Maeyer et al.*’ found that
infusion of an ADAMTS13 variant lacking the CUB domains was
3-fold less effective than wild-type ADAMTS13 at cleaving VWE-
platelet strings in a model of ferric chloride injury to the mesenteric
vein. These studies suggest that the removal of CUB domains by ac-
tivated proteases may serve to downregulate ADAMTS13 activity at
sites of vascular injury, stabilize VWF-platelet strings, and promote

clot formation.

1.5 | ADAMTS13 CONFORMATIONAL DYNAMICS
ADAMTS13 is known to adopt both an open and closed
conformation; however, the significance of these conformational
changes to its regulation remains poorly understood. The closed
conformation occurs as a consequence of CUB1 and CUB2
interactions with the spacer domain.”®’* This interaction is likely
facilitated by inherent flexibility within the thrombospondin type-1
(TSP1) repeats, especially within linker regions following TSP1-4
and TSP1-8.7%72774 Recent crystal structures of MDTCS and CUB1-2
enabled molecular docking simulations to predict potential points of
contact that maintain ADAMTS13 in a closed conformation. These
include: (1) spacer domain residues E634 and D635 binding CUB1
residues K1252 and R1272; (2) spacer loop R660-Y665 binding to
CUB2 pocket formed by residues R1326, R1361, E1387, and E1389;
(3) spacer residues L591, F592, and L637 with CUB1 residues
W1245, L1248, and W1250; (4) spacer domains residue Y664 and
CUB2 residue R1326; and (5) a salt bridge between spacer residue
R568 with CUB2 residue E1389.”° Many of these residues overlap
with the binding site for the VWF A2 domain on the spacer domain
resulting in competition between the CUB domains and biochemical
substrates of ADAMTS13 such as VWF73. However, this exosite
on the spacer domain site is expected to be unmasked when the
ADAMTS13 CUB domains bind VWEF strings in circulation or at the
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vessel wall. Therefore, the contribution of the closed conformation
to the regulation of VWF cleavage by ADAMTS13 in vivo remains
unclear.

Various groups have investigated the consequence of open and
closed conformation on ADAMTS13 activity. Zheng et al. and South
et al. used mutagenesis to disrupt the interaction between the spacer
and CUB domains and showed ADAMTS13 was 2- to 3-fold faster at
cleaving VWF73, consistent with the closed conformation masking
exosites on the spacer domain.”®”” Roose et al.”® showed that anti-
bodies binding to the CUB or spacer domains can arise in patients
during acute episodes of TTP and results in increased ADAMTS13
activity. Recently, Schelpe et al. demonstrated that an antibody
binding to the spacer domain enhanced the activity of ADAMTS13
through a k_,, effect and not a K|, effect, suggesting long range al-
lostery is possible between distal exosites of ADAMTS13 and the
metalloprotease domain.”? Acidic pH disrupts the closed confor-
mation of ADAMTS13 and contributes to increased ADAMTS13
activity toward VWF73.8%81 Muia et al. performed an elegant phylo-
genetic analysis of ADAMTS13 from several vertebrate species and
demonstrated that TSP1-7 and TSP1-8 are critical to ADAMTS13
allostery.70 Despite extensive characterization of the sequence de-
terminants of ADAMTS13 conformation, the overall magnitude of
effect on proteolytic activity toward VWF73 remains a modest 2- to
5-fold. Currently, there is no compelling evidence to suggest that the
reduced activity toward VWF73 caused by the closed conformation
is a meaningful mechanism of ADAMTS13 regulation. Whether ad-
ditional features of ADAMTS13 conformation contribute to its regu-
lation at a greater magnitude remains to be determined.

New insights into the intramolecular contacts that help to main-
tain a closed conformation are now possible because of the recently
released AlphaFOLD?2 structure prediction of ADAMTS13.8283 This

model predicts contact points between: (1) TSP1-8 and the cysteine-
rich domain, (2) CUB2 and the disintegrin-like domain, (3) TSP1-7 and
the disintegrin-like domain, and (4) TSP1-5 and the calcium-binding
loop in the metalloprotease domain (Figure 2). These inter-domain
interactions result in TSP1-5 to TSP1-8 aligning with the interface
of MDTCS predicted to bind to the shear-unfolded VWF A2 do-
main, which could mask substrate access to the metalloprotease
domain when ADAMTS13 is folded in its closed conformation. This
model provides some evidence that the closed conformation con-
fers global latency to ADAMTS13, which contributes to the ability
of ADAMTS13 to circulate as an active protease without exhibiting
off-target proteolysis. However, some predictions from this model
are inconsistent with previous mutagenesis and molecular docking
simulations, especially the binding site for the CUB domains on the
spacer domain and the domain boundaries of the Tsp1 repeats that
link the CUB domains to the spacer domain. Therefore, some caution
is required when interpreting the AlphaFOLD2 model. Despite these
limitations, this structure simulation may help generate new hypoth-
eses to explore the mechanism of ADAMTS13 conformational dy-

namics, and potential implications for protease regulation.

1.6 | ADAMTS13 RECOGNITION OF VWF

Several groups have provided insights into the domain contacts
between ADAMTS13 and VWEF that are important for regulating
proteolysis (Figure 3). Newly published structural data of
ADAMTS13 allows for a reinterpretation of these functional
studies, which may help to uncover the structural determinants
of ADAMTSI13 substrate specificity and regulation. Although
these studies highlight key VWF-binding residues on ADAMTS13,

FIGURE 2 AlphaFOLD2 prediction of full length ADAMTS13 structure. The predicted three-dimensional structure for full-length human
ADAMTS13 was obtained from AlphaFOLD2 (https://alphafold.ebi.ac.uk/). The domains are indicated as follows: metalloprotease (yellow),
disintegrin-like (blue), TSP1-1 (rose), cysteine-rich (cyan), spacer (magenta), TSP1-2 to TSP1-8 (wheat), CUB1 (light gray), CUB2 (dark gray).
The RRY motif within the spacer domains (white) is primarily associated with autoantibodies in patients with immune TTP and partially
occupies the suspected binding site for the CUB domains, but this intramolecular interaction is not represented in this model. Long linker
regions extend outward following TSP1-4 and TSP1-8, providing flexibility to ADAMTS13 that may facilitate interdomain contacts that
promote a closed conformation and confer global latency. This model predicts multiple long-range interactions between distal TSP1 domains
and proximal metalloprotease, disintegrin-like, and cysteine-rich domains that may lead to novel hypotheses for the study of ADAMTS13

regulation. (PDB: AF-Q76LX8-F1)
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30% enhanced activity

20-fold reduced k/Ky
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GOF ADAMTS13
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FIGURE 3 ADAMTS13 exosites. The crystal structure of MDTCS is shown, with domains indicated: metalloprotease (yellow), disintegrin-
like (blue), TSP1 (rose), cysteine-rich (cyan), and spacer (magenta). The active site zinc (cyan) and catalytic glutamic acid (mutated to
glutamine; green) are also indicated within the metalloprotease domain. The structure was obtained using a stabilizing antibody fragment
to the metalloprotease domain (not shown). Compared with the AlphaFOLD2 model, this structure is lacking two loops in the cysteine-

rich domain that did not resolve (Asp453-Tyr468 and 1490-K497). A summary of important mutagenesis work is indicated, with modified
residues indicated in light red and dark red for clarity. These studies highlight important contact points for the VWF A2 domain to exosites

on ADAMTS13. (PDB: 6qig)

they do not yet offer a complete picture of ADAMTS13 exosite
composition. Understanding the key contact points between
ADAMTS13 and VWF may enable new variants of ADAMTS13
to be engineered with improved substrate recognition properties
and therapeutic potential.

The ADAMTS13 spacer domain is composed of a jelly roll fold of
10 B-sheets that binds to the C-terminus of the unfolded VWF A2
domain.8+8> Removal of the spacer domain results in a 25-fold re-
duction in the catalytic efficiency (k_,,/Ky,) of VWF73 cleavage.?¢%’
This binding site is primarily comprised of a hydrophobic cluster sur-
rounded by positively charged arginine residues R636, R660, and
R568.88 These residues are also important for binding to the CUB

71,81 and

domains when ADAMTS13 adopts a closed conformation
are commonly associated with the epitope site of ADAMTS13 auto-
antibodies in immune TTP.8” Mutation of these residues results in a
4-fold increase in the rate of VWF73 cleavage because of disruption
of the intramolecular interaction with the CUB domains, and may
also exhibit improved antithrombotic activity in vivo.®> Anti-spacer
domain antibodies that conformationally open ADAMTS13 can also
increase the rate of VWF73 cleavage. These studies implicate the
spacer domain as a primary exosite for ADAMTS13 recognition of
VWEF. The cysteine-rich domain shares structural homology with
the disintegrin-like domain, and is stabilized by 6 disulfide bonds.’*
Deletion of the cysteine-rich domain results in a 10-fold reduction
in catalytic efficiency for VWF73 cleavage.”® Residues G471-V474
forms a hydrophobic pocket that interacts with hydrophobic resi-
dues 11642, W1644, 11649, and 11651 on VWF73.7%92 Optimizing the
residues within the cysteine-rich domain exosite may act synergisti-
cally with previously identified variants in the spacer domain to facil-
itate enhanced VWEF cleavage, and should be explored in the future.

The disintegrin-like domain helps present the VWF scissile
bond to the active site and forms an extensive interface with the

metalloprotease domain.?? Deletion of the disintegrin-like domain
abolishes detectable proteolytic activity, which suggests that the
metalloprotease domain alone does not possess sufficient binding
activity to cleave VWF.8%7% Residues P317-L354 arrange into loops
within the disintegrin-like domain posterior to the active site cleft
and are important for positioning VWF within the metalloprote-
ase domain for proteolysis.52'93 Mutations at R349, L350, or V352
reduced the catalytic efficiency of ADAMTS13 by f- to 20-fold to-
ward.”® Residues L350 and V352 likely interact with A1612 on VWF,
and an ionic interaction occurs between residue R349 in the disinte-
grin domain and D1614 on VWF.84%3

Domain truncation and site-directed mutagenesis studies as-
signed important roles to domains of ADAMTS13 that regulate
its interaction with VWF. These observations are complemented
by a high-throughput mutagenesis phage display screen that
mapped corresponding binding sites on VWF73 that engage with
ADAMTS13. For example, mutations at VWF73 residues D1614,
11616, R1618, P1620, and D1622 substantially impaired proteolysis
by ADAMTS13.72 These residues correspond to a disordered loop
in the VWF A2 domain that has alternating 180° orientation to-
ward ADAMTS13, suggesting complementary binding sites on the
disintegrin-like domain that have not been completely described.
Similarly binding sites on VWF73 were defined for the metallopro-
tease, cysteine-rich, and spacer domains that suggest the binding
sites for VWF on ADAMTS13 is not completely understood. These
mutagenesis data may inform molecular docking simulations or more
robust mutagenesis studies to define residues within ADAMTS13
that mediate substrate docking.

The sequential binding of VWF to these exosites on ADAMTS13
both stabilize the A2 domain in its unfolded state and present the
scissile bond toward the active site within the metalloprotease do-
main. The active site of ADAMTS13 is formed by the zinc binding
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FIGURE 4 ADAMTS13 active site specificity. The active site of ADAMTS13 is shown with the catalytic zinc (cyan) and glutamic acid
(mutated to glutamine; blue) indicated. The active site specificity motif determined by substrate phage display is indicated below, which

is dominated by leucine at position P3 and bulky aliphatic amino acids at positions P1 and P1".>* These residues are expected to bind to
subsites and pockets within the active site, which are indicated. The crystal structure provides evidence of a “gatekeeper” triad at the
entrance to the S1’ subsite comprised of Arg193, Asp217, and Asp252 that is predicted to limit access to the active site of ADAMTS13. This
ionic interaction is likely overcome by VWF following processive docking to distal exosites, permitting access to the catalytic motif within

the active site.

motif (H224, H228, and H234), the catalytic E225, and the S1 and
S1' pockets that flank the active site.’>”! The calcium-binding loop
contributes two of the five residues that comprise the S1 pocket
(L185 and V192), and lacks a stabilizing disulfide bridge between
residues 184 and 190 found in many other ADAMTS proteases.52
Therefore, the calcium-binding loop may have inherent flexibil-
ity that contributes to substrate recognition. Mutagenesis of the
calcium-binding loop resulted in a 13-fold reduction in the catalytic
efficiency (k_,,/Ky,), and changes to both k_,, and K, suggesting that
it contributes both to the docking of VWF to ADAMTS13 and to sub-
strate turnover.?* Swapping calcium-binding residues E184-R193
with the corresponding region from ADAMTS1 or ADAMTS2 abol-
ished ADAMTS13 activity, whereas point mutations in this region
yielded a 2- to 10-fold reduction in catalytic efficiency (kcat/KM)'95
Two additional calcium ions are located in a double calcium-binding
site, which stabilizes the extended disordered loop connecting the
metalloprotease and disintegrin-like domains.”? The importance of
these calcium ions to ADAMTS13 activity or regulation is not cur-
rently known. The variable loop (G236-5263) flanks the catalytic
motif across from the calcium-binding loop.>? This loop exists as
an alpha helix in other ADAMTS protease family members, such as
ADAMTS5 and ADAMTS1. However, swapping this loop with alpha
helices from other ADAMTS proteases resulted in no change in
ADAMTS13 proteolytic activity in vitro.”®

The active site of ADAMTS13 engages the P3-P3’ residues of
VWF (Leu16°3—VaI—Tyr—Met—VaI—Thr16°9), with an additional require-
ment for Pro1601.72 Substrate phage display techniques attempted
to define other peptides cleaved by the ADAMTS13 active site in
an effort to explore how active site specificity might regulate its
activity (Figure 4). However, ADAMTS13 was not able to cleave any
of the available 64 million peptides in the library, suggesting other
features of VWF are required for substrates to gain access to the
active site. Inserting this library into the P3-P3' interval of VWF73
resulted in the identification of 1670 cleaved peptide sequences.51
The resulting substrate recognition motif for ADAMTS13 is dom-
inated by a leucine at the P3 position, followed by large aliphatic
residues at the remaining P2-P3’ positions. Arginine is preferred
at the P2 position and is also tolerated at the P1 position,’? sug-
gesting potential for ionic interactions with surface loops on the
metalloprotease domain. These findings suggest that the active
site of ADAMTS13 is latent until proximal exosite domains within
MDTCS are engaged, permitting substrate access to the active site
for subsequent proteolysis. The structural features of ADAMTS13
that govern the latency conversion has been speculated to involve
a “gatekeeper triad” in which Asp217 and Asp252 ionic interac-
tions with Arg 193.%2 Previous mutagenesis studies demonstrated
that Arg193A exhibits a 4-fold reduction in k
wild-type ADAMTS13, supporting a role for the gatekeeper triad in

ot/ Ky compared to
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substrate recognition.g’5 However, more work is needed to examine
whether the gatekeeper triad contributes to ADAMTS13 latency
and to precisely define which of the exosite-engaging regions of

VWEF relieve the local latency of the metalloprotease domain.

2 | CONCLUDING REMARKS

ADAMTS13 circulates as an active protease capable of cleaving its
only known substrate, VWF, whenever conditions of shear permit
substrate activation. Although this mechanism dictates the con-
ditions under which VWEF is cleaved, it is not directly regulating
ADAMTS13 protease activity. Autoimmune antibodies and inflam-
matory cytokines can downregulate systemic ADAMTS13 levels in
diseased states, but do not provide spatial and temporal regulation of
ADAMTS13 needed to help stabilize VWEF-platelet strings at sites of
vessel injury. Localized mediators generated by the coagulation sys-
tem or released by activated cells may contribute to the stabilization
of VWF during hemostasis by attenuating ADAMTS13. Furthermore,
some investigators have proposed that ADAMTS13 exists as a latent
protease that undergoes zymogen-to-protease conversion through
an allosteric mechanism when engaged with its substrate.3?! The
contact points for ADAMTS13 onto the unfolded VWF A2 domain
have been extensively mapped,” and the recently published crys-
tal structure of ADAMTS13 protease domain and proximal exosites
may help to uncover the mechanism of its latency conversion. As
recombinant ADAMTS13 products continue their journey through
clinical trials in the treatment of hereditary TTP and more effective
variants of ADAMTS13 are being developed,”® more work is needed
to comprehensively define its role in the cardiovascular system and

understand the mechanisms responsible for its regulation.
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