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A disintegrin and metalloproteinase with a thrombospondin
type 1 motif, member 13 (ADAMTS13) is a multidomain
metalloprotease for which until now only a single substrate has
been identified. ADAMTS13 cleaves the polymeric force-sensor
von Willebrand factor (VWF) that unfolds under shear stress
and recruits platelets to sites of vascular injury. Shear force–
dependent cleavage at a single Tyr–Met peptide bond in the
unfolded VWF A2 domain serves to reduce the size of VWF
polymers in circulation. In patients with immune-mediated
thrombotic thrombocytopenic purpura (iTTP), a rare life-
threatening disease, ADAMTS13 is targeted by autoanti-
bodies that inhibit its activity or promote its clearance. In the
absence of ADAMTS13, VWF polymers are not adequately
processed, resulting in spontaneous adhesion of blood plate-
lets, which presents as severe, life-threatening microvascular
thrombosis. In healthy individuals, ADAMTS13–VWF in-
teractions are guided by controlled conversion of ADAMTS13
from a closed, inactive to an open, active conformation through
a series of interdomain contacts that are now beginning to be
defined. Recently, it has been shown that ADAMTS13 adopts
an open conformation in the acute phase and during subclin-
ical disease in iTTP patients, making open ADAMTS13 a novel
biomarker for iTTP. In this review, we summarize our current
knowledge on ADAMTS13 conformation and speculate on
potential triggers inducing conformational changes of
ADAMTS13 and how these relate to the pathogenesis of iTTP.

The increasing prevalence of autoimmune disorders pro-
vides a major challenge for the healthcare system worldwide.
Our current understanding of the pathogenesis of several
autoimmune disorders is incomplete. Environmental triggers
have been linked to the onset of immunity. In addition, specific
human leukocyte antigen loci have been identified as a risk
factor for a large number of autoimmune disorders (1). Post-
translational modifications such as citrullination have also
been implicated in the pathogenesis of autoimmune disorders
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(2). Importantly, conformational changes of proteins resulting
in exposure of neoepitopes may trigger the development of
pathogenic autoantibodies (3). Conformational changes in
beta-2 glycoprotein 1 have been linked to the antiphospholipid
syndrome (4), whereas conformational changes in platelet
factor 4 upon its binding to heparin trigger the development of
anti-platelet factor 4 antibodies resulting in heparin-induced
thrombocytopenia (5). In the current review, we explore how
conformational plasticity of the protein a disintegrin and
metalloproteinase with a thrombospondin type 1 motif,
member 13 (ADAMTS13) relates to the onset of autoimmune
thrombotic thrombocytopenic purpura (TTP).

TTP is a rare and life-threatening disease with an annual
incidence rate of 1.5 to 6 cases per million adults per year (6),
which is characterized by a severe deficiency (<10% activity) of
the plasma metalloprotease (MP) ADAMTS13. The acute
phase of TTP often presents itself with purpura, fever,
neurological manifestations, renal dysfunctions, hemolytic
anemia with schistocytes, and thrombocytopenia (7). Although
TTP can be of congenital origin due to mutations in the
ADAMTS13 gene, the vast majority of patients develop
immune-mediated TTP (iTTP), an autoimmune disorder in
which autoantibodies against ADAMTS13 develop (8).
Symptoms of TTP arise because of a patient’s inability to
cleave ultralarge von Willebrand factor (ULVWF) multimers
on the surface of endothelial cells (9, 10) (Fig. 1). Multimeric
von Willebrand factor (VWF) is produced by vascular endo-
thelium and megakaryocytes (11, 12). VWF is stored in
endothelial cell granules called Weibel–Palade bodies (13),
which fuse with the cell membrane to release ULVWF mul-
timers (14). The ability of VWF to bind circulating platelets is
critically dependent on its multimeric size, with the largest
multimers being most potent in capturing platelets (15) during
primary hemostasis. In the absence of ADAMTS13, ULVWF
multimers are not processed and platelet-rich clots sponta-
neously form in the microcirculation, resulting in thrombotic
microangiopathy.

VWF multimer digestion by ADAMTS13 is dependent on
shear stress, which causes the VWF protein overall shape to
change from mostly globular to an elongated, stretched form
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Figure 1. Schematic representation of ADAMTS13 activity. A, normal hemostasis: under physiological conditions, multimeric size of the VWF is controlled
by ADAMTS13, which circulates in closed conformation and only adopts a transient open conformation upon interacting with its substrate VWF. B, reduced
ADAMTS13 activity leads to accumulation of ULVWF multimers, which promote formation of platelet-rich clots in the microvasculature, giving rise to
thrombotic thrombocytopenic purpura. ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; VWF, von
Willebrand factor; ULVWF, ultra large von Willebrand factor.
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(16). Upon binding to its substrate VWF, ADAMTS13 adopts a
short-lived, transient “open” conformation that allows for
multiple exosites within the protease, disintegrin, cysteine-rich
(Cys-rich), and spacer domains to interact with complemen-
tary sites within the unfolded VWF A2 domain, a process that
has been named a “molecular zipper” (17, 18). Importantly, the
“open conformation” refers to the ADAMTS13 conformation
that evolves upon release of autoinhibitory interactions be-
tween the ADAMTS13 C-terminal complement C1r/C1s,
Uegf, Bmp1 (CUB) domains and the spacer domain (Fig. 2A).
Hence, when the CUB–spacer interactions are intact,
ADAMTS13 is in a “closed” conformation (Fig. 2B). The dif-
ferences in these conformations can be monitored by a
Figure 2. ADAMTS13 structure. A, three-dimensional model of ADAMTS13 i
releases its interactions with the CUB domains (cyan and magenta). This imag
three-dimensional model of ADAMTS13 in the “closed conformation”. The MDT
structure of the CUB domains was taken from the study by Kim et al. (32); the st
C, the ADAMTS13 domains are depicted schematically as a signal peptide (S; bla
followed by disintegrin-like (Dis; green), central thrombospondin type 1-like
TSP2-8 (gray), CUB1 (cyan), and CUB2 (magenta). ADAMTS13, a disintegrin and
complement C1r/C1s, Uegf, Bmp1; MDTCS, metalloprotease, disintegrin-like d

2 J. Biol. Chem. (2021) 297(4) 101132
specifically developed mAb that can only bind the spacer
domain when the protein is in an “open” conformation (19,
20). Previous literature directly correlates “open” conformation
ADAMTS13 to increased proteolytic activity (21). However,
subsequent findings indicate that several conformation-
controlled binding events between ADAMTS13 and its sub-
strate VWF are required for the generation of a fully catalyt-
ically active conformation of the MP domain (18). This
sophisticated sequence of conformational events serves to
regulate activation of ADAMTS13 as well as prevent excessive
or off-target proteolysis (22).

Recently, it was shown that ADAMTS13 circulates in an
“open” conformation during the acute phase and during
n the “open conformation”. In this conformation, the spacer domain (blue)
e was created based on the full-length ADAMTS13 3D model in panel B. B,
CS structure is determined by X-ray crystallography (18); three-dimensional
ructure of TSP2-8 was determined by homology modeling as described (49).
ck), propeptide (P; yellow), metalloprotease (MP; red) domain with active site
(TSP; gray) repeat, cysteine-rich (Cys-rich; orange), spacer (purple) domains,
metalloproteinase with a thrombospondin type 1 motif, member 13; CUB,

omain, thrombospondin type 1 repeat.
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subclinical disease in remission of iTTP, suggesting that a
sustained “open” conformation of ADAMTS13 is linked to the
onset and recurrence of autoimmunity in these patients (19,
20). Furthermore, in iTTP, conformational changes of
ADAMTS13 are observed earlier than detectable titers of anti-
ADAMTS13 autoantibodies during an acute episode of iTTP
(20). This observation raises the question how conversion of
ADAMTS13 from a closed to an open conformation is regu-
lated and how it relates to the pathogenesis of iTTP. The
pathological triggers inducing a switch from the closed to open
conformation of ADAMTS13 are now beginning to be defined.
For example, it was recently demonstrated that patient-derived
anti-ADAMTS13 autoantibodies can promote conversion of
ADAMTS13 from a closed to an open conformation (20, 23).
Apart from autoantibodies, other pathological triggers that
have not yet been identified may induce conformational
changes of ADAMTS13 in patients with iTTP. In this review,
we summarize the impact of key conformational changes that
contribute to development of autoimmunity in patients with
iTTP.
Structure and conformational flexibility of ADAMTS13

ADAMTS family members are multidomain proteins.
They consist of a signal sequence, a propeptide, a metal-
loproteinase, a disintegrin-like (Dis), a central thrombo-
spondin type 1-like (TSP), a Cys-rich, and a spacer domain
and a set of additional TSP repeats (24) (Fig. 2C).
ADAMTS13 uniquely contains two CUB domains at its
carboxy terminus (24). Within the propeptide, a furin-
cleavage site is localized which, when cleaved, facilitates
removal of the propeptide. ADAMTS MP domains contain a
zinc-binding motif with the reprolysin signature (HEXXH +
HD). Furthermore, ADAMTS proteins have a conserved
cysteine network inside their Cys-rich domain (24), which is
involved in substrate binding in the case of ADAMTS13
(25). The primary role of the ADAMTS13 central TSP
repeat seems to be spatial positioning of the VWF-binding
exosites present in the surrounding domains (26). Since
the isolation of ADAMTS13 from plasma (27–29) and
publication of its amino acid sequence in 2001 (28, 30),
researchers have intensively focused on understanding the
mechanism by which ADAMTS13 processes VWF multi-
mers. The experimental determination of the three-
dimensional structure of the disintegrin-like domain,
thrombospondin type 1 repeat, cysteine-rich and spacer
domains of ADAMTS13 provided a framework for these
studies (31). The crystal structure of the MP domain of
ADAMTS13 as well as the crystal structure of the CUB
domains were published more recently (18, 32).

C-terminal domains of ADAMTS family members have
been distinguished as important regulators of enzymatic ac-
tivity (33–37). Importantly, the C-terminal CUB domains are a
unique feature of ADAMTS13 and have evolved as critical
regulators of ADAMTS13 conformation and activity. Incuba-
tion of ADAMTS13 with the anti-CUB2 mAb 20E9 resulted in
an increased activity of ADAMTS13 (21). A similar effect was
observed after the addition of the D4-CK fragment derived
from VWF (residues 1874–2813), which comprises the natural
binding site of the VWF substrate for the ADAMTS13 CUB
domains (21). In addition, mAbs directed toward the T2-T8
repeats and the CUB1/2 domains were also capable of
increasing the activity of ADAMTS13 for the fluorescence
resonance energy transfer substrate VWF73 (FRETS-VWF73)
derived from the A2 domain of the VWF (38, 39). These
findings suggested that binding of mAbs to the carboxy-
terminal TSP2-8 and CUB1-2 domains induces a conforma-
tional change in ADAMTS13 that allows for more efficient
processing of unfolded peptide substrates such as FRETS-
VWF73. This hypothesis is strengthened further by the
finding that targeting of the spacer domain by antibodies yields
similar results (39).

Transmission electron microscopy of negatively stained
ADAMTS13 provided evidence for being primarily present in
a closed conformation, whereas a so-called gain-of-function
variant in which residues Arg568, Phe592, Arg660, Tyr661,
and Tyr665 were replaced for corresponding conservative
residues was primarily present in an open conformation (21,
40). Small-angle X-ray scattering combined with molecular
modeling provided additional evidence for intradomain in-
teractions between the TSP8-CUB1/2 and the spacer domain
(41). Follow-up studies revealed that both the CUB1 and CUB2
domains are capable of interacting with the spacer domain
(Fig. 2B) (42). A crucial role for TSP8 was suggested in
maintaining ADAMTS13 in a closed conformation, most likely
by promoting CUB1 spacer domain interactions (42). In a
recent study, Muia et al. showed that most carboxy/terminal
domains with the exception of TSP3/TSP6 are needed for
allosteric regulation of ADAMTS13 activity (43, 44). Deletion
of TSP7 and TSP8 abrogated allosteric regulation of
ADAMTS13 (44). Small-angle X-ray scattering combined with
molecular modeling suggested that ADAMTS13 is present in a
hairpin-like conformation with a so-called “hinge-like” region
between TSP4 and TSP5 (Fig. 2B) (43). This finding is
consistent with the presence of a linker region between TSP4
and TSP5 that may allow for bending of this part of
ADAMTS13 while securing the more rigid disulfide-bonded
configuration of the neighboring TSP4 and TSP5 repeats. In
agreement with this, an important role for three linker regions
after the TSP2, TSP4, and TSP8 domains was proposed to
control ADAMTS13 conformation (38). Somewhat unex-
pected, deletion of TSP3/6 repeats in human ADAMTS13
appeared to preserve its ability to convert from a closed to an
open conformation (44). This configuration was derived from
a phylogenetic screen, which showed that pigeon ADAMTS13,
which lacks the TSP3/TSP6 repeats, is still subject to allosteric
regulation (44). To summarize, ADAMTS13 normally circu-
lates in an autoinhibitory conformation governed by an
interaction between its C-terminal domains and the spacer
domain which is designated as “closed” conformation. To
allow for enzymatic activity, conformational changes in
ADAMTS13 are required, which will be addressed below.
J. Biol. Chem. (2021) 297(4) 101132 3
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ADAMTS13 enzymatic activation
As previously introduced, multimeric VWF circulates in a

globular form; however, exposure to shear forces and the
binding to exposed collagen at the site of a damaged vessel
promotes its unfolding (45). Single-molecule experiments using
optical tweezers have provided evidence for shear force–
induced unfolding of VWF that is needed for efficient cleav-
age of VWF polymers into smaller entities (46). ADAMTS13
can bind to globular VWF through the interaction of the
C-terminal D4-CK domains of VWF with ADAMTS13 TSP7-
CUB1 domains (43). This is considered to serve two func-
tions, the first one being positioning of ADAMTS13 to the
VWF through reversible association. Second, this interaction
promotes exposure of the cryptic spacer domain exosite of
ADAMTS13 through release of the autoinhibitory CUB–spacer
domain interactions, thus inducing a transient “open”
ADAMTS13 conformation. After opening, exposed exosites
bind to the VWF A2 domain by an induced-fit mechanism;
exosite-1 (47) (Dis domain; Arg349, Leu350) binding to the
VWF1614 to 1622 and providing the juxtaposition of the active
site in the MP domain and the scissile bond on VWF Tyr1605-
Met1606, exosite 2 (25) (Cys-rich domain; Ala472, Ala473,
Val474) binding the VWF1642 to 1651 region and exosite 3
(48, 49) (spacer domain Arg568, Phe592, Arg660, Tyr661,
Tyr665) binding to VWF1660 to 1668 (18). While Akiyama
et al. (31) concluded that the activity of ADAMTS13 is pri-
marily dependent on the unfolding of the VWF molecule, a
recent study by Petri et al. (18) has demonstrated that in-
teractions between VWF and ADAMTS13 also serve to activate
ADAMTS13. This activation occurs in the MP domain of
ADAMTS13. A recent crystal structure of mAb 3H9-inhibited
ADAMTS13 MP domain (an anti-ADAMTS13 MP domain
antibody) shows that the active site of ADAMTS13 is occluded
by Arg193, Asp217, and Asp252 that together comprise a
Figure 3. Allosteric activation of the ADAMTS13 metalloprotease domai
complex with the inhibitory 3H9 Fab fragment as reported by Petri et al. (P
ADAMTS13 metalloprotease and disintegrin domains (blue), in which the gatek
green spheres are calcium ions). B, the position of ADAMTS13 metalloprotease
epitopes (indicated in yellow) in the ADAMTS13 metalloprotease domain. ADA
motif, member 13; MDTCS, metalloprotease, disintegrin-like domain, thrombo
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so-called gatekeeper triad (18). Asp217 and Asp252 form salt
bridges with Arg193 and occlude this site (Fig. 3). In normal
physiology, the gatekeeper triad can transiently occlude the
active site or destabilize and open up the proteolytic cleft to
dock VWF Tyr1605–Met1606 scissile bond for hydrolysis.
Occlusion of the proteolytic cleft by the gatekeeper triad can
likely be found in circulating closed conformation ADAMTS13,
as a way of avoiding off-target proteolysis while providing
resistance to plasma inhibitors (18). Activation of the MP
domain occurs after exosite 2 and 3 bind to the VWF, to allow
Dis domain exosite 1 (R349, L350) to interact with VWF and
allosterically activate the MP domain (18).

Conformational activation of the MP domain of
ADAMTS13 as a result of binding of activating ADAMTS13
autoantibodies was also recently shown by Schelpe et al. (39).
This exosite lies on the surface of the Dis domain, close to
the MP domain active site and was shown to be crucial for
ADAMTS13 activity by de Groot et al. (47). Cleavage of the
scissile bond in the VWF by ADAMTS13 is preceded by
docking of the VWF P10, P1, and P3 residues in comple-
mentary subsites in the MP domain (26). Thus, activation of
ADAMTS13 is a complex process that is governed by mul-
tiple interactions with the VWF substrate, following a “mo-
lecular zipper” model that ultimately leads to activation of
the MP domain and cleavage of the VWF scissile bond (17).
This observation suggests that MP domain conformational
changes are required for development of full proteolytic ac-
tivity toward its substrate VWF (18). A follow-up study
revealed that mAbs directed toward the CUB1 and spacer
domain promote exposure of the catalytic site (39). It is not
fully understood how antibody interactions with the spacer
and CUB domains yield a conformational change within the
MP domain in absence of the previously described VWF-
ADAMTS13 interactions. However, several conformational
n. ADAMTS13 MDTCS (metalloprotease to spacer domains) crystallized in
DB ID: 6QIG) was used to create the images in this figure using PyMol. A,
eeper triad is occluding the proteolytic cleft (gray sphere represents zinc, and
connector loop (indicated in magenta), which may potentially shield cryptic
MTS13, a disintegrin and metalloproteinase with a thrombospondin type 1
spondin type 1 repeat.
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changes in ADAMTS13 seem to be required to optimally
position the active site of ADAMTS13 for cleavage of its
substrate.
Conformational consequences of the spacer–CUB
domain interactions

We previously discussed how in WT-ADAMTS13, the
TSP2 to CUB2 domains extend like an arm, that can form an
elbow-like bend between TSP4 and TSP5 and then fold back
and dock CUB domains onto the spacer domain, leading
ADAMTS13 to adopt a globular, closed conformation (41, 43).
Gain-of-function mutations on the spacer domain (Arg568-
Lys/Phe592Tyr/Arg660Lys/Tyr661Phe/Tyr665Phe) disrupt
the docking of CUB domains and shift the ADAMTS13
Figure 4. Three-dimensional model of ADAMTS13 closed conformation be
CUB domains (PDB ID: 7B01) and the cysteine-rich and spacer domains (PDB ID
the images in this figure. A, three-dimensional model of the ADAMTS13 closed
using the residues that interact between the spacer and CUB domains determ
spacer residues that interact with the CUB domains in the closed conformation.
representation, and the CUB domain–interacting spacer residues are highlighte
to the color of the CUB domains they interact with (CUB1(cyan)/CUB2(magen
during the closed conformation. CUB domains are shown as a cartoon represen
both the CUB1 and CUB2 domains. ADAMTS13, a disintegrin and metalloprote
C1r/C1s, Uegf, Bmp1.
structure toward a linear, open conformation (40, 50). The 3D
structure of the ADAMTS13 CUB domains were recently
determined by x-ray crystallography (32). Interestingly,
ADAMTS13 CUB domains do not accommodate a Ca2+-
binding site in contrast to other CUB domains (32, 49). A
combination of protein–protein docking between spacer
domain–CUB domains and ADAMTS13 conformation assay
in vitro indicated that residues Trp1245, Leu1248, Trp1250,
Lys1252, and Arg1272 from the CUB1 domain and Arg1326,
Arg1361, Glu1387, and Glu1389 (Fig. 4, A–C) from CUB2
domain were described as responsible for the maintenance of
ADAMTS13 closed conformation (32). Based on a previous
study (42), only ADAMTS13 CUB1 domains is found to be
inhibiting the proteolytic activity against VWF. However,
based on in silico modeling of ADAMTS13 closed
tween spacer and CUB domains. The three-dimensional structures of the
: 6QIG) as reported by Kim et al. (32) and Petri et al. (18) were used to create
conformation built by protein–protein docking as previously described (49),
ined by Kim et al. (32), which are specified in panels B and C. B, ADAMTS13
The cysteine-rich (orange) and spacer (blue) domains are shown as a cartoon
d and shown as sticks. Highlighted spacer domain residue color corresponds
ta)). C, ADAMTS13 CUB domain residues which bind to the spacer domain
tation. The residues that interact with the spacer domain are colored blue for
inase with a thrombospondin type 1 motif, member 13; CUB, complement
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conformation model (32), CUB2 was predicted to be inter-
acting with Arg568, Arg660, Tyr661, and Tyr665 (Fig. 4A)
from ADAMTS13 spacer domain, which were known to be
crucial for VWF interactions. In addition, the CUB domains
accommodate two N-glycosylation sites at Asn1235 and
Asn1354, which both contain sialic acid–ending glycans (51).
Asn to Gln mutation of these sites increased the activity of
ADAMTS13 toward the FRETS-VWF73 substrate as well as
shear-dependent processing of the VWF, suggesting the
importance of these N-glycans in maintaining a closed
conformation (52). On the other hand, the crystal structure
and in silico modeling indicate the N-glycans of CUB domains
are not crucial for maintaining ADAMTS13 in a closed
conformation (32). It is well known that N-glycans as well as
other post-translational modifications can contribute to sta-
bilization of interdomain or intradomain interactions. We
therefore speculate that in the absence of these N-glycans,
CUB domains may become structurally less stable, thereby
promoting conversion of N-glycan lacking ADAMTS13 from a
closed to an open conformation (53). It can however not be
excluded that negatively charged sialic acid residues that are
present on the N-glycans linked to Asn1235 and Asn1354
might also alter the electrostatic surface potential of the CUB
domains, allowing for its binding to positively charged residues
in the spacer domain, thereby promoting a closed conforma-
tion of ADAMTS13 through long-range electrostatic
interactions.

Shifting ADAMTS13 from a closed to an open conforma-
tion also impacts the structure and activity of the MP domain.
It has been shown in several publications that the catalytic
activity of ADAMTS13 is significantly enhanced upon binding
of activating antibodies such as 17G2 (anti-ADAMTS13 CUB1
domain antibody) (38, 39). The underlying mechanism of this
activity increase was recently linked to the conformational
activation of ADAMTS13 in the MP domain, where a cryptic
epitope for 6A6 (an anti-ADAMTS13 MP antibody) is exposed
if ADAMTS13 is bound to the activating antibody 17G2 (39).
Localization of this cryptic epitope on MP domain still remains
elusive and requires more detailed mutagenesis studies to
characterize this epitope or alternatively an experimentally
determined 3D structure of ADAMTS13 bound to 6A6.
However, we can speculate on this based on the 3D structure
of the MP and disintegrin domain. The connector loop (resi-
dues 285–300) between the MP and Dis domain seems to have
a high degree of flexibility. Reorientation of this connector
loop as a result of 17G2 binding may expose the α-helix, the
β-sheet, or the loops that reside between residues 79 and 84 or
100 and 135 (Fig. 3B). These exposed residues may contribute
to the neoepitope for 6A6 (Fig. 3B).
ADAMTS13 conformational changes in immune TTP

The majority of autoantibodies that develop in patients with
iTTP inhibit ADAMTS13 and/or enhance its clearance from
the circulation (54, 55). As mentioned above, Muia et al. and
Deforche et al. showed that mAbs targeting distal ADAMTS13
regions (TSP6-CUB2) can also allosterically activate the
6 J. Biol. Chem. (2021) 297(4) 101132
enzyme (38, 44). Since then, activating effects for several an-
tibodies have been reported (38, 39, 41). Physiological rele-
vance of antibody-induced conformational changes is
suggested by the ability of a plasma sample, derived IgG from
an iTTP patient, to also enhance the processing activity of
ADAMTS13 toward the FRETS-VWF73 small substrate (41).
This observation shows that also antibodies that arise in pa-
tients with acquired TTP can enhance the proteolytic activity
of ADAMTS13, most likely by promoting the conversion from
a closed to an open ADAMTS13 conformation. Recently,
Roose et al. (19) developed a plasma-based assay that was used
to monitor the conformation of ADAMTS13 in healthy in-
dividuals as well as in patients with iTTP. This was achieved by
using an mAb, designated 1C4, which binds to exosite 3 within
the spacer domain that is also targeted by pathogenic anti-
bodies that develop in patients with iTTP (40, 48). In
ADAMTS13, as present in plasma of healthy individuals, this
site is not accessible for 1C4 because ADAMTS13 is present in
a “closed” conformation (Fig. 5) (19). Upon addition of 17G2,
an mAb that binds around R1219 of the CUB1 domain of
ADAMTS13 (32), the equilibrium between a closed and an
open conformation is shifted toward an “open” conformation
(Fig. 5). After incubation of plasma with 17G2, the binding site
for 1C4 in the spacer domain becomes exposed (Fig. 5),
resulting in an increase in 1C4 binding to ADAMTS13 in
response to the addition of 17G2 to diluted patient plasma
(19). From this, a conformation index was defined that rep-
resented the increase of 1C4 binding induced by the incuba-
tion of ADAMTS13 with 17G2 (19). Intriguingly, when using
this assay to monitor ADAMTS13 conformation in plasma of
acute-phase iTTP patients, it was observed that a significant
part of ADAMTS13 was already able to bind 1C4 without
prior incubation of the plasma sample with 17G2 (19). This
observation indicates that ADAMTS13 is present in an “open”
conformation in patients with iTTP. Longitudinal analysis
revealed that “open” ADAMTS13 was primarily present during
the acute phase of iTTP; following remission (when
ADAMTS13 activity was >50%), ADAMTS13 was mainly
present in a closed conformation in which the epitope for 1C4
in the spacer domain was shielded by the carboxy-terminal
CUB1/2 domains (20). In a follow-up study, Roose et al. (23)
showed that polyclonal antibodies isolated from plasma of
patients with iTTP were capable of converting ADAMTS13
from a closed to an open conformation. This observation
suggests that similar to mAb 17G2, patient-derived antibodies
are capable of shifting the equilibrium from a closed to an
open conformation (Fig. 5), thereby facilitating the exposure of
the immunodominant spacer domain epitope (Fig. 5). How
does this relate to the onset of iTTP? How does the conversion
of ADAMTS13 from a closed conformation to an open
conformation contribute to the onset of iTTP? These essential
questions need further study to be fully answered. However,
we can speculate on this. For instance, during the early auto-
immune response, primarily antibodies directed toward the
carboxy-terminal CUB1/2 domains may develop. Such anti-
bodies have been shown to be present in about 20 to 50% of
patients (55–59). Binding of these antibodies to the CUB1/2



Figure 5. Antibody-mediated ADAMTS13 structure opening. Three-dimensional model of ADAMTS13 shifting from “closed” to “open” conformation
upon binding of autoantibodies. The MDTCS structure is determined by X-ray crystallography (18) (PDB ID: 6QIG); three-dimensional structure of the CUB
domains was taken from the study by Kim et al. (32) (PDB ID: 7B01); the structure of TSP2-8 was determined by homology modeling as described (49). The
structure of the antibodies shown in the figures is derived from PDB ID 1IGT. In this figure, the red antibody represents an activating antibody, an example of
which is 17G2. Binding of an activating antibody to the CUB domains opens up the conformation of ADAMTS13, which exposes cryptic epitopes that allow
the binding of inhibiting antibodies (green), which can inhibit binding to VWF. CUB, complement C1r/C1s, Uegf, Bmp1; MDTCS, metalloprotease, disintegrin-
like domain, thrombospondin type 1 repeat; TSP, thrombospondin type 1-like; VWF, von Willebrand factor.
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domains of ADAMTS13 may promote exposure of the cryptic
(Fig. 5), highly immunodominant spacer domain epitope.
Exposure of this latent immunodominant spacer domain
epitope then results in a vigorous B cell response that through
the generation of high affinity spacer domain antibodies in-
hibits ADAMTS13 activity and subsequent processing of VWF
by ADAMTS13 (Fig. 5) (40, 48). Alternatively, elevated levels
of the VWF as observed, for example, during infections could
shift the equilibrium between the closed and open confor-
mations of ADAMTS13, thereby prolonging exposure of the
cryptic epitope in the spacer domain. Indeed, a broad range of
infections has been linked to the onset of iTTP (54, 60).
Recently, two reports described the development of iTTP in
patients immediately after infection with SARS-CoV2 (61, 62).
Strongly elevated levels of the VWF have been observed in
patients with COVID-19 (63), and these may induce conver-
sion from a closed to an open conformation. Other factors may
also contribute to conformational changes in ADAMTS13.

Apart from the VWF and polyclonal antibodies targeting the
carboxy-terminal CUB1/2 domains, post-translational modi-
fications may likewise impact ADAMTS13 conformation.
Citrullination of arginine residues can have significant impli-
cations to protein structure, function, stability, and protein–
protein interactions because of loss of positive charge of
arginine residues (64). Neutrophils express peptidyl deiminase
4, an enzyme which is activated and secreted upon neutrophil
extracellular trap formation (65). In a recent article, Sorvillo
et al. (66) showed that peptidyl deiminase 4 can citrullinate
ADAMTS13 and reduce its activity both in vitro and in vivo.
Identification of citrullinated residues on ADAMTS13 with
MS revealed citrullination of Arg190 and Arg636, in the MP
and spacer domain, respectively (66). Citrullinated antigens
play a major role in other autoimmune disorders such as
rheumatoid arthritis (67). Citrullination of ADAMTS13 may
therefore provide a potential link between inflammation and
autoimmune TTP. Structural changes in ADAMTS13 related
to citrullination may result in conformation changes that may
result in exposure of cryptic epitopes in the spacer domain or
other parts of the molecule. As yet, anticitrullinated protein
antibodies as observed in patients with rheumatoid arthritis
have not yet been observed in patients with iTTP. Uniquely for
ADAMTS13, Arg190 in the MP domain forms a salt bridge
with Asp182 to stabilize the Ca2+-binding loop, whereas this
function is carried out by a conserved disulfide bond in other
ADAMTS MP homologs (68). Citrullination of Arg190 can
disrupt the salt bridge and cause loss of structural stability on
the Ca2+-binding loop that may eventually lead to impaired
proteolytic activity. In addition, this could disturb the
conformational activation of the MP domain upon removal of
the CUB–spacer interactions, yielding a “semi-open”
ADAMTS13 conformation. Arg636 was not found to directly
contribute to interactions between ADAMTS13 spacer and
CUB domains (32); however, citrullination of this positively
charged residue still might modulate electrostatic interactions
with the negatively charged residues present in the CUB
domains.

Apart from citrullination of ADAMTS13, other post-
translational modifications such as oxidation of methionine
residues by neutrophil-released hypochlorous acid may lead to
conformational changes that could result in exposure of
cryptic epitopes on ADAMTS13. Evidence has been provided
for oxidation of Met249, Met331, and Met496 to methionine
sulfoxide that resulted in a decline in ADAMTS13 activity (69).
In general, oxidation of the sulfur atom of methionine residues
can change the physicochemical properties of a protein (70).
The sulfur atoms in methionines can form a hydrophobic
interaction with the aromatic rings of tyrosines, phenylala-
nines, and tryptophans. This interaction is comparable with an
ionic interaction and is known to stabilize protein structure
but is lost upon methionine oxidation (71, 72). Whether
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oxidation of methionine residues plays a role in conversion of
ADAMTS13 from a “closed” to an “open” conformation
however remains to be established.

Concluding remarks

Current data suggest that conformational changes in
ADAMTS13, in particular, its conversion from a closed to an
open conformation, are involved in the pathogenesis of im-
mune TTP. As yet, it is not fully understood how ADAMTS13
conformation is controlled in vivo. Human leukocyte antigens
(73–75) provide a risk factor for immune TTP. Environmental
triggers such as infections (76–78), pregnancy (79), drugs (80),
and vaccines (81) may induce conformational changes that are
linked to the onset of immune TTP. Future studies should
reveal whether and how environmental triggers induce
conformational changes in ADAMTS13 that are linked to the
onset or relapses in patients with immune TTP. In addition,
novel high-resolution structures corresponding to the open
and closed conformations of ADAMTS13 are needed to reveal
how conformational plasticity of ADAMTS13 contributes to
the onset of immune TTP.
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