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Blood loss is prevented by the multidomain glycoprotein von
Willebrand factor (VWF), which binds exposed collagen at dam-
aged vessels and captures platelets. VWF is regulated by the
metalloprotease ADAMTS13, which in turn is conformationally
activated by VWF. To delineate the structural requirements for
VWF-mediated conformational activation of ADAMTS13, we
performed binding and functional studies with a panel of
truncated ADAMTS13 variants. We demonstrate that both
the isolated CUB1 and CUB2 domains in ADAMTS13 bind to
the spacer domain exosite of a truncated ADAMTS13 variant,
MDTCS (KD of 135 � 1 0.1 nM and 86.9 � 9.0 nM, respec-
tively). However, only the CUB1 domain inhibited proteolytic
activity of MDTCS. Moreover, ADAMTS13�CUB2, unlike
ADAMTS13�CUB1-2, exhibited activity similar to wild-type
ADAMTS13 and could be activated by VWF D4-CK. The CUB2
domain is, therefore, not essential for maintaining the inactive
conformation of ADAMTS13. Both CUB domains could bind to
the VWF D4-CK domain fragment (KD of 53.7 � 2.1 nM and
84.3 � 2.0 nM, respectively). However, deletion of both CUB
domains did not prevent VWF D4-CK binding, suggesting that
competition for CUB-domain binding to the spacer domain is
not the dominant mechanism behind the conformational acti-
vation. ADAMTS13�TSP8-CUB2 could no longer bind to VWF
D4-CK, and deletion of TSP8 abrogated ADAMTS13 conforma-
tional activation. These findings support an ADAMTS13 acti-
vation model in which VWF D4-CK engages the TSP8-CUB2
domains, inducing the conformational change that disrupts
the CUB1-spacer domain interaction and thereby activates
ADAMTS13.

The large, multidomain glycoprotein Von Willebrand factor
(VWF)3 recognizes exposed collagen at sites of vascular damage

through its surface-exposed A3 domain (1–3). Once tethered to
collagen, rheological shear forces induce a conformational
change (4). The globular conformation, adopted under condi-
tions of low shear, unfolds to reveal its binding site for the plate-
let GpIb� receptor within its A1 domain (5) and to enable plate-
let capture.

VWF, expressed in endothelial cells, multimerizes in the
Golgi apparatus and is stored in Weibel-Palade bodies as het-
erogeneous high molecular weight multimers (as large as
20 – 40-mers) before being released into the plasma (6 –9).
Once in circulation, it is the highest molecular weight multim-
ers that exhibit the most hemostatic potential. It is the presence
of these “ultra large” VWF multimers, caused by ADAMTS13
deficiency, that initiates the formation VWF-platelet micro-
thrombi (10), which characterize thrombotic thrombocytope-
nic purpura (TTP). Imbalance of the VWF/ADAMTS13 axis
has also been suggested to play a role in both ischemic stroke
and myocardial infarction (11–14).

The multimeric size and hemostatic potential of VWF is reg-
ulated through a multistep mechanism of proteolysis of its A2
domain by the metalloprotease ADAMTS13 (15, 16). This
process begins with a positioning interaction between the
C-terminal domains of ADAMTS13 and the C-terminal
D4-CK domains of globular VWF (17, 18). VWF is main-
tained in its globular conformation by structural elements of
the A2 domain (19 –23), with the ADAMTS13 cleavage site
inaccessible. Upon shear-induced unfolding of the VWF A2
domain, there is a progressive exposure of distinct binding
exosites that are engaged by complementary exosites in the
ADAMTS13 spacer, cysteine-rich, disintegrin-like, and metal-
loprotease domains (24 –29). The newly exposed scissile bond
of VWF (Tyr-1605–Met-1606) is positioned for cleavage by the
docking of its P1�, P1, and P3 residues into complementary
subsites in the protease domain (30).

The importance of ADAMTS13 conformation in regulating
VWF proteolysis has been recently investigated. The proteo-
lytic activity of ADAMTS13 against VWF73 is enhanced in the
truncated variant MDTCS (31, 32), suggesting an autoinhibi-
tory role of the C-terminal domains of ADAMTS13. A globu-
lar conformation of ADAMTS1�3, maintained by binding
between its spacer and CUB domains (31), is suggested to be
facilitated by up to three flexible linker regions within the
C-terminal tail (33). In a gain of function (GoF) ADAMTS13
variant (R568K/F592Y/R660K/Y661F/Y665F), which exhibits
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enhanced proteolytic activity (34), this autoinhibitory inter-
action is disrupted, and an open conformation is adopted (31).
The VWF D4-CK domain region is essential for enhancing
activity of ADAMTS13 (31, 32), indicating that the positioning
interaction between VWF D4-CK and ADAMTS13 (17) actu-
ates the conformational change required to expose the func-
tionally important spacer domain exosite. Conformational qui-
escence of ADAMTS13 hides the exosites predominantly
recognized by TTP autoantibodies (31) and may also serve to
prevent off-target proteolysis of plasma proteins, as it has now
been demonstrated that conformationally active ADAMTS13
is capable of proteolysing fibrinogen (35).

To further explore the molecular basis of conformational
activation of ADAMTS13, we have prepared and studied a
panel of ADAMTS13 domain deletion variants. We have
employed binding and functional assays to determine the role
of the ADAMTS13 C-terminal domains in its activation by
VWF D4-CK. We propose that CUB1 binding to the spacer
domain forms the autoinhibitory basis of its quiescent confor-
mation. Moreover, several distinct interactions between VWF
D4-CK and ADAMTS13 have been identified, with the TSP8
domain of ADAMTS13 proving essential for VWF D4-CK-in-
duced activation.

Results

CUB1 and CUB2 exhibit independent binding to the spacer
domain

We first conducted a preliminary co-immunoprecipitation
investigation of the binding between the isolated CUB1 and
CUB2 domain fragments and the truncated ADAMTS13
variant, MDTCS. Both CUB1 and CUB2 were shown to inter-
act with WT MDTCS in solution with an affinity that was suf-
ficient to allow specific co-immunoprecipitation of the CUB
fragments when MDTCS was pulled down. As expected, bind-
ing of neither CUB fragment to the GoF MDTCS variant was
observed.

These findings were corroborated by surface plasmon reso-
nance analysis in which MDTCS variants (WT or GoF) were
immobilized on a sensor chip (Fig. 1). Both CUB1 and CUB2
bound to WT MDTCS with moderate affinities (Fig. 1, A and
B), KD values of 135 � 10.1 nM and 86.9 � 9.0 nM, respectively
(Fig. 1G). As expected, a higher affinity interaction was ob-
served between WT MDTCS and the CUB1-2 fragment (Fig.
1C), with a KD value of 55.6 � 10.9 nM, similar to that reported
previously (31). There was also an �2-fold increase in the Bmax
of binding between WT MDTCS and CUB1-2 compared with
the isolated CUB1 and CUB2 domain fragments (Fig. 1G). In
support of co-immunoprecipitation (co-IP) experiments, no
binding between CUB1 or CUB1-2 and GoF MDTCS (Fig. 1, D
and F) and minimal binding between high concentrations of
CUB2 and GoF MDTCS were observed (Fig. 1E).

CUB1-spacer binding maintains the autoinhibited ADAMTS13
conformation

As previously reported (31), WT and GoF MDTCS are both
hyperactive, with activity �2-fold higher than that of WT
ADAMTS13 and similar to GoF ADAMTS13 in FRETS-
VWF73 assays (Fig. 2, A and B). The CUB1-2 domain fragment

significantly inhibited the activity of WT MDTCS, but not the
GoF variant, in this assay (Fig. 2C). Importantly, the isolated
CUB1 fragment significantly inhibited WT MDTCS (p � 0.05)
to a similar extent as CUB1-2, but the isolated CUB2 fragment
was without effect, even when added up to a concentration of 10
nM (data not shown). This inhibitory influence of CUB1 was
reflected in the activities of C-terminal-truncated ADAMTS13
variants. Truncation of WT ADAMTS13 after CUB1 (WT�CUB2)
did not significantly alter proteolytic activity in FRETS-VWF73
assays. However, removal of both CUB domains (WT�CUB1-2)
increased activity at a level similar to that of GoF ADAMTS13
(Fig. 2D). Truncation of GoF ADAMTS13 (GoF �CUB2 and
GoF�CUB1-2) did not alter its activity.

Both CUB1 and CUB2 interact with the D4-CK domains of VWF
but are not the major binding partners

SPR analysis has also revealed that both CUB1 and CUB2
(immobilized on a sensor chip) are able to bind the VWF
D4-CK domain fragment (Fig. 3, A and B), with KD values of
53.7 � 2.1 nM and 84.3 � 2.0 nM, respectively (Fig. 3D). How-
ever, the capacity of binding between CUB2 and VWF D4-CK
was markedly lower than that of CUB1, with Bmax values of
60.1 � 25.3 RU and 188 � 24.5 RU, respectively (Fig. 3D). Fur-
thermore, there was no increase in affinity between VWF
D4-CK and the CUB1-2 domain fragment (Fig. 3C) compared
with the isolated CUB1 fragment (KD values of 51.8 � 1.9 nM

and 53.7 � 2.1 nM, respectively, p � 0.5).
WT ADAMTS13, immobilized on the sensor chip, bound to

the VWF D4-CK domain fragment (Fig. 4A) with a KD of 114 �
5.2 nM (Fig. 4D), similar to that published previously (17). Sur-
prisingly, truncation of ADAMTS13 after the CUB1 domain
(WT�CUB2) or after the TSP8 domain (WT�CUB1-2) re-
sulted in only a slight decrease in affinity for the VWF D4-CK
domain fragment (Fig. 4, B and C) with the KD values (132 � 3.9
nM and 131 � 3.8 nM) but not the Bmax values (111 � 0.6 RU and
106 � 0.5 RU) differing significantly (p � 0.05) from that of WT
ADAMTS13 (Fig. 4D).

These results, suggesting that binding of ADAMTS13 to
VWF D4-CK occurred in the absence of the CUB domains,
were corroborated using an equilibrium plate binding assay
(Fig. 4E). The KD(APP) of binding between WT ADAMTS13 and
VWF D4-CK, derived from these data (146 � 15.5 nM), was
somewhat higher than that determined by SPR. However, the
same relative decrease in affinity for VWF D4-CK exhibited by
the truncated variants WT�CUB2 and WT�CUB1-2 (KD(APP)
values of 167.0 � 15.9 nM and 183.5 � 21.8 nM, respectively)
was observed.

The TSP8 domain is essential for ADAMTS13 binding to the
D4-CK domains of VWF and conformational activation

Using the same equilibrium plate binding assay, minimal
binding was observed between VWF D4-CK and either WT
MDTCS or WT�TSP8-CUB2 (Fig. 4E), indicating TSP8 as a
major VWF D4-CK binding partner. Indeed, the in-frame dele-
tion of TSP8 (WT�TSP8) also largely reduced binding (KD(APP)
of �1 �M).

We studied next the importance of the three ADAMTS13
domains established as able to bind to VWF D4-CK (CUB1,
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CUB2, and TSP8) for conformational activation using the
FRETS-VWF73 assay. As in earlier experiments (Fig. 2D), re-
moval of the CUB2 domain did not induce hyperactivity com-
pared with WT ADAMTS13 (Fig. 5, A and B). Moreover,
WT�CUB2 activity was significantly enhanced (p � 0.05) in
a dose-dependent manner by the addition of VWF D4-CK,
similar to the enhancement observed previously for WT
ADAMTS13 (31).

The increased activity of truncated ADAMTS13, lacking
both CUB1 and CUB2, is now established (Fig. 2D) and previ-
ously (31). This is reflected in the results presented in Fig. 5, C,
D, G, and H, in which both WT�CUB1-2 and WT�TSP8-
CUB2 exhibited a level of activity similar to that of GoF
ADAMTS13. Also, neither of these variants was further acti-

vated by the addition of VWF D4-CK. Interestingly, the in-
frame deletion of TSP8 did not exhibit enhanced activity. How-
ever, its activity was also not enhanced by VWF D4-CK (Fig. 5,
E and F).

Discussion

It had long been assumed that ADAMTS13 is secreted into
the plasma in a constitutively active state and that its proteo-
lytic activity against VWF is regulated solely by its dependence
on the shear-induced conformational change in the VWF A2
domain. Recent work has indicated that ADAMTS13 itself
undergoes a conformational change required for it to achieve
full activity (31, 32). Using electron microscopy (31) and small
angle X-ray scattering (32), it was shown that ADAMTS13 can

Figure 1. Concurrent binding of CUB1 and CUB2 had an additive effect on their affinity for the spacer domain of ADAMTS13. Binding between WT
MDTCS (A–C) or GoF MDTCS (D–F) to the immobilized C-terminal domain fragments CUB1, CUB2, and CUB1-2 was determined by SPR. Results are represen-
tative of three independent experiments. G, global analysis was used to determine KD, and Bmax values were used for the binding between WT MDTCS and the
CUB domain fragments (mean � S.D., n � 3).
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adopt a folded conformation with its C-terminal domains in
close proximity to its N-terminal MDTCS domains. Using a
GoF ADAMTS13 variant (34), which is constitutively active,
and truncated ADAMTS13 variants (WT and GoF MDTCS), it
was demonstrated that autoinhibition of ADAMTS13 arises
from binding between the CUB1-2 domain fragment and the
Arg-568, Phe-592, Arg-660, Tyr-661, and Tyr-665 residues of
its spacer domain (31).

To further delineate the autoinhibitory interaction between
the spacer domain and C-terminal domains of ADAMTS13, we
have used a combination of SPR and co-IP to study binding of
the isolated CUB1 and CUB2 domain fragments to MDTCS.
Surprisingly, considering the minimal surface area of the five
spacer domain residues (Arg-568/Phe-592/Arg-660/Tyr-661/
Tyr-665), both CUB1 and CUB2 exhibited independent bind-
ing to WT MDTCS (Fig. 1, A and B). The affinities of CUB1 and
CUB2 binding to MDTCS (135 � 10.1 nM and 86.9 � 9.0 nM,
respectively) were lower than that of the CUB1-2 domain frag-
ment reported here (Fig. 1, C and G) and previously (31). The
2-fold increase in the Bmax of CUB1-2, compared with the iso-
lated CUB1 and CUB2 domains, suggests that when immobi-
lized the MDTCS binding sites on CUB1 and CUB2 can both be
occupied by MDTCS. As expected, the binding between CUB1

and MDTCS was completely abolished in the GoF MDTCS
variant (Fig. 1D). However, minimal binding between CUB2
and GoF MDTCS was observed (Fig. 1E).

Having established that both CUB1 and CUB2 interact with
the spacer domain exosites, we next examined the autoinhibi-
tory potential of these isolated CUB domains using FRETS-
VWF73 assays. As reported previously (31), both WT and GoF
MDTCS exhibited an �2-fold increase in activity compared
with WT ADAMTS13, similar to that of GoF ADAMTS13 (Fig.
2, A–C). Despite the evidence that both CUB domains bind to
the spacer domain exosite, only CUB1 appeared to exert an
inhibitory effect, with both the CUB1 and CUB1-2 domain frag-
ments inhibiting WT MDTCS activity to a similar extent (Fig.
2C). Neither CUB1 nor CUB1-2 was able to inhibit GoF
MDTCS, as would be expected from the binding studies, and
any residual binding that may exist between CUB 2 and GoF
MDTCS was not inhibitory. The autoinhibitory potential of
CUB1 was corroborated by determining the activities of C-ter-
minal-truncated ADAMTS13 variants (Fig. 2D), as increased
activity was only achieved in the WT�CUB1-2 variant. The
predicted relative geometry of the CUB domains and MDTCS
(Fig. 6A) would allow for binding between the spacer domain
exosites and both CUB1 and CUB2. When originally described

Figure 2. CUB1 binding to the spacer domain maintained the closed conformation of ADAMTS13. A–C, the FRETS-VWF73 assay was used to determine the
inhibitory effect of the CUB domain fragments (CUB1, CUB2, and CUB1-2) on the relative proteolytic activity of the truncated ADAMTS13 variant MDTCS (WT or
GoF). In each panel the activities of WT and GoF ADAMTS13 are included for reference. Normalized results (A and B) are representative of three independent
experiments, and relative proteolytic activities (C) are presented as the mean � S.D. (n � 3). D, the same assay was also used to determine the proteolytic
activity of C-terminal-truncated ADAMTS13 variants (�CUB2 and �CUB1-2). Results are presented as the mean � S.D. (n � 3). *, p � 0.05; **, p � 0.01.
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by Jian et al. (34), it appeared to be the Y661F and Y665F sub-
stitutions (in the variants M4 and M5) that predominantly
resulted in hyperactivity of ADAMTS13. In our proposed
model, CUB1 is in close proximity to Tyr-661 and Tyr-665 (Fig.
6A). It is, therefore, likely that binding between CUB1 and
the Tyr-661/Tyr-665 residues (which is abolished in their
M4 and M5 variants) is responsible for maintaining the
closed ADAMTS13 conformation.

In previous studies of ADAMTS13 conformational activa-
tion (31, 32) it was shown that the conformational change,
required for ADAMTS13 to achieve full activity, is induced by
binding to its substrate, particularly the D4-CK domains of
VWF. Exactly how VWF binding brings about this conforma-
tional change is not known. A simple explanation is that the
D4-CK domains bind to the CUB domains of ADAMTS13 (par-
ticularly the autoinhibitory CUB1 domain), competing for the
spacer domain binding site. Using SPR we have now established
that both CUB1 and CUB2 are able to bind to the VWF D4-CK
domain fragment (Fig. 3, A–D). However, the affinity of binding
between CUB2 and VWF D4-CK is lower than that of CUB1.
This may be the result of CUB2 being coupled to the chip in a
suboptimal orientation, a suggestion supported by the reduc-
tion in its Bmax. This moderate affinity interaction between
CUB1-2 and D4-CK (KD of �50 nM) is similar to that previously
established for the interaction between CUB1-2 and WT
MDTCS (31) and could be sufficient to overcome the closed
conformation.

However, SPR analysis of the C-terminal-truncated
ADAMTS13 variants WT�CUB2 and WT�CUB1-2 (Fig. 4,
A–D) has shown that removal of the CUB domains resulted
in a significant reduction in affinity compared with WT
ADAMTS13 (p � 0.05) but it did not completely eliminate
binding to VWF D4-CK. A similar magnitude (but statisti-
cally insignificant) decrease in affinity for VWF D4-CK was
also observed in equilibrium plate binding assays, suggesting
binding can occur in the absence of CUB1 and CUB2 (Fig.
4E). In this assay, KD(APP) values could not be determined for
either WT MDTCS (lacking the entire C terminus) or
WT�TSP8-CUB2 (truncated after TSP7) due to their weak
binding. This strongly suggested TSP8 as a major binding
site for VWF D4-CK. Indeed, the in-frame domain deletion
of TSP8 (WT�TSP8) produced a strong decrease in KD(APP)
(p � 0.001). The importance of both TSP8 and the CUB
domains in ADAMTS13 activation by VWF D4-CK was also
evident in FRETS-VWF73 assays (Fig. 5, A–H). The variant
WT�CUB2, with activity similar to WT ADAMTS13, was
enhanced by the addition of VWF D4-CK in a dose-dependent
manner similar to that seen previously for WT ADAMTS13
(31), confirming that the interaction between CUB2 and VWF
D4-CK is not required for ADAMTS13 activation. As expected,
the variants WT�CUB1-2 and WT�TSP8-CUB2, both lacking
the CUB1 domain, had enhanced activity and could not be
further enhanced by the addition of VWF D4-CK. Interestingly,
the in-frame deletion of TSP8 did not appear to increase its

Figure 3. VWF D4-CK interacted with CUB1 and CUB2. A–C, binding between the VWF D4-CK domain fragment and the immobilized ADAMTS13 C-terminal
domain fragments (CUB1, CUB2, and CUB1-2) was determined by SPR. Results are representative of three independent experiments. D, global analysis was
used to determine KD and Bmax values. Results are presented as the mean � S.D. (n � 3).
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activity (Fig. 5F). However, no enhancement of activity was
observed upon the addition of VWF D4-CK, indicating that the
interaction between TSP8 and VWF D4-CK is a crucial compo-
nent of the activation mechanism.

On the basis of the results presented herein we propose a
model of the molecular mechanism of ADAMTS13 conforma-
tional activation involving multiple interactions between the
D4-CK domains of VWF and the C-terminal domains of

ADAMTS13 (Fig. 6). In the closed ADAMTS13 conformation
(Fig. 6B) both CUB1 and CUB2 interacted with the spacer
domain exosite, with the autoinhibitory CUB1 domain poten-
tially positioned to interact with the key residues Tyr-661 and
Tyr-665 (Fig. 6A). The positioning of the CUB domains is facil-
itated by a folded conformation of the TSP2-TS8 domains
around the three flexible linker regions (33). A moderate affin-
ity interaction occurs between the CUB domains and one or

Figure 4. The TSP8 domain but not the CUB domains was crucial for VWF D4-CK binding. A–D, SPR analysis was also used to determine the binding
between VWF D4-CK and immobilized ADAMTS13 truncation variants (WT�CUB2 and WT�CUB1-2). *, p � 0.05. E, the effect of sequential C-terminal
truncation of ADAMTS13 on VWF D4-CK binding was further examined using an equilibrium plate binding assay. Results are presented as the mean �
S.D. (n � 3).
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more of the VWF D4-CK domains, suggested previously to be
the VWF D4 domain (17) (Fig. 6C). The affinity of this interac-
tion may be sufficient to compete for binding of the CUB
domains to the spacer domain, potentially reducing the stability
of the closed conformation. It may also serve to position the
D4-CK domains to facilitate the higher affinity interaction
between VWF and TSP8, shown here to be critical for activa-
tion. The dimeric D4-CK domains of VWF have been shown by
EM to adopt a rigid stem-like conformation maintained by
specific pair-wise interactions between the densely packed
domains (38). As VWF D4-CK binds to TSP8 while simultane-
ously binding to the CUB domains to weaken the CUB-spacer
interaction, the rigidity of the D4-CK domains would be ex-
pected to cause a change in position of the CUB domains
facilitated by the flexible L3 linker region, bringing them paral-
lel to the TSP5– 8 domains (Fig. 6C). Ultimately, this conforma-
tional reorientation would fully expose the spacer domain exo-
site in readiness for VWF A2 domain unfolding.

Previously, it has been shown that conformational activation
of ADAMTS13 is an important consideration in understanding
the pathophysiological mechanism of autoantibody develop-
ment in TTP (31). More recently it has also been suggested that
conformational quiescence of ADAMTS13 serves to protect
other plasma proteins from off-target proteolysis in circulation

(35). Further investigation into the mechanism of conforma-
tional activation may provide new insights into these physio-
logical processes and may be an important consideration as
ADAMTS13, particularly conformationally activated variants,
are developed as potential therapeutic agents for the treatment
of ischemic stroke and other cardiovascular diseases.

Experimental procedures

Production of recombinant ADAMTS13 fragments

Recombinant human ADAMTS13 with a C-terminal Myc/
His6 tag in pCDNA3.1 (36) was used to generate GoF
ADAMTS13 (R568K/F592Y/R660K/Y661F/Y665F) by sequen-
tial site-directed mutagenesis. The same mutagenesis primers
were also used to introduce the GoF mutations into WT
MDTCS (ADAMTS13 residues 1– 685) with a C-terminal
Myc/His6 tag in pCEP4. The truncated variants WT�CUB1-2
(ADAMTS13 residues 1–1191), WT�CUB2 (ADAMTS13
residues 1–1298), WT�TSP8-CUB2 (ADAMTS13 residues
1–1075), GoF�CUB1-2 and GoF�CUB2, the in-frame deletion
WT�TSP8 (ADAMTS13 residues 1–1075, 1131–1427), and the
CUB1-2 (ADAMTS13 residues 1192–1427), CUB1 (ADAMTS13
residues 1192–1298), and CUB2 (ADAMTS13 residues 1299 –
1427) domain fragments were generated by inverse PCR using

Figure 5. TSP8 was not required to maintain the closed ADAMTS13 conformation but was essential for conformational activation by VWF D4-CK. The
FRETS-VWF73 assay was used to determine the relative proteolytic activities of the C-terminal truncated ADAMTS13 variants WT�CUB2 (A and B), WT�CUB1-2
(C and D), WT�TSP8 (E and F), and WT�TSP8-CUB2 (G and H). The ability of VWF D4-CK (added at 1, 2, or 3 nM) to enhance the activities of these variants was also
examined. In each panel the activities of WT and GoF ADAMTS13 are included for reference. Normalized raw data (A, C, E, and G) is representative of three
independent experiments and relative proteolytic activities (B, D, F, and H) are presented as the mean � S.D. (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.005.

Figure 6. The proposed mechanism of ADAMTS13 conformational activation. A, the CUB-spacer domain interface within a three-dimensional model of
ADAMTS13. The spacer domain exosite 3 residues, mutated in the GoF ADAMTS13 variant, are indicated and shown in red. B, the closed conformation of
ADAMTS13 showing the relative positions of the N-terminal domains MDTCS and the C-terminal CUB domains. Folding of the TSP2– 8 domains is facilitated by
the three flexible linker regions between TSP2 and TSP3 (L1), between TSP4 and TSP5 (L2), and between TSP8 and CUB1 (L3). C, moderate affinity interactions
(*) between the D4-CK domains of VWF and CUB1/CUB2 serve to orientate VWF. As the binding interaction (**) occurs between TSP8 and the D4-CK domains
of VWF, the rigid structure of the D4-CK domains causes a repositioning of the CUB domains at the L3 linker region. In the open conformation of ADAMTS13 the
spacer domain exosite is exposed, in preparation for VWF A2 domain unfolding. The three-dimensional model of ADAMTS13 was constructed using the DTCS
crystal structure (PDB 3GHM; Ref. 39), homology modeling of the MP-Dis domains, homology modeling of the CUB domains, and the thrombospondin-1 (TSP)
type 1 repeat crystal structure (PDB 1LSL; Ref. 40).
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the full-length ADAMTS13 constructs. All ADAMTS13 vari-
ants and fragments were expressed in HEK293S cells, purified,
and quantified using in-house ELISAs as described previously
(36, 37). The dimeric VWF D4-CK domain fragment (VWF
residues 1874 –2813) in the vector pcDNA 3.1/His was tran-
siently expressed in HEK293S, purified by FPLC, and quantified
by ELISA as previously described (17).

Surface plasmon resonance and equilibrium plate binding
assays

Binding between ADAMTS13 (and its variants), the isolated
CUB domains and the VWF D4-CK domain fragment was
determined by surface plasmon resonance using a BIAcore
T100 system as previously described (17). All SPR experiments
were performed in 10 mM HEPES, 150 mM NaCl at pH 7.4 in the
presence of 0.0034 mM EDTA, 0.005% Tween 20 to reduce non-
specific binding between the analyte and the dextran matrix on
the CM5 chip. Binding between ADAMTS13 (and its variants)
and VWF D4-CK was also determined by equilibrium plate
binding in PBS, 0.1% BSA at pH 7.4 as described (17, 24). Briefly,
50 nM ADAMTS13 (and its variants) in 50 mM sodium carbon-
ate buffer (pH 9.6) were immobilized onto the wells of a 96-well
microtiter plate (Nunc). Increasing concentrations of purified
VWF D4-CK (0 –500 nM) were applied for 2 h at 37 °C. Bound
VWF D4-CK was detected using a HRP-conjugated �-VWF
pAb (Dako). Binding curves were fitted to the one-binding site
model using GraphPad Prism 7 software to determine KD(APP).

Purification of domain-specific �-ADAMTS13 antibodies

Domain-specific antibodies were affinity-purified from a
preparation of total IgG purified from rabbits immunized with
full-length recombinant WT ADAMTS13. Briefly, recombi-
nant MP-Dis and CUB1 fragments were immobilized on acti-
vated NHS Hitrap columns (GE Healthcare) and used to
deplete the IgG pool of antibodies against these domains. Once
depleted of �-CUB1 antibodies, the same IgG pool was passed
over an immobilized recombinant CUB1-2 fragment to purify
antibodies specific to CUB2. The antibody preparations were
assessed for purity by SDS-PAGE and quantified by Nanodrop.
The specificity of each preparation was confirmed by SDS-
PAGE and Western blot of ADAMTS13 fragments using the
prepared antibodies (1:1000 dilution) followed by HRP-conju-
gated goat �-rabbit secondary antibody (Sigma).

Co-IP analysis of CUB-MDTCS interactions

WT or GoF MDTCS (40 nM) in the absence/presence of 40
nM CUB1, CUB2, or CUB1-2 fragment were prepared in PBS,
0.1% BSA, and 0.02% Tween 20 at pH 7.4 and immunoprecipi-
tated using Protein G Dynabeads (Invitrogen) coupled to anti-
bodies against either the MP-Dis, CUB1, or CUB2 domains of
ADAMTS13. Beads were washed, and bound protein was
eluted in 1	 LDS loading buffer at 70 °C for 10 min. Inputs
(pre-IP), flow-through (post-IP), and bound protein in eluates
were analyzed by SDS-PAGE and Western blot using a HRP-
conjugated anti-His6 antibody (Abcam). To exclude any con-
founding effect of pH on the CUB-MDTCS interaction, a co-IP
analysis of binding between MDTCS and CUB1-2 was per-

formed at both pH 7.4 and pH 6; essentially identical results
were obtained.

ADAMTS13 activity assays

For FRETS-VWF73 assays ADAMTS13, MDTCS, �CUB2
or �CUB1-2 variants (WT and GoF), and WT�TSP8 or
WT�TSP8-CUB2 were diluted to 0.5 nM in reaction buffer (5
mM Bis-Tris, pH 6.0, 25 mM CaCl2, 0.005% Tween 20) in white
96-well plates (Nunc). Purified CUB1, CUB2, or CUB1-2
domain fragments (6 nM) or VWF D4-CK (2– 6 nM) was added
before a 45-min preincubation at 37 °C. The reaction was initi-
ated by the addition of an equal volume of 4 �M FRETS-VWF73
substrate (Peptanova GMBH). Fluorescence (excitation 340
nm; emission 460 nm) was measured at 37 °C at 1-min intervals
for 1 h using a Fluostar Omega plate reader (BMG Labtech).
Results were normalized to WT ADAMTS13 activity. To
exclude any confounding effects of pH on the activation of
ADAMTS13 by VWF D4-CK, the relative activities of WT
ADAMTS13 (in the absence/presence of 6 nM VWF D4-CK)
and GoF ADAMTS13 were determined at pH 6, 6.5, 7, and 7.5.
Enhanced activity of WT ADAMTS13 induced by VWF D4-CK
was observed at each pH.

Author contributions—K. S. and M. O. F. performed the research.
K. S. and D. A. L designed the research, analyzed the data, inter-
preted the data, generated the figures, and wrote the paper.

Acknowledgment—We are grateful to James Crawley at Imperial Col-
lege London for supplying the PDB files of MP-Dis and CUB domain
homology modeling.

References
1. Sadler, J. E. (1998) Biochemistry and genetics of von Willebrand factor.

Annu. Rev. Biochem. 67, 395– 424
2. Mohri, H., Yoshioka, A., Zimmerman, T. S., and Ruggeri, Z. M. (1989)

Isolation of the von Willebrand factor domain interacting with platelet
glycoprotein Ib, heparin, and collagen and characterization of its three
distinct functional sites. J. Biol. Chem. 264, 17361–17367

3. Roth, G. J., Titani, K., Hoyer, L. W., and Hickey, M. J. (1986) Localization
of binding sites within human von Willebrand factor for monomeric type
III collagen. Biochemistry 25, 8357– 8361

4. Siedlecki, C. A., Lestini, B. J., Kottke-Marchant, K. K., Eppell, S. J., Wilson,
D. L., and Marchant, R. E. (1996) Shear-dependent changes in the three-
dimensional structure of human von Willebrand factor. Blood 88,
2939 –2950

5. Matsushita, T., Meyer, D., and Sadler, J. E. (2000) Localization of von
Willebrand factor-binding sites for platelet glycoprotein Ib and botro-
cetin by charged-to-alanine scanning mutagenesis. J. Biol. Chem. 275,
11044 –11049

6. Mayadas, T. N., and Wagner, D. D. (1992) Vicinal cysteines in the prose-
quence play a role in von Willebrand factor multimer assembly. Proc. Natl.
Acad. Sci. U.S.A. 89, 3531–3535

7. Wise, R. J., Pittman, D. D., Handin, R. I., Kaufman, R. J., and Orkin, S. H.
(1988) The propeptide of von Willebrand factor independently mediates
the assembly of von Willebrand multimers. Cell 52, 229 –236

8. Schneider, S. W., Nuschele, S., Wixforth, A., Gorzelanny, C., Alexander-
Katz, A., Netz, R. R., and Schneider, M. F. (2007) Shear-induced unfolding
triggers adhesion of von Willebrand factor fibers. Proc. Natl. Acad. Sci.
U.S.A. 104, 7899 –7903

9. Hoyer, L. W., and Shainoff, J. R. (1980) Factor VIII-related protein circu-
lates in normal human plasma as high molecular weight multimers. Blood
55, 1056 –1059

ADAMTS13 activation by VWF

5768 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 292 • NUMBER 14 • APRIL 7, 2017

 at Im
perial C

ollege L
ondon on Septem

ber 20, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


10. Moake, J. L., Rudy, C. K., Troll, J. H., Weinstein, M. J., Colannino, N. M.,
Azocar, J., Seder, R. H., Hong, S. L., and Deykin, D. (1982) Unusually large
plasma factor VIII: von Willebrand factor multimers in chronic relapsing
thrombotic thrombocytopenic purpura. N. Engl. J. Med. 307, 1432–1435

11. Crawley, J. T., Lane, D. A., Woodward, M., Rumley, A., and Lowe, G. D.
(2008) Evidence that high von Willebrand factor and low ADAMTS-13
levels independently increase the risk of a non-fatal heart attack. J.
Thromb. Haemost. 6, 583–588

12. Andersson, H. M., Siegerink, B., Luken, B. M., Crawley, J. T., Algra, A.,
Lane, D. A., and Rosendaal, F. R. (2012) High VWF, low ADAMTS13, and
oral contraceptives increase the risk of ischemic stroke and myocardial
infarction in young women. Blood 119, 1555–1560

13. Qizilbash, N., Duffy, S., Prentice, C. R., Boothby, M., and Warlow, C.
(1997) Von Willebrand factor and risk of ischemic stroke. Neurology 49,
1552–1556

14. Bongers, T. N., de Maat, M. P., van Goor, M. L., Bhagwanbali, V., van Vliet,
H. H., Gómez García, E. B., Dippel, D. W., and Leebeek, F. W. (2006) High
von Willebrand factor levels increase the risk of first ischemic stroke:
influence of ADAMTS13, inflammation, and genetic variability. Stroke 37,
2672–2677

15. Furlan, M., Robles, R., and Lämmle, B. (1996) Partial purification and
characterization of a protease from human plasma cleaving von Will-
ebrand factor to fragments produced by in vivo proteolysis. Blood 87,
4223– 4234

16. Tsai, H. M. (1996) Physiologic cleavage of von Willebrand factor by a
plasma protease is dependent on its conformation and requires calcium
ion. Blood 87, 4235– 4244

17. Zanardelli, S., Chion, A. C., Groot, E., Lenting, P. J., McKinnon, T. A.,
Laffan, M. A., Tseng, M., and Lane, D. A. (2009) A novel binding site for
ADAMTS13 constitutively exposed on the surface of globular VWF.
Blood 114, 2819 –2828

18. Feys, H. B., Anderson, P. J., Vanhoorelbeke, K., Majerus, E. M., and Sadler,
J. E. (2009) Multi-step binding of ADAMTS-13 to von Willebrand factor.
J. Thromb. Haemost. 7, 2088 –2095

19. Luken, B. M., Winn, L. Y., Emsley, J., Lane, D. A., and Crawley, J. T. (2010)
The importance of vicinal cysteines, C1669 and C1670, for von Will-
ebrand factor A2 domain function. Blood 115, 4910 – 4913

20. Lynch, C. J., Lane, D. A., and Luken, B. M. (2014) Control of VWF A2
domain stability and ADAMTS13 access to the scissile bond of full-length
VWF. Blood 123, 2585–2592

21. Zhou, M., Dong, X., Baldauf, C., Chen, H., Zhou, Y., Springer, T. A.,
Luo, X., Zhong, C., Gräter, F., and Ding, J. (2011) A novel calcium-
binding site of von Willebrand factor A2 domain regulates its cleavage
by ADAMTS13. Blood 117, 4623– 4631

22. Marti, T., Rösselet, S. J., Titani, K., and Walsh, K. A. (1987) Identification
of disulfide-bridged substructures within human von Willebrand factor.
Biochemistry 26, 8099 – 8109

23. Lynch, C. J., and Lane, D. A. (2016) N-Linked glycan stabilization of the
VWF A2 domain. Blood 127, 1711–1718

24. Zanardelli, S., Crawley, J. T., Chion, C. K., Lam, J. K., Preston, R. J., and
Lane, D. A. (2006) ADAMTS13 substrate recognition of von Willebrand
factor A2 domain. J. Biol. Chem. 281, 1555–1563

25. Pos, W., Crawley, J. T., Fijnheer, R., Voorberg, J., Lane, D. A., and Luken,
B. M. (2010) An autoantibody epitope comprising residues R660, Y661,
and Y665 in the ADAMTS13 spacer domain identifies a binding site for
the A2 domain of VWF. Blood 115, 1640 –1649

26. de Groot, R., Bardhan, A., Ramroop, N., Lane, D. A., and Crawley, J. T.
(2009) Essential role of the disintegrin-like domain in ADAMTS13 func-
tion. Blood 113, 5609 –5616

27. de Groot, R., Lane, D. A., and Crawley, J. T. (2010) The ADAMTS13
metalloprotease domain: roles of subsites in enzyme activity and specific-
ity. Blood 116, 3064 –3072

28. Crawley, J. T., de Groot, R., Xiang, Y., Luken, B. M., and Lane, D. A. (2011)
Unraveling the scissile bond: how ADAMTS13 recognizes and cleaves von
Willebrand factor. Blood 118, 3212–3221

29. de Groot, R., Lane, D. A., and Crawley, J. T. (2015) The role of the
ADAMTS13 cysteine-rich domain in VWF binding and proteolysis. Blood
125, 1968 –1975

30. Xiang, Y., de Groot, R., Crawley, J. T., and Lane, D. A. (2011) Mechanism
of von Willebrand factor scissile bond cleavage by a disintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13
(ADAMTS13). Proc. Natl. Acad. Sci. U.S.A. 108, 11602–11607

31. South, K., Luken, B. M., Crawley, J. T., Phillips, R., Thomas, M., Collins,
R. F., Deforche, L., Vanhoorelbeke, K., and Lane, D. A. (2014) Confor-
mational activation of ADAMTS13. Proc. Natl. Acad. Sci. U.S.A. 111,
18578 –18583

32. Muia, J., Zhu, J., Gupta, G., Haberichter, S. L., Friedman, K. D., Feys, H. B.,
Deforche, L., Vanhoorelbeke, K., Westfield, L. A., Roth, R., Tolia, N. H.,
Heuser, J. E., and Sadler, J. E. (2014) Allosteric activation of ADAMTS13
by von Willebrand factor. Proc. Natl. Acad. Sci. U.S.A. 111, 18584 –18589

33. Deforche, L., Roose, E., Vandenbulcke, A., Vandeputte, N., Feys, H. B.,
Springer, T. A., Mi, L. Z., Muia, J., Sadler, J. E., Soejima, K., Rottensteiner,
H., Deckmyn, H., De Meyer, S. F., and Vanhoorelbeke, K. (2015) Linker
regions and flexibility around the metalloprotease domain account for
conformational activation of ADAMTS-13. J. Thromb. Haemost. 13,
2063–2075

34. Jian, C., Xiao, J., Gong, L., Skipwith, C. G., Jin, S. Y., Kwaan, H. C., and
Zheng, X. L. (2012) Gain-of-function ADAMTS13 variants that are resist-
ant to autoantibodies against ADAMTS13 in patients with acquired
thrombotic thrombocytopenic purpura. Blood 119, 3836 –3843

35. South, K., Freitas, M. O., and Lane, D. A. (2016) Conformational quies-
cence of ADAMTS13 prevents proteolytic promiscuity. J. Thromb. Hae-
most. 14, 2011–2022

36. Crawley, J. T., Lam, J. K., Rance, J. B., Mollica, L. R., O’Donnell, J. S., and
Lane, D. A. (2005) Proteolytic inactivation of ADAMTS13 by thrombin
and plasmin. Blood 105, 1085–1093

37. Chion, C. K., Doggen, C. J., Crawley, J. T., Lane, D. A., and Rosendaal, F. R.
(2007) ADAMTS13 and von Willebrand factor and the risk of myocardial
infarction in men. Blood 109, 1998 –2000

38. Zhou, Y. F., Eng, E. T., Zhu, J., Lu, C., Walz, T., and Springer, T. A. (2012)
Sequence and structure relationships within von Willebrand factor. Blood
120, 449 – 458

39. Akiyama, M., Takeda, S., Kokame, K., Takagi, J., and Miyata, T. (2009)
Crystal structures of the noncatalytic domains of ADAMTS13 reveal mul-
tiple discontinuous exosites for von Willebrand factor. Proc. Natl. Acad.
Sci. U.S.A. 106, 19274 –19279

40. Tan, K., Duquette, M., Liu, J. H., Dong, Y., Zhang, R., Joachimiak, A.,
Lawler, J., and Wang, J. H. (2002) Crystal structure of the TSP-1 type 1
repeats: a novel layered fold and its biological implication. J. Cell Biol. 159,
373–382

ADAMTS13 activation by VWF

APRIL 7, 2017 • VOLUME 292 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 5769

 at Im
perial C

ollege L
ondon on Septem

ber 20, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Kieron South, Marta O. Freitas and David A. Lane
metalloprotease ADAMTS13 by von Willebrand factor

A model for the conformational activation of the structurally quiescent

doi: 10.1074/jbc.M117.776732 originally published online February 16, 2017
2017, 292:5760-5769.J. Biol. Chem. 

  
 10.1074/jbc.M117.776732Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/292/14/5760.full.html#ref-list-1

This article cites 40 references, 30 of which can be accessed free at

 at Im
perial C

ollege L
ondon on Septem

ber 20, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/lookup/doi/10.1074/jbc.M117.776732
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;292/14/5760&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/292/14/5760
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=292/14/5760&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/292/14/5760
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/292/14/5760.full.html#ref-list-1
http://www.jbc.org/

