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In the present study, through using the spontaneous IAP
insertion in mouse AdamtsI3 gene, we generated a congenic mouse
model that had the distal C-terminally truncated ADAMTS13 on
129/Sv genetic background. While comparing with wild-type
129/Sv mice having full-length ADAMTS13 and ADAMTS13-
deficient mice on the same genetic background, we analyzed
platelet thrombus formation in the congenic mice to define
physiologic significance of the distal C-terminal domains in
ADAMTSI13 functions. Our results indicate that the distal
C-terminal domains of ADAMTS13 contribute to the processing of
VWF multimers in vivo, and that the importance of these domains
becomes obvious after suffering thrombogenic stimuli.

Methods

Animals

The 129/Sv mice were purchased from Clea Japan (Tokyo, Japan).
CS7BL/6 mice were purchased from Japan SLC (Hamamatsu, Japan).
ADAMTS13-deficient mice on the 129/Sv genetic background were
described previously.''8 ADAMTS13-congenic mice were developed by
introgressing the C57BL/6-Adamis]3 gene onto the 129/Sv genetic back-
ground, as follows. C57BL/6 mice were backcrossed to 129/Sv mice for
10 generations while retaining the C57BL/6-Adamtsl3 gene. In the result-
ing N10 heterozygous mice, autosomal chromosomes were theoretically
99.9% identical to those of the 129/Sv strain and sex chromosomes were
derived exclusively from the 129/Sv strain. The N10 heterozygous mice
were interbred to produce homozygous mice. The Adamisl3-genotype was
determined by polymerase chain reaction (PCR) with HotStarTag DNA
polymerase (QIAGEN, Hilden, Germany). The amplification was carried out
using primers: the intron 23-specific forward primer, 5'-ACCTCTCAAGT-
GTTTGGGATGCTA-3', the IAP-specific reverse primer, 5'-TCAGCGC-
CATCTTGTGACGGCGAA-3’, and the primer downstream of the IAP
target site, 5'-TGCCAGATGGCCATGATTAACTCT-3'. For the experi-
ments, all animals were matched for age and sex. All animal procedures
were approved by the Animal Care and Use Committees of the National
Cardiovascular Center Research Institute and Immune Disease Institute.

Northern blot analysis

Total RNA was extracted from liver using ISOGEN reagent (Nippon Gene,
Tokyo, Japan) and poly(A)* RNA was puritied using PolyATtract mRNA
Isolation Systems (Promega, Madison, WI). The alkaline phosphatase—
labeled probe was synthesized from mouse Adamts13 cDNA (1.3 kb) using
AlkPhos Direct labeling module (GE Healthcare, Little Chalfont, United
Kingdom). Poly(A)* RNA was separated on a 1% agarose gel containing
29% formaldehyde and transferred to a nylon membrane. The probe was
hybridized to the blot and detected using CDP-Star detection reagent (GE
Healthcare).

Blood sampling

Blood was collected from the retro-orbital plexus into tubes containing a
0.1 volume of 3.8% sodium citrate. Blood cell counts and hematocrit were
determined using an automatic cell counter (KX-2INV; Sysmex, Kobe,
Japan). Plasma was prepared from blood by centrifugation at 800g for
15 minutes.

Determination of plasma ADAMTS13 activity

Plasma ADAMTSI13 activity was measured using GST-mVWF73-H, a
recombinant mouse VWF73 peptide flanked by N-terminal glutathione
S-transferase (GST) and C-terminal Hisg tags, as described previously.'* In
brief, GST-mVWF73-H (500 ng) was incubated with 0.8 wL plasma in
40 pL reaction buffer (10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid, 150 mM NaCl, 5 mM CaCl,, and 0.005% Tween 20, pH 7.4) at
37°C for 1 hour. The reaction was stopped by adding 10 L sodium dodecyl
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sulfate (SDS) sample buffer (50 mM tris(hydeoxymethyl)aminomethane-
HCI, 10 mM EDTA, 10% SDS, 250 mM dithiothreitol, 30% glycerol, and
0.1% bromophenol blue, pH 6.8). The samples were subjected to SDS—
polyacrylamide gel electrophoresis and Western blot using a rabbit anti-
GST antibody (Invitrogen, Carlsbad, CA) and a peroxidase-labeled anti—
rabbit IgG antibody (KPL, Gaithersburg, MD). Activity was also determined
using a fluorogenic human VWF73 peptide of FRETS-VWF73 (Peptide
Institute, Minoh, Japan).'*20 FRETS-VWF73 (2 uM) was incubated with
4 pL plasma in 200 pL assay buffer (5 mM bis(2-hydroxyethyl)-
amino-tris(hydeoxymethyl)methane, 25 mM CaCl,, and 0.005% Tween 20,
pH 6.0) at 30°C. Increases in fluorescence were measured using a 350-nm
excitation filter and a 440-nm emission filter in a fluorescence photometer
(Mx3000P; Stratagene, La Jolla, CA).

VWF multimer analysis

Plasma VWF multimer patterns were analyzed as described previously.!?
Plasma samples in SDS sample buffer were electrophoresed on a 1%
agarose gel (Agarose IEF; GE Healthcare) at a constant current of 15 mA at
4°C. After transfer to a nitrocellulose membrane, the membrane was
incubated in peroxidase-conjugated rabbit anti-human VWEF (1:500; Dako,
Glostrup, Denmark) in 5% skim milk to detect VWF multimers. Bound
antibody was detected with Western Lighting Chemiluminescence Reagent
Plus (PerkinElmer, Waltham, MA) on an image analyzer (LAS-3000;
Fujitilm, Tokyo, Japan). The chemiluminescent intensities of each lane
were scanned using Image Gauge software (version 4.2.2; Fujitilm); the
relative intensity profiles were shown.

Parallel plate flow chamber assay

Platelet thrombus formation in flowing blood on immobilized collagen was
analyzed using a parallel plate flow chamber as described previously.'”?!
Acid-insoluble type I collagen—coated glass coverslips were placed in a
flow chamber. The chamber was mounted on a fluorescence microscope
(Axiovert 200M; Carl Zeiss, Oberkochen, Germany) equipped with a CCD
camera system (DXC-390; Sony, Tokyo, Japan). Blood was collected into
tubes containing argatroban (240 wM; Mitsubishi Chemical, Tokyo, Japan).
The fluorescent dye mepacrine (10 uM; Sigma-Aldrich, St Louis, MO) was
added to the blood. Whole blood samples were aspirated through the
chamber and across the collagen-coated coverslip at a constant wall shear
rate. To analyze the cumulative thrombus volume, image sets at 1.0-pm
z-axis intervals within a defined area (156.4 um X 119.6 wm) were cap-
tured using MetaMorph software (version 6.1.4; Universal Imaging, West
Chester, PA). After blind deconvolution of image sets processed by
AutoDeblur software package (version 8.0.2; AutoQuant Imaging, Troy,
NY), 3D volumetric measurements of thrombi were accomplished using
VoxBlast software (version 3.0; Vartek, Fairfield, IA).

Intravital microscopy

Intravital microscopy was performed as described previously.2223 Platelets
were isolated from platelet-rich plasma and fluorescently labeled with
calcein AM (2.5 pg/mL; Invitrogen). Recipient mice were anesthetized and
labeled platelets were infused through retro-orbital plexus. The mesentery
was gently exteriorized through a midline abdominal incision and arterioles
of 100- to 150-wm diameters were visualized with a fluorescence micro-
scope and a CCD camera system. The shear rate was calculated using an
optical Doppler velocimeter as described.?* Filter paper saturated with 10%
ferric chloride was applied for 5 minutes on an arteriole by topical
application. Thrombus formation in the arteriole was monitored for
40 minutes after injury or until complete occlusion occurred and lasted for
more than 30 seconds. The following 2 parameters were evaluated: time to
first thrombus formation, defined as the time required for formation of a
thrombus larger than 30 wm, and occlusion time, defined as the time
required for cessation of blood flow for at least 30 seconds.

Collagen plus epinephrine-induced thrombosis model

A mixture of 600 ng/g collagen (Nycomed, Roskilde, Denmark) and
60 ng/g epinephrine (Sigma-Aldrich) was infused into tail vein of mice.'"?5
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Blood was collected 5 minutes after the infusion and platelet counts were
determined.

Statistical analysis

Statistical significance was assessed by the one-way analysis of variance
followed by the Bonferroni multiple comparison tests. Differences were
considered to be significant at P values less than .05.

Results
Generation of Adamts135S mice

To address the functional implication of the distal C-terminal
domains of ADAMTS13 in vivo, we generated and characterized a
congenic mouse model that has the C-terminally truncated form of
ADAMTSI13 on 129/Sv genetic background (Figure 1A). We
confirmed the presence of IAP insertion in the Adamtsi3 gene of
the congenic (Adamts135S) mice by PCR (data not shown) and
detected an IAP chimeric transcript (~ 3.5 kb) by Northern blot-
ting of RNA from liver (Figure 1B), primary site of synthesis.' An
IAP-free ADAMTS13 mRNA (~ 5 kb) was detected in wild-type
129/Sv (Adamtsi3“) mice and no ADAMTS13 mRNA was
detected in ADAMTS13-deficient (Adamts13~/~) mice on 129/Sv
genetic background (Figure 1B). Adamts13%'S mouse plasma exhib-
ited higher cleaving activity for both GST-mVWF73-H and FRETS-
VWEF73 than Adamts13Y“ mouse plasma, whereas the activity in
Adamts13~/~ mouse plasma was below detection limits (Figure
1C,D). Therefore, the distal C-terminal domains of ADAMTS13
were not necessary for the cleavage of the VWF73-based peptide
substrate as observed previously.®!# Platelet counts were not
different among the genotypes (Adamtsl3tL, 744 + 180 X 10%/L;
Adamts1355,693 + 44 X 10°/L; Adamts137/~, 672 = 39 X 10°/L;
mean + SD, n = 8). Both AdamtsI355 mice and AdamtsI3~'~
mice were viable and showed no TTP-like symptoms throughout
the study.

Adamts13%/S mice have normal VWF multimers

As previously reported,'” UL-VWF multimers persisted in plasma
of AdamtsI13~'~ mice on 129/Sv-genetic background (Figure 2).
Thus, ADAMTS13 activity is important for the size regulation of
VWF multimers in mice at least on this genetic background.
However, the VWF multimer patterns in Adamts13%S mice were
indistinguishable from those in Adamts13“" mice (Figure 2). These
results suggest that the distal C-terminally truncated form of mouse
ADAMTS 13 exhibits VWF-cleaving activity sufficient for mainte-
nance of normal size distribution of plasma VWF multimers under
steady state in vivo.

In vitro thrombogenesis is increased in Adamts 135S mice only
at a high shear rate

When whole blood was perfused over a collagen-coated surface in
a parallel plate flow chamber at a shear rate of 1000 s~!, platelet
thrombus formation was significantly promoted in Adamtsi3~'~
mice (Figure 3A) compared with Adamts1 3 mice, consistent with the
presence of UL-VWF multimers in plasma of AdamtsI3~/~ mice.
However, whole blood thrombus formation at 1000s™' was not
significantly different between Adamts13%S mice and Adamts13YL mice
(Figure 3A), indicating that the distal C-terminally truncated form of
mouse ADAMTS13 does not completely lose the activity.

As fluid shear rate increases progressively, the interaction
between VWF and platelet GPIba becomes more important in
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Figure 1. Generation of Adamts13% mice with 129/Sv-genetic background.
(A) Gene and protein structure of ADAMTS13 in the wild-type (Adamts13-L) 129/Sv
mice, the Adamts135'S mice on 129/Sv genetic background, and the Adamts13-/~
mice on 129/Sv genetic background. An intracisternal A-particle (/AP) insertion into
intron 23 creates a pseudo-exon 24 including a premature stop codon. ADAMTS13
with a truncated C-terminus is expressed mainly in Adamts13%/S mice. S indicates
signal peptide; P, propeptide; MP, metalloprotease domain; Dis, disintegrin-like
domain; T (numbered 1-8), thrombospondin type 1 motif domain; Cys, cysteine-rich
domain; Sp, spacer domain; and CUB, complement components C1r/C1s, urchin
epidermal growth factor, and bone morphogenic protein-1 domain. (B) Expression of
Adamts13 mRNA in liver. Poly(A)* RNA isolated from liver of indicated mice was
probed with a 1.3-kb Adamts13 cDNA corresponding to exons 3 to 13.
(C) GST-mVWF73-H assay. Plasma ADAMTS13 activity of indicated mice was
measured using a recombinant mouse VWF73 peptide, GST-mVWF73-H. Results
from 6 mice for each genotype are shown. Standard reactions using graded amounts
of pooled plasma from 10 Adamts13“- mice were performed simultaneously.
(D) FRETS-VWF73 assay. Plasma ADAMTS13 activity in indicated mice was
determined using a fluorogenic human VWF73 peptide, FRETS-VWF73. Data are
mean = SD of 6 mice for each genotype. The average activity measured in
Adamts 13-+ mice was arbitrarily defined as 100%.

platelet thrombus formation.?¢ It has been reported that thrombus
formation in mouse blood on collagen surface is completely
dependent on the VWF-GPIba interaction above a threshold shear
rate between 2000 s~! and 5000 s~'.27 In addition, ADAMTS13
cleaves VWF and down-regulates thrombus formation in shear
rate—dependent manner.”® Based on these observations, we further
examined thrombus formation at a higher shear rate of 5000 s~!. As
expected, thrombus formation in Adamts13~/~ mice was signifi-
cantly elevated compared with Adamtsi3“ mice at 5000 s~!
(Figure 3B). In addition, we found accelerated thrombus formation
in Adamts1355 mice compared with AdamtsI3VC mice at this
higher shear rate (Figure 3B). These results suggest that the distal
C-terminally truncated form of mouse ADAMTS13 has reduced
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Figure 2. Plasma VWF multimers. (A) VWF multimer patterns. Plasma samples
(1 wU/lane) from Adamts13--, Adamts13%S, and Adamts13~'~ mice were electropho-
resed on SDS-agarose gels and transferred to nitrocellulose membranes. VWF
multimers were detected with anti-VWF antibodies. (B) Relative intensities of plasma
VWF multimers. The chemiluminescent intensities of the VWF multimer patterns (A)
were scanned using image analysis software. An average of multiple lanes from
4 mice for each genotype is shown. HMW indicates high molecular weight; LMW, low
molecular weight.

activity compared with the full-length form and does not suffi-
ciently limit thrombus formation under high shear rate in vitro.

In vivo thrombus growth is accelerated in Adamits13%'S mice

To examine whether the truncation of the distal C-terminal domains
in ADAMTS 13 affects thrombus formation in vivo, we carried out
intravital microscopy experiments in a model of experimental
arteriolar thrombosis. In this model, vascular injury was induced by
topical application of ferric chloride on a mesenteric arteriole,
which provoked the generation of free radicals leading to the
endothelial disruption.”? The diameter and shear rate of studied
arterioles were 118.0 plus or minus 13.1 wm and 1362 plus
or minus 219 s~! (mean = SD, n = 16) for AdamtsI3“" mice,
122.8 plus or minus 11.1 wm and 1394 plus or minus 136 s~!
(n = 16) for Adamts13%S mice, and 115.6 plus or minus 10.8 wm
and 1405 plus or minus 225 s™! (n = 12) for Adamts13~/~ mice
and not significantly different among the groups. Both time to first
thrombus (Figure 4A) and occlusion time (Figure 4B) after injury
in Adamts13~'~ mice (time to first thrombus = 5.1 = 1.9 minutes,
occlusion time = 9.2 * 1.6 minutes; mean * SD) were signifi-
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Figure 3. In vitro thrombogenesis on collagen surface under flow. (A) Thrombus
formation at 1000 s~'. Whole blood from Adamts13“L, Adamts135'S, or Adamts13~'-
mice containing mepacrine-labeled platelets was perfused over an acid-insoluble
type | collagen—coated surface at a wall shear rate of 1000 s~'. The cumulative
thrombus volume, analyzed using a multidimensional imaging system, was mea-
sured every 0.5 minutes until 4 minutes. Data are the mean = SEM of 25 mice for
each genotype. (B) Thrombus formation at 5000 s~'. Whole-blood samples from
indicated mice were perfused over an acid-insoluble type | collagen—coated surface
at a wall shear rate of 5000 s~'. The cumulative thrombus volume was measured
every 20 seconds until 80 seconds. Blood from 2 mice was pooled and used for
experiments. Data are the mean = SEM of 15 samples for each genotype. *P < .05
in comparison with Adamts13“- mice.

cantly decreased compared with Adamts13Y“L mice (time to first
thrombus = 7.8 = 1.3 minutes, occlusion time = 15.3 * 3.6 min-
utes), indicating that ADAMTS13 contributes to down-regulation
of thrombogenesis at the site of arteriolar injury in 129/Sv mice. In
the case of Adamts135S mice, time to first thrombus after injury
(7.6 = 1.2 minutes) was not different from Adamtsi3'“* mice.
However, the initial thrombi grew rapidly to occlusive size in
Adamts1355 mice and occlusion time was significantly shorter in
Adamts135S mice (12.5 + 1.9 minutes) compared with Adamts]3UL
mice (Figure 4B). These results suggest that the distal C-terminally
truncated form of mouse ADAMTSI3 is less active in down-
regulating thrombus growth in vivo compared with full-length
ADAMTSI13.

To elucidate the consequences of the lack of the distal
C-terminal domains in ADAMTS13 on systemic thrombosis, we
performed collagen plus epinephrine infusion model experiments.
In this model, widespread intravascular thrombosis was induced by
intravenous infusion of collagen fibrils in combination with
epinephrine, and the incorporation of platelets into thrombi was
monitored by the reduction in circulating platelet counts.?? Consis-
tent with our previous observation,!? platelet counts after the
infusion were significantly lower in AdamtsI3~/~ mice
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Figure 4. In vivo thrombogenesis in ferric chloride—injured mesenteric arte-
rloles. (A) Time to first thrombus formation. Calcein AM-labeled platelets represent-
ing approximately 2.5% of total platelets were observed in mesenteric arterioles of
live mice after injury with 10% ferric chloride. The time required for formation of a
thrombus more than 30 um was measured. (B) Occlusion time. The time required for
a complete stop of blood flow was measured after injury with 10% ferric chloride.
Symbols represent data from a single mouse. Bars represent the mean values of
groups (n = 16 for Adamts13“* mice, n = 16 for Adamts135'S mice, and n = 12 for
Adamts13~/~ mice).
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Figure 5. Platelet counts after collagen plus epinephrine infusion. Mice were
injected with 600 ng/g collagen plus 60 ng/g epinephrine via tail vein and platelet
counts were measured 5 minutes after injection. Symbols represent platelet counts
from a single mouse. Bars represent the mean values of 25 mice in each group.
Platelet counts of untreated mice were not different among the groups.

(28 + 8 X 10%L, mean = SD) than in AdamtsI3Y" mice
(85 =+ 33 X 10%L), suggesting that ADAMTSI13 contributes to
inhibition of platelet aggregation in this experimental system
(Figure 5). Platelet counts after the infusion in Adamts135S mice
(56 = 24 X 10°/L) were significantly higher than in Adamts13~/~ mice
and lower than in Adamts13Y mice (Figure 5), whereas platelet counts
of untreated mice were not different among the groups (Adamisi3Ht,
666 * 44 X 109L; Adamts1358, 770 + 65 X 10°/L; Adamts13~'-,
710 = 49 X 10%L, mean *+ SD of 4 mice). These findings complement
accelerated thrombus growth in AdamtsI3%® mice compared with
Adamts]13U mice, indicating that the distal C-terminally truncated form
of mouse ADAMTS 13 has significantly reduced activity in vivo.

Discussion

It is now evident that genetic background is an important pheno-
typic determinant in mutant mice with hemostatic defects. For
instance, mice carrying the factor V Leiden (R504Q) mutation have
shown increased perinatal thrombotic mortality on the mixed
129/Sv and C57BL/6] background relative to C57BL/6J back-
ground.?® Similar effects of genetic backgrounds on phenotypes
have been observed in other mutants such as the thrombomodulin
G404P-mutant mice,?! the fibrinogen-deficient mice,* and the
tissue factor—deficient mice.® In ADAMTS13-deficient mice,
genetic backgrounds have also been shown to significantly affect
their thrombotic phenotypes.’* Thus, phenotypes of ADAMTS13
mutant mice should be compared with control mice on the
appropriate and uniform strain background. We have previously
demonstrated that ADAMTS13 deficiency in mice results in a
prothrombotic state with accumulation of UL-VWF multimers on
129/Sv background.'” Therefore in this study, we applied a
spontaneous mutation in the Adamtsi3 gene of C57BL/6 mice onto
129/Sv mice by 10-generation backcrossing, and obtained the
congenic mice that were expected to have 99.9% 129/Sv genome
and primarily expressed the distal C-terminally truncated
ADAMTS13. Then, we compared their phenotypes with positive
and negative control animals: the wild-type 129/Sv mice and the
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129/Sv-background ADAMTS13-deficient mice. By this approach,
we minimized.the background effects and defined the significance
of the distal C-terminal domains of ADAMTS13 in mice.

Plasma of the congenic mice exhibited higher cleaving activity
against GST-mVWEF73-H and FRETS-VWF73 compared with
plasma of the wild-type mice. We previously observed that the
recombinant distal C-terminally truncated mouse ADAMTS13
cleaves GST-mVWEF73-H to a similar extent compared with the
full-length form.'* The other group reported that the recombinant
distal C-terminally truncated mouse ADAMTS13 is slightly less
active in cleaving GST-mVWF73-H than the full-length form.'
These findings suggest that the distal C-terminally truncated
ADAMTSI13 in mouse plasma has equivalent or slightly lower
specific activity against VWF73-based substrates compared with
the full-length ADAMTS13. Thus, the data in the present study
imply that the distal C-terminally truncated ADAMTS13 is more
abundant than the full-length form in circulating blood in 129/Sv
mice. Preferential expression of the distal C-terminally truncated
mouse ADAMTS 13 has also been found in HeLa cells'* and HEK
293T cells.!'® Unfortunately, because we have failed to determine
the ADAMTS 13 antigen levels in mouse plasma, it remains unclear
whether the distal C-terminal truncation of ADAMTS13 actually
increases plasma levels of the enzyme. Despite the congenic mice
having higher in vitro ADAMTS 13 activity in plasma, they showed
prothrombotic phenotypes, suggesting the importance of the distal
C-terminal domains in ADAMTS13 activity in vivo.

We reconfirmed that ADAMTS13 deficiency in 129/Sv mice
allowed the accumulation of UL-VWF multimers in plasma
(Figure 2), therefore, promising the essential contribution of
ADAMTS13 on preventing the accumulation of UL-VWF multim-
ers in 129/Sv mice. Under these situations, lack of the distal
C-terminal domains of ADAMTSI3 in 129/Sv mice did not
increase plasma VWF multimer sizes (Figure 2), showing that the
distal C-terminally truncated ADAMTS13 maintained the VWEF-
cleaving activity in vivo. Although the distal C-terminally trun-
cated form of mouse ADAMTS13 was reported to show consider-
ably lower activity than the full-length form for purified human
VWEF multimers under in vitro static conditions,'> our results show
that the distal C-terminal truncation of mouse ADAMTS13 allows
retention of normal size distribution of plasma VWF multimers in
vivo at least under steady state.

In the parallel-plate flow chamber experiments, ADAMTS13
deficiency in 129/Sv mice markedly enhanced thrombogenic
responses (Figure 3), indicating that ADAMTSI13 is critical for
limiting platelet thrombus formation under whole blood flow
conditions. In the same experimental conditions, the distal
C-terminal truncation of ADAMTS13 in 129/Sv mice did not promote
thrombogenesis at 1000 s~! (Figure 3A) but significantly promoted
thrombogenesis at 5000 s~! (Figure 3B). It is conceivable that the
distal C-terminally truncated ADAMTS13 is active but not fully
competent to cleave VWF within growing thrombus under flow.
Because both the interaction of GPIba-VWEF and the cleavage of
VWEF by ADAMTS13 are facilitated by increasing fluid shear rate,
the function of the distal C-terminal domains may become vital to
down-regulate thrombogenesis under high shear conditions. Actu-
ally, similar results were obtained in the in vivo arteriolar injury
model experiments (Figure 4). The distal C-terminal truncation of
ADAMTSI13 in 129/Sv mice did not affect the time to first
thrombus formation in the arterioles where fluid shear rates were
around 1500 s~! (Figure 4A). However, when thrombus grew to a
larger size, the arteriolar lumen was narrowed, which resulted in
increase in shear rates.?> Then, the distal C-terminal truncation of
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ADAMTS13 significantly reduced the occlusion time compared
with full-length ADAMTSI13 (Figure 4B). Therefore, the distal
C-terminal domains are important for ADAMTS13 to sufficiently
down-regulate thrombogenesis under high shear rate in vivo as
well as in vitro. After the induction of systemic platelet aggregation
by challenge with a mixture of collagen and epinephrine, consump-
tive thrombocytopenia was also enhanced by the distal C-terminal
truncation of ADAMTS13 in 129/Sv mice (Figure 5), supporting
the idea that the distal C-terminal domains are required for optimal
down-regulation of platelet aggregation in vivo. The complete
deficiency of ADAMTSI13 in 129/Sv significantly accelerated
thrombus growth to injured vessel wall and systemic thrombi
compared with 129/Sv mice with truncation of the distal
C-terminal domains in ADAMTS13 (Figures 4,5). Therefore, we
can conclude that the distal C-terminally truncated ADAMTSI13
has significantly decreased activity in limiting thrombosis in vivo.

The binding of platelets to VWF is reported to accelerate the
cleavage of VWF by ADAMTSI3 under static® and flow
conditions in vitro. It has also been shown that ADAMTS13 can
cleave platelet-bound VWF multimers®” and limit thrombus forma-
tion through the cleavage of VWF at the surface of forming
thrombi?® in in vitro flow chamber systems. Therefore, in our
experimental settings, ADAMTS13 attenuates thrombus growth,
possibly through the cleavage of VWF multimers bound on the
surface of platelet-rich thrombi under high shear rate. The distal
C-terminal domains may be necessary for ADAMTS13 to effi-
ciently recognize and cleave platelet-bound VWF multimers on a
growing thrombus. Conceivably, the distal C-terminal domains
may contribute to the interaction with unidentified ADAMTS13-
binding cofactors localized on the surface of platelets or subendo-
thelium, and this interaction may be necessary for ADAMTS13 to
control VWF-mediated thrombus formation. However, we cannot
rule out the possibility that the distal C-terminal domains of
ADAMTS13 contribute to the prevention of thrombosis indepen-
dent from the VWF-cleaving activity of ADAMTS13, nevertheless
VWF has been suggested as the only relevant substrate for
ADAMTS13% and functions of ADAMTS13 other than its VWE-
cleaving activity have yet to be reported.

The distal C-terminally truncated ADAMTS13 is expressed in a
lot of mouse strains including the BALB/c, C3H/He, C57BL/6, and
DBA/2 strains as substitute for the full-length form.!'*!5 Our
present results suggest that thrombotic response in these strains
would be increased, at least partially, by their incomplete
ADAMTSI13 activity. This should be taken into account when
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studying genetically modified mice with heterogeneous genetic
background.

In summary, our results define the role of the distal C-terminal
domains in ADAMTS13 in vivo. Deletion of the C-terminal 2 Tspl
and 2 CUB domains permits normal size distribution of plasma
VWF multimers under steady state, but exacerbates platelet
thrombosis after thrombogenic stimulation in mice. Thus, the distal
C-terminally truncated ADAMTS13 is not fully active in vivo.
These distal C-terminal domains of ADAMTS 13 may play a role in
the efficient processing of VWF multimers during platelet throm-
bus growth, and thus their functions may become increasingly
important when vascular damage is induced.
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Association of Asn221Ser mutation in tissue factor pathway
inhibitor-p with plasma total tissue factor pathway
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Tissue factor pathway inhibitor (TFPI) is an anticoagulant
protease inhibitor that inhibits the tissue factor-initiated
blood coagulation cascade reactions. Based on these
anticoagulant functions of TFPI, we hypothesized that
genetic variations in TFP/ may alter the TFPI expression or
impair the anticoagulant function and could predispose
persons to deep vein thrombosis (DVT). This study was
undertaken to examine whether the genetic polymorphisms
in TFPI are associated with the plasma TFPI levels and risk
for DVT. We sequenced the entire coding regions of TFP/in
175 Japanese DVT patients and identified 12 genetic
variants, including one missense mutation, Asn221Ser. The
missense mutation occurred at the site presumably attached
tothe glycosylphosphatidylinositolanchorinthe TFPI-f form.
The allele frequency of the mutant Ser-coding allele of the
Asn221Ser mutation was 8% in the Japanese general
population consisting of 1684 individuals. The Asn221Ser
mutation was significantly associated with the total TFPI
levels (Asn/Asn, n =108, total TFPI =56.57 = 0.88 ng/ml
(mean = SD) vs. Asn/Ser + Ser/Ser, n= 16, total

TFPI =63.44 + 2.28 ng/ml, P= 0.0058). The genotype was
not associated with the free TFPI level. This Asn221Ser
mutation was not associated with DVT. Thus, the Asn221Ser

Introduction

Tissue factor pathway inhibitor (TFPI) is a protease
inhibitor with three tandem Kunitz-type inhibitor
domains, which inhibits the tissue factor-initiated blood
coagulation cascade reactions by forming a complex with
factor Vlla/tissue factor via the Kunitz-1 domain and
with factor Xa via the Kunitz-2 domain [1-3].

The human TFPI gene resides on the long arm of
chromosome 2 and has been originally reported as con-
sisting of 9 exons [4—6]. Later on, an alternative spliced
form, TFPI-B, was identified. Therefore, the human
TFPI gene is now known to have 10 exons separated
by 9 introns. Mature TTFPI-a consists of 276 amino acid
residues. An alternatively spliced form, TFPI-B, has a
B-form specific C-terminal region encoded by exon
8 instead of the Kunitz-3 domain and the C-terminal
region encoded by exons 9 and 10. The C-terminal region

0957-5235 © 2009 Wolters Kluwer Health | Lippincott Williams & Wilkins

mutation occurring in the TFPI-B form was associated with
the total TFPI level, but not arisk for DVT. The absence of the
putative glycosylphosphatidylinositol anchor in TFPI-B under
pathological conditions remains to be studied. Blood Coagu/
Fibrinolysis 20:22-26 © 2009 Wolters Kluwer Health |
Lippincott Williams & Wilkins.
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specific to the B-form directs the attachment of a putative
glycosylphosphatidylinositol (GPI) anchor at Asn221,
resulting in the formation of GPI-anchored TFPI-8
[7-10]. TFPI-B thus formed is supposed to stay on
the endothelial cell surface. Most TFPI-a are present
in plasma, but some also stay on the endothelial cell
surface through the heparan sulfate-binding sites on their
Kunitz-3 domain and C-terminal region. TFPI binding
to endothelium is considered to be important for the
regulation of the initial phase of the coagulation cascade
[1-3]. Although TFPI-a consisted 80% of TFPI on the
cell surface, a recent study [11] suggests that TIFPI-B was
responsible for most of the cellular inhibitory activity for
factor VIla/tissue factor.

Animal models suggest the link of TFPI dysfunction or
deficiency with a prothrombotic phenotype [12-15].
Mice lacking exon 4 of the Tfpi gene that encoded the
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Kunitz-1 domain (Tfpi*’#"**) showed embryonic lethality

through hemorrhage due to a consumptive coagulopathy
[12]. The lethal hemorrhagic phenotype for mice carrying
the factor VII™/~ genotype has been rescued by having
Tfpi*'#" alleles [13]. Mice with a combined heterozy-
gous Tfpi deficiency and homozygous apolipoprotein
E deficiency (Tfpi"*/*"**JapoE ~'~) exhibited a more pro-
nounced atherosclerosis and thrombosis than mice with
Tfpi*"*/apoE '~ [14]. The Tfpi*’#" allele conferred the
lethal thrombotic phenotype to mice homozygous for the
factor V Leiden mutation [15].

Based on these anticoagulant functions of TFPI, we
hypothesized that genetic variations within the TFPJ
gene may alter the TFPI expression or impair the anti-
coagulant function and could predispose persons to deep
vein thrombosis (DVT). To test this hypothesis, we
sequenced the entire coding region of the TFPI gene,
including the TFPI-B-specific exon 8, in unrelated
patients with objectively confirmed DVT for genetic
variation and identified one novel missense mutation,
Asn221Ser. This missense mutation occurred at an amino
acid residue presumably attached with the GPI anchor in
the TFPI-B form. By genotyping this mutation in a
Japanese general population, we assessed the effects of
the genotypes on the plasma TFPI levels and compared
the genotype prevalence of the mutation in DVT patients
with that in population-based controls. Finally, we found
that the Asn221Ser mutation increased in the total TFPI
levels but did not confer a genetic risk for DVT in our
Japanese population. The Asn221Ser mutation was
observed at a significant prevalence in the population,
and the mutant TFPI-B was presumably not modified
with the GPI anchor. Thus, functional analysis of the
mutant form is needed to clarify the loss of the membrane
anchoring of TFPI-B.

Materials and methods
Deep vein thrombosis patient group and general
population
One hundred and seventy-five DVT patients were regis-
tered by the Study Group of Research on Measures
for Intractable Diseases working under the auspices of
the Ministry of Health, Labor and Welfare of Japan, as
described previously [16,17]. The patients consisted of
the previously enrolled 161 Japanese DVT patients and
additional 14 DVT patients. Diagnosis of DVT was made
by ultrasonography, radioisotope venography, and mag-
netic resonant imaging angiography. As the controls, a
general population randomly selected from Suita city
. residents, the Suita Study, was used. The study design
of the Suita Study has been described previously [18,19].
There were no exclusion criteria for the control individ-
uals. A total of 1684 participants were included. The
protocol of this study was approved by the Ethical
Review Committee of each institute. Only those who
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gave written informed consent for genetic analyses
were included in this study.

Direct DNA sequencing of tissue factor pathway
inhibitor in deep vein thrombosis patients

We sequenced all 10 exons and flanking regions and
651bp of the upstream region of exon 1 in 7FP/ in
175 DVT patients. The method of direct sequencing
was described previously [20]. Information on the primers
and PCR conditions is available upon request. The
obtained sequences were examined for the presence
of mutations using NAMIHEI (version 1.0; Mitsui
Knowledge Industry, Tokyo, Japan) and Sequencher
software (version 4.0; Gene Codes Corporation, Ann
Arbor, Michigan, USA), followed by visual inspection
[21]. We have adopted the mutation nomenclature
recommendation, wherein the A of the ATG of the
initiator Met codon is denoted nucleotide +1, and the
initial Met residue is denoted amino acid +1 [22].

Genotyping of general population

The Asn221Ser (c.662A>G) genotyping was performed
by the TagMan allele discrimination method [21] using
the primers 5'- CCACAGTGTTAAACATATAAAGAT-
GACTCACA/5'-AACATGGATGCATGAATGCAGAAG
and the probes 5'-VIC- CCGCATTCTTCCAAC (the wild-
type Asn coding allele)/5’-FAM- CGCACTCTTCCAAC
(the mutant Ser coding allele).

Measurement of plasma antigen levels of total and free
tissue factor pathway inhibitor

The total TFPI antigen level was measured by the Total
TFPI ELISA kit (Chemo-Sero-Therapeutic Research
Institute, Kumamoto, Japan) [23]. The kit consisted
of a rabbit anti-TFPI polyclonal antibody immobilized
to the microplate well and a horseradish peroxidase-
conjugated monoclonal antibody that can recognize the
specific conformation formed between the Kunitz-1
and Kunitz-2 domains. The plasma antigen levels of free
TFPI have been previously measured [24]. The antigen
level of free TI'PI was measured by a sandwich enzyme
immunoassay method using the Kunitz-3 domain-specific
monoclonal antibody [25]. The results were expressed as
means £ one SD.

Statistical analysis

Pair-wise linkage disequilibrium between two poly-
morphisms was evaluated by determining 7* with SNPA-
lyze software (version3.1; Dynacom, Mobara, Japan). The
x* test was used to compare the observed genotype
frequencies with the Hardy—Weinberg equilibrium
prediction. Comparisons between the case and control
groups were analyzed by the x ? test using genotype and
allele frequencies as independent variables. Association
analyses in each sex of genotypes with plasma total and
free TFPI levels were performed through logistic
regression analysis considering the potential confounding
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Table 1 List of genetic mutations identified in 7FP/ gene in 175 Japanese patients with deep vein thrombosis
Amino acid Allele1 Allele  Allele Allele 1 Allele 2  Surrounding

Genomic cDNA Region change homo 1/2 2homo Total frequency frequency sequence dbSNP ID
9-51095C>T ¢-363-538C>T  promoter 66 78 31 175 0.60 0.40 ATTGT[C/TITCACT
9.-50983C>T c.-363-426C>T  promoter 87 71 17 175 0.70 0.30 AAAAGIC/TITTATT rs10931202
g-296G>A c.-2-294G>A intron2 110 59 6 175 0.80 0.20 TCAGCIG/AITTTAC rs2192824
9-254T>C c.-2-252T>C intron2 173 2 0 175 0.99 0.01 ATATT[T/CITCAAA
g.6743G>A c.174G>A exon4 Ala58 174 1 0 175 1.00 0.00 AAGGCIG/AIGATGA
g.19653T>C ¢.628+8T>C intron7 164 11 0 175 0.97 0.03 AAGAA[T/CICTTGT
9.19796_19799 ¢.628+151_154 intron? 139 29 7 175 0.88 0.12 AAATTIGTTT/—]JAAGAC rs8176613

GTTTdel GTTTdel ¢
g.24999A>G* c.662A>G exon8 Asn221Ser 149 25 1 175 0.92 0.08 GAAGAIA/GITGCGG rs7586970
9.25244T>C c.847+60T>C intron8 174 1 0 175 1.00 0.00 AAAAA[T/CIGAATA
g.35804T>C ¢.629-33T>C intron8 149 25 1 175 0.92 0.08 TCACAI[T/CIATGGC rs8176592
g.36030T>C c.808+14T>C intron9 173 2 0 175 0.99 0.01 GATACIT/CICTTCC
g.37312T>A c.1293+101T>A 3'flanking 128 45 2 175 0.86 0.14 TATAGIT/AJATTCT

Alleles 1 and 2 are major and minor alleles, respectively. * ¢.662A>G for the large scale genotyping by the TagMan genotype discrimination method.The A of the ATG of the
initiator Met codon is denoted nucleotide +1, and the initial Met residue is denoted amino acid +1, as recommended by the Nomenclature Working Group. The nucleotide
sequence (GenBank Accession ID: NC_000002.10) was used as a reference sequence. ¢.-363-538C>T and ¢.-363-426C>T were previously designated as —399C>T
and —287T>C, respectively.Linkage disequilibrium: ¢.662A>G and ¢.629-33T>C showed an 2 of 1.00 and ¢.629-33T>C and ¢.1293+101T>A showed an /2 of 0.22.

risk variable of age. Differences with P values less than
0.05 were considered statistically significant.

Results

Genetic polymorphisms in tissue factor pathway
inhibitor gene in Japanese deep vein thrombosis
patients

We sequenced all exons and flanking regions and 651 bp
of the upstream region of exon 1 in TFP/[ in 175 DVT
patients (Table 1). We identified 12 genetic variations,
including ¢.662A>G in TFPI-B-specific exon 8 that
encoded a missense mutation causing Asn221 to be
replaced by Ser (Asn221Ser). This missense mutation
occurred at the site presumably modified by the GPI
anchor in the TFPI-8 form. Among the 175 DVT
patients, 25 were heterozygous carriers for the mutant
Ser221-coding allele and one was homozygous. The allele
frequency for the Ser221-coding allele was 0.077 in the
DVT patients. This mutation, ¢.662A>G, was in com-
plete linkage disequilibrium with ¢.629-33T>C.

Genotyping of Asn221Ser mutation in the general
population and association with the plasma levels of
total and free tissue factor pathway inhibitor and with
deep vein thrombosis

We genotyped the Asn221Ser mutation in the general
population consisting of 1684 individuals using the
TaqMan allele discrimination method. The genotype
was followed in the Hardy—Weinberg equilibrium
(P=0.6894). The minor G-allele frequency of c.662A>G

(Asn221Ser) in the general population was 0.079.
Next, we examined the effects of the genotype on the
plasma TFPI levels. We found that the plasma total
TFPI level was significantly elevated in individuals
with the mutant Ser-coding allele (Asn/Asn, # =108,
total TFPI=56.57 £0.88ng/ml (mean+SD) vs. Asn/
Ser + Ser/Ser, =16, total TFP1 =63.44 £2.28 ng/ml,
P=0.0058; Table 2). This association was not found in
men when the population was divided by sex. A free
TFPI level was not associated with the genotype.
Finally, we examined the association of this genotype
with DVT. The allele frequency of the Ser221-coding
allele in the general population group was not signifi-
cantly different from that in the DVT patient group
(P=0.888; Table 3). The genotype frequency of the
Asn221Ser mutation was not statistically different
between the DVT patient group and the general popu-
lation group. Thus, the Asn221Ser mutation in 7FP[ was
not associated with DVT.

Discussion

In the present study, we resequenced 350 alleles of 7FP/
in 175 unrelated Japanese patients with objectively con-
fimed DVT for genetic variation and identified 12
genetic variations, including one missense mutation,
Asn221Ser. We genotyped this missense mutation in
the general population and examined the association of
its genotype with plasma TFPI levels. We found that the
Ser-coding allele was associated with the increased
plasma level of total TFPI but not associated with the

Table 2 Association of plasma free and total tissue factor pathway inhibitor levels with Asn221Ser mutation

Combined

Women Men

n  Free TFPI° (ng/ml) Total TFPI® (ng/ml) n

Free TFPI® (ng/ml)

Total TFPI® (ng/ml) n  Free TFPI® (ng/ml)  Total TFPI® (ng/ml)

Asn/Asn 108 16.0+0.4 56.6+0.9 47 156.1+0.6 55.1+1.2 61 16.7+0.6 578+1.3
Asn/Ser+Ser/Ser 16 16.3+1.1 63.4+23 6 184+1.2 64.7+£3.3 10 17.7+1.4 625+3.2
P 0.783 0.006 0.342 0.007 0.522 0.164

TFPI, tissue factor pathway inhibitor. ®Age adjusted.
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Table 3 Numbers and genotype frequencies of TFP/ c.662A>G
mutation (Asn221Ser) in the control and deep vein thrombosis
groups

General population, DVT group,
number (%) number (%)
Genotypes™
AA 1425 (84.6) 149 (85.1)
AG+GG 259 (15.4) 26 (14.9)
Total 1684 (100) 175 (100)
Allele frequency™*
A allele 3101 (92.1) 323 (92.3)
G allele 267 (7.9) 27 (7.7)
Total 3368 (100) 350 (100)

DVT, deep vein thrombosis; OR, odds ratio; TFPI, tissue factor pathway inhibitor.
Comparisons between the DVT and the control groups were analyzed using a x*
test with the genotypes as independent variables (indicated by P and OR).
*OR=0.960 (0.620-1.486) Pearson P=0.855: x2=0.033, Fisher
P=0.913.*OR=0.971 (0.643-1.466) Pearson P = 0.888: x* = 0.020, Fisher
P=1.000.

free TFPI level. Finally, we found that the missense
mutation did not show the association with DVT.

TFPI is present in plasma as well as on the endothelium
[1-3]. The anticoagulant function of TIFPI on the endo-
thelium is thought to be physiologically important.
TFPI-a binds to heparin-like glycosaminoglycan on
the endothelium through both the Kunitz-3 domain
and the C-terminal tail [26], and TFPI-B is thought to
bind to endothelium through its unique C-terminal GPI
anchor [7-10]. The functional mutation, Asn221Ser,
occurred at the putative site for the GPI anchor, and
the Ser221 bearing mutant was presumed not to be GPI
anchored. Therefore, it is a reasonable assumption that
the mutant TFPI-B is released from the cell surface to the
plasma, resulting in the increase in the plasma total TFPI
antigen level.

There are several reports on the association of the genetic
polymorphisms with the plasma TFPI levels. A poly-
morphism present in intron 7, named —33T>C in intron
7, identified in the French population, has been reported
to show the association with plasma total TFPI levels and
DVT [27,28]. Individuals with the CC genotype showed
higher total TEFPI levels than those with the TT geno-
type. The age-adjusted odds ratio for DVT associated
with the CC vs. the TT genotype was 0.6. This poly-
morphism, —33T>C in intron 7, is ¢.629-33T>C in our
study. By means of intensive DNA resequencing,
we found that ¢.629-33T>C was in complete linkage
disequilibrium with the Asn221Ser mutation (7 =1.0;
Table 1). The distance between the two is 10806 bp.
Thus, we considered —33T>C in intron 7 to be a mere
marker and the Asn221Ser mutation to be a real func-
tional variant for the increased plasma total TFPI level.

Several missense mutations, including Prol51Leu
(Pro179Leu in the nomenclature of the initial Met as
+1) and Val264Met (Val292Met in the nomenclature of
the initial Met as +1) in the 7FPI gene have been
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reported in the Europeans [29-37]; however, these
mutations were not identified in the present study.
The Pro151Leu mutation has been identified in 1.2%
of German DVT patients [29] and 0.2% of German blood
donors [30]. The mutation has been identified in 2.0% of
Spanish DVT patients [31]. There were no heterozygotes
for this mutation in the 211 UK DVT patients [32]. Thus,
the sample size for the resequencing of TFPI in the
present study may not be high enough to identify this
mutation in our DVT population. The Val264Met
mutation has been identified in 4.9% of the control
French population [36], so if it were present in the
Japanese population with the same frequency, we would
have detected it in the present study. It is now well
known that there are ethnic differences in the genetic
background of thrombophilia. Factor V Leiden mutation
and prothrombin G20210A mutation are established risk
factors predominantly found in Caucasian population
[38], and protein S K196E mutation is a risk factor
in Japanese population [39]. The Val264Met mutation
in the 7FPI gene might be an ethnic specific genetic
variation.

In this study, we revealed the presence of the Asn221Ser
mutation in 7FPI that presumably confers defects on
the GPI anchor attachment. This mutation did not show
the association with DVT, but influenced the plasma
TFPI levels. Ser-coding allele-bearing individuals
would have low anticoagulant potency on the endo-
thelium. Thus, it may confer the predisposed pro-
thrombotic phenotype under some pathophysiological
conditions such as disseminated intravascular coagu-
lation and restenosis after angioplasty. Further studies
are needed to clarify the thrombotic risks predisposed by
this murtation.
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Production, crystallization and preliminary

crystallographic analysis of an exosite-containing
fragment of human von Willebrand factor-cleaving

proteinase ADAMTS13

ADAMTS13 is a reprolysin-type metalloproteinase belonging to the ADAMTS
(a disintegrin and metalloproteinase with thrombospondin type 1 motif) family.
It specifically cleaves plasma von Willebrand factor (VWF) and regulates
platelet adhesion and aggregation. ADAMTS13 is a multi-domain enzyme. In
addition to the N-terminal metalloproteinase domain, the ancillary domains,
including a disintegrin-like domain, a thrombospondin-1 type 1 repeat, a Cys-
rich domain and a spacer domain, are required for VWF recognition and
cleavage. In the present study, a fragment of the ADAMTS13 ancillary domains
(ADAMTS13-DTCS; residues 287-685) was expressed using CHO Lec cells,
purified and crystallized. Diffraction data sets were collected using the SPring-8
beamline. Two ADAMTS13-DTCS crystals with distinct unit-cell parameters
generated data sets to 2.6 and 2.8 A resolution, respectively.

1. Introduction

von Willebrand factor (VWEF) is a plasma glycoprotein that is
involved in platelet-dependent haemostasis (Sadler, 1998). VWF is
primarily synthesized in vascular endothelial cells and megakaryo-
cytes and is released into the plasma as ultralarge multimeric forms
(UL-VWF) that are highly active in platelet adhesion and aggrega-
tion. A plasma metalloproteinase, ADAMTS13, specifically cleaves
the Tyr1605-Met1606 peptidyl bond within the A2 domain of VWF
(Dent et al., 1990). Cleavage of UL-VWF into smaller forms by
ADAMTS13 limits platelet thrombus formation. A deficiency of
ADAMTS13 enzymatic activity caused by either genetic mutations in
the ADAMTS13 gene or acquired autoantibodies against ADAMTS13
results in the accumulation of UL-VWF in plasma. This leads to the
formation of disseminated platelet-rich microthrombi in arterioles,
which is one of the characteristic pathogenic features of thrombotic
thrombocytopaenic purpura (TTP), a life-threatening systemic disease
(Tsai, 2009). Conversely, excessive cleavage of VWF causes von
Willebrand disease type 2A (Sadler, 2005).

Human ADAMTS13 consists of 1427 amino acids and has a
modular structure comprising a signal peptide, a short propeptide, a
metalloproteinase domain (M), a disintegrin-like domain (D), a
thrombospondin-1 type 1 repeat (T1), a Cys-rich domain (C), a spacer
domain (S), seven additional type 1 repeats (T2-T8) and two CUB
(Clr/Cls, urinary epidermal growth factor, bone morphogenic
protein) domains (Levy et al., 2001; Soejima ef al., 2001; Zheng et al.,
2001). C-terminal truncation of ADAMTS13 after the C but not the S
domain results in severe loss of proteolytic activity towards VWF
(Soejima et al., 2003; Zheng et al., 2003). Therefore, in addition to the
M domain, the ancillary domains including the D, T, C and S domains
(DTCS) are necessary for normal ADAMTS13 activity, although the
distal C-terminal domains are required for regulation of in vivo
thrombus formation under high-shear conditions (Banno et al., 2009).
We have previously reported a minimal functional substrate con-
sisting of 73 amino-acid residues of the C-terminal region of the VWF
A2 domain (Asp1596-Argl668) and designated VWEF73 (Kokame et
al., 2004; Miyata et al., 2007). A recent study has shown that the
VWEF-binding exosites located in the T, C and S domains interact with
different segments of VWF73 (Gao et al., 2008). These interactions
increased the VWF-binding affinity and rate of substrate cleavage by
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300-fold. At least 16 causative missense mutations for congenital TTP
and five missense polymorphisms in the ADAMTS13 gene have been
identified within the DTCS region (Levy et al., 2001; Kokame et al.,
2002; Banno & Miyata, 2008). Although most TTP-causative mutant
proteins are likely to show secretion deficiency, a P475S poly-
morphism variant showed normal secretion but reduced VWEF-
cleaving activity (Kokame et al., 2002; Akiyama ef al., 2008). Detailed
structural information on exosite-containing domains will help in
understanding the structure-based mechanism of substrate recogni-
tion and specificity and the effects of TTP-causative mutations and
common polymorphisms. To date, crystal structures of the M and D
domains of three human ADAMTS-family proteins, ADAMTSI,
ADAMTS4 and ADAMTSS5, have been reported (Gerhardt et al,
2007; Mosyak et al., 2008; Shieh er al., 2008). However, no crystal
structures of exosite-containing fragments of ADAMTSs have been
reported.

Here, we report the expression and purification of the exosite-
containing human ADAMTS13-DTCS fragment using mammalian
CHO Lec cells with mutations in multiple glycosylation-related
genes. Proteins obtained from this cell line are suitable for crystal-
lization because their restricted and homogeneous glycosylation
improves the packing of the protein molecules. We also report the
results of our crystallization and preliminary X-ray studies of
ADAMTS13-DTCS.

2. Methods
2.1. Expression and purification of ADAMTS13-DTCS

An ADAMTS13 cDNA (AB069698) fragment corresponding to
amino-acid residues 287-685 (ADAMTS13-DTCS) was amplified by
PCR and cloned into a mammalian expression vector based on
pcDNA3.1/Myc-His (Invitrogen), which has a mouse Nidl signal
sequence (Yasui et al., 2007). The nucleotide sequence was confirmed
by dye-terminator sequencing. The ADAMTS13-DTCS fragment
expressed from this vector contains a tobacco etch virus (TEV)
proteinase cleavage site (Glu-Asn-Leu-Tyr-Phe-GIn/Gly) followed by
tandem His-tag sequences at the C-terminus. We transfected the
plasmid into CHO Lec 3.2.8.1 cells (Stanley, 1989) by electroporation
and selected colonies resistant to G418 (3 mg ml™') on 96-well plates
in o-minimal essential medium supplemented with 5% foetal bovine
serum for 10 d. ADAMTS13-DTCS levels in the media of 48 G418-
resistant colonies were examined by Western blotting with anti-
6xHis antibody (Sigma-Aldrich, St Louis, Missouri, USA). The
clone with the highest secretion level of ADAMTS13-DTCS was
cultured in the medium containing 0.5 mg mI~' G418 by the roller-
bottle method and the medium was collected every 3d. The
ADAMTS13-DTCS was recovered from the culture medium by
50%(w/v) ammonium sulfate precipitation and was purified by
Ni-NTA agarose chromatography (Sigma-Aldrich). The eluted
ADAMTS13-DTCS was incubated with TEV proteinase for 12 h at
297K to remove the C-terminal tags. After dialysis in a buffer
consisting of 10 mM MES and 100 mM NaCl pH 6.0, the digest
was applied onto a Hi-Trap SP HP cation-exchange column (GE
Healthcare, Buckinghamshire, England). The column was washed
with the same buffer and ADAMTS13-DTCS was eluted with a linear
gradient of NaCl (0.1-0.7 M) in 10 mM MES pH 6.0. Fractions were
analyzed by SDS-PAGE under reducing conditions (Fig. 1). The
fractions rich in ADAMTS13-DTCS (lanes 5 and 6) were combined,
dialyzed against 10 mM MES pH 6.0 and concentrated using a
Vivaspin-5 separation device (30kDa molecular-weight cutoff;

Sartorius, Edgewood, New York, USA) to a final concentration of
~10 mg ml~" for crystallization.

2.2. Crystallization screening

Initial screening for crystallization conditions for ADAMTS-DTCS
was carried out by the sitting-drop vapour-diffusion method using
Index Screen, SaltRx Screen, PEG/lon Screen, Grid Screen MPD and
Grid Screen Ammonium Sulfate kits (Hampton Research, Aliso
Viejo, California, USA). A volume of 0.1 pl protein solution was
manually mixed with an equal amount of reservoir solution and the
droplets were allowed to equilibrate against 0.1 ml reservoir solution
at 293 K for 24 h.

2.3. Diffraction data collection

For X-ray measurements, crystals were soaked in a solution
containing 20% glycerol, 26% PEG 1500, 100 mM MES pH 6.0 for
cryoprotection prior to flash-freezing and were immediately exposed
to a stream of nitrogen gas at 100 K. Preliminary X-ray data were
collected using an in-house X-ray diffractometer (Micromax-007
X-ray generator with an R-AXIS VIl imaging-plate detector; Rigaku,
Tokyo, Japan) and diffraction-quality crystals were selected for data
acquisition using the SPring-8 beamline. All the diffraction data sets
were collected on beamline BL41XU at 100 K using an ADSC
Quantum 310R detector and the diffraction images were processed
using HKL-2000 software (Minor et al., 2006).

3. Results and discussion
3.1. Protein preparation

We first attempted to express ADAMTS13-DTCS in Escherichia
coli and insect cells. The expressed ADAMTS13-DTCS formed
inclusion bodies and renaturation of ADAMTS13-DTCS did not
succeed. We then tried to express ADAMTS13-DTCS in mammalian
cells. As ADAMTS13-DTCS contains four potential N-glycosylation
sites, we used the CHO Lec 3.2.8.1 cell line for stable expression. This
cell line has four different mutated genes that are involved in the N-
and O-glycosylation pathways (Stanley, 1989). Preliminary experi-
ments showed that the endogenous signal and propeptide sequences
of ADAMTSI3 resulted in low protein secretion. We replaced the
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Figure 1 '

SDS-PAGE analysis of ADAMTS13-DTCS fractions from Hi-Trap SP HP cation
chromatography. Proteins were analyzed by SDS-PAGE and stained with
Coomassie Brilliant Blue. Lanes 1 and 3, molecular-weight markers (kDa); lane
2, pooled Ni-NTA eluate treated with TEV proteinase; lanes 4-7, eluate fractions
Nos. 5-8, respectively, from the Hi-Trap SP HP column. Arrow, ADAMTS13-
DTCS. Asterisk, TEV proteinase.
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ADAMTS13 specifically cleaves plasma von Willebrand factor (VWF)
and thereby controls VWF-mediated platelet thrombus formation.
Severe deficiencies in ADAMTS13 can cause life-threatening throm-
botic thrombocytopenic purpura. Here, we determined 2 crystal
structures of ADAMTS13-DTCS (residues 287-685), an exosite-
containing human ADAMTS13 fragment, at 2.6-A and 2.8-A reso-
lution. The structures revealed folding similarities between the
disintegrin-like (D) domain and the N-terminal portion of the
cysteine-rich domain (designated the Ca domain). The spacer (S)
domain forms a globular functional unit with a 10-stranded
B-sandwich fold that has multiple interaction sites with the Ca
domain. We expressed 25 structure-based mutants of ADAMTS13-
MDTCS (residues 75-685) and measured their enzymatic activity.
We identified 3 VWF-binding exosites on the linearly aligned discon-
tinuous surfaces of the D, Ca, and S domains traversing the W-shaped
molecule. Since the MDTCS domains are conserved among ADAMTS
family proteins, the structural framework of the multiple enzyme-
substrate interactions identified in the ADAMTS13-VWF system
provides the basis for a common substrate recognition mode in this
class of proteinases.

hemostasis | metalloproteinase | modular protein | substrate recognition

he human ADAMTS (a disintegrin-like and metalloprotein-

ase with thrombospondin type-1 motif) family is composed of
19 genes that encode extracellular multidomain enzymes con-
taining a reprolysin-type metalloproteinase domain and several
conserved domains following the metalloproteinase domain (1).
In contrast to the phylogenetically related ADAM (a disintegrin
and metalloproteinase) family proteins, most of which have a
transmembrane and a cytoplasmic domain in the C-terminal
region (2), ADAMTSs are secretary proteinases that lack these
domains and instead have at least 1 thrombospondin-1 (TSP-1)
type-1 repeat (TSR). ADAMTSs have diverse functions includ-
ing procollagen processing, aggrecan degradation, and organo-
genesis (1). ADAMTS13 controls platelet thrombus formation
through cleavage of the von Willebrand factor (VWF).

VWEF is a plasma glycoprotein that plays an essential role in
platelet-dependent hemostasis (3, 4). VWF mediates platelet
adherence to damaged blood vessels through interactions with
glycoprotein Ib on the platelet surface and collagen in the
subendothelium and contributes to platelet aggregation through
interactions with integrin aypB3. VWF, synthesized mainly in
vascular endothelial cells, contains 2,050 aa residues and is
released into the plasma as disulfide-bonded ultralarge VWF
(UL-VWF) multimers having a mass greater than 20,000 kDa. In
healthy individuals, UL-VWF multimers undergo limited proteo-
lytic processing (5). ADAMTS13 specifically cleaves the Tyr-1605-
Met-1606 peptidyl bond within the A2 domain of VWF (6) in a fluid
shear-stress-dependent manner (7). Because VWF multimers have
an alternate head-to-head and tail-to-tail disulfide-bonded archi-
tecture between neighboring subunits, cleavage by ADAMTS13
gives rise to a series of circulating multimers with molecular
masses ranging from 500 to 15,000 kDa. Control of the size
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distribution of VWF multimers is important for normal hemo-
stasis, as large multimers are hemostatically more active than
small multimers (3). Deficiencies in ADAMTS13 activity, caused
either by genetic mutations in the ADAMTS13 gene or by
acquired inhibitory autoantibodies directed against the AD-
AMTS13 protein, results in the accumulation of UL-VWF in the
plasma (8-11). The UL-VWF accumulation leads to the forma-
tion of disseminated platelet-rich microthrombi in the micro-
vasculature, which results in the life-threatening disease, throm-
botic thrombocytopenic purpura (TTP).

The human ADAMTSI13 gene encodes a precursor protein of
1,427 aa with a modular structure consisting of a signal peptide, a
propeptide (P), a metalloproteinase (M) domain, a disintegrin-like
(D) domain, a TSR (T1), a cysteine-rich (C) region, a spacer (S),
7 TSRs (T2-T8), and 2 CUB (complement components C1rCls/
urinary epidermal growth factor/bone morphogenetic protein-1)
domains (11-13). The M domain of ADAMTSI13 alone is not
sufficient for recognition and specific cleavage of VWF, but full
VWF-cleaving activity is achieved in vitro with an M-D-T1-C-S
domain fragment (14-17). In addition, antibodies isolated from
idiopathic TTP patients commonly inhibit ADAMTS13 activity by
binding to the C and S domains of ADAMTSI13 (14, 18, 19).
Collectively, these observations indicate that the noncatalytic do-
mains, especially the proximal C-terminal domains including the D,
T1, C, and S domains (designated ADAMTS13-DTCS), are essen-
tial for recognition of VWF. The crystal structures of the MD
domains (ADAMTS-MDs) of ADAMTSI (20), ADAMTS4 (21),
and ADAMTSS5 (21) have been determined, but no structural
information is currently available for the T1, C, and S domains of
ADAMTS proteins. To gain insight into the molecular mechanism
of VWF recognition by ADAMTS13, we solved the crystal struc-
tures of ADAMTS13-DTCS (residues 287-685) and performed a
series of structure-based mutagenesis experiments to identify
VWF-binding exosites. The present structure is the first for the TCS
domains of any ADAMTS family member and will provide a
template for understanding the role of these domains in substrate
recognition by ADAMTS proteins.

Results

Structure Determination. The structure of ADAMTS13-DTCS
was solved using the multiple-wavelength anomalous dispersion
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(MAD) method at 2.9 A using data sets obtained from a single
osmium derivative crystal (Table S1). The structure was further
refined against 2 native data sets, form-1 (space group C2,a = 152.7
Ab=529 ;\,c; =762A, and B = 111.4°) and form-2 (space grou
C2,a =1386A,b=514A,c =764 A,and B = 106.7°) at 2.6-12
(R = 0.243; Ryree = 0.289) and 2.8-A (R = 0.229; Ryree = 0.280)
resolution, respectively (Table S1). Each crystal contained 1
ADAMTS13-DTCS molecule per asymmetric unit. The final
model of the form-1 (form-2) crystal includes ADAMTS13
residues 299-322 (323), 331 (330)-458, and 466—682. Electron
densities for carbohydrate moieties attached to 3 of the 4
potential N-linked (Asn-552, Asn-579, and Asn-614) and one
O-linked (Ser-399) site were observed (SI Text and Fig. S1).
Pro-379, Pro-414, Pro-475, and Pro-618, were in the cis
conformation.

Overall Structure. The N-terminal portion of the C domain (residues
440-531, designated the Co domain here) in ADAMTS13 has a
fold structurally homologous to that of the C domain of ADAMs,
despite the lack of sequence similarity. The D domain (residues
306-383) of ADAMTSI13 also has a fold similar to the C domain
of ADAMs, which is consistent with recent crystallographic studies
(20-22). Therefore, ADAMTS13 possesses 2 homologous domains
that belong to the ADAMCR family (Pfam database entry:
pfam08516). The remaining C-terminal portion of the C domain
(residues 532-555) is highly conserved in amino acid sequence
among ADAMTS family proteins (Fig. S2, here called the Cg
domain). The domain architecture of ADAMTS13 is schematically
represented in Fig. 14.

Akiyama et al.

The overall structure of ADAMTS13-DTCS resembles a
distorted W-shape, in which 3 knobs, the D, C,, and S domains,
are connected by 2 elongated structural modules, T1 and Cg (Fig.
1B). The homologous D and C, domains are separated and
related by a pseudo-90° screw rotation with an ~45-A translation
along T1 (Fig. 1B). T1 has a very similar structure to that of the
prototypical TSR, TSR2, in TSP-1 (23) with an rmsd of 1.37 A
for the equivalent Ca atoms (Fig. S1) and an antiparallel
3-stranded fold. Although the Cg domain has no apparent
secondary structure, it has a series of turns stabilized by a pair
of disulfide bonds (Cys-532-Cys-548 and Cys-545-Cys-555) and
forms a rod shape with its N and C termini ~25 A apart (Fig. 1B).
The Ca and S domains, bridged by the Cg domain, make direct
contact through the extended loop of the S domain (Fig. 1B and
SI Text). The structures of ADAMTSI13 obtained from the 2
crystal forms are essentially the same, with the exception of the
relative orientations between the domains (S/ Text and Fig. S3).
The structural details of the D, Ca, and S domains are described
in the following sections and T1 in SI Text.

Comparison of the D and C, Domains. The D and C4 domains have
only 17% identity in their amino acid sequences (Fig. S2);
however, their tertiary structures are quite similar (Fig. 2 A4, B,
and E). They share an N-terminal a-helix, 2 pairs of double-
stranded antiparallel B-sheets, and 3 disulfide bonds, constitut-
ing the core structure of these domains. The D domain has an
additional disulfide bond (Cys-322-Cys-347) that is strictly con-
served among the ADAM counterparts (22, 24). The 3 periph-
eral loops differ markedly in structure between D and Cj in
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Fig. 2. Comparison of the D and C, domain structures. Ribbon representa-
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of VAP1 (representative of canonical ADAMs, PDB 2ERQ) (C) and ADAM10
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in gray and blue, respectively. Disordered regions in the crystals are shown as
dotted lines. The numbers of the terminal amino acid residues are indicated.
(E) Superimposition of the D (orange) and Ca (green) domains in stereo.
Disulfide bonds are indicated in stick representations.

ADAMTSI13 (Fig. 2E). The amino acid sequences of these loops
are also quite different between D and Cp in ADAMTS13 and
in other ADAMTS family members (Fig. S2).

The loop following the first a-helix of the Co domain (residues
454-469) is 12 aa residues longer than that of the D domain,
protrudes from the main body of Ca, and is disordered along the
distal side (Fig. 2 B and E). We designated this Ca-specific loop
as the protruding (P) loop. One region in the D domain (residues
323-329) is disordered (Fig. 24), not only in the current
ADAMTSI13 structures, but also in other reported ADAMTSI1
structures (20), although the corresponding region of Cj is
clearly defined in electron density maps. We designated this loop
the variable (V) loop because of its variability in both length and
amino acid sequence (Fig. S2). Canonical ADAM family mem-
bers have a helix-loop insertion of 26-30 aa residues in the
V-loop (Fig. 2C), whereas the atypical ADAMI10 does not, and
its C domain is more similar to the D and C4 domains of
ADAMTSI13, except for the hypervariable region (HVR) (Fig.
2D) (22,24). ADAMTSI13 has an insertion of 6 residues (residues
512-517) just before the C-terminal B-sheet of Ca (Fig. 2 B and
E), which is not found in other ADAMTS members (Fig. S2). We
designated this loop the ADAMTS13-Cx-unique (U) loop. Each
C domain contains a HVR that differs markedly among ADAMs
and may play a central role in substrate recognition (22, 24).
ADAMTS13 has shorter HVRs in both the D and the Ca
domains than those present in the ADAMs (Fig. 2.A-D). These
loops and HVRs were targeted for mutations (see below).

There is an Arg-498-Gly-499-Asp-500 integrin recognition se-
quence in the Ca domain. The side chain of Arg-498 is buried and
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unavailable for protein—protein interactions, but the Asp-500 side
chain is exposed toward the solvent.

Spacer Domain. The S domain is a long cysteineless segment and
its primary structure shows no apparent homology to known
structural motifs. The present study revealed that this region
foldsinto a single globular domain with 10 B-strands in a jelly-roll
topology, forming 2 antiparallel B-sheets that lie almost parallel
to each other (Fig. 1B and Fig. S44). The hydrophobic residues
forming the core of the B-sandwich (Fig. S4B), a cluster of
aromatic residues located on the concave outer surface of the
smaller 4-stranded sheet (Fig. S4C), and proline and glycine
residues in the loops, are highly conserved among ADAMTS
proteins (Fig. S4D). Collectively, these findings suggest that
ADAMTS proteins share the S domain architecture observed in
ADAMTSI13. In contrast, loops located at the distal side of the
molecule are highly variable in both length and amino acid
sequence among ADAMTS family members (Fig. S4D). The N
and C termini of the S domain are in close proximity and thus
the T2 following the S domain should be in close proximity to the
Ca/S-domain junction but not the distal side of the S domain.

MDTCS Model. The reported crystal structures of the ADAMTS-
MDs and our current ADAMTS13-DTCS structure enabled us
to build an ADAMTS13-MDTCS model (Fig. 34). The currently
available ADAMTS-MD structures (20, 21) superimpose well on
each other, except for subtle differences in the relative orienta-
tions of the M and D domains. We performed a functional assay
using the ADAMTS13-MDTCS mutants F216E and A258C/
K368C, which have modified interactions between the M and D
domains. The results suggest that a stable association between
the M and D domains is necessary for ADAMTS13 function
(Fig. 3 B and D and SI Text).

VWF-Binding Exosites. We introduced mutations into ADAMTS13-
MDTCS and measured the enzymatic activities of the mutants
using the synthetic fluorogenic substrate FRETS-VWEF73 (25).
The results are summarized in Fig. 3 C and D.

In the current model, the D domain abuts the M domain catalytic
site (Fig. 3B), suggesting that the surface of the D domain leading
to the catalytic site functions as a VWF-binding exosite. Two
mutants, 1 with a substitution in the HVR (D), R349D, and the
other with 7 residues in the V-loop (D) replaced by a 4-residue
linker, the AV-loop (D), exhibited diminished enzymatic activity
(Fig. 3 C and D). The disordered V-loop (D) contains 4 charged
residues, Arg-326, Glu-327, His-328, and Asp-330, which are sug-
gested to lie in the vicinity of Arg-349 in the HVR (Fig. 3B). The
cluster of these charged residues may collaboratively create an
exosite (exosite-1). Charged amino acid-to-alanine substitutions
revealed that Asp-1614, Glu-1615, and Lys-1617 in the VWF A2
domain act synergistically in ADAMTS13-mediated cleavage (26),
suggesting that these charged residues in VWF are targets for
exosite-1. Recently, Arg-349 was suggested to interact directly with
VWE, most probably with Asp-1614 (27). Leu-350 and Val-352,
which form a cluster of hydrophobic residues adjacent to the end of
the catalytic cleft (Fig. 3B), also interact with VWF (27). This
observation suggests that the hydrophobic cluster functions as a part
of exosite-1.

The Ca domain has 3 surface loops. The AV-loop (Ca) mutant
resulted in very low enzymatic activity (Fig. 3 C and D),
suggesting that the V-loop (Ca) creates another exosite (exosite-
2). A triple alanine substitution in the V-loop (Ca), H476A/
S477A/Q478A, and a mutant at the N terminus of the HVR (Cj)
adjacent to the V-loop (Ca), R488E, had significantly reduced
activity (=21%), suggesting that these hydrophilic or charged
residues play a pivotal role in VWF recognition at exosite-2. The
AU-loop and the F494Q/M496Q mutants showed reduced ac-
tivity (=40%) compared to the AP-loop mutant (=53%). The
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hydrophobic cluster surrounded by arginine residues (exosite-3) in the S domain. .

U-loop (Ca) and residues 494—496 flank the V-loop (Ca) and
may contribute to exosite-2. In contrast, the P-loop is distant
from the V-loop (Ca) and may contribute less to VWF binding.
A mutation in the middle of the HVR (C,), K497E, maintained
enzymatic activity comparable to wild type, even though Lys-497
is the equivalent of Arg-349, the pivotal residue in exosite-1 in
the homologous D domain.

The 3 distal loops in the S domain were replaced by short linkers
and enzymatic activity in the mutants was assayed. The AB7-B8-
loop and AB9-B10-loop mutants showed greatly reduced activity
compared to the AB5-p6-loop mutant (Fig. 3 C and D). The 89-810
loop contains 2 tyrosine residues, Tyr-661 and Tyr-665, which face
the solvent. The Y661Q/Y665Q mutant was significantly less active
(=~18%) than the wild type. These tyrosine residues and Leu-668 in
the B9-B10 loop form a hydrophobic cluster together with residues
in the neighboring B3-B4 and B7-B8 loops (Pro-590, Leu-591,
Phe-592, Leu-637, and Pro-638) (Fig. 3E). Leu-591 and Phe-592 are
located at the center of this hydrophobic cluster. The L591Q/F592Q
mutant showed reduced activity (Fig. 3D). Four arginine residues
surround the hydrophobic cluster (Fig. 3E). The R568Q/R660Q
mutant was significantly less active than the wild type. Collectively,
the hydrophobic cluster rimmed with arginine residues in the S
domain may to be another VWF-binding exosite (exosite-3).

Akiyama et al.

Mutations of residues (R386S/R421S and L443Q) located
apart from the exosites and the O-linked fucosylation site
(S339A) did not affect activity. The R393A/R407A mutation in
T1 showed reduced activity (=33%). Arg-407 is located at the
bottom of a cleft formed between exosite-1 and exosite-2. This
residue may also contribute to VWF binding.

Discussion

This study presents a structural determination of the
ADAMTS13 DTCS domains, which constitute important func-
tional part of the proteinase. The structure revealed that the
residues important for stabilizing the DTCS core architecture
are strictly conserved in all ADAMTS proteins. In contrast,
peripheral loops within the D, Ca, and S domains were substan-
tially different in both length and amino acid sequence among
ADAMTSs, suggesting that these regions have specific functions
that distinguish each ADAMTS member. By systematic mu-
tagenesis, we identified 3 VWF-binding exosites in these loops
(Fig. 3C). The exosites are highly conserved among
ADAMTS13s from different species (Fig. S5). The 3 exosites
were linearly aligned in the 3D structure, traversing the W-
shaped ADAMTS13-DTCS molecule (Fig. 3C). This arrange-
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Fig.4. ADAMTS13-VWF interactions. (A) Folded and unfolded structures of
the VWF A2 domain. The VWF A2 domain adopts a Rossman fold with a central
6-stranded B-sheet surrounded by 5 a-helices (shown as A2 folded"’) (28). The
scissile peptide bond (Tyr-1605-Met-1606) is buried within the protein core
under static conditions. The C-terminal region (residues 1,596-1,668, corre-
sponding to VWF73) (31) of the A2 domain must be unfolded to expose the
scissile bond and the exosite-binding regions under shear-stress conditions
(shown as A2 unfolded). (B) ADAMTS13-MDTCS-VWF binding model. The
molecutar surface of the ADAMTS13-MDTCS model is shown in gray and the
bound zinc ion is shown in yellow. Residues that mediate VWF binding are
depicted as in Fig. 3C, and the exosites and the catalytic cleft are indicated by
red and yellow dotted ellipsoids, respectively. The dotted green line repre-
sents a VWF molecule (residues 1,596-1,668) bound to ADAMTS-MDTCS. (C)
Close-up view of the a6 helix and surrounding residues in the VWF A2 domain.
Hydrophobic residues are indicated with red letters. Systematic charge-to-
alanine substitutions revealed that the D1653A and D1663A mutations (cyan)
reduced the substrate cleavage, the E1655A mutation (orange) slightly in-
creased cleavage, and the R1659A, E1660A, and R1668A mutations (gray) had
no significant effect (34).

ment suggests that these exosites bind collaboratively to multiple
discontinuous regions of VWE.

A recent crystallographic study revealed that the Tyr-1605-Met-
1606 scissile bond of VWF is buried within the core of the globular
A2 domain under static conditions (Fig. 44, A2 folded) (28). When
VWF is subjected to fluid shear stress in circulation or denaturants
in vitro, the A2 domain unfolds and adopts a partially extended
conformation that makes its scissile peptide bond accessible for
cleavage by ADAMTSI13 (7, 29, 30) (Fig. 44). We previously
identified VWF73 (residues 1,596-1,668) as a minimum specific
substrate for ADAMTS13 and suggested that a segment (residues
1,660-1,668) of VWE73 contains essential residues for recognition
by ADAMTSI13 (31). VWF73 is more than 200 A long at its
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maximum extension, which is almost twice the distance between the
catalytic site and the distal exosite-3 in the current ADAMTS13-
MDTCS model. NMR spectroscopy has indicated that VWF73
adopts an unfolded structure (5). Therefore, the ADAMTS-
MDTCS appears to be able to accommodate, by an induced-fit
mechanism, a partially unfolded VWF73 segment along the
extended molecular surface encompassing at least 3 critical
exosites (Fig. 4B). Exosite-3 forms a cluster of hydrophobic
residues rimmed by basic residues (Fig. 3E). Both the surface
properties and the size of exosite-3 imply that exosite-3 binds to
VWE, such that the VWF segment (residues 1,653-1,668) forms an
amphipathic a-helix (a6 as in the crystal structure, Fig. 4C) and
makes contact with ADAMTS13 by facing its hydrophobic residues
toward exosite-3. Autoantibodies that inactivate ADAMTS13 are
the most frequent cause of acquired TTP. These TTP patients
possess antibodies directed against ADAMTS13 residues 657-666
(32) that exactly coincide with the B9-B10 loop, a part of exosite-3.

The present structure suggests a linear correspondence be-
tween the ADAMTS13 domains and their interaction sites in the
A2 domain of VWF, consistent with previous systematic mu-
tagenesis studies and kinetic analysis by Gao et al. (33). These
authors suggested that the S domain contains an exosite that
primarily determines catalytic efficiency by interacting with a6
of the VWF A2 domain (33). They identified 3 other VWF
segments that interact with the MD, T1, and C domains of
ADAMTS13 (17). Our structural and functional data are in good
agreement with these observations, suggesting that the catalytic
cleft plus exosite-1, exosite-2, and exosite-3 make cooperative,
modular contacts with 3 discrete segments of the VWF A2
domain, the residues flanking the cleavage site (P9-P18’, resi-
dues 1,596-1,623), residues 1,642-1,652 and the a6 (residues
1,653-1,668) of the A2 domain, respectively (Fig. 4B). The
model is also consistent with the previous observation that
decreasing the length of peptides derived from the C terminus
of the VWF A2 domain caused a progressive decrease in their
potency as ADAMTS13 inhibitors (34). The elongated structure
of the stiff, rod-like T1 module and its nonessential interactions
with VWF (17) suggest that its primary role is to position the
exosites spatially. The mobility of the domains (Fig. S3 and S/
Text) suggests that a spectrum of ADAMTS13 conformations
exist, with different spatial alignments of the exosites, increasing
the possibility of ADAMTS13 interacting with partially unfolded
VWF molecules, which also present a wide spectrum of confor-
mations under shear-stress conditions in the circulation. The M
domains of ADAMTS4 and ADAMTSS do not retain specific
catalytic activity. The inclusion of the proximal C-terminal
domains enhances their aggrecanase activity, suggesting that
these ADAMTSs function through multiple exosites (35-39), as
observed in the ADAMTS13-VWEF system.

More than 80 causative mutations for congenital TTP have been
identified in the ADAMTS13 gene (11, 40, 41), including 16
missense mutations within the DTCS region. These mutations are
not restricted to a specific region but are located throughout the
molecule, suggesting that most of the mutations cause some struc-
tural defect that affects proper folding and secretion (Table S2).
The R349C and P353L mutants, however, are likely to affect
enzymatic activity: Arg-349 is in exosite-1 and Pro-353 forms part
of the potential substrate-binding S3' pocket (Fig. 3B). Five poly-
morphisms have been identified within the DTCS region (Table
S2). Approximately 10% of the Japanese population are heterozy-
gous for P475S substitution, located in the V-loop (Ca), which
reduces VWF-cleaving activity (40, 42). The P618A substitution
reduces secretion efficiency in cultured cells (43). Both proline
residues adopt the cis conformation and, therefore, substitution by
nonproline residues would cause structural distortions.

Shear stress in the blood circulation controls the exposure of
the cryptic scissile bond and exosite-binding regions in VWF to
ADAMTSI13. The M domain of ADAMTSI13 is catalytically
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