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Collagen
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Fig. 2. Platelet aggragation induced by collagen or U46619 at various concentrations. Platelet aggregation in citrated PRP from patient OSP-1 (labeled ‘P’)
or a control subject (labeled ‘C) was induced by various concentrations of collagen or U46619. At high concentrations of collagen or U46619, OSP-1

platelets aggregate almost normally.

antagonist, did not induce an additional inhibition on the
platelet aggregation (Fig. 1C). These data suggest that the
impaired response of the patient’s platelets may be due to an
abnormality in signaling evoked by ADP and that P2Y,,-
mediated signaling rather than P2Y;-mediated signaling may
be completely defective in patient OSP-1.

We also examined the aggregation of OSP-1 platelets
induced by higher concentrations of agonists. As shown in
Fig. 2, the aggregation response of OSP-1 platelets improved
as the concentrations of agonists increased, and they
aggregated almost normally in response to high concentra-
tions of collagen (5 ug mL™"), U46619 (S pm), or PARI
TRAP (100 pom) (not shown). In addition, we confirmed that
1 pm of AR-C69931MX conferred essentially the same defect
on the aggregation of control platelets in response to U46619
as that of OSP-1 platelets and did not further inhibit OSP-1
platelet aggregation induced by 5 pg mL™" of collagen, 5 pm
of U46619, or 100 um of PAR1 TRAP (data not shown).
These data indicated that at high concentrations of agonists
OSP-1 platelets showed the specifically impaired aggregation
to ADP.

Effect of ADP on PGE,-stimulated cAMP accumulation
in platelets

To determine whether P2Y,-mediated signaling is specifically
impaired, we examined an inhibitory effect of ADP on 1 um
of PGE,-stimulated cAMP accumulation in platelets from
the patient, her husband, their son, and healthy unrelated
controls. ADP inhibited intracellular cAMP levels in platelets
from the patient’s husband, son and healthy unrelated
controls (not shown) by approximately 80%, whereas the
inhibition was only 15% in the patient’s platelets (Fig. 3). In
contrast to ADP, epinephrine normally inhibited cAMP
accumulation in platelets from the patient as well as her
husband and son. These results strongly suggest that the
defect could be due to an abnormality in G; coupling ADP
receptor, P2Y,.
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Fig. 3. Effect of ADP or epinephrine on the inhibition of PGE,-induced
cAMP accumulation in platelets. Washed platelets from patient OSP-1,
husband or son were incubated with 1 v of PGE; for 15 min and
stimulated with 20 pm of ADP or 10 wm of epinephrine. Intracellular
cAMP levels were expressed as a percent of cAMP levels in the absence of
agonists. Results in OSP-1 are the mean of two experiments.

Nucleotide sequence analysis of cDNA and genomic DNA
of P2Y,,

To reveal a molecular genetic defect in OSP-1, we analyzed the
entire coding regions of both P2Y, and P2Y,, cDNAs
amplified from platelet mRNA by RT-PCR. A single nucleo-
tide substitution (T — G) was identified within the translation
initiation codon (ATG — AGG) in the patient’s P2Y,,
cDNA (Fig. 4A). This substitution was also confirmed by
reverse sequencing. No other nucleotide substitutions were
detected within the coding region of either P2Y;, or P2Y,
cDNA from the patient. OSP-1 appeared homozygous for the
substitution, and the substitution was not detected in 20 control
subjects.

Nucleotide sequence analysis of PCR fragments from the
patient’s genomic DNA also suggested the homozygosity of the
substitution (data not shown). To further confirm the homo-
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Fig. 4. Sequence analysis of P2Y, cDNA and restriction enzyme analysis
of the P2Y, gene. (A) cDNA obtained by RT-PCR from platelet mRNA
was analyzed by sequencing using a sense primer Y12F1. (B) PCR was
performed to generate 130-bp fragments including initiation codon of
P2Y,, as described in Materials and methods. Undigested (U) or digested
(O) PCR products with BsrDI were analyzed on a 6% polyacrylamide gel.
In patient OSP-1, the T —» G mutation at position 2 abolishes a BsrDI
restriction site.

zygosity, allele-specific restriction enzyme analysis (ASRA) was
performed. The region around the initiation codon of the
P2Y,, gene was amplified by PCR using primers BsrtDI-GF
and Y12R4. A restriction site for BsrDI would be abolished by
the T — G substitution. As shown in Fig. 4B, ASRA clearly
indicated that the patient and her son were homozygous and
heterozygous for the substitution, respectively. These results
also confirm that the substitution is inheritable.

Heterologous cell expression of WT and mutant P2Y,

As the substitution at the translation initiation codon might
induce an alternative translation starting at downstream ATGs
leading to an expression of shorter form of P2Y,,, we decided
to investigate effects of the substitution found in the patient on
the expression of P2Y,. Expression vectors encoding WT and
mutant P2Y;, in which His-tag was attached at the C-terminal
portion of P2Y |, were constructed as described in the Materials
and methods. Wild-type or mutant P2Y,, construct was
transfected into HEK 293 cells, and then expressed proteins
were analyzed 48 h after transfection in an immunoblot assay
employing anti-His antibodies. As shown in Fig. 5, WT P2Y,,
protein with an apparent molecular weight of ~60 KDa was
expressed in 293 celis as a His-tag-positive protein. In sharp
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Fig. 5. Expression of P2Y,; in HEK293 cells transfected with WT or
mutant His-tag attached P2Y,. Wild-type or mutant P2Y, construct was
transfected into HEK293 cells using the calcium phosphate method.
Transfectants were lyzed by 1% Triton X-100 PBS containing protease
inhibitors 2 days after transfection. Cell lysates from mock transfectant
(lane 1), cells transfected with WT P2Y , (lane 2) or mutant P2Y, (lane 3)
were separated by 7.5% SDS-PAGE, and immunoblot was performed by
anti-His-tag antibodies.

contrast, the mutant P2Y ,-expression vector failed to express
any His-tag-positive protein. These results provide strong
evidence that the T -» G substitution at the translation
initiation codon of P2Y, cDNA is responsible for the P2Y,,
deficiency.

Platelet spreading on immobilized fibrinogen

As it has been well documented that release of endogenous
ADRP is required for full platelet spreading onto immobilized
fibrinogen [23], we next analyzed the patient’s platelet spread-
ing in order to evaluate the role of 'P2Y.2. Control platelets
adhered to fibrinogen underwent morphological changes
ranging from filopodia protrusion to complete spreading,. and
50.5% =+ 21.3% of the adherent platelets spread (n = 3)
(Fig. 6A). In sharp contrast, the patient’s platelets showed an
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. Fig. 6. Platelet spreading on immobilized fibrinogen. (A,B) Washed platelets from a control subject were applied onto fibrinogen-coated polystyrene dishes
and incubated at 37 °C for 40 min without any inhibitor (A) or with 1 pm of AR-C69931MX (B). (C) Washed platelets from the patient were applied onto
fibrinogen-coated polystyrene dishes and incubated at 37 °C for 40 min without any inhibitor. Adherent platelets wete then fixed, permeabilized and
stained with TRITC-conjugated phalloidin. Platelet morphology was analyzed by fluorescence microscopy.

impaired spreading and only 2.3% = 1.4% of the adherent
platelets spread (n = 3, P < 0.001, Fig. 6C). Similar results
were obtained with control platelets in the presence of 1 pm of
AR-C69931IMX (6.2% = 2.2%,n = 3, P < 0.001, Fig. 6B).
In addition, 1 mM of A3PSP also markedly inhibited platelet
spreading (n = 3, 10.1% % 22%, P < 0.001, not shown).
These results suggest that both P2Y, and P2Y, are necessary
for platelet spreading.

Platelet-thrombus formation on immobilized collagen under
flow conditions

To investigate the role of P2Y), in thrombus formation, we
observed the real-time process of mural thrombogenesis on a
type I collagen-coated surface under flow conditions with high
shear rate (2000 s~') using the whole blood from OSP-1. Real-
time observation revealed that thrombi formed on type I
collagen were unstable. As platelet aggregates of the patient
were loosely packed each other and unable to resist against
high shear stress, most of the aggregates at the apex of the
thrombi came off the thrombi constantly. On the other hand,
most of thrombi formed by control platelets were densely
packed with higher fluorescent intensity and were stable with
constant growth during observation (Video 1 and 2).

As shown in Fig. 7A, the area covered with patient platelets
after 7 min of flow was greater than that of control platelets
(91.8% =+ 0.3% vs.822% % 1.4%,n = 3, P < 0.01). How-
ever, thrombi formed by OSP-1 platelets were loosely packed,
whereas thrombi were large and densely packed in controls.
The overall fluorescent intensity of thrombi of OSP-1 platelets

was lower than that of control platelets. Three-dimensional
analysis revealed the striking difference in size and shape of
individual thrombus formed after 10 min between the patient
and control platelets (Fig. 7B). Thrombi formed by control
platelets were large in size, clearly edged and surrounded by
thrombus-free areas. On the other hand, individual thrombus
formed by patient platelets was mostly small and appeared to
be a thin layer of platelet aggregates. Thrombus height at the
plateau phase was 10.2 £ 0.4 pm, which was less than half of
controls (212 £+ 0.4 um).

Discussion

P2Y); coupled with Goy;, primarily with Gay,, consists of 342
amino acid residues with seven transmembrane domains (TM),
and its deficiency is responsible for congenital bleeding
diathesis [10~16]. To date, five mutations responsible for a
defect in the expression or the function of P2Y,, in four
different families have been demonstrated [10,15,16). Patient
ML possessed a mutation consisting of a two nucleotide
deletion at amino acid 240 (near the N-terminal end of TMS),
which would lead to a premature termination of P2Y,[10,14].
A two nucleotide deletions at amino acid 98 (next to the
N-terminal end of TM3) and a single nucleotide deletion
occurring just beyond TM3 were identified in other two
families, both of which would lead to a premature termination
of P2Y, [13,15]. However, in these reports expression studies
had not been performed to show the direct association between
these mutations and the P2Y),, deficiency [10,15]. Patient AC,
whose platelets expressed dysfunctional P2Y,, with normal
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Fig. 7. Thrombus formation on immobilized collagen under flow conditions. (A) Whole blood containing mepacrine-labeled platelets obtained from the
patient or control subjects was aspirated through a chamber with type I collagen-coated coverslips. Thrombi formed under a high shear rate (2000 s™!) at
indicated time points were observed using a microscope equipped with epifluorescent illumination and a CCD camera system. (B) Three-dimensional
structure of thrombi formed after 10 min flow by platelets from the patient or a control subject was analyzed.

binding capacity of 2-methylthioadenosine 5’-diphosphate
(2MeS-ADP), was compound heterozygous for Arg256 —
Gln in TM6 and for Arg265 — Trp in the third extracellular
loop of P2Y . Platelets from patient AC showed an increased
platelet aggregation at high dose ADP compared with low dose
ADP, suggesting the presence of residual receptor function [16].
In this study, we described a patient (OSP-1) with congenital
bleeding diathesis bearing a novel homozygous mutation
within the translation initiation codon (ATG — AGG) of
the P2Y , gene. Consistent with previous studies, the aggrega-
tion of OSP-1 platelets with P2Y» deficiency was impaired to
various agonists such as collagen, U46619, and PAR1 TRAP
at low concentrations, but almost normal at high concentra-
tions [11-14]. These findings confirmed that a critical role of
P2Y |, mediated signaling evoked by endogenous ADP in
platelet aggregation induced by low concentrations of agonists.
In contrast to patient AC with residual P2Y;,-mediated
signaling, the impaired platelet aggregation in OSP-1 in
response to ADP was neither improved even at 100 pm of
ADP stimulation nor reduced by adding 1 pm of AR-
C69931MX, suggesting a complete loss of the P2Y; function.
Family study confirmed that patient OSP-1 was homozygous
for the mutation, and our expression study demonstrated that
the mutation is responsible for the P2Y, deficiency.

A number of examples of mutations in the translation
initiation codons have been demonstrated in various diseases
[24]. Although some cases having mutations in the initiation
codons did not express any related abnormal protein, Pattern
et al. showed an abnormal Geg protein possibly synthesized as
a result of initiation at downstream ATGs due to a mutation at
an initiation codon (ATG — GTG) in patients with
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Albright’s hereditary osteodystrophy [24,25]. In OSP-1, we
detected the T —» G mutation at position +2, and our
expression study denied the possibility that the substitution
might induce an alternative translation at downstream ATGs
leading to an expression of shorter form of P2Y 5.

As to platelet spreading onto immobilized fibrinogen, OSP-1
platelets showed the impaired platelet spreading. Similarly,
A3PSP inhibited the platelet spreading. It has been well
documented that release of endogenous ADP is required for
full platelet spreading onto immobilized fibrinogen [23], and
Obergfell et al. [26] have demonstrated that the platelet
spreading requires sequential activation of .Src and Syk in
proximately to oyp,fs. In contrast to the ADP-induced platelet
shape change shown in OSP-1 platelets in the platelet
aggregometer, our data indicated that both P2Y, and P2Y,
were necessary for the full spreading onto immobilized
fibrinogen.

Employing clopidogrel or AR-C69931 MX as an inhibitor
for P2Y,,, several studies examined the role of P2Y,, in
thrombogenesis under flow conditions [27-30]. However, some
discrepancy between the studies was pointed out and non-

* specific effects of these inhibitors were not completely ruled out

[28-30]. As patient OSP-1 was deficient in P2Y,, as shown in
this study, it would be informative to examine the real-time
process of thrombogenesis on a type I collagen-coated surface
under a high shear rate (2000 s™') employing whole blood
obtained from OSP-1. Qur data demonstrated that P2Y,-
deficiency led to the loosely packed thrombus and the impaired
thrombus growth with enhancing adhesion to collagen, which
was consistent with the study by Remijn et al. {30] employing
patient ML’s platelets. The increase in platelet adhesion to
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collagen was probably due to the impaired platelet consump-
tion by the growing thrombi [27,30]. Moreover, our real-time
observation indicated that the loosely packed aggregates were
unable to resist against high shear stress, and then most of the
aggregates at the apex of the thrombi came off the thrombi. In
contrast, Andre ez al. [12] did not detect significant differences
in ex vivo thrombus volume formed over human type HI
collagen under a shear rate of 871 s™' between P2Y1—2/ ~ and
WT mice. Although Andre et al. used non-anticoagulated
mouse blood instead of anticoagulated blood, Roald et al. [27]
demonstrated that clopidogrel significantly reduced the throm-
bus volume over type III collagen employing non-anticoagu-
lated human blood. Loosely packed platelet thrombi with
swollen non-degranulated platelets were detected following
clopidogrel intake, whereas densely packed thrombi with partly
fused platelets were detected before clopidogrel intake by
electron microscopy [27]. Thus, it is likely that differences
between human and mouse, rather than those between non-
anticoagulated and anticoagulated blood, may account for the
discrepancy. Nevertheless, they showed that ex vivo thrombi
were loosely packed and that only small and unstable thrombi
were formed in P2Y]—2/ ~ mice without reaching occlusive size in
mesenteric artery injury model in vivo [12].

Our present study has demonstrated the novel mutation
responsible for the P2Y,, deficiency and suggested that
secretion of endogenous ADP and subsequent P2Y;,-mediated
signaling is critical for platelet aggregation, platelet spreading,
and as a consequence, for stabilization of thrombus. Mild
bleeding tendency observed in patient OSP-1 further empha-
sizes the efficacy of P2Y), receptor as a therapeutic target for
thrombosis.
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The following supplementary material is available online:

Figure S1. Perfusion study using control platelets. A real-time
movie of platelets perfused over type-1 collagen shows that
thrombi formed by control platelets are densely packed and
stable. - This S-second movie was taken at 5-minute perfusion
under a high shear rate (2000 s7).

Figure S2. Perfusion study using OSP-1 platelets. A real-time
movie of platelets perfused over type-I collagen shows that
thrombi formed by the patient OSP-1 platelets are loosety
packed and unstable. Newly formed aggregates on the top of

thrombi keep on moving toward downstream and some
aggregates came off the thrombi. This S-second movie was
taken at S-minute perfusion under a high shear rate (2000 s™).
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Measurement of ADAMTS13 activity and inhibitors
Toshiyuki Miyata, Koichi Kokame and Fumiaki Banno

~Purpose of review

Acquired or congenital deficiency in the plasma von

".Willebrand factor-cleaving protease ADAMTS13 causes
life-threatening thrombotic thrombocytopenic purpura. This

. -condition is characterized primarily by thrombocytopenia

* and microangiopathic hemolytic anemia, accompanied by
variable degrees of neurologic dysfunction, renal failure,
and fever. Measurement of ADAMTS1 3 activity is important
in the diagnosis of microangiopathies such as thrombotic

*"thrombocytopenic purpura. This review introduces both
established and emerging assays for ADAMTS13 activity,

- focusing on their impact on clinical practice.
Recent findings
Previously established assays are useful screening
methods to identify suspected thrombotic
thrombocytopenic purpura. Novel assays measuring

. ADAMTS13 activity using either recombinant peptides or
synthetic substrates directly measure the activity
quantitatively. These assays can also detect neutralizing
autoantibodies in the plasma of patients with acquired

' ADAMTS13 deficiency. Although ADAMTS13 in control

| subjects exhibits a broad variation in activity, ranging from
30 to 200%, significant decreases in ADAMTS13 activity

" have been observed in several physiologic and pathologic
conditions. A portion of thrombotic thrombocytopenic
purpura patients, however, did not display severe
ADAMTS13 deficiency, suggesting that as-yet-unidentified

- environmental or genetic factors may contribute to the

- etiology of thrombotic thrombocytopenic purpura.

~ Summary
New assays measuring ADAMTS13 activity will contribute
significantly to the accurate diagnosis of
microangiopathies, ultimately leading to improved clinical
reatment of these diseases. These assays may also help to
clarify the role of ADAMTS13 activity in additional

. thrombotic disorders, including disseminated intravascular '

: coagulation, stroke, and myocardial infarction.

Keywords
- ADAMTS13, microangiopathy, thrombotic
" thrombocytopenic purpura

Curr Opin Hematol 12:384—-389. @ 2005 Lippincott Williams & Wilkins.
National Cardiovascular Center Research Institute, Osaka, Japan

Supported in part by grants-in-aid from the Ministry of Health, Labor, and Welfare
of Japan and the Ministry of Education, Culture, Sports, Science, and Technology
of Japan.

Correspondence to Toshiyuki Miyata, PhD, National Cardiovascular Center
Research Institute, 5-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan

Tel: +81 6 6833 5012, ext: 2512, 8123; fax: +81 6 6835 1176;

e-mail: miyata@rincvc.gojp

Current Opinion in Hematology 2005, 12:384—389

384

Abbreviations

TSP-1  thrombospondin type 1

TP thrombotic thrombocytopenic purpura
ULVWF  ultralarge von Willebrand factor
VWF von Willebrand factor
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Introduction

Thrombotic thrombocytopenic purpura (TTP) is charac-
terized by thrombocytopenia and microangiopathic
hemolytic anemia, accompanied by variable penetrance
of neurologic dysfunction, renal failure, and fever
[1.2,3°,4°°,5°"]. TTP leads to the development of sys-
temic microvascular thrombi of platelets, largely resulting
from the accumulation of ultralarge von Willebrand fac-
tor (ULVWF) muitimers in plasma. The accumulation of
ULVWF multimers is caused by congenital or acquired de-
ficiency in a von Willebrand factor (VWF)-cleaving protease,
ADAMTS13, a metalloprotease of the ADAMTS family (a
disintegrinlike and metalloprotease with thrombospondin
type | motifs) [6°-9°]. ADAMTS13 was purified and
cloned by several groups in 2001 [10-15]. As the basic
and clinical studies on TTP and ADAMTS13 have greatly
advanced since this discovery, this review focuses on the
available assays measuring ADAMTS13 activity. We also
discuss the sensitivity and specificity of ADAMTS13
activity assessment in the diagnosis of TTP.

Pathogenesis of thrombotic
thrombocytopenic purpura

VWF, a substrate of ADAMTS13, is a multimeric protein
important for platelet adhesion to subendothelial connec-
tive tissue. In vascular endothelial celis, the primary site
of VWF production, VWF dimers are initially formed
through formation of a disulfide bond near the C-termini.
The prosequences of the VWF dimer are cleaved, followed
by formation of ULVWF multimers by generation of
a disulfide bond near the N-termini. ULVWF multimers
are either stored in Weibel-Palade bodies or secreted
into the plasma. Under normal circumstances, ULVWF
multimers are unfolded by high shear stress in the circu-
lation, making internal sites available for proteolysis by
ADAMTS13, which specifically cleaves the peptide bond
between Y1605 and M1606 in the A2 domain of VWF.
Cleavage depolymerizes the ULVWF complexes into
smaller multimers. Functional deficiency of ADAMTS13,
resulting from either genetic mutations [16°] or inhibitory
autoantibody production, leads to the accumulation of
ULVWF multimers in plasma. These multimers promote
intravascular thrombi of platelets, resulting in platelet



consumption and hemolysis. After the formation of micro-
vascular thrombi in the kidney or brain, patients may suf-
fer renal failure or neurologic dysfunction [1,2,3°,4°*,5°"].

Recent progress of ADAMTS13

The domain structure of ADAMT S13 shares similarities
with other ADAMTS proteases, but is most divergent
among this family [13] that contains 19 members in
humans [17"]. ADAMTS13 is synthesized predominantly
in the liver [12-15], aithough expression has been observed
in other tissues and cell types, including platelets [18°]. In
sequence, the 1427 amino acid precursor contains a signal
peptide, a short propeptide, a metalloprotease domain,
a disintegrinlike domain, a thrombospondin type 1 (TSP-1)
repeat, a Cys-rich domain, a spacer domain, seven addi-
tional TSP-1 repeats, and two CUB domains [12-15].
CUB domains are named for complement components
C1r/C1s, urinary epidermal growth factor, and bone mor-
phogenic protein-1, each of which has one or more CUB
domains [2]. Although propeptides are generally neces-
sary to preserve the latency of metalloproteases, the
ADAMT $13 propeptide is not required for enzyme latency
[19]. The metalloprotease domain is necessary, but not
sufficient, for VWF cleavage, indicating the requirement
for other domains in VWF cleavage [20,21]. A single nu-
cleotide polymorphism within the Cys-rich domain, encod-
ing a P475S mutation, is found in the Japanese population
at an allelic frequency of approximately 5% [22]. This mu-
tant exhibits low, but significant, VWF-cleaving activity,
suggesting a role for the Cys-rich domain in proteolysis.
Although this polymorphism is also found in the Chinese
population at a lower frequency, it has not been identified
in the white population [16°,23,24]. The spacer domain is
indispensable for VWF cleaving activity. Truncation
mutants lacking the spacer domain lose activity in both
static and flow conditions [20,21,25°]. Inhibitory autoanti-
bodies against ADAMTS13 in patients with acquired TTP
are directed against epitopes in the Cys-rich and spacer
domains [20,26°*,27]. In addition, a truncated ADAMTS13
resulting from insertion of the retroviruslike element has
been identified in a number of mouse strains [28'*]. This
truncated form, lacking the C-terminal two TSP-1 motifs
and two CUB domains, exhibits the same activity levels as
the full-length form. Although the exact cleavage sites have
not been determined, both thrombin and plasmin can
cleave ADAMTS13, resulting in the loss of activity [29°°].

Extensive study has elucidated the mechanisms underly-
ing the interaction of ADAMTS13 with VWF. VWF has
three A-type domains; ADAMTS13 cleaves the central
A2 domain. Homology modeling estimates that a scissile
peptide bond exists inside the A2 domain [30]. The
VWF A1 and A3 domains are binding sites for platelet
GPlba and collagen respectively. Although the A1 domain
inhibits cleavage of the A2 domain by ADAMTS13, this
inhibition is reversed on interaction of the A1 domain with
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platelet GPiba or heparin [31°*]. A single nucleotide poly-
morphism in the VWF A2 domain encoding a Y1584C mu-
tation is found in the population of the United Kingdom
with an allelic frequency of about 0.5%. This mutant VWF
protein demonstrated an increased susceptibility for
ADAMTS13 proteolysis [32,33].

Assays of ADAMTS13 activity

Five methods are widely used to assay ADAMTS13
activity [4°*,34°]: multimer analysis by SDS-agarose gel
electrophoresis [35], analysis of degraded VWF by SDS-
polyacrylamide gel electrophoresis [36], two-site immuno-
radiometric analysis [37], residual collagen binding analysis
[38], and residual ristocetin cofactor activity analysis [39].

Pioneering work using a recombinant A1-A2-A3 VWF frag-
ment expressed in Drosophila cells has recently been de-
scribed for measuring ADAMTS13 activity [40]. This
assay requires denatured cleavage conditions and uses
Western blotting to detect the products.

Investigators demonstrated that ULVWF multimers newly
released from endothelial cells are anchored to the sur-
faces of endothelial cells in a P-selectin-dependent man-
ner [41°] and form long stringlike structures to which
fluorescence-labeled platelets adhere [42]. Based on
these finding, the cleavage of endothelial-derived ULVWF
muitimers under flow was used to examine ADAMTS13
activity [43°]. After the cleavage of these strings on endo-
thelial cells under flow by ADAMTS13, the numbers of
ULVWEF strings were quantified as a measure of enzyme
activity.

Evaluation of these methods

A multicenter comparison has been organized to evaluate
these assays [44]. ADAMTS13 activity was determined in
30 plasma samples, with activities ranging from fess than
3 to more than 100%, from patients with congenital or
acquired TTP and other unrelated conditions by four dif-
ferent analyses: the multimer analysis by SDS-agarose gel
electrophoresis, the two-site immunoradiometric analysis,
the residual collagen binding analysis, and the residual
ristocetin cofactor activity analysis. All assays identified
plasma samples with severe ADAMTS13 deficiencies
(<5%) and those with strong inhibitory activity, with
some exceptions of results observed using the collagen
binding assay. Plasma samples with normal to moderately
reduced activity exhibited less concordant results.

An additional international collaborative study evaluated
these four methods, as well as two additional methods
[45°]: a quantitative immunoblotting assay using a recom-
binant VWF A1-A2-A3 fragment [40] and a cleavage assay
using endothelial cell-derived ULVWF stringlike struc-
tures with attached platelets under flow [43]. In this study,
measurement of six plasma samples with 0%, 10%, 20%,
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40%, 80%, and 100% of ADAMT S$13 activity indicated that
the most consistent and reliable assays were the multimer
analysis by SDS-agarose gel electrophoresis, the residual
collagen binding analysis, and the residual ristocetin cofac-
tor activity analysis.

New assays using recombinant or

synthetic substrates

The assays described here use multimeric forms of VWF
as substrates that require denaturing conditions, such as
urea, for cleavage. Most of these assays measure the resid-
ual activity of VWF multimers, likely resulting in a reduced
sensitivity for the quantification of ADAMTS13 activity.
Therefore, more accurate and simpler methods are de-
sired. Recently, novel ADAMTS13 assays have been
developed using both recombinant and synthetic sub-
strates. These high-throughput methods are rapid and
do not require denaturing conditions or protease-free pu-
rified VWF substrates.

An assay using the minimal VWF region required to serve
as a specific substrate has been attempted [46°]. The sub-
strate peptide, designated GST-VWF73-H, consists of
a 73-amino acid sequence spanning residues D1596 to
R1668 of the VWF A2 domain, designated VWF73. This
sequence is flanked by an N-terminal glutathione S-trans-
ferase and six C-terminal His sequences. This assay does
not require a denaturing condition for cleavage, but neces-
sitates Western blotting for detection.

To avoid the use of Western blotting, a fluorogenic peptide
(FRETS-VWF73) was synthesized [47°"]. FRETS-VWF73
contains the core VWF73 peptide, in which the Q1599
residue at the P7 position of the scissile bond was con-
verted to a 2,3-diaminopropionic residue (A2pr) modified
with a 2-(N-methyl amino)benzoyl group (Nma). The N1610
residue at the P5# position was converted to A2pr modi-
fied with a 2,4-dinitrophenyl group (Dnp; Fig. 1). When
the Nma group is exited at 340 nm, fluorescence reso-
nance energy is transferred to the neighboring quencher,
Dnp. After cleavage of the bond between Y1605 and
M1606 by ADAMTS13, the quenching of fluorescence
resulting from the energy transfer does not occur, allowing
the emission of fluorescence at 440 nm by Nma. Thus,
incubation of FRETS-VWF73 with plasma samples con-
taining ADAMTS13 resuited in a quantitative increase
in fluorescence. Neither thrombin nor plasmin increased
fluorescence of FRETS-VWF73. The analysis can be com-
pleted within 1 hour using a 96-well format and commer-
cial plate readers. FRETS-VWF73 is now commercially
available from the Peptide Institute, Inc. (Minoh, Japan).

A novel enzyme immunoassay-based method using recom-
binant GST-VWF73-H has also been described [48°]. In
this assay, GST-VWF73-H was captured onto anti-GST

precoated microtiter plates and, after incubation with plasma

Figure 1. Structure of the synthetic fluorogenic ADAMTS13
substrate FRETS-VWF73
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FRET, fluorescence resonance energy transfer; Nma,
2-(N-methyl amino) benzoyl group; Dnp, 2,4-dinitrophenyl group;
A2pr, 2,3-diaminopropionic residue.

samples, the remaining amount of intact GST-VWF73-H
is detected with an anti-His epitope antibody.

The recombinant A2 domain, flanked with six N-terminal
His residues and a C-terminal Tag-100 sequence, was also
used for an ADAMTS13 activity assay [49,50°]. The A2
peptide, captured on a Ni®*-coated microtiter plate, was
incubated with plasma samples. After washing, the amount
of A2 peptide remaining in the well was detected with
a monoclonal antibody against the Tag-100 sequence.

Detection of autoantibodies

All the assay methods described here are useful to detect
ADAMTS13 autoantibodies in plasma of patients with ac-
quired TTP. An inhibitor assay is generally carried out us-
ing mixtures of heat-inactivated plasma from patients and
normal plasma at 1:1 dilution or several dilutions. The
amount of activity inhibited by 1 mL of the patient’s plasma
was then estimated; thus, 1 U of inhibitor neutralizes the
activity in 1 mL of normal human plasma [51]. Alterna-
tively, the protease activity in the mixture was expressed
as a percentage of that in control plasma. For the detection
of autoantibodies against ADAMTS13, an ELISA kit is
now commercially available from Technoclone GmbH
(Vienna, Austria).

Precaution for measurement of ADAMTS13
activity in plasma

To measure ADAMTS13 activity, blood is normally col-
lected into tubes containing sodium citrate as an antico-
agulant. As ADAMTS13 is a metalloprotease, inclusion
of EDTA completely inhibits enzyme activity. A high



concentration of hemoglobin (more than 2 g/L) has also
been reported to inhibit ADAMTS13 cleavage [52]. Plasma
concentrations of VWF also potentially affect ADAMTS13
activity; the VWF present in plasma samples would com-
petitively inhibit substrate cleavage. As the plasma concen-
trations of VWF vary under a subet of pathologic conditions,
coexisting pathologies may complicate ADAMTS13 activ-
ity assay results.

Factors influencing ADAMTS13 activity
Decreases in ADAMTS13 activity have been reported in
liver cirrhosis, chronic uremia, acute inflammatory states,
idiopathic thrombocytopenic purpura, disseminated intra-
vascular coagulation, and systemic lupus erythematosus
[53.54]. In addition, decreased activity has been observed
in the postoperative state, the neonatal period, pregnancy,
and aging [47°",53,55,56]. Infusion of the vasopressin an-
alog desmopressin or endotoxin also transiently decreased
ADAMTS13 activity [57,58°,59°]. ADAMTS13 activities
in control samples exhibit a broad range of values, ranging
from 30 to 200% of the mean activity [37,38,47°,51,53,60].
Mild decreases in ADAMTS13 activity in newborns were
reported in one study, whereas others have observed nor-
mal levels [53,61,62]. Plasma ADAMTS13 activity ex-
hibits a negative correlation with VWF protein and activity
levels [53,58]. Women typically exhibit higher ADAMTS13
activity levels than men [47°].

Sensitivity and specificity of decreased
ADAMTS13 activity for diagnosis of
thrombotic thrombocytopenic purpura

Severe deficiency in ADAMTS13 activity specifically dis-
tinguishes T TP from other thrombotic microangiopathies
[63°.64°]. Increasing evidence, however, has questioned
the sensitivity of decreased ADAMTS13 activity for diag-
nosis of T TP and the specificity of ADAMT 513 deficiency
as a means to discriminate T TP from other microangiopa-
thies. A population of TTP patients does not exhibit se-
vere ADAMTS13 deficiency [40,53,60,65-67,68°]. These
exceptions to the classic coirelation between phenotype
and genotype in TTP patients have to consider when
the ADAMTS13 activity is used for a diagnostic use.
' These observations may suggest that as-yet-unidentified
environmental or genetic factors contribute to the etiology
of TTP [5°].

Limitation of assays

Hopefully these new assay methods will be used in clinical
practice. Many of these methods, however, still have lim-
itations; with one exception: Ail these assays use static
conditions that do not resemble the physiologic mitieu.
Each still necessitates a couple of hours to complete
and requires special equipment, such as a plate reader.
These requirements limit practical use of these assays
at a well-equipped institution. All these assays use pooled
plasma as a standard, despite the wide range of ADAMTS13
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activities among individual plasma samples. Recombinant
ADAMT$13 should therefore be used as the standard. For
bedside practice in a wide range of clinical settings, sim-
pler and apparatus-free methods are in demand.

Measurements of ADAMTS13 antigen level
ADAMTS13 ELISA kits designed to monitor plasma anti-
gen levels of ADAMTS13 have recently become available
from several companies, including Technoclone GmbH
and Mitsubishi Kagaku latron, Inc. (Tokyo, Japan).

Conclusion

In addition to established assays for ADAMTS13 activity,
novel assays using recombinant or synthetic substrates
have recently been developed. Although time will be
needed to evaluate these analyses, such high-throughput
methods will contribute significantly to the accurate diag-
nosis of microangiopathies, ultimately leading to improved
treatment of these diseases. These assays may also help
clarify the role of ADAMTS13 in thrombotic disorders, in-
cluding disseminated intravascular coagulation, stroke,
and myocardial infarction. Although severe deficiency in
ADAMTS13 activity is an established cause of TTP, re-
cent clinical studies have indicated a more complicated
relation of ADAMTS13 deficiency with TTP. Intensive
studies of patients with microangiopathies are needed
to clarify this discrepancy.
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ADAMTS13 is a metalloproteinase that cleaves von Willebrand
factor (VWF) multimers. The metal ion dependence of ADAMTS13
activity was examined with multimeric VWF and a fluorescent pep-
tide substrate based on Asp'*%—Arg'®®® of the VWF A2 domain,
FRETS-VWF73. ADAMTS13 activity in citrate-anticoagulated
plasmawas enhanced« 2-fold by zincions, + 3-fold by calcium ions,
and - 6-fold by both ions, suggesting cooperative activation. Cleav-
age of VWF by recombinant ADAMTS13 was activated upto+ 200-
fold by zinc ions (K app * 0:5 * M), calcium ions (Kp, app * 4.8 < M),
and barium ions (Kp.,p ° 1.7 mm). Barium ions stimulated
ADAMTS13 activity in citrated plasma but not in citrate-free
plasma. Therefore, the stimulation by barium ions of ADAMTS13
in citrated plasma appears to reflect the release of chelated calcium
and zinc ions from complexes with citrate. At optimal zinc and cal-
cium concentrations, ADAMTS13 cleaved VWF with a K, app Of
3.7+ 1.4 - g/ml (- 15 nm for VWF subunits), which is comparable
with the plasma VWF concentration of 5-10 » g¢/ml. ADAMTS13
couldcleave « 14% of VWF pretreated with guanidine HCI, suggest-
ing that this substrate is heterogeneous in susceptibility to proteol-
ysis. ADAMTS13 cleaved FRETS-VWF73 with a K, ., 0f3.2¢ 1.1
* M, consistent with an + 200-fold decrease in affinity compared
with VWF. ADAMTS13 cleaved VWF and FRETS-VWF73 with
roughly comparable catalytic efficiency of 55 « " ' min" * and 18
- ™ " min" 7, respectively. The striking preference of ADAMTS13
for VWF suggests that substrate recognition depends on structural
features or exosites on multimeric VWF that are missing from
FRETS-VWF73.

The von Willebrand factor (VWF)? cleaving proteinase ADAMTS13
is a member of the ADAMTS (a disintegrin and metalloproteinase with
thrombospondin repeats”) family (1-3). Since the identification of
ADAMTS13, evidence has increased concerning the association of
severe ADAMTS13 deficiency with the disease thrombotic thrombocy-
topenic purpura (TTP) (4—6). TTP is characterized by disseminated
microvascular thrombi containing platelets and multimers of VWF,
which is a plasma protein that mediates platelet adhesion by tethering
platelets to the extracellular matrix (7, 8). In the absence of ADAMTS13
activity, ultra-large multimers of VWF accumulate, causing persistent
intravascular platelet anregation and TTP. Congenital TTP, or
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Upshaw-Schulman syndrome, is caused by compound heterozygous or
homozygous mutations in the ADAMTS13 gene (2, 9, 10). Acquired
idiopathic TTP usually affects adults and is caused predominantly by
autoimmune responses to ADAMTS13 (6). The mortality rate is+ 90%
if untreated; however, plasma exchange therapy has reduced this rate to
* 20% (11-13).

Many proteinases of the ADAMTS family are involved in extracellu-
lar matrix remodeling, angiogenesis, and development, where they typ-
ically cleave large multimeric proteins (14, 15). ADAMTS13 regulates
the size of plasma VWF multimers by proteolytic cleavage at Tyr'6%—
Met"®® within the A2 domain of VWF subunits (4, 16). ADAMTS
proteinases contain a reprolysin-like zinc metalloproteinase domain,
a disintegrin domain, a cysteine-rich and spacer region, several
thrombospondin type 1 repeats, and variable C termini, which in
ADAMT$13 includes two CUB domains (named for the first identified
proteins containing this motif, complement C1r/C1s, Uegf, and Bmp1)
{17). The metalloproteinase domain of ADAMTS13 has a putative zinc
ion catalytic site (**HEXXHXXGXXHD?*), one predicted calcium
ion-binding site coordinated by residues Glu®, Asp'”®, Cys?®', and
Asp?, and a conserved Met?*® that supports the active site zin ion in
a "Met turn”; these features identify ADAMTS13 as a member of the
"metzincin” family (1, 18, 19). The metzincins, which include the
homologous matrix metalloproteinases and ADAMs (a disintegrin and
metalloproteinase), achieve optimal activity with both zinc and calcium
ions (18-22).

The role of divalent metal ions in ADAMTS13 activity is not fully
understood. Previous studies of ADAMTS13 activity reported that a
combination of barium and calcium ions was optimal for cleavage of
VWF (4, 5, 23). The addition of zinc ions has yielded inconsistent
results; some studies found no effect, whereas others found that zinc
ions restored the activity of EDTA-treated ADAMTS13 (4. 23). In addi-
tion, interactions of ADAMTS13 with VWF depend upon ionic
strength and pH, but optimal conditions vary considerably among sev-
eral reports. When assayed at pH 8.0, ADAMTS13 activity was greatest
under conditions of low ionic strength (4). Other studies have demon-
strated proteolysis of VWF by ADAMTS13 at low ionic strength (I« 75
mmy} in the absence of added metal ions (6).

The previous studies of ADAMTS13 proteolysis of VWF have estab-
lished that interactions between the enzyme and substrate are depend-
entupon metal ions and electrostatic interactions. However, these stud-
ies have generally employed reaction conditions unlike those prevailing
in vivo. Therefore, the properties of ADAMTS13 were investigated
under physiological conditions of pH and ionic strength. The enzyme
was found to be activated by calcium and zinc ions at concentrations
typical of plasma. Additionally, the K., app fOr VWF was within the range
of plasma VWF concentrations, but the K, app 10T @ synthetic peptide
based on the sequence of cleavage site within the VWF A2-domain was
* 210-fold higher. This difference indicates that structural features or
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exosites within the native multimeric VWF molecule are required for
efficient substrate recognition by ADAMTS13.

EXPERIMENTAL PROCEDURES

Materials—Aliquots of normal human plasma (American Red Cross,
St. Louis, MO) were stored at« 20 °C untit use. One unit of ADAMTS13
activity was defined as the activity in 1 ml of pooled normal human
plasma. The concentration of purified human ptasma VWF (Labora-
toire Francais du Fractionnement et des Biotechnologies, Lille, France,
generously provided by Claudine Mazurier) in phosphate-buffered
saline was determined by absorbance at 280 nm with an absorption
coefficient of 1.0 mg ml* ' cm® " and correction for light scattering at
340 nm as described (24).

Expression of Recombinant ADAMTS13—A c¢DNA encoding
ADAMTS13 with a C-terminal V5-His tag (1, 25) was cloned into the
tetracycline-inducible vector pcDNA4/TO (Invitrogen) at the EcoRl
site to yield plasmid p4TO-ADAMTS13. TRex 293 cells (Invitrogen)
were transfected with pdTO-ADAMTS13 (1 « g) using Lipofectamine
2000 (Invitrogen). Stable celf lines were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% tetracycline-approved fetal bovine
serum (Clontech or invitrogen), 300 « g/mi zeocin, 5 » g/ml blasticidin,
2 mm glutamine, 5 units/ml penicillin, and 5 « g/mi streptomycin. Pro-
tein expression was initiated in 70—80% confluent roller bottles with 1
* g/ml tetracycline in Freestyle serum-free media (Invitrogen). The
media were centrifuged and filtered, and proteinase inhibitors were
added (0.1 » m b-Phe-Pro-Arg-CH,Cl (FPR-CK), 0.1 « M Phe-Phe-Arg-
CH,Cl (FFR-CK), 144 « m phenylmethylsulfonyl fluoride. The media
were concentrated by ultrafiltration on YM30 membranes (Millipore,
Inc.) and dialyzed into an appropriate assay buffer. The concentration of
recombinant ADAMTS13 was determined by standardization of West-
ern blots with the V5-tagged Positope protein (Invitrogen) as described
(25). The concentration of plasma and recombinant ADAMTS13 also
was determined with the ImuBIND ADAMTS13 enzyme-linked immu-
nosorbent assay kit (American Diagnostica, Inc.). The concentrations of
plasma ADAMTS13 (0.86—0.96 « g/ml) were comparable with those
estimated previously (1 +g/mi) (25). Compared with plasma
ADAMTS13 (defined as 100%), the specific activity of recombinant
ADAMTS13 was 64% in concentrated conditioned medium and 109%
after purification to homogeneity, when assayed with FRETS-VWF73 as
described below.?

ADAMTS13 Assays—Cleavage of VWF by ADAMTS13 was assessed
by Western blotting of the 350-kDa dimer of C-terminal VWF subunit
fragments (5, 6). Prior to addition, VWF was preincubated for 30 min at
37°Cin5mm Tris-HCI, pH 7.6, 150 mm NaCl, 1.2 m guanidine HC!. The
reaction mixtures contained plasma (0.6 nm) or recombinant
ADAMTS13 with various metal ion concentrations in 50 mm Hepes, pH
7.4, 50 mm NaCl, in the absence or presence of 10 mm EDTA. Similarly,
recombinant ADAMTS13 activity (1 nm) was assessed in mixtures of
increasing concentrations of metal ions in 50 mm Hepes, pH 7.4, 150
mm NaCl, and 1 mg/ml bovine serum albumin. Meta! ion stock solu-
tions (50 mm) were prepared in distilled water. Some metal ions
required the addition of small amounts of HC| for solubility, specifically
ZnCl,. All reported metal ion concentrations represent the total con-
centration added to reactions. in complete reactions containing buffer,
substrate, and plasma, Zn® was « 2 + M and Ca® was * 250 *Mm as
determined by inductively coupled plasma spectroscopy (Mayo Clinic,
Rochester, MN).

Effects of sodium ions on plasma ADAMTS13 were determined in
reaction buffer containing 50 mm Hepes, pH 7.4, 0.25 mm ZnCi,, 5 mm

3P, ). Anderson and W. Gao, unpublished observations.
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CaCly, containing either 150 mm NaCl or 150 mm choline chloride
{{2-hydroxyethyl)trimethylammonium chiloride), and the effects of
ionic strength on plasma ADAMTS13 activity were determined by vary-
ing the concentration of NaCl in reaction buffer. The effects of guani-
dine HCl and urea on the cleavage of VWF were studied by varying the
concentration of each chaotropic agent in 50 mm Hepes, pH 7.4, 150 mm
NaCl. The reactions were preincubated at 37 °C for 10 min prior to the
addition of VWF to a finaf concentration of 20 - g/ml or 2 » g/m, fol-
lowed by incubation at 37 °C for 1 h.

The reactions were quenched by the addition of sample loading
buffer (62.5 mm Tris, pH 6.8, 1% SDS, 0.01% bromphenol biue, 5% glyc-
erol (final concentrations)) and analyzed by SDS-PAGE on 4% or 5% gels
{Invitrogen or Bio-Rad, respectively). The proteins were transferred to
polyvinylidene difluoride membranes by electroblotting, and the 350-
kDa product was detected by Western blotting with a 1:2500 dilution of
horseradish peroxidase-conjugated rabbit anti-human VWF (DAKO,
Carpinteria, CA) (26).

The observed product band densities were quantitated from scanned
films using NIH Image 1.61 (rsb.info.nih.gov/nih-image/) or by chemi-
fluorescence detected by a STORM Imager and integration of the peaks
using ImageQuantTL (Amersham Biosciences). The reaction rates were
calculated from the change in band density (+ D,s/h). The activity with
added metal ions was expressed as a ratio to the activity without added
metal ions and analyzed by nonlinear least squares fitting of the quad-
ratic binding equation, with the maximal change in fold activation
(* FAmay and apparent dissociation constant (Kpapp) @s the fitted
parameters (27). The stoichiometric factor (n) and concentration of
ADAMTS13 were fixed at 1.0 and 1 nm, respectively.

Barium lon Effects on Citrated and Noncitrated Plasma—Plasma
samples were collected from healthy volunteer donors according to a
protocol approved by the institutional review board of Washington
University School of Medicine. Noncitrated plasma was obtained by
collection into 75 « m FPR-CK, 75 » M FFR-CK, 75 ¢ M hirudin (Sigma),
and 32 « g/ml corn trypsin inhibitor (Hematologic Technologies, Inc.)
(final concentrations) (28). The whole blood was centrifuged at 2000
rpm in a Sorvall 6000 for 15 min, and the recovered plasma was inhibited
further by adding an additional 75 * M FPR-CK, 75 « M FFR-CK, and 32
« g/ml corn trypsin inhibitor. VWF was predenatured in 5 mm Hepes,
pH 8.0, 1.23 M guanidine HCI, for 30 min at 37 °C. ADAMTS13 (0.6 nm)
from citrated or noncitrated plasma was incubated with predenatured
VWEF (2 - g/ml) in the absence or presence of varying concentrations of
BaCl, in 5 mm Hepes, pH 8.0, at 37 °C for 1 h. Effects of barium ions on
30 nm recombinant ADAMTS13 were assessed in 50 mm Hepes, pH 7.4,
150 mm NaCl, and 1 mg/m! bovine serum albumin. The reactions were
quenched by the addition of 50 mm EDTA, pH 8.0, and sample loading
buffer and analyzed by gel electrophoresis and Western blotting as
described above. The activation of recombinant ADAMTS13 by barium
ionswas calculated and expressed as a ratio to the activity in the absence
of added metal ions, and the data were fitted to the quadratic binding
equation as described above for calcium and zinc ions. The stoichiomet-
ric factor (n) and concentration of recombinant ADAMTS13 were fixed
at 1 and 30 nm, respectively.

Kinetics of VWF Cleavage— The reactions were performed with vary-
ing concentrations of VWF with plasma ADAMTS13 (0.6 nm) in assay
buffer at 37 °C. The densities of the 350-kDa VWF product band were
quantitated as described for metal ion-dependent reactions, and the
cleavage rates were calculated as the change in product band density per
hour (+ Dowe/h). The rates of product generation as a function of VWF
concentration were fit to the Michaelis-Menten equation to determine
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the apparent Michaglis constant (K, app) and maximal observed density
(* Dops max)-

Progress curve analysis of VWF proteolysis was determined under
firstorder reaction conditions where the [VWF]wase 05+ Kq, o, The
reactions contained 2 « g¢/ml VWF and 0.6 nm plasma ADAMTS13, in
assay buffer at 37 °C. The 350-kDa VWF product band was detected by
chemifluorescence. The area of the product band as a percentage of the
total area from each lane as a function of time was calculated by inte-
gration of peaks using ImageQuantTL software (Amersham Bio-
sciences). The percentage of area was multiplied by the concentration of
substrate in the reaction to determine the concentration of the 350-kDa
band. The progress curve of the changes in the 350-kDa VWF product
band as a function of time was fit to Equation 1 to obtain the apparent
first order rate constant (ko) and the maximum product generated
([VWF]ax). Where Kops * - Ecar/Kin(29).

VWFe s VWFep, o1 @ tote (1)

Kinetics of FRETS-VWF73 Cleavage—A peptide containing the
cleavage site of ADAMTS13, consisting of Asp'**-Arg'®®® of VWF,
was synthesized by the Peptide Institute (Osaka, Japan). Two amino
acids flanking the cleavage site (GIn'*® and Asn'®"%) were substituted
with 2,3-diamino-propionic acid modified with 2-(methylamino)ben-
zoyl and 2.4-dinitrophenol, respectively, as fluorescence resonance
energy transfer donor and quencher pairs (30). Fluorescence intensities
were measured with a PerkinElmer LS55 using a plate reader accessory
inwhite 96-well plates. Increases in fluorescence intensities (Fops* Fo®
« F) were recorded with time using an excitation wavelength of 340 nm
(5-nm band pass) and an emission wavelength of 450 nm (5-nm band
pass). Various concentrations of substrate were incubated with 0.17 nm
plasma ADAMTS13 in assay buffer. FRETS-VWF73(2 « m) was cleaved
to completion (17.5 h) to establish the relationship between product
concentration and fluorescence intensity (= F). The observed velocities
( F/min) as a function of substrate concentration were fit to the
Michaelis-Menten equation to obtain the maximum velocity (V,,) and
the Kp, app- NONlinear least squares analyses were performed with Sci-
entist software (Micromath). '

Cleavage of 2 oM FRETS-VWF73 by 03 nm recombinant
ADAMTS13 as a function of calcium and zinc ion concentration was
assayed similarly in 50 mm Hepes, pH 7.4, 150 mm NaCl, and 1 mg/mi
bovine serum albumin, except the instrument used was a PerkinElmer
Victor?V plate reader with 340-nm 25-nm bandwidth excitation filter,
and 450-nm 10-nm bandwidth emission filter. The errors in the fitted
parameters are reported as + 2S.D.

RESULTS

Metal lon Dependence of ADAMTS13 Activity—Previous studies of
ADAMTS13 demonstrated that barium and calcium ions enhanced the
rate of proteolysis of VWF (4), but these studies employed conditions of
pH 8.0 and barium ion concentration (10 mm) that do not occur in vivo.
Therefore, the metal ion activation of ADAMTS13 from both plasma
and recombinant sources was re-evaluated under more physiological
conditions. The interactions of metal ions with plasma ADAMTS13
were characterized by analyzing the changes in the density of the 350-
kDa VWE cleavage product by Western blotting. In contrast to previous
results (4), increasing concentrations of BaCl, {up to 5 mm) had little
effect on the activity of ADAMTS13 at pH 7.4 (Fig. 1). Similarly,
Mg(SO,) and Cu(SO,) had little effect on the activity of ADAMTS13 at
pH 7.4. Increasing concentrations of CoCl,, Mn(SO,), and Ni(SQ,)
inhibited ADAMT S13 activity. Calcium ions enhanced the activity by at
least » 3-fold (up to 5 mm). Zinc ions enhanced the activity by at least
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FIGURE 1. Effects of various divalent metal ions on ADAMTS13 activity at pH 7.4.
ADAMTS13 cleavage of VWF was assessed in the absence or presence of increasing
concentrations (up to 5 mm) of BaCl,, CaCl,, CoCl,, CuSO,, MgSO,, MnCl,, NiSO,, and
ZnCl,. The control assays were performed with 5 mm added metal ion and 10 mm EDTA.
The 350-kDa VWF product was detected by gel electrophoresis and Western blotting.
The results are representative of at least three experiments.

« 2-fold (at 1 mm) (Fig. 1). ADAMTS13 activity was undetectable at
concentrations of zinc ions above 3 mm, possibly because of inhibition
of the enzyme by Zn(OH)" (31). Approximately 50% of the susceptible
VWF was cleaved in this experiment at the optimal concentrations of
CaCl, or ZnCl,, and the extent of activation by these ions is underesti-
mated slightly because of decreases in substrate concentration during
the reaction. Nevertheless, the results indicate that low concentrations
of zinc or calcium ions enhance the cleavage of VWF by ADAMTS13.

To determine the optimal concentration of zinc ions for plasma
ADAMTS13 activity, zinc ion concentrations were varied below 250 « m
(Fig. 2A). Increasing concentrations of ZnCl, enhanced the activity of
ADAMTS13 by « 2-fold. (Fig. 2, Aand C). The addition of 5 mm CaCl,
in the presence of increasing concentrations of ZnCl, further enhanced
the activity of ADAMTS13 by » 6-fold (Fig. 2, B and C). The « 6-fold
increased activation demonstrated ADAMTS13 proteolysis of VWF to
be dependent on both zinc and calcium ions and suggested a coopera-
tive role of the two divalent cations.

Partial unfolding of VWF by chaotropic agents such as urea or gua-
niding HCl is required for rapid cleavage by ADAMTS13 in the absence
of fluid shear stress (4—6, 23). To determine the effects of zinc and
calcium ions on the proteolysis of VWF under these conditions, VWF
was pretreated in varying concentrations of guanidine HC! or urea and
then diluted 10-fold into reactions containing ADAMTS13. In the pres-
ence of zinc and calcium ions, the optimal concentration of guanidine
HCl was between 1.0 and 1.25 M guanidine HCI (initial concentrations)
for maximal substrate proteolysis (data not shown), which is similar to
previous results (5). In contrast, preincubation of VWF in up to 2 M urea
did not accelerate cleavage by ADAMTS13 (data not shown). These
results suggest that distinct VWF structures are produced upon incu-
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FIGURE 2. Activation of ADAMTS 13 by zinc and calcium ions. ADAMTS13 cleavage of
plasma VWF was assessed with increasing concentrations of ZnCl, (« m} in the absence
(A) or presence (B) of 5 mm CaCl, without (+ ) or with (+ ) 10 mm EDTA. The 350-kDa VWF
product was detected by gel electrophoresis and Western blotting. C, the activation
(fold) of ADAMTS13 by 250 + m ZnCl,, 5 mm CaCl,, or both metal ions was determined by
densitometric analysis of the Western blots in A and B and in Fig. 1 (for calcium ions
alone). The error bars represent « 2 S.D. for the activation (fold) obtained for three con-
centrations of the varied metal that achieved the greatest activation.

bation with guanidine HC! or urea because the state induced by guani-
dine HCI persists after dilution, whereas that induced by urea does not.

The assays using citrated plasma as a source of ADAMTS13 activity
typically contain « 1 mm citrate (final concentration) (4, 32). Citrate
chelates a variety of divalent metal ions and could distort the apparent
metal dependence of ADAMTS13 by buffering the concentration of
zinc and calcium ions. Therefore, the observed effects of these cat-
ions on plasma ADAMTS13 were reassessed with recombinant
ADAMTS13, which was free of citrate and other metal ion chelators
{Fig. 3). Increasing concentrations of zinc ions enhanced the activity of
recombinant ADAMTS13 by « 200-fold, with a Kp .5, 0f 0.5+ 0.3 * M.
Similarly, increasing concentrations of calcium ions enhanced the activ-
ity of recombinant ADAMTS13 by« 160-fold, witha Kp ,,,0f 4.8+ 3.0
= M. The addition of zinc ions to reactions containing near saturating
calcium ions (100 « m) further increased ADAMTS13 activity (Fig. 3E).
These results indicate a cooperative role for calcium and zinc ions in
supporting ADAMTS13 activity.

Effects of Barium lons on ADAMTS13 Activity—Plasma ADAMTS13
activity is enhanced by the addition of barium ions, when reactions are
performed using citrate anticoagulated plasma in low ionic strength
buffer at pH 8.0 (4). However, little or no rate enhancement by barium
jons was observed at I « 75 mm and pH 7.4 (Fig. 1), and the ability of
citrate to buffer divalent metal ions suggested that the reported barium
ion effects might not accurately reflect the properties of ADAMTS13.
Therefore, the effect of barium ions was determined using plasma sam-
ples that were anticoaguiated with sodium citrate or with nonchelating
inhibitors (FPR-CK, FFR-CK, hirudin, and corn trypsin inhibitor), and
reactions were performed in at low ionic strength (I = 2.5-22.5 mm)
such that the citrate concentration was either 1or 0 mm (Fig. 4A). In the
presence of citrate, ADAMTS13 activity was enhanced « 2-fold by
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FIGURE 3. VWF cleavage by recombinant ADAMTS13 and metaj ions. The assays
contained recombinant ADAMTS13 (1 nmin A and C and 30 nm in E) and the indicated
concentrations of zincions (A), or calcium ions (C), or both (E). The 350-kDa VWF cleavage
product was detected by gel electrophoresis and Western blotting. The activation (fold)
of ADAMTS13 as a function of zinc (B) or calcium (D) ion concentration was determined
by chemifluorescence analysis of Western blots from several experiments including
those of Aand C. The lines represent the least squares fit of the quadratic binding equa-
tion to the data using the parameters described in the text.

increasing concentrations of barium ions. In the absence of sodium
citrate, however, ADAMTS$13 activity was not affected by barium ions.
Chelation of zinc and calcium ions by citrate also inhibited recombinant
ADAMTS13 (Fig. 4B), supporting the conclusion that anticoagulation
of plasma by citrate inhibits ADAMTS13,

To avoid the confounding effects of zinc and calcium ions in plasma,
activation by barium ions was investigated using recombinant
ADAMTS$13. Barium ions supported ADAMTS13 activity comparable
with that achieved by calcium ions, but with a Kp 5, value of 1.7« 0.8
mm (Figs. 3D and 4C) that is « 350-fold higher than observed for cal-
cium ions (Fig. 3D).

Effects of lonic Strength and Sodium lons on ADAMTS13 Activity—in
reactions containing plasma VWF and urea denaturant, ADAMTS13in
citrated plasma is markedly inhibited by increasing ionic strength and is
almost inactive in 150 mm NaCl (4). Invivo, however, ADAMTS13 must
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FIGURE 4. Effects of citrate and barium ions on ADAMTS13 activity at low ionic
strength. A, plasma ADAMTS13 (0.6 nv) was assayed in 5 mm Hepes, pH 8.0, with VWF
substrate (2 + g/ml) and increasing concentrations of barium ion with or without 1 mm
sodium citrate. The 350 -kDa VWF cleavage product was detected by gel electrophoresis
and Western blotting. B, effects of sodium citrate on recombinant ADAMTS13 (30 nw) in
the presence and absence of zinc and calcium ions. C, recombinant ADAMTS13 {30 nm)
was assayed as in A with increasing concentrations of barium ions and without sodium
citrate. D, the activation (fold) of ADAMTS13 as a function of barium ion concentration
was determined by chemifluorescence analysis of Western blots from several experi-
mentsincluding those in panel 8. The maximum extent of VWF cleavage product formed
was * 15% of total cleavable VWF all conditions. The line represents the least squares fit
of the quadratic binding equation to the data using the parameters described in the text.

operate efficiently at physiological ionic strength. Therefore, the
dependence of ADAMTS13 activity on ionic strength was investigated
with optimal concentrations of zinc and calcium ions (Fig. 5). Under
these conditions ADAMTS13 was fully active at ionic strengths up to
| = 285 mm (including the contribution of ionized guanidine HCI).
Several zinc metalloproteinases and serine proteinases have demon-
strated a dependence on sodium ions for activity (33, 34). However,
increasing concentrations of sodium chloride, maintaining constant
ionic strength with choline chloride, did not alter ADAMTS13 activity
(data not shown), indicating that sodium ions do not have a specific
effect on ADAMTS13. The results indicate that high ionic strength does
not necessarily inhibit ADAMTS13.

Kinetics of VWF Cleavage— The kinetic properties of ADAMTS13
were assessed under conditions approximating physiological pH, ionic
strength, and concentrations of zinc and calcium ions. The purified
VWEF substrate was pretreated with 1.2 M guanidine HCI to induce a
conformation susceptible to cleavage (5) and diluted 10-foid into the
reaction. Proteolysis of VWF was dependent on both enzyme (Fig. 6A)
and substrate concentrations (Fig. 6B). The rate of proteolysis displayed
a hyperbotic dependence on VWF concentration witha K, ,,, 0f 3.7 «
1.4 «g/ml, or 15 nm in VWF subunits (Fig. 6C). ADAMTS13 binds
directly to surface-immobilized VWF with a Kg ,,, of » 4 < g/ml (35),
and the concentration of VWF inplasmais ¢« 5-10 « g/ml (36), suggest-
ing that ADAMTS13 functions within a physiological substrate concen-
tration range. The enzyme displayed exponential progress curves at a
relatively low VWF concentration of 2 « g/mi (+ 0.5+ Kp, ,p,), COnsist-
ent with first order reaction kinetics and an apparent first order rate

854 JOURNAL OF BIOLOGICAL CHEMISTRY

EDTA: - - - - - +
NaCl: 0 25 50 75 100 150 150

FIGURE 5. Dependence of ADAMTS13 activity on ionic strength and sodium ion
concentration. Plasma ADAMTS13 was assayed in 50 mm Hepes, pH 7.4, 250 « m ZnCl,,
and 5 mm CaCl, with increasing concentrations of sodium chioride (mm) without (* ) or
with (- ) 10mm EDTA. The 350-kDa VWF cleavage product was detected by gel electro-
phoresis and Western blotting.
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FIGURE 6. Activity of ADAMTS13 at physiological pH and ionic strength. A, the con-
centration of plasma ADAMTS13 was varied in reactions (1 h) containing 250 » m ZnCl,, 5
mm CaCly, and a constant VWF concentration (20 « g/ml). B, the concentration of VWF
was varied in reactions containing 250 * M ZnCl,, 5 mm CaCl,, and a constant ADAMTS13
concentration (0.6 nm). C, the densities of the 350-kDa product band as afunction of VWF
concentration were calculated from scanned films for the experiments performed asin 8.
The line represents the least squares fit of the Michaelis-Menten equation with the
parameters described in the text. Under these conditions, VWF cleavage product gener-
ation was finear with time and + 15% of susceptible substrate was cleaved during the
assay.

constant ks of 0.033 « 0.021 min® ' and [VWF],,,, of 0.34 « 0.07
* ¢/ml VWF cleaved (Fig. 7). These results indicate a value for kg, of
+ 083 min" *. This value must be considered a rough estimate because
the generation of observed 350-kDa VWF cleavage product requires the
cleavage of two adjacent subunits. Determining the true kinetic con-
stants for VWF will require the use of an assay that measures the cleav-
age of single bonds. Control experiments showed that ADAMTS13
activity was stable for at least 3 h under reaction conditions. Thus,
ADAMTS13 cleaves VWF efficiently under physiological conditions of
pH. ionic strength, and metal ion concentration. However, 8 maximum
of 14+ 5% of the total VWF substrate was susceptible to ADAMTS13.
The incomplete cleavage of VWF (Fig. 7) suggested that the substrate
was heterogeneous in sensitivity to ADAMTS13 or became resistant
during the course of the reaction. To distinguish these possibilities,
VWE pretreated with guanidine HCI was diluted 10-fold into reaction
buffer and incubated for 100 min prior to the addition of ADAMTS13.
Similar reaction kinetics were observed, and a maximum of 6 « 2% of
the substrate was cleaved (data not shown). Thus, the partial cleavage of
VWF was reduced + 50% but not eliminated by preincubation without
enzyme. The state of the uncleavable VWF is unclear. Denaturation
with low concentrations of guanidine may never allow VWF to adopt a
cleavable conformation, or upon dilution, some VWF may immediately
refold and become resistant to ADAMTS13. These results are consist -
ent with the effects of guanidine HCl on the cleavage of plasma VWF (5)
and recombinant VWF {23) by highly purified plasma ADAMTS13.

i
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FIGURE 7. Progress curve for ADAMTS13 cleavage of guanidine-treated VWF. The
concentration of VWF products as a function of time were calculated from the density of
the 350-kDa product band by chemifluorescent detection. The reactions contained 2
» g/m! VWF and 0.6 nm plasma ADAMTS13 and were performed as described under
"Experimental Procedures.” The line represents the least squares fit of Equation 1 to the
data with the parameters described in the text.

FRETS-VWF73 Cleavage—The activity of ADAMTS13 toward a
structurally homogeneous substrate was investigated using a fluores-
cent synthetic peptide, FRETS-VWF73, corresponding to residues
Asp™¥_Arg’%® of VWF domain A2 and containing the Tyr'®%-
Met'%% bond cleaved by ADAMTS13 (30). The reactions were per-
formed at approximately physiological pH, ionic strength, and concen-
trations of zinc and calcium ions. Proteolysis of FRETS-VWF73 was
linear with time up to 2 h (data not shown), confirming the stability of
ADAMTS13 activity. The reaction demonstrated typical Michaelis-
Menten kinetics, with a K, 5, 0f 3.2+ 1.1 » Mand Vi, 0f 1.04 « 0.10
« F/min, or ak, of » 58 min" ' (Fig. 8), which is « 70-fold greater than
the K, for VWF cleavage of + 0.83 min" *. The » 210-fold increase in
Kmapp COMpared with multimeric VWF treated with guanidine HCI
(Fig. 6) suggests that FRETS-VWEF73 lacks tertiary structure or possibly
exosites within full-length VWF that may be required for efficient sub-
strate recognition.

The metal ion dependence of FRETS-VWF73 cleavage was qualita-
tively similar to that of VWF cleavage, although the K, ., for calcium
ion was higher. Activity was undetectable without added metal ions and
was increased by calcium ions with a Kp .o, Of 60 ¢ 25 <M. In the
presence of 10 « Mzinc ions, calcium supported a similar level of activity
with @ Kp 4o 0f 74 + 35 <M (Fig. 9A). Zinc ions alone stimulated
ADAMTS13 activity at concentrations 20 « M, but higher concentra-
tions were markedly inhibitory. In the presence of optimal calcium ions,
concentrations of zinc ion « 10 « M supported full activity, and higher
concentrations were inhibitory (Fig. 9B).

Barium ions also stimulated the cleavage of FRETS-VWF73 (2 « m).
Normalized to the maximal activity with 10 « mzinc and 1.5 mmcalcium
ions (100%), the activity observed with 10 mm barium ions was 66%, and
that with 10 mm barium plus 10 < m zinc ions was 89%.

DISCUSSION

ADAMTS13 shares several metal ion binding properties with other
metalloproteinases. The active site zinc ion of ADAMTS13 binds to the
sequence Z2*HEXXHXXGXXHD?* (1), which is common among other
metalloproteinases including members of the matrix metalloprotein-
ases and the ADAM families (18, 19, 37). For some metalloproteinases,
divalent cations other than zinc can support catalytic activity. For exam-
ple, reconstitution of apo-stromelysin (MMP-3) with cobalt ions
restored the activity by 80% (38), and reconstitution of apo-matrilysin
{MMP-7) with manganese, nickel, or cobalt ions also restored activity
(39, 40). In addition, calcium, magnesium, and manganese ions have
been demonstrated to support procollagen N-proteinase (ADAMTS2)
activity, whereas copper and high concentrations of zinc ions inhibit the
enzyme (41, 42). Cobalt or copper ions supported the catalytic activity of
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FIGURE 8. ADAMTS13 cleavage of FRETS-VWF73. The reactions were performed with
0.15 nm plasma ADAMTS13, and the observed rates of change in fluorescence intensity
(+ F/min) were analyzed as a function of FRETS-VWF 73 concentration as described under
“Experimental Procedures.” Under these conditions, a product concentration of 2 *m
corresponds to « 240 « F. The line represents the least squares fit of the Michaelis-Men-
ten equation with the parameters described in the text.
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FIGURE 9. FRETS-VWF73 cleavage by recombinant ADAMTS13 and metal ions. The
assays contained 0.3 nurecombinant ADAMTS13, 2 » m FRETS-VWF 73, and various metal
ion concentrations. The observed rates of change in fluorescence intensity (+ F/min)
were analyzed as a function of FRETS-VWF73 concentration as described under “Exper-
imental Procedures.” The values for « F/min were measured on a different fluorometer
and cannot be compared with those in Fig. 8. A, reactions were performed with the
indicated concentration of calcium ions in the absence (open circles) or presence (filled
circles) of 10 « mzincions. The lines represent the least squares fit of the quadratic binding
equation with the parameters described in the text. B, reactions were performed with the
indicated concentration of calcium ions in the absence (open circles) or presence (filled
circles) of 5 mm calcium ions.

astacin, and the crystal structure showed that these ions had pentagonal
bipyriamidal coordination states similar to that of the catalytic zinc ion
in native astacin. In contrast, mercury or nickel ions displayed different
coordination geometries and inhibited the enzyme (43). In the present
study. copper ions slightly enhanced the activity of ADAMTS13,
whereas nickel ions inhibited the enzyme and cobalt ions had no effect
(Fig. 1). These results are broadly similar to the divalent metal ion effects
reported previously for plasma ADAMTS13 under somewhat different
assay conditions including pH 8.0, 1 m urea and low ionic strength (4).
Additional experiments will be necessary to determine whether divalent
metal ions other than zinc can support ADAMTS13 enzyme activity.
Like several other metalloproteinases, ADAMTS13 is inhibited by
excessively high concentrations of zinc ions, perhaps because of the
formation of Zn(OH)" that binds to the catalytic Glu or Asp residue
within the active site. For example, carboxypeptidase A is inhibited by
zinc ions with a K, of 24 < m (31). The amount of added zinc ions
required to activate or inactivate ADAMTS13 depends on the concen-
tration of metal ion chelators. In reactions containing 1 mm EDTA,
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plasma ADAMTS13 was reported to be fully active with 2 mmtotal zinc
ions but inactive with 3 mm zinc ions (23). In the present study,
ADAMTS13 in citrated plasma was activated at least » 2-fold by 1 mm
zinc ions but was inactive at concentrations » 3 mm (Fig. 1), whereas
recombinant ADAMTS13 with no added chelators was activated = 200-
fold by 5 « m zinc ions (Figs. 3 and 9) and inactivated by « 50 * M zinc
ions (Fig. 9). This exquisite sensitivity to inhibition by excess zinc ions
suggests that ADAMTS13 assays should precisely control the free con-
centrations of divalent metal ions, particularly in assays developed for
clinical use.

Calcium ions play a structural role in many metalloproteinases and
stimulate ADAMTS13 activity (4, 5, 23), suggesting a functional inter-
action between zinc and calcium ion binding. Calcium ions dramatically
activate recombinant ADAMTS13 cleavage of VWF and bind with a
Kp app Of * 4.8 « M (Fig. 3), well below the plasma free calcium ion con-
centration of * 1.2 mm. The Kp .5, was significantly higher, « 60 « m,
when assayed with the FRETS-VWF73 peptide substrate (Fig. 9A). The
cause of this difference is not known. Afthough not studied in detail, the
ability of calcium ions alone to stimulate ADAMTS13, a putative zinc-
dependent metalloprotease, implies that a very low concentration of
zinc ions is present in the dialyzed recombinant enzyme preparations
used in these studies (Figs. 3D and 9A) and suggests that zinc and cal-
cium ions bind cooperatively to ADAMTS13. Molecular modeling
based on the crystal structures of adamalysin 11 (44) and ADAM33 (45),
which are homologous to ADAMTS13, indicates that calcium ion- and
zinc ion-binding sites are located on opposites sides of the ADAMTS13
metalloprotease domain, separated by « 24 A (1) (data not shown).
Therefore, cooperative interactions between the zinc and calcium ions
must be mediated indirectly through changes in protein structure. Stud-
ies usingapo-ADAMTS13 will need to be performed to further establish
the role of zinc and calcium ions in the activity of ADAMTS13.

Barium and strontium ions reportedly are more potent than calcium
ions for activating ADAMTS13, and clinical ADAMTS13 assays fre-
quently employ supplementation with barium ions (4, 5). The stimula-
tion of ADAMTS13 activity might be due to the occupancy of calcium-
binding sites by barium ions, but this explanation probably is
incomplete. At low ionic strength (I = 2.5 to 22.5 mm), ADAMTS13
activity in citrated plasma was enhanced » 2-fold by 5-10 mm barium
ions (Fig. 4). In contrast, under conditions of physiological ionic
strength and pH, the addition of increasing concentrations of barium
ions had little or no effect on the activity of ADAMTS13 in citrated
plasma (Fig. 1). Barium ions did not enhance ADAMTS13 activity in
plasma that was free of citrate (Fig. 4A) and did not stimulate recombi-
nant ADAMTS13 when present at concentrations comparabie with the
maximally effective concentrations of calcium ions (Fig. 4C). However,
much higher levels of barium ions (+ 5 mm) did stimulate recombinant
ADAMTS13 activity (Fig. 4D), suggesting that barium ions can occupy
the calcium ion site on ADAMTS13 but with substantially lower affin-
ity. Citrate also inhibits the calcium- and zinc-dependent activity of
ADAMTS13 (Fig. 4B). Consequently, the ability of barium ions to acti-
vate ADAMTS13 in citrated plasma samples probably is due to the
displacement of more potent calcium or zinc ions from complexes with
Citrate.

These results suggest that sodium citrate is not the optimal anticoag-
ulant for assays of ADAMTS13 activity in blood samples. ADAMTS13
activity is normal in heparinized plasma (5),* suggesting that heparin
might be an acceptable nonchelating substitute for citrate. Alterna-

*£. A Tuley and P. J. Anderson, unpublished results.
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tively, anticoagulation may be dispensable because ADAMTS13
appears to be recovered quantitatively in serum (4).

ADAMTS13 is inhibited markedly by increasing ionic strength when
assayed in the presence of 1-1.5 m urea (4, 46). However, little or no
effect of ionic strength is observed in the absence of urea. Guanidine
HCI induces a VWF conformation that is susceptible to ADAMTS13
but also relatively stable after the guanidine HCI concentration is
reduced by dilution. The cleavage of guanidine-treated VWF is insensi-
tive to sodium chloride (Fig. 5) or choline chloride (data not shown),
indicating that the binding of ADAMTS13 to this form of the substrate
does not depend strongly on ionic strength. Although the reaction con-
ditions in these studies vary in other ways that could be significant, a
primary role for urea in causing the differences is consistent with the
well characterized ability of ionic strength to stabilize proteins against
denaturation by urea (47, 48). Consequently, neutral salts like sodium
chloride may simply prevent urea-induced changes in the conformation
of the VWF substrate that would make it susceptible to ADAMTS13.
This conclusion is supported by changes in VWF conformation induced
by physiological concentrations of sodium chloride and by other
sodium salts, as monitored by intrinsic protein fluorescence (46).

The cleavage of the small fragment of VWF contained in FRETS-
VWEFT3 is relatively insensitive to ionic strength (49) and does not
require denaturants (30, 49). This isolated fragment also lacks signifi-
cant secondary structure by NMR spectroscopy (50). These findings are
consistent with the following mode! in which urea and ionic strength
interact and modulate the cleavage of native VWF by ADAMTS13; the
transition from a resistant to a susceptible conformation of VWF is
facilitated by urea and inhibited by neutral salts, but the recognition and
cleavage of the susceptible VWF conformation is largely independent of
ionic strength.

Although FRETS-VWEF73 does not require denaturation to be
cleaved by ADAMTS13, guanidine-treated VWF hasa« 210-fold lower
Ko app (Fig. 8). This discrepancy implies that ADAMTS13 interacts with
specific, extended structural features of multimeric VWF. Molecular
modeling of the A2 domain suggests that it has a characteristic + /» -fold
with a six-stranded » -sheet surrounded by three « -helices on each side.
The Tyr'®%®°~Met'®® peptide bond is predicted to be buried within the
+ -sheet, supporting the need for large conformational changes of the A2
domain prior to proteolysis (51, 52). Efficient cleavage also requires the
segment Glu™®-Arg'®® in the C-terminal « -helix of the A2 domain
(49). The fragment of VWF represented in FRETS-VWF73 corresponds
to approximately three « -strands and three « -helices of the A2 domain,
but when removed from the context of the complete domain this iso-
lated peptide has no distinct secondary structure (50). Therefore, the
relatively poor K, ., value for FRETS-VWF73 may reflect the large
entropic cost of adopting a conformation that can bind ADAMTS13. In
addition, such a small fragment of the A2 domain may lack additional
sites on VWF that interact with ADAMTS13. For example, the adjacent
A1 domain may bind cofactors that affect cleavage (53), and the A3
domain may provide a docking site for ADAMTS13 (54). Such interac-
tions may explain why VWF has both a « 210-fold lower K., app and a
* 70-fold lower K, than FRETS-VWF73. These changes have the effect
of minimizing the difference in catalytic efficiency (keo/Ki, app) Detween
VWF (85 M " min* ') and FRETS-VWF73 (18 « M" * min” "). These
kinetic constants must be compared cautiously because the values for
VWEF are distorted by heterogeneity of the substrate and the complexity
of the assay. Nevertheless, independent measurements of ADAMTS13
binding to immobilized VWF (35) yielded an equilibrium constant
(Ko* 14nm, per subunit of VWF) similar to the K., app fOr VWF cleav-
age of 15 nm.

VOLUME 281-NUMBER 2- JANUARY 13, 2006



These studies demonstrate that both plasma and recombinant
ADAMTS13 function efficiently under physiological conditions. Once
VWF adopts a suitable conformation, perhaps under the influence of
fluid shear stress, ADAMTS13 can cleave it rapidly at the pH levels,
ionic strengths, and divalent metal ion concentrations that prevail in
vivo. The ionic strength and denaturant concentrations that are optimal
for ADAMTS13 assays in vitro, in the absence of fluid shear stress,
promote conformational changes in VWF necessary to make it suscep-
tible to cleavage. However, these nonphysiological conditions may
impair the recognition of susceptible VWF by ADAMTS13.

The effect of calcium or barium ions on ADAMTS13 activity proba-
bly reflects binding to a structural metal ion site in the metalloprotease
domain, as predicted by molecular modeling (1) The VWF substrate
also might bind calcium ions, but this has not been reported. The VWF
A1, A2, and A3 domains do not have MIDAS metal ion sites found in the
homologous A domains of certain integrin subunits, and the crystal
structures of the VWF A1 and A3 domains do not show metal ions (55,
56). Whether other VWF domains bind metal ions is unknown. Calcium
ions are required for optimal cleavage of the FRETS-VWF73 peptide
substrate (Fig. 9), which is disordered in solution (50) and presumably
unable to bind calcium ions with high affinity. Therefore, calcium ions
probably bind directly to ADAMTS13 to stimulate substrate cleavage.
Although one calcium site is likely to be in the metalloprotease domain,
additional sites in other domains cannot be excluded. For example, the
CUB domains in complement component C1s have well defined cal-
cium binding sites (57), suggesting that the two C-terminal CUB
domains of ADAMTS13 might have similar sites. Detailed understand-
ingof how ADAMTS13 regulates platelet adhesion should be facilitated
by further characterization of the requirements for substrate exposure
and recognition by ADAMTS13.
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