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 subset 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
ADAMTSI13 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 ADAMTSI13 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 TTP from other thrombotic microangiopathies
[63°,64°]. Increasing evidence, however, has questioned
the sensitivity of decreased ADAMTS13 activity for diag-
nosis of TTP and the specificity of ADAMTS13 deficiency
as a means to discriminate TTP 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 correlation between phenotype
and genotype in TTP patients have to consider when
the ADAMTSI13 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: All these assays use static
conditions that do not resemble the physiologic milieu.
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
ADAMTS13 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 ADAMTSI13 deficiency with TTP Intensive
studies of patients with microangiopathies are needed
to clarify this discrepancy.

Acknowledgemenis
The authors thank Dr Masanori Matsumoto and Dr Yoshihiro Fujimura at
Nara Medical University for their continuous collaborative work.

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

°  of special interest

es  of outstanding interest

1 Moake JL. Thrombotic microangiopathies. N Engl J Med 2002; 347:589~
600.

2 George JN, Sadler JE, Limmle B. Platelets: thrombotic thrombocytopenic
purpura. Hematology (Am Soc Hematol Educ Program) 2002:315-334.

3 Limmle B, George JN. Thrombaotic thrombocytopenic purpura: advances in

°  pathophysiology, diagnosis, and treatment—introduction. Semin Hematol
2004; 41:1-=3.

This article is an introductory remark of special issue of Seminars in Hematology.

4  Sadler JE, Moake JI, Miyata T, et al. Recent advances in thrombotic throm-

ee  bocytopenic purpura. Hematology (Am Soc Hematol Educ Program) 2004:
407-423.

This review focused on idiopathic TTP, new ADAMTS13 assays and clinical ap-

plications, and the clinical course and long-term outcomes of TTP.

5 Levy GG, Motto DG, Ginsburg D. ADAMTS13 turns 3. Blood 2005. Prepub-
oo lished online.

This review summarizes the progress of TTP and ADAMTS13 analyses since the
cloning of the VWF-cleaving protease cDNA in 2001.

6 Furlan M. Proteolytic cleavage of von Willebrand factor by ADAMTS-13 pre-

e vents uninvited clumping of blood platelets. J Thromb Haemost 2004; 2:
1505-1509.

This is a historical sketch on ADAMTS13 by Dr. Furlan, devoted to TTP research.

7 TsaiHM. A journey from sickle cell anemia to ADAMTS13. J Thromb Haemost
e 2004; 2:1510-1514.
This is a historical sketch on ADAMTS13 by Dr. Tsai, devoted to TTP research.

—154 -



388 Hemostasis and thrombosis

8 Moake JL. Defective processing of unusually large von Willebrand factor mul-

¢ timers and thrombotic thrombocytopenic purpura. J Thromb Haemost 2004;
2:1516-1521.

This is a historical sketch on ADAMTS13 by Dr. Moake, who discovered ULVWF

multimers in TTP patients' plasma.

9 Soejima K, Nakagaki T. Interplay between ADAMTS18 and von Willebrand

e factor in inherited and acquired thrombotic microangiopathies. Semin Hem-
atol 2006; 42:56-62.

This review deals with the advances in TTP research after the cloning of

ADAMTS13 cDNA in 2001.

10 Gerritsen HE, Robles R, Lammle B, et al. Partial amino acid sequence of pu-
rified von Willebrand factor-cleaving protease. Blood 2001; 98:1654—-1661.

11 Fujikawa K, Suzuki H, McMullen B, et al. Purification of human von Willebrand
factor-cleaving protease and its identification as a new member of the metal-
loproteinase family. Blood 2001; 98:1662-1666.

12 Sosjima K, Mimura N, Hirashima M, et al. A novel human metalloprotease syn-
thesized in the liver and secrated into the blood: possibly, the von Willebrand
factor-cleaving protease? J Biochem (Tokyo) 2001; 130:475-480.

13 Zheng X, Chung D, Takayama TK, et al. Structure of von Willebrand factor-
cleaving protease (ADAMTS13), a metalloprotease involved in thrombotic
thrombocytopenic purpura. J Biol Chem 2001; 276:41059-41063.

14 Levy GG, Nichols WC, Lian EC, et al. Mutations in a member of the ADAMTS
gene family cause thrombotic thrombocytopenic purpura. Nature 2001; 413:
488-494.

15 Plaimauer B, Zimmermann K, Volkel D, et al. Cloning, expression, and func-
tional characterization of the von Willebrand factor-cleaving protease
(ADAMTS13). Blood 2002; 100:3626—3632.

18 Kokame K, Miyata T. Genetic defects leading to hereditary thrombotic throm-
°  bocytopenic purpura. Semin Hematol 2004; 41:34~40.

This review summarizes the genetic defects and polymorphisms in the
ADAMTS13 gene that have been identified in patients with TTP.

17 Nicholson AC, Malik SB, Logsdon JM Jr, et al. Functional evolution of ADAMTS

e genes: avidence from analyses of phylogeny and gene organization. BMC
Evol Biol 20086; 5:11.

This article describes the phylogenetic relationship between all human ADAMTS

genes, including a comparison with invertebrate and chordate ADAMTS homologues.

18 Suzuki M, Murata M, Matsubara Y, et al. Detection of von Willebrand factor-

e cleaving protease (ADAMTS-13) in human platelets. Biochem Biophys Res
Commun 2004; 313:212-216.

The authors identified ADAMTS13 expression in human platelets.

19 Majerus EM, Zheng X, Tuley EA, et al. Cleavage of the ADAMTS13 propep-
tide is not required for protease activity. J Biol Chem 2003; 278:46643~
46648.

20 Sosjima K, Matsumoto M, Kokame K, et al. ADAMTS-13 cysteine-rich/spacer
domains are functionally essential for von Willebrand factor cleavage. Blood
2003; 102:3232-3237.

21 Zheng X, Nishio K, Majerus EM, et al. Cleavage of von Willebrand factor re-
quires the spacer domain of the metalloprotease ADAMTS13. J Biol Chem
2003; 278:30136-30141.

22 Kokame K, Matsumoto M, Soejima K, et al. Mutations and commeon polymor-
phisms in ADAMTS13 gene responsible for von Willebrand factor-cleaving
protease activity. Proc Natl Acad Sci U S A 2002; 99:11902—-11907.

23 Ruan C, Dai L, Su J, et al. The frequency of P475S polymorphism in von
Willebrand factor-cleaving protease in the Chinese population and its rele-
vance to arterial thrombotic disorders. Thromb Haemost 2004; 81:1257—
1258.

24 Bongers TN, De Maat MPM, Dippel DWJ, et al. Absence of Pro475Ser poly-
morphisms in ADAMTS13 in Caucasians. J Thromb Haemost 2005; 3. Pre-
published online.

25 Tao Z, Wang Y, Choi H, et al. Cleavage of ultra-large multimers of von Wil-

° |ebrand factor by C-terminal truncated mutants of ADAMTS-13 under flow.
Blood 2005. Prepublished online.

The authars investigated the ADAMTS 13 activity of C-terminal-truncated mutants

under flow conditions.

26 Klaus C, Plaimauer B, Studt JD, et al. Epitope mapping of ADAMTS13 auto-

e antibodies in acquired thrombotic thrombocytopenic purpura. Blood 2004;
103:4514-4519.

The authors examined the epitopes recognized by inhibitory autoantibodies spe-

cific for ADAMTS13 and identified Cys-rich and spacer domains as the major tar-

geted epitopes. CUB domains and first TSP-1 domain also demonstrated some

reactivity.

27 Luken BM, Turenhout EA, Hulstein JJ, et al. The spacer domain of ADAMTS13
contains a major binding site for antibodies in patients with thrombotic throm-
bocytopenic purpura. Thromb Haemost 2005; 93:267-274.

28 Banno F, Kaminaka K, Soejima K, et al. Identification of strain-specific variants

e of mouse Adamts13 gene encoding von Willebrand factor-cleaving protease.
J Biol Chem 2004; 279:30896-30903.

In mice, two types of ADAMTS13 mutants were present in a strain-specific man-

ner. These mutations are caused by the insertion of an intracisternal A particle ret-

rotransposon introducing a premature stop codon.

29 Crawley JT, Lam JK, Rance JB, et al. Proteolytic inactivation of ADAMTS13 by
ee  thrombin and plasmin. Blood 2005; 105:1085-1093.

The authors found that ADAMTS13 is degraded by thrombin and plasmin in vitro,
resulting in the loss of VWF cleaving activity.

30 Sutherland 1), O'Brien LA, Lillicrap D, et al. Molecular modeling of the
von Willebrand factor A2 domain and the effects of associated type 2A
von Willebrand disease mutations. J Mol Model (Online} 2004; 10:259—
270.

31 Nishio K, Anderson PJ, Zheng XL, et al. Binding of platelet glycoprotein lba

°¢  to von Willebrand factor domain A1 stimulates the cleavage of the adjacent
domain A2 by ADAMTS13. Proc Natl Acad Sci U S A 2004; 101:10578~
10583.

The authors reported a Y1684C mutation, 22 residues N-terminal to the

ADAMTS13 scissile site, within the A2 domain of VWF. Carriers of this

mutation demonstrated increased susceptibility of VWF to proteolysis by

ADAMTS13.

32 Bowen DJ, Collins PW. An amino acid polymorphism in von Willebrand factor
correlates with increased susceptibility to proteolysis by ADAMTS13. Blood
2004; 103:941-947.

33 Bowen DJ, Collins PW, Lester W, et al. The prevalence of the cysteine 1584
variant of von Willebrand factor is increased in type 1 von Willebrand disease:
co-segregation with increased susceptibility to ADAMTS13 proteolysis but
not clinical phenotype. Br J Haematol 2005; 128:830-836.

34 Veyradier A, Girma JP. Assays of ADAMTS-13 activity. Semin Hematol 2004;
°  41:41-47.
This review introduced five ADAMTS13 assay methods.

35 Furlan M, Robles R, Limmle B. Partial purification and characterization of
a protease from human plasma cleaving von Willebrand factor to fragments
produced by in vivo proteolysis. Blood 1996; 87:4223~4234,

36 Tsai HM. Physiologic cleavage of von Willebrand factor by a plasma protease
is dependent on its conformation and requires calcium ion. Blood 1996;
87:4235~4244.

37 Obert B, Tout H, Veyradier A, et al. Estimation of the von Willebrand factor-
cleaving protease in plasma using monoclonal antibodies to VWF. Thromb
Haemost 1999; 82:1382-1385.

38 Gerritsen HE, Turecek PL, Schwarz HP, et al. Assay of von Willebrand factor
(vWF)-cleaving protease based on decreased collagen binding affinity of de-
graded VWF: a tool for the diagnosis of thrombotic thrombocytopenic purpura
(TTP). Thromb Haemost 1999; 82:1386-1389.

39 Bohm M, Vigh T, Scharrer I. Evaluation and clinical application of a new
method for measuring activity of von Willebrand factor-cleaving metallopro-
tease (ADAMTS13). Ann Hematol 2002; 81:430-~435.

40 Remuzzi G, Galbusera M, Noris M, et al. von Willebrand factor cleaving pro-
tease (ADAMTS13) is deficient in recurrent and familial thrombotic thrombo-
cytopenic purpura and hemolytic uremic syndrome. Blood 2002; 100:778—
785.

41 Padilla A, Moake JL, Bernardo A, et al. P-selectin anchors newly released ul-

°  tralarge von Willebrand factor multimers to the endothelial cell surface. Blood
2004; 103:2150—-21586.

The authors found that ULVWF multimers are anchored to the surface of endothe-

lial cells through P-selectin after stimulation with histamine.

42 Dong JF, Moake JL, Nolasco L, et al. ADAMTS-13 rapidly cleaves newly se-
crated ultralarge von Willebrand factor multimers on the endothelial surface
under flowing conditions. Blood 2002; 100:4033-4039.

43 Dong JF, Whitelock J, Bernardo A, et al. Variations among normal individuals

° inthe cleavage of endothelial-derived ultra-large von Willebrand factor under
flow. J Thromb Haemost 2004; 2:1460—1466.

The authors measured ADAMTS13 activity using platelet-decorated ULVWF

strings bound to endothelial cells under flow conditions.

44 Studt D, Bohm M, Budde U, et al. Measurement of von Willebrand
factor-cleaving protease (ADAMTS-13) activity in plasma: a multicenter
comparison of different assay methods. J Thromb Haemost 2003; 1:1882~
1887.

45 Tripodi A, Chantarangkul V, Bohm M, et al. Measurement of von Willebrand

* factor cleaving protease (ADAMTS-13): results of an international collabora-
tive study involving 11 methods testing the same set of coded plasmas.
J Thromb Haemost 2004; 2:1601~1609.

This international multicenter study evaluated 11 methods measuring ADAMTS13

activity.

—155-



46 Kokame K, Matsumoto M, Fujimura Y, et al. VWF73, a region from D1596 to

o R1668 of von Wilebrand factor, provides a minimal substrate for
ADAMTS-13. Blood 2004; 103:607-612.

Using recombinant techniques, the authors identified the minimal substrate region

for ADAMTS13 cleavage, composed of 73 amino acid residues from the A2 do-

main of VWF.

47 Kokame K, Nobe Y, Kokubo Y, et al. FRETS-VWF73, a fluorogenic substrate
o0 for ADAMTS13 assay. Br J Haemost 2005; 129:93—100.

FRETS-VWF73 was developed as a fluorogenic substrate for an ADAMTS13 ac-
tivity assay using fluorescence resonance energy transfer.

48 Zhou W, Tsai HM. An enzyme immunoassay of ADAMTS13 distinguishes

¢ patients with thrombotic thrombocytopenic purpura from normal individuals
and carriers of ADAMTS13 mutations. Thromb Haemost 2004; 91:806—
811.

Recombinant GST-VWF73-H was used for an ADAMTS13 activity assay.

49 Cruz MA, Whitelock J, Dong JF. Evaluation of ADAMTS-13 activity in plasma
using recombinant von Willebrand Factor A2 domain polypeptide as sub-
strate. Thromb Haemost 2003; 90:1204-1209.

50 Whitelock JL, Nolasco L, Bernardo A, et al. ADAMTS-13 activity in plasma is

¢ rapidly measured by a new ELISA method that uses recombinant VWF-A2
domain as substrate. J Thromb Haemost 2004; 2:485-491.

A recombinant A2 domain of VWF was used for an ADAMTS13 activity assay.

51 Furlan M, Robles R, Galbusera M, et al. von Willebrand factor-cleaving pro-
tease in thrombotic thrombocytopenic purpura and the hemolytic=uremic
syndrome. N Engl J Med 1998; 339:1578-1584.

52 Studt JD, Hovinga JA, Antoine G, et al. Fatal congenital thrombotic thrombo-

e cytopenic purpura with apparent ADAMTS13 inhibitor: in vitro inhibition of
ADAMTS13 activity by hemoglobin. Blood 2005; 105:542--544.

The authors observad that extremely high concentrations of hemoglobin interfere

with ADAMTS13 activity.

§3 Mannucci PM, Canciani MT, Forza |, et al. Changes in health and disease of
the metalloprotease that cleaves von Willebrand factor. Blood 2001; 98:
2730-2735.

854 Moore JC, Hayward CP, Warkentin TE, et al. Decreased von Willebrand fac-
tor protease activity associated with thrombocytopenic disorders. Blood
2001; 98:1842—-1846.

58 Lattuada A, Rossi E, Calzarossa C, et al. Mild to moderate reduction of
a von Willebrand factor cleaving protease (ADAMTS-183) in pregnant
women with HELLP microangiopathic syndrome. Haematologica 2003;
88:1029-1034.

86 Sanchez—luceros A, Farias CE, Amaral MM, et al. von Willebrand factor-
cleaving protease (ADAMTS13) activity in normal non-pregnant women,
pregnant and post-delivery women. Thromb Haemost 2004; 92:1320-1326.

57 Reiter RA, Knobl P, Varadi K, et al. Changes in von Willebrand factor-cleaving
protease (ADAMTS13) activity after infusion of desmopressin. Blood 2003;
101:946-948.

ADAMTS13 activity and inhibitors Miyata et al. 389

58 Reiter RA, Varadi K, Turecek PL, et al. Changes in ADAMTS13 (von-

¢ Willebrand-factor-cleaving protease) activity after induced release of von
Willebrand factor during acute systemic inflammation. Thromb Haemost
2005; 93:554-568.

The authors observed that systemic inflammation induced by intravenous infusion

of endotoxin decreased after 4 to 24 hours and returned to normal after 7 days.

58 Mannucci PM, Capoferri C, Canciani MT. Plasma levels of von Willebrand

¢ factor regulate ADAMTS-13, its major cleaving protease. Br J Haematol
2004; 126:213-218.

The authors discovered that individuals with blood group O have higher

ADAMTS13 activity than non-O group individuals. In addition, infusion of desmo-

pressin decrsased ADAMTS13 activity.

60 Veyradier A, Obert B, Houllier A, et al. Specific von Willebrand factor-cleaving
protease in thrombotic microangiopathies: a study of 111 cases. Blood
2001; 98:1765-~1772.

61 Tsai HM, Sarode R, Downes KA. Ultralarge von Willebrand factor multimers
and normal ADAMTS13 activity in the umbilical cord blood. Thromb Res
2002; 108:121-125.

62 Schmugge M, Dunn MS, Amankwah KS, et al. The activity of the von Wille-
brand factor cleaving protease ADAMTS-13 in newborn infants. J Thromb
Haemost 2004; 2:228-233.

63 Matsumoto M, Yagi H, Ishizashi H, et al. The Japanese experience with throm-

°  botic thrambocytopenic purpura-hemolytic uremic syndrome. Semin Hematol
2004; 41:68--74.

A total of 200 Japanese patients with TTP-HUS were reported.

64 Hovinga JA, Studt JD, Alberio L, et al. von Willebrand factor-cleaving protease

e (ADAMTS-13) activity determination in the diagnosis of thrombotic microan-
glopathies: the Swiss experience. Semin Hematol 2004; 41:75-82.

A total of 396 consecutive patients referrad to Dr. Limmle's laboratory for diag-

nosis purposes were summarized.

65 BianchiV, Robles R, Alberio L, et al. Von Willebrand factor-cleaving protease
(ADAMTS13) in thrombocytopenic disorders: a severely deficient activity is
spacific for thrombotic thrombocytopenic purpura. Blood 2002; 100:710~713.

66 Vesely SK, George N, Lammie B, et al. ADAMTS13 activity in thrombotic
thrombocytopenic purpura~hemolytic uremic syndrome: relation to present-
ing features and clinical outcomes in a prospective cohort of 142 patients.
Blood 2003; 102:60-68.

67 Snider CE, Moore JC, Warkentin TE, et al. Dissociation between the level of
von Willebrand factor-cleaving protease activity and disease in a patient with
congenital thrombotic thrombocytopenic purpura. Am J Hematol 2004;
77:387-390.

68 Peyvandi F, Ferrari S, Lavoretano S, et al. von Willebrand factor cleaving pro-

¢ tease (ADAMTS-13) and ADAMTS-13 neutralizing autoantibodies in 100
patients with thrombotic thrombocytopenic purpura. Br J Haematol 2004;
127:433-439.

The authors investigated 100 patients with TTP, discovering that 48% patients

exhibited severely reduced ADAMTS13 activity and 28% showed normal levels.

- 156 —



THE JOURNAL OF BiCQ! OGICAI CHFMISTRY VOI. 781, NO. 2, pp. 850 -857, january 13, 2006
© 2006 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the USA.

Zinc and Calcium lons Cooperatively Modulate

ADAMTS13 Activity"

Received for publication, April 26, 2005, and in revised form, October 7, 2005 Published, JBC Papers in Press, November 11, 2005, DOI 10.1074/jbc.M504540200

Patricia J. Anderson’, Koichi Kokame®, and J. Evan Sadler''

From the *Howard Hughes Medical Institute, Department of Medicine, Washington University School of Medicine, St. Louis,

Missouri 63110 and the ®National Cardiovascular Center Research

Institute, Osaka 565-8565, Japan

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-VVWF73. ADAMTSI3 activity in citrate-anticoagulated
plasma was enhanced ~2-fold by zinc ions, ~3-fold by calcium ions,
and ~6-fold by both ions, suggesting cooperative activation. Cleav-
age of VWF by recombinant ADAMTS13 was activated up to ~200-
fold by zinc ions (K ,,, ~0.5 um), calcium ions (Kp ,p, ~4-8 um),
and barium ions (Kp.,, —~1.7 mM). Barium jons 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, ,,,, of
3.7 = 1.4 pg/ml (~15 nM for VWF subunits), which is comparable
with the plasma VWF concentration of 5-10 pg/ml. ADAMTS13
could cleave ~14% of VVWT pretreated with guanidine HCl, suggest-
ing that this substrate is heterogeneous in susceptibility to proteol-
ysis. ADAMTS13 cleaved FRETS-VWE73 witha K,,, ,,,0f3.2 £ 1.1
pM, consistent with an ~200-fold decrease in affinity compared
with VWF. ADAMTS13 cleaved VWF and FRETS-VWF73 with
roughly comparable catalytic efficiency of 55 pM ™' min~' and 18
pM~ ! min~?, respectively. The striking preference of ADAMTS13
for VW suggests that substrate recognition depends on structural
features or exosites on multimeric VWF that are missing from
FRETS-VWE73.

The von Willebrand factor (VWE)? cleaving proteinase ADAMTS13
is a member of the ADAMTS (a disintegrin and metalloproteinase with
thrombospondin repeats”) family (1-3). Since the identification of
ADAMTSI13, 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 aggregation and TTP. Congenital TTP, or
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Upshaw-Schulman syndrome, is caused by compound heterozygous or
homozygous mutations in the ADAMTSI3 gene (2, 9, 10). Acquired
idiopathic T'TP 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'**—
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
ADAMTS13 includes two CUB domains (named for the first identified
proteins containing this motif, complement C1r/Cls, Uegf, and Bmpl)
(17). The metalloproteinase domain of ADAMTS13 has a putative zinc
ion catalytic site (22"_}-_IEX)GjXXGX)ﬂ;[D_235), one predicted calcium
ion-binding site coordinated by residues Glu®, Asp'”®, Cys®, and
Asp®™, and a conserved Met™” that supports the active site zinc 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
VWEF (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 EDT A-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 VIWF by ADAMTS13 at low ionic strength (I = 75
mM) 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-
ent upon 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,,, ., for VWF was within the range
of plasma VWF concentrations, but the K,,, ,,, for a 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 until use. One unit of ADAMTS13
activity was defined as the activity in 1 ml of pooled normal human
plasma. The concentration of purified human plasma VWEF (Labora-
toire Franqais 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 m1™' cm™" and correction for light scattering at
340 nm as described (24).

Expression of Recombinant ADAMTSI3—A c¢DNA encoding
ADAMTSI13 with a C-terminal V5-His tag (1, 25) was cloned into the
tetracycline-inducible vector pcDNA4/TO (Invitrogen) at the EcoRI
site to yield plasmid p4TO-ADAMTS13. TRex 293 cells (Invitrogen)
were transfected with p4ATO-ADAMTS13 (1 pg) using Lipofectamine
2000 (Invitrogen). Stable cell lines were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% tetracycline-approved fetal bovine
serum (Clontech or Invitrogen), 300 ug/ml zeocin, 5 ug/ml blasticidin,
2 mM glutamine, 5 units/mi penicillin, and 5 ug/ml streptomycin. Pro-
tein expression was initiated in 70 - 80% confluent roller bottles with 1
pg/ml tetracycline in Freestyle serum-free media (Invitrogen). The
media were centrifuged and filtered, and proteinase inhibitors were
added (0.1 um p-Phe-Pro-Arg-CH,Cl (FPR-CK), 0.1 uM Phe-Phe-Arg-
CH,Cl (FFR-CK), 144 pm 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 pg/ml) were comparable with those
estimated previously (1 pug/ml) (25). Compared with plasma
ADAMTSI13 (defined as 100%), the specific activity of recombinant
ADAMTSI3 was 64% in concentrated conditioned medium and 109%
after purification to homogeneity, when assayed with FRETS-VWE73 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 °C in 5 mm Tris-HCI, pH 7.6, 150 mm NaCl, 1.2 M guanidine HCl. 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. Metal ion stock solu-
tions (50 mm) were prepared in distilled water. Some metal ions
required the addition of small amounts of HCI 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 uM and Ca®" was <250 pM 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 ms ZnCl,, 5 mm

3p. J. Anderson and W. Gao, unpublished observations.
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CaCl,, containing either 150 mm NaCl or 150 mM choline chloride
((2-hydroxyethyl)trimethylammonium chloride), 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 mMm
NaCl. The reactions were preincubated at 37 °C for 10 min prior to the
addition of VWF to a final concentration of 20 pg/ml or 2 ug/ml, 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 blue, 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 (AD,;,./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
(AFA,,) and apparent dissociation constant (Kp,,,) as the fitted
parameters (27). The stoichiometric factor (1) 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 uM FPR-CK, 75 um FFR-CK, 75 uM hirudin (Sigma),
and 32 pg/ml corn trypsin inhibitor (Hematologic Technologies, Inc.)
{final concentrations) (28). The whole blood was centrifuged at 2000
rpm ina Sorvall 6000 for 15 min, and the recovered plasma was inhibited
further by adding an additional 75 um FPR-CK, 75 umM FFR-CK, and 32
pg/ml corn trypsin inhibitor. VWF was predenatured in 5 mM Hepes,
pH 8.0, 1.23 M guanidine HCl, for 30 min at 37 °C. ADAMTS13 (0.6 nm)
from citrated or noncitrated plasma was incubated with predenatured
VWEF (2 ug/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 mum NaCl, and 1 mg/ml 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
ions was 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 (1) 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 (AD,,./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 Michaelis constant (K,,, ;) and maximal observed density
(AD s max)-

Progress curve analysis of VWF proteolysis was determined under
first order reaction conditions where the [VWF] was ~0.5 X K,,, .. The
reactions contained 2 ug/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 VWTF product
band as a function of time was fit to Equation 1 to obtain the apparent
first order rate constant (k,,.) and the maximum product generated
([VWF],..)}: where k. = E'k /K, (29).

[VWF], = [VWF]max(1 — & ) (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
in white 96-well plates. Increases in fluorescence intensities (£, — F, =
AF) 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-VWE73 (2 uM) was cleaved
to completion (17.5 h) to establish the relationship between product
concentration and fluorescence intensity (AF). The observed velocities
(AF/min) as a function of substrate concentration were fit to the
Michaelis-Menten equation to obtain the maximum velocity (V| ,,) and
the K,,, . Nonlinear least squares analyses were performed with Sci-
entist software (Micromath).

Cleavage of 2 pm FRETS-VWF73 by 0.3 nM recombinant
ADAMTSI13 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/ml
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 +2 S.D.

RESULTS

Metal Ion Dependence of ADAMTSI13 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 mam) 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 VWTF 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(SQ,) and Cu(SO,) had little effect on the activity of ADAMTS13 at
pH 7.4. Increasing concentrations of CoCl,, Mn(SO,), and Ni(SO,)
inhibited ADAMTS13 activity. Calcium ions enhanced the activity by at
least ~3-fold (up to 5 mm). Zinc ions enhanced the activity by at least

852 JOURNAL OF BIOLOGICAL CHEMISTRY

Concentration (mM) +EDTA

o 1 2 3 4 5 5

FIGURE 1. Effects of various divalent metal ions on ADAMTS13 activity at pH 7.4.
ADAMTS13 cieavage of VWF was assessed in the absence or presence of increasing
concentrations {up to 5 mm) of BaCl,, CaCl,, CoCl,, CuSO,, MgS0,, MnCl,, NiSO,, and
ZnCl,. The control assays were performed with 5 mm added metal jon 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 mam, 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 um -
(Fig. 24). Increasing concentrations of ZnCl, enhanced the activity of
ADAMTS13 by ~2-fold. (Fig. 2, A and 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-
nidine 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 HCl 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-

VOLUME 281-NUMBER 2:JANUARY 13, 2006

=159 -



Metal lon Activation of ADAMTS13

A
EDTA: +
Zn2t(uM): 0 10 20 50 100250 250
B
EDTA: = - - - - = +
Ca?*(mM): 0 5§ 5 5 5 5 5
Zn?* (uM): 0 10 20 50 100250 250
¢ -
6 - o
T 5f _{_ .
L
e 4r y
°
B 3 1
2
S 2 §
0 [-] 2 2 2 2
No Metal Zn<* Ca=* Zn<t/Ca<*

EIGURE 2. Activation of ADAMTS13 by zinc and calcium fons. ADAMTS13 cleavage of
plasma VWF was assessed with increasing concentrations of ZnCl, (um) 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 pm 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 HCl or urea because the state induced by guani-
dine HCl 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 K., of 0.5 = 0.3 uM.
Similarly, increasing concentrations of calcium ions enhanced the activ-
ity of recombinant ADAMTS13 by ~160-fold, witha K, ,,,, 0f 4.8 = 3.0
M. The addition of zinc ions to reactions containing near saturating
calcium ions (100 um) further increased ADAMTS13 activity (Fig. 3E).
These results indicate a cooperative role for calcium and zinc ions in
supporting ADAMTSI13 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
ions was observed at / = 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 anticoagulated 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 1 or 0 mm (Fig. 44). In the
presence of citrate, ADAMTSI13 activity was enhanced ~2-fold by
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FIGURE 3. VWF ¢l ge by recombl ADAMTS13 and metal lons. The assays
contained recombinant ADAMTS13 (1 nu in A and C and 30 nmin £} and the indicated
concentrations of zinc ions (A), or calcium ions (C), or both (£). The 350-kDa VWF cleavage
product was detected by gel electrophoresis and Western blotting. The activation (foid)
of ADAMTS13 as a function of zinc (8) 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, ADAMTS13 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
ADAMTS13. Barium ions supported ADAMTS13 activity comparable
with that achieved by calcium ions, but with a K, 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 Ionic Strength and Sodium Ions on ADAMTS13 Activity—In
reactions containing plasma VWF and urea denaturant, ADAMTS13 in
citrated plasma is markedly inhibited by increasing ionic strength and is
almost inactive in 150 mm NaCl (4). I vivo, 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 nM) was assayed in 5 mm Hepes, pH 8.0, with VWF
substrate {2 ug/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 ADAMTS 13 (30 nM) in
the presence and absence of zinc and calcium ions. C, recombinant ADAMTS13 (30 nw)
was assayed as in A with increasing concentrations of barium ions and without sodium
citrate. D, the activation {fold) of ADAMTS13 as a functien of barium ion concentration
was determined by chemifluorescence analysis of Western blots from several experi-
ments including those in panel B. The maximum extent of VWF cleavage product formed
was < 15% of total cleavable VWF all conditions. The /ine 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
I = 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
VWE substrate was pretreated with 1.2 M guanidine HCl to induce a
conformation susceptible to cleavage (5) and diluted 10-fold into the
reaction. Proteolysis of VWF was dependent on both enzyme (Fig, 6A)
and substrate concentrations (Fig. 6B). The rate of proteolysis displayed
a hyperbolic dependence on VWF concentration with a K,,, ,,, 0f3.7 =
1.4 pg/mi, or 15 nM in VWF subunits (Fig. 6C). ADAMTS13 binds
directly to surface-immobilized VWF with a K5, of ~4 ug/ml (35),
and the concentration of VWF in plasma is ~5-10 ug/mi (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 ug/mi (~0.5 X K, ), consist-
ent with first order reaction kinetics and an apparent first order rate
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FIGURE 5. Dependence of ADAMTS13 activity on lonic strength and sodium fon
concentration. Plasma ADAMTS13 was assayed in 50 mm Hepes, pH 7.4, 250 pm ZnCl,,
and 5 mm CaCl, with increasing concentrations of sodium chloride (mm) without (—) or
with {+) 10 mm EDTA. The 350-kDa VWF cleavage product was detected by gel electro-
phoresis and Western blotting.
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FIGURE 6. Activity of ADAIMTS 13 at physiolegical pH and ienic strength. A, the con-
centration of plasma ADAMTS13 was varied in reactions {1 h} containing 250 um ZnCl,, 5
mum CaCl,, and a constant VWF concentration (20 ug/ml). 8, the concentration of VWF
was varied in reactions containing 250 um ZnCl,, 5 mm CaCl,, and a constant ADAMTS13
concentration (0.6 nm). C, the densities of the 350-kDa product band as a function of VWF
concentration were calculated from scanned films for the experiments performedas in 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 linear with time and <15% of susceptible substrate was cleaved during the
assay.

constant k. of 0.033 % 0.021 min~! and [VWF],_, of 0.34 = 0.07
ug/m! VIWF cleaved (Fig. 7). These results indicate a value for k_,, of
~0.83 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, a maximum
of 14 = 5% of the total VIWWF 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,
VWF pretreated with guanidine HCl 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 VWTF 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.
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FIGURE 7. Progress curve for ADAMTS13 cl ge 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
ug/ml 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
ADAMTSI13 activity. The reaction demonstrated typical Michaelis-
Menten kinetics, witha K, ,,, 0f 3.2 * 1.1 uM and V,,, of 1.04 * 0.10

: app
AF/min, or a k_,, of ~58 min"" (Fig. 8), which is ~70-fold greater than

cat

the k_, for VWF cleavage of ~0.83 min~". The ~210-fold increase in
K,,, app compared with multimeric VWF treated with guanidine HCl

(Fig. 6) suggests that FRETS-VWTF73 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 K, of 60 * 25 pum. In the
presence of 10 uM zinc ions, calcium supported a similar level of activity
with a Kp,,,, of 74 * 35 um (Fig. 94). Zinc ions alone stimulated
ADAMTSI13 activity at concentrations <20 uM, but higher concentra-
tions were markedly inhibitory. In the presence of optimal calcium ions,
concentrations of zinc ion <10 um supported full activity, and higher
concentrations were inhibitory (Fig. 9B).

Barium ions also stimulated the cleavage of FRETS-VWF73 (2 um).
Normalized to the maximal activity with 10 uM zinc and 1.5 mM calcium
ions (100%), the activity observed with 10 mM barium ions was 66%, and
that with 10 mm barium plus 10 uM 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 “*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. ADAPATS 13 cleavage of FRETS-VWF73. The reactions were performed with
0.15 ns plasma ADAMTS13, and the observed rates of change in fluorescence intensity
(AF/min) were analyzed as a function of FRETS-VWF73 concentration as described under
“Experimental Procedures.” Under these conditions, a product concentration of 2 pum
corresponds to ~240 AF. The fine 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-VWE73 cll ge by recombi ADAMTS13 and metal lens. The
assays contained 0.3 nM recombinant ADAMTS13, 2 um FRETS-VWF73, and various metal
ion concentrations, The observed rates of change in fluorescence intensity (AF/min)
were analyzed as a function of FRETS-VWF73 concentration as described under “Exper-
imental Procedures.” The values for AF/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 pmzinc ions. 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 15 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 jons with a K; of 24 um (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,

JOURNAL OF BIOLOGICAL CHEMISTRY 855

=162 —



Metal lon Activation of ADAMITS13

plasma ADAMTS13 was reported to be fully active with 2 mm total 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 mu (Fig. 1), whereas
recombinant ADAMTS13 with no added chelators was activated ~200-
fold by 5 uM zinc ions (Figs. 3 and 9) and inactivated by >50 um 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 ADAMTSI13 cleavage of VWF and bind with a
K pp Of ~4.8 M (Fig. 3), well below the plasma free calcium ion con-
centration of ~1.2 mM. The Kj,,, was significantly higher, ~60 pM,
when assayed with the FRETS-VWF73 peptide substrate (Fig. 94). The
cause of this difference is not known. Although not studied in detail, the
ability of calcium ions alone to stimulate ADAMTSI3, 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 9A4) and suggests that zinc and cal-
cium ions bind cooperatively to ADAMTS13. Molecular modeling
based on the crystal structures of adamalysin [I (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 using apo-ADAMTS13 will need to be performed to further establish
the role of zinc and calcium ions in the activity of ADAMTSI13.

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 (/ = 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. 44) and did not stimulate recombi-
nant ADAMTS13 when present at concentrations comparable with the
maximaily 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-

4E. 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).

ADAMTSI3 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
HCl 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-
VWF73 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 model 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-VWF73 does not require denaturation to be
cleaved by ADAMTS13, guanidine-treated VWF hasa ~210-fold lower
K, app (Fig. 8). This discrepancy implies that ADAMTS13 interacts with
specific, extended structural features of multimeric VWE. Molecular
modeling of the A2 domain suggests that it has a characteristic a/8-fold
with a six-stranded B-sheet surrounded by three a-helices on each side.
The Tyr*®*-Met'** peptide bond is predicted to be buried within the
B-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 a-helix of the A2 domain
(49). The fragment of VWF represented in FRETS-VWF73 corresponds
to approximately three -strands and three a-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 VWTF that interact with ADAMTS13. For example, the adjacent
Al 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,,, ,,,, and a
~70-fold lower k_, than FRETS-VWF73. These changes have the effect
of minimizing the difference in catalytic efficiency (k.,/K,,, ,,,,) between
VWE (55 pM~ ! min~") and FRETS-VWF73 (18 uM~' min™"). These
kinetic constants must be compared cautiously because the values for
VWE 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
(Kp = 14 nM, per subunit of VWF) similar to the K,,, ,,,, for VWF cleav-
age of 15 nm.
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These studies demonstrate that both plasma and recombinant
ADAMTS13 function efficiently under physiological conditions. Once
VWTF 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
Al, 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 Al and A3 domains do not show metal ions (55,
56). Whether other VVWF 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 Cls have well defined cal-
cium binding sites (57), suggesting that the two C-terminal CUB
domains of ADAMTS13 might have similar sites. Detailed understand-
ing of 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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Adiponectin Acts as an Endogenous Antithrombotic Factor

Hisashi Kato, Hirokazu Kashiwagi, Masamichi Shiraga, Seiji Tadokoro, Tsuyoshi Kamae,
Hidetoshi Ujiie, Shigenori Honda, Shigeki Miyata, Yoshinobu Ijiri, Junichiro Yamamoto,
Norikazu Maeda, Tohru Funahashi, Yoshiyuki Kurata, lichiro Shimomura,
Yoshiaki Tomiyama, Yuzuru Kanakura

Objective—Obesity is a common risk factor in insulin resistance and cardiovascular diseases. Although hypoadiponectine-
mia is associated with obesity-related metabolic and vascular diseases, the role of adiponectin in thrombosis remains

elusive.

Methods and Results—We investigated platelet thrombus formation in adiponectin knockout (APN-KO) male mice (8 to
12 weeks old) fed on a normal diet. There was no significant difference in platelet counts or coagulation parameters
between wild-type (WT) and APN-KO mice. However, APN-KO mice showed an accelerated thrombus formation on
carotid arterial injury with a He-Ne laser (total thrombus volume: 13.36+4.25X 107 arbitrary units for APN-KO and
6.74+2.87X 107 arbitrary units for WT; n=10; P<0.01). Adenovirus-mediated supplementation of adiponectin

attenuated the enhanced thrombus formation. In vitro thrombus formation on a type I collagen at a shear rate of 250 s ™'

’

as well as platelet aggregation induced by low concentrations of agonists, was enhanced in APN-KO mice, and
recombinant adiponectin inhibited the enhanced platelet aggregation. In WT mice, adenovirus-mediated overexpression

of adiponectin additionally attenuated thrombus formation.

Conclusion—Adiponectin deficiency leads to enhanced thrombus formation and platelet aggregation. The present study
reveals a new role of adiponectin as an endogenous antithrombotic factor. (Arteriescler Thromb Vasc Biol.

2006;26:224-230.)

Key Words: acute coronary syndromes @ obesity @ platelets @ thrombosis

besity is associated with insulin resistance, accelerated

atherothrombosis, and cardiovascular diseases.’> Recent
studies have revealed that adipose tissue is not only a passive
reservoir for energy storage but also produces and secretes a
variety of bioactive molecules, known as adipocytokines, includ-
ing tumor necrosis factor (TNF) ¢, leptin, resistin, and plasmin-
ogen activator inhibitor type-1.2-* Dysregulated production of
adipocytokines participates in the development of obesity-
related metabolic and vascular diseases.>*

Adiponectin is an adipocytokine identified in the human
adipose tissue cDNA library, and Acrp30/AdipoQ is the
mouse counterpart of adiponectin (reviewed in reference’).
Adiponectin, of which mRNA is exclusively expressed in
adipose tissue, is a protein of 244 amino acids consisting of 2
structurally distinct domains, an N-terminal collagen-like
domain and a C-terminal complement Clg-like globular
domain. Adiponectin is abundantly present in plasma (5 to 30
pg/mL), and its plasma concentration is inversely related to
the body mass index.5 Plasma adiponectin levels decrease in

obesity, type 2 diabetes, and patients with coronary artery
disease (CAD).> Indeed, adiponectin (APN) knockout (KO)
mice showed severe diet-induced insulin resistance.!® In
cultured cells, we have demonstrated that human recombinant
adiponectin inhibited the expression of adhesion molecules
on endothelial cells, the transformation of macrophages to
foam cells, and TNF-a production from macrophages.>'!
Furthermore, APN-KO mice showed severe neointimal thick-
ening in mechanically injured arteries.'? Adenovirus-
mediated supplementation of adiponectin attenuated the de-
velopment of atherosclerosis in apolipoprotein E-deficient
mice as well as postinjury neointimal thickening in APN-KO
mice.'213 These data suggest the antiatherogenic properties of
adiponectin, and, hence, hypoadiponectinemia may be asso-
ciated with a higher incidence of vascular diseases in obese
subjects. Although it is also possible that an altered hemo-
static balance may contribute to the pathogenesis of acute
cardiovascular events in such patients, the roles ot adiponec-
tin in hemostasis and thrombosis remains elusive.
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Here we have provided the first evidence that adiponectin
affects thrombus formation, and, hence, hypoadiponectinemia
may directly contribute to acute coronary syndrome. Our data
indicate a new role of adiponectin as an antithrombotic factor.

Methods

Mice

APN-KO male mice (8 to 12 weeks old) were generated as described
previously.!012 We analyzed mice backcrossed to C57BL/6 for 5
generations. 012

Preparation of Mouse Platelets and Measurement
of Coagulation Parameters

Mouse platelet-rich plasma (PRP) was obtained as described previ-
ously.' Coagulation parameters were measured by SRL Inc.

Platelet Aggregation Study, Adhesion Study, and

Flow Cytometry

Platelet aggrepation and platelet adhesion study was performed as
described previously.!* Integrin oy,B: activation and o-granule
secretion of wild-type (WT) and APN-KO platelets were detected by
phycoerythrin-conjugated JON/A monoclonal antibody (mAb),
which binds specifically to mouse-activated o3 (Emfret Analyt-
ics) and FITC-conjugated anti-P-selectin mAb (Becton Dickinson),
respectively.'

Assessment of Atheresclerosis and Bleeding

Time Measurement

Assessment of atherosclerosis was performed as described previous-
ly.!5 The tail of anesthetized mice (nembutal 65 mg/kg; 8 to 12
weeks old) was transected 5 mm from the tip and then immersed in
0.9% isotonic saline at 37°C. The point until complete cessation of
bleeding was defined as the bleeding time.

He-Ne Laser-Induced Thrombeosis

The observation of real-time thrombus formation in the mouse
carotid artery was performed as described previously.'® Anesthetized
mice {(nembutal 65 mg/kg) were placed onto a microscope stage, and
the left carotid artery (450 to 500 pm in diameter) was gently
exposed. Evans blue dye (20 mg/kg) was injected into the left
femoral artery via an indwelt tube, and then the center of the exposed
carotid artery was irradiated with a laser beam (200 pm in diameter
at the focal plane) from a He-Ne laser (Model NEO-50MS; Nihon
Kagaku Engineering Co, Ltd). Thrombus formation was recorded on
a videotape through a microscope with an attached CCD camera for
10 minutes. The images were transferred to a computer every 4 s, and
the thrombus size was analyzed using lmage-J software (National
Institutes of Health). We calculated thrombus size by multiplying
each area value and its grayscale value together. We then regarded
the total size values for an individual thrombus obtained every 4 s
during a 10-minute observation period as the total thrombus volume
and expressed them in arbitrary units.

Flow Chamber and Perfusion Studies

The real-time observation of mural thrombogenesis on a type 1
collagen-coated surface under a shear rate of 250 s™' was performed
as described previously.'® Briefly, whole biood obtained from
anesthetized mice was anticoagulated with argatroban, and then
platelets in the whole blood were labeled by mepacrine. Type 1
collagen-coated glass cover slips were placed in a parallel plate flow
chamber (rectangular type; flow path of 1.9-mm width, 31-mm
length, and 0.1-mm height). The chamber was assembled and
mounted on an epifluorescence microscope (Axiovert S100 inverted
microscope, Carl Zeiss Inc) with the computer-controlled z-motor
(Lud! Electronic Products Lts). Whole blood was aspirated through
the chamber, and the entire platelet thrombus formation process was
observed in real time and recorded with a video recorder.
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Preparation of Adenovirus and

Recombinant Adiponectin

Adenovirus producing the full-length mouse adiponectin was pre-
pared as described previously.!® Plaque-forming units (1 X10% of
adenovirus-adiponectin (Ad-APN) or adenovirus-B-galactosidase
(Ad-Bgal) were injected into the tail vein. Experiments were per-
formed on the fifth day after viral injection. The plasma concentra-
tions of adiponectin were measured by a sandwich ELISA. Mouse
and human recombinant proteins of adiponectin were prepared as
described previously.t!-17

RT-PCR

Total cellular RNA of platelets from WT or APN-KO mice was
obtained, and contaminated genomic DNA was removed using a
QuantiTect Reverse-Transcription kit (QLAGEN). One microgram of
total RNA was used as a template for RT-PCR as described
previously.'® For the amplification of transcripts of mouse adiponec-
tin receptors AdipoR1 and AdipoR2, the following primers were
used: mouse AdipoR1 5'-ACGTTGGAGAGTCATCCCGTAT-3’
(sense) and 5'-CTCTGTGTGGATGCGGAAGAT-3' (antisense)
and mouse AdipoR2 5'-TGCGCACACATTTCAGTCTCCT-3'
(sense) and 5'-TTCTATGATCCCCAAAAGTGTGC-3' (anti-
sense).'®2° For human platelet isolation, PRP obtained from 50 mL
of whole blood was passed through a leukocyte removal filter as
described previously.?! This procedure removed >99.9% of the
contaminated leukocytes.?! For human AdipoR1 and AdipoR2, the
following primers were used: human AdipoRl 5'-CTT-
CTACTGCTCCCCACAGC-3' (sense) and S'-GACAAAGCCCT-
CAGCGATAG-3’ (antisense) human AdipoR2 5'-GGACCGAGCA-
AAAGACTCAG-3' (sense) and 5-CACCCAGAGGCTGCTACTTC-3'
(antisense). In addition, total cellular RNA obtained from a
megakaryocytic cell line, CMK, and that from a human monocytic
cell line, THP-1 (positive control)?> was examined in parallel.
RT-PCR samples omitting reverse transcriptase were used as
negative controls.

Statistical Analysis

Results were expressed as mean+SD. Differences between groups
were examined for statistical significance using Student 7 test.

Results

Characteristics of Adiponectin-Deficient Mice and
Assessment of Atherosclerotic Lesions

The basal profiles of APN-KO male mice have been previ-
ously described.’®'? To exclude the effects of diet on
APN-KO mice, we used APN-KO male mice (8 to 12 weeks
old) fed on a normal diet in this study. There were no
differences in platelet counts, PT, APTT, and plasma fibrin-
ogen concentrations (Table I, available online at http:/
atvb.ahajournals.org). Histological analyses revealed that nei-
ther Oil Red O staining of the inner surface of whole aorta nor
elastin-van Gieson staining of transverse sections of carotid
arteries showed any apparent atherosclerotic lesions in WT or
APN-KO mice (data not shown).

Bleeding Time in APN-KO Mice

To examine the effects of adiponectin deficiency on throm-
bosis and hemostasis, we studied bleeding time in APN-KO
mice. The bleeding time in APN-KO mice was slightly but
significantly shorter (96.9%34.9 s; n=30; P<<(0.05) than that
in WT mice (130.9%52.1 s; n=30).

Enhanced Thrombus Formation in APN-KO Mice
and Adiponectin Adenovirus Ameliorates the
Thrombogenic Tendency

We next examined the effect of adiponectin deficiency on
thrombus formation using the He-Ne laser-induced carotid
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Figure 1. He-Ne laser-induced thrombus formation and adenovirus-mediated supplementation of adiponectin. Anesthetized mice were
injected with Evans blue dye followed by irradiation with the He-Ne laser at the exposed left carotid artery. The representative time
course of thrombus formation in (A} WT or (B} APN-KO mice is shown. (C) The total thrombus volume was significantly larger in
APN-KO mice (n=10; P<0.01). In another set of experiments, administration of adenovirus-producing mouse adiponectin (Ad-APN) sig-
nificantly attenuated the total thrombus volume, as compared with control adenovirus (Ad-Bgal)-infected APN-KO mice (n=4; P<0.05).
Plasma adiponectin levels detected in immunoblots are shown in the lower panel.

artery thrombus model. Endothelial injury of the carotid
artery was induced by the interaction of Evans blue dye with
irradiation from the He-Ne laser. In WT mice, thrombus
formation started 61.0£25.0 s after the initiation of He-Ne
laser irradiation (n=10). When the thrombi reached a certain
size, they frequently ruptured and detached themselves from
the wall because of increased shear stress. Thus, thrombus
formation in this in vivo model showed a cyclic fluctuation,
and complete occlusion was not observed (Figure 1). During
a 10-minute observation period, the cycles of thrombus
formation were 8.5+2.3 in WT mice. In APN-KO mice, there
was no significant difference in the initiation time for
thrombus formation (54.8+8.9 s; n=10; P=0.46). However,
the cycles of thrombus formation during the 10-minute
observation period were significantly fewer (5.4x2.0; n=10;
P<0.01) in APN-KO mice. The thrombi in APN-KO mice
grew larger and appeared to be stable and more resistant to
the increased shear stress. Accordingly, the total thrombus
volume was significantly larger in APN-KO mice
(6.74+2.87>x10" arbitrary units in WT mice and
13.3624.25X 10" arbitrary units in APN-KO mice; n=10;
P<0.01).
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To confirm that adiponectin deficiency is responsible for
the enhanced thrombus formation in APN-KO mice, we
injected Ad-Bgal or Ad-APN into APN-KO mice. On the fifth
day after adenoviral injection, we confirmed the elevated
plasma adiponectin level in Ad-APN-infected APN-KO mice
in an ELISA assay (48.7+6.8 pug/mL; n=4), as well as in an
immunoblot assay. In the carotid artery thrombus model, the
total thrombus volume in Ad-Bgal-infected APN-KO was
12.94%4.67x 10" arbitrary units, which was compatible with
that of APN-KO mice shown in Figure 1. In contrast,
Ad-APN infection significantly decreased the total thrombus
volume in APN-KO mice (6.23+3.09X10" arbitrary units;
n=4; P<0.05). These results indicate that adiponectin defi-
ciency is responsible for the thrombogenic tendency in vivo.

Platelet-Thrombus Fermation on Immobilized
Collagen Under Flow Conditions

Because endothelial function may affect in vivo thrombus
formation, we next performed in vitto mural thrombus
formation on a type 1 collagen-coated surface under flow
conditions. Figure 2 shows thrombus formation during a

8 10

Figure 2. Thrombogenesis on a type |
collagen-coated surface under flow con-
ditions. (A) Mepacrine-labeled whole
biood obtained from WT (top) or
APN-KO mice (bottom) was perfused on
a type | collagen-coated surface at a
shear rate of 250 s™". (B) Platelet surface
coverage (%) and (C) thrombus volume
are shown at indicated time points. (@,
WT; O, APN-KO; *P<0.05). Shown are
representative 3D images of thrombus
formation at 6-minute perfusion in whole
blood obtained from (D) WT and (E)
APN-KO mice. Each inserted figure
shows thrombus height.
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10-minute perfusion of mouse whole blood anticoagulated
with thrombin inhibitor at a low shear rate (250 s™"). In whole
blood obtained from WT mice, the thrombus fully covered
the collagen-coated surface after 8 to 10 minutes of perfusion.
In contrast, the thrombus grew more rapidly and fully covered
the surface at 6 minutes in APN-KO mice. At | and 2 minutes
of perfusion, there was no apparent difference in the initial
platelet adhesion to the collagen surface between WT and
APN-KO mice, whereas the platelet aggregate formation was
significantly enhanced in APN-KO, even at | minute. We
additionally examined the possibility that adiponectin might
inhibit platelet adhesion onto collagen, because adiponectin
binds to collagen types I, III, and V.2> However, mouse
recombinant adiponectin (40 ug/mL) did not inhibit the
adhesion of platelets onto collagen, indicating that the inhib-
itory effect of adiponectin is not mediated by the inhibition of
platelet binding to collagen (data not shown). At a high shear
rate (1000 s™"), the thrombus grew rapidly and fully covered
the surface within 3 to 4 minutes. Under such strong stimuli,
we did not detect any difference in thrombus formation
between WT and APN-KO mice, probably because of the full
activation of platelets.

Adiponectin Inhibits the Enhanced Platelet
Aggregation in APN-KO Mice

In platelet aggregation studies, PRP obtained from APN-KO
mice showed significantly enhanced platelet aggregation in
response to low doses of agoaists (ADP 2.5 umol/L, collagen
2.5 pg/mi, and protease-activated receptor 4-activating
peptide [PAR4-TRAP] 75 pmol/L), as compared with WT
mice (Figure 3). The maximal platelet aggregation was
achieved at higher concentrations of agonists, and the en-
hanced platelet aggregation in APN-KO mice was not appat-
ent at these high doses of agonists, probably because of the
full activation of platelets.

To confirm the inhibitory effect of adiponectin on platelet
aggregation in vitro, we mixed 1 volume of PRP obtained
from APN-KO mice with 4 volumes of platelet-poor plasma
(PPP) obtained from APN-KO mice injected with either
Ad-Bgal or Ad-APN to adjust platelet counts to 300X 10%uL.
As shown in Figure 4A, the in vitro supplementation of PPP
containing adiponectin attenuated the enhanced platelet ag-
gregation. Similarly, in vitro administration of mouse recom-
binant adiponectin (40 pg/mL) to PRP from APN-KO mice
attenuated the enhanced platelet aggregation (Figure 4B).

Expression of Adiponectin Receptors in Platelets
and Effects of Adiponectin Deficiency on oyy3;
Activation and P-Selectin Expression

To reveal the effect of adiponectin on platelets, we examined
whether platelets possess transcripts for adiponectin receptors
AdipoR1 and AdipoR2 by using RT-PCR. As shown in
Figure 5A, platelets from APN-KO, as well as WT mice,
contained mRNAs for AdipoR1 and AdipoR2. We also
confirmed that the human megakaryocytic cell line CMK, as
well as carefully isolated human platelets, possessed mRNAs
for AdipoR1 and AdipoR*. We next examined the effects of
adiponectin deficiency on apf3; activation and a-granule
secretion at various concentrations of agonists by flow
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Figure 3. Enhanced platelet aggregation in APN-KO mice.
Platelet aggregation in PRP obtained from WT or APN-KO mice.
PRP (300%x10%pul) obtained from WT (black line) or APN-KO
mice (gray line) was stimulated with ADP (a; n=4), collagen (b;
n=4), or PAR4-TRAP (c; n=3). As compared with WT mice,
platelet aggregation was enhanced in APN-KO mice at low con-
centrations of agonists.

PAR4-TRAP 75 150 uM

cytometry. However, neither the platelet oy,f3; activation
induced by ADP nor P-selectin expression induced by PAR4-
TRAP showed significant difference between WT and
APN-KO mice (n=4; Figure 5B and 5C).

Adiponectin Adenovirus Attenuates Thrombus
Formation in WT Mice

Because WT mice have large amounts of adiponectin in their
plasma, we, therefore, examined whether adiponectin over-
expression could additionally inhibit thrombus formation, as
well as platelet function, in WT mice. After the administra-
tion of Ad-APN or Ad-Bgal into WT mice, the plasma
adiponectin levels in Ad-APN-infected mice reached ~4
times higher than those in Ad-Bgal-infected WT mice
(8.5+0.6 pg/mL for Ad-Bgal and 37.0+14.8 pg/mL for
Ad-APN; n=5). As shown in Figure 6A, platelet aggregation
in PRP induced by collagen or PAR4-TRAP was significantly
attenuated by the overexpression of adiponectin. Similarly, in
vitro administration of human recombinant adiponectin (40
pg/mL) to human PRP attenuated the platelet aggregation
response t0 2.5 ug/mL collagen (Figure 6B). Moreover, in the
He-Ne laser—induced carotid artery thrombus model, the
overexpression of adiponectin significantly inhibited throm-
bus formation in WT mice (4.38+0.75X 10" arbitrary units
for Ad-Bgal and 2.75+0.61X 10" arbitrary units for Ad-APN;
n=7; P<0.05; Figure 6C).
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Figure 4. Effects of in vitro supplementation of adiponectin or
recombinant adiponectin on the enhanced platelet aggregation
in APN-KO mice. (A) One volume of PRP from APN-KO mice
was mixed with ~4 volumes of PPP from APN-KO mice injected
with Ad-ggal (black line) or Ad-APN (gray line) to obtain a plate-
let concentration of 300> 10%uL. Platelets were stimulated with
indicated agonists (n=4). (B) Mouse recombinant adiponectin
(40 pg/mL, gray ling) or PBS (black line) was added to PRP
from APN-KQO mice. Platelets were adjusted to 300x10° plate-
lets/uL and stimulated with indicated agonists (n=4).

Discussion

In the present study, we have newly revealed an antithrom-
botic effect of adiponectin. APN-KO male mice (8 to 12
weeks old) fed on a normal diet showed no significant
differences in platelet counts and coagulation parameters
compared with WT mice. In the He-Ne laser~induced carotid
artery thrombus model, APN-KO mice showed an accelerated
thrombus formation, and adenovirus-mediated supplementa-
tion of adiponectin attenuated this enhanced thrombus forma-
tion. Platelet aggregometry and the real-time observation of
in vitro thrombus formation on a type 1 collagen-coated
surface under flow conditions showed the enhanced platelet
function in APN-KO mice. Moreover, adenovirus-mediated
overexpression of adiponectin attenuated in vivo thrombus
formation, as well as the in vitro platelet aggregation re-
sponse, even in WT mice. Thus, the present data strongly
suggest that adiponectin possesses an antithrombotic potency.

We have demonstrated that low concentrations of adi-
ponectin are associated with the prevalence of CAD in men,
which is independent of well-known CAD risk factors.®
Pischon et al® have recently shown that high concentrations of
adiponectin are associated with a lower risk of myocardial
infarction in men, which is also independent of inflammation
and glycemic status and can be only partly explained by
differences in blood lipids. These clinical studies suggest that
the protective effect of adiponectin on the development of
CAD may be primary rather than secondary through the
protection of metabolic abnormalities, such as insulin resis-
tance. Indeed, APN-KO mice fed on a normal diet did not
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Figure 5. Expression of adiponectin receptors and effects of
adiponectin deficiency on platelet function. (A, top) Expressions
of transcripts for adiponectin receptors, AdipoR1 (133-bp frag-
ments) and AdipoR2 (156-bp fragments), in platelets from WT or
APN-KO mice were examined by RT-PCR. The liver was used
as a positive control. (Bottom) Expressions of transcripts for adi-
ponectin receptors, AdipoR1 (196-bp fragments) and AdipoR2
(243-bp fragments), in CMK cells, as well as human platelets,
were examined by RT-PCR; 100-bp DNA Ladder (New England
Biolabs) was used as a marker. Effects of adiponectin deficiency
on (B) app; activation and (C) a-granule secretion. PRP
obtained from WT (@) or APN-KO (O) mice in the presence of
phycoerythrin-JON/A mAb or FITC-anti-P-selectin mAb was
stimulated with the indicated agonist and then analyzed by flow
cytometry without any washing. There were no significant differ-
ences in platelet «;,B3; activation or P-selectin expression
between WT and APN-KO mice (n=4).

PAR4 (uM)

show any abnormalities in plasma glucose, insulin, or lipid
profiles.’®'2 Although the atherosclerotic and thrombotic
processes are distinct from each other, these processes appear
to be interdependent, as shown by the term atherothrombosis.
The interaction between the vulnerable atherosclerotic
plaque, which is prone to disruption, and thrombus formation
is the cornerstone of acute coronary syndrome (ACS).2* In
this context, our present data strongly suggest that adiponec-
tin deficiency (or hypoadiponectinemia) may directly contrib-
ute to the development of ACS by enhanced platelet throm-
bus formation.

Alithough APN-KO fed on a normal diet showed no
significant differences in major metabolic parameters, they
showed delayed clearance of FFA in plasma, elevated plasma
TNF-a concentrations (=40 pg/mL in APN-KO; ~20 pg/mL
in WT), and elevated CRP mRNA levels in white adipose
tissue.!225 In addition, recombinant adiponectin increased NO
production in vascular endothelial celis.2¢ To rule out any
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Figure 6. Overexpression of adiponectin additionally attenuates
thrombus formation in WT mice. (A) Platelet aggregation in PRP
obtained from WT mice injected with either Ad-Sgal or Ad-APN.
PRP (300x10%pL) obtained from WT mice injected with either
Ad-Bgal (black line) or Ad-APN (gray line) was stimulated with
coliagen or PAR4-TRAP (n=4). Administration of Ad-APN signifi-
cantly attenuated platelet aggregation in WT mice. (B) Human
recombinant adiponectin (40 ng/mL, gray line) or PBS (black
line) was added to PRP (300x10%uL) from control subjects.
Platelets were stimulated with collagen (n=7). (C) He-Ne laser—
induced thrombus formation in WT mice injected with either
Ad-Bgal or Ad-APN. Administration of Ad-APN in WT mice addi-
tionally reduced the total thrombus volume in the carotid artery
thrombus model (=7, P<0.05).

effect of adiponectin on vascular cells, we examined in vitro
thrombus formation on a type I collagen-coated surface under
flow conditions, as well as platelet aggregation in APN-KO
mice. Thus, the enhanced platelet function in APN-KO mice
was still evident even in the absence of vascular cells.
Moreover, human and mouse recombinant adiponectin atten-
uated the aggregation response obtained from control human
subjects and from APN-KO mice, respectively. Thus, adi-
ponectin inhibits platelet function. However, the mechanism
by which adiponectin attenuates platelet aggregation and
arterial thrombus formation in vivo remains unclear. During
thrombogenesis, platelets adhere to altered vascular surfaces
or exposed subendothelial matrices, such as collagen, and
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then become activated and aggregate to each other.'® The
thrombus formed in APN-KO mice appeared to be stable and
more resistant to the increased shear stress, without affecting
the initiation time for thrombus formation in carotid artery
injury experiments, as well as in flow chamber perfusion
experiments. In addition, preincubation of collagen with
recombinant adiponectin did not inhibit platelet adhesion on
collagen under static conditions. Thus, it is unlikely that the
inhibitory effect of adiponectin is mediated by the inhibition
of platelet binding to collagen. These characteristics are quite
distinct from Clq-TNF-related protein-1, which belongs to
the same family as adiponectin and inhibits thrombus forma-
tion by interfering with platelet-collagen interaction.?” We
confirmed that transcripts for AdipoR1 and AdipoR2 were
present in mouse and human platelets and CMK cells.
Although the platelet—platelet interaction appeared to be
enhanced in APN-KO mice, we did not detect any difference
in agonist-induced oy,f; activation or P-selectin expression
between APN-KO and WT mice by flow cytometry. Based on
these results, it is possible that adiponectin may inhibit
oy Bs-mediated intracellular postligand binding events. Alter-
natively, previous studies have shown that adiponectin is
physically associated with many proteins, including o,-
macroglobulin, thrombospondin-1 (TSP-1), and several
growth factors.>23-2% Interestingly, TSP-1, after secretion
from platelet o granules, may participate in platelet aggrega-
tion by reinforcing interplatelet interactions through direct
fibrinogen-TSP-fibrinogen and TSP-TSP crossbridges.230 In
this context, it is also possible that it may interfere with
interplatelet interactions in platelet aggregation. Additional
studies to clarify the mechanism of adiponectin are currently
under way.

In conclusion, our present study revealed that adiponectin
acts as an endogenous antithrombotic factor. Although it is
possible that the in vivo antithrombotic effect of adiponectin
may be partly mediated by its action on vascular cells, our
present data clearly indicate that adiponectin affects platelet
function in the absence of vascular cells. In addition, the
overexpression of adiponectin in WT mice attenuates in vivo
thrombus formation, as well as the in vitro platelet aggrega-
tion response. Our data provide a new insight into the
pathophysiology of ACS in nonobese, as well as obese,
subjects, and adiponectin (and its derivatives) may be a new
candidate for an antithrombotic drug.
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Abstract

Background. Unlike acquired thrombotic thrombo-
cytopenic purpura or haemolytic uraemic syndrome,
which are often intractable, thrombotic microangio-
pathy in patients with Upshaw—Schulman syndrome
(USS) — a congenital deficiency of von Willebrand
factor-cleaving protease (ADAMTSI13) activity —
responds very well to plasma infusion and does not
even require plasma exchange. However, the symptoms
significantly vary in each individual and thuos
clinicians often overlook this diagnosis.

Methods. A 31-year-old adult male patient with
thrombotic microangiopathy, which was complicated
with repeated episodes of acute renal failure, is
reported. We suspected that the patient had USS
and performed assay$ of ADAMTI3 activity and its
inhibitor, followed by ADAMTSI3 gene analysis of
the patient and his parents.

Results. The patient had extremely low ADAMTSI13
activity and has no inhibitors of ADAMTSI13.
Through an ADAMTS13 gene analysis of this family,
we found two novel mutations responsible for the
disease: a missense mutation in exon 7 [702 C— A
(H234Q)] from the father and a nonsense mutation in
exon 26 [3616 C— T (R1206X)] from the mother.
Conclusions. Our experience appears to indicate
the importance of assays of ADAMTSI3 activity
and its inhibitor in patients who have episodes
of renal insufficiency in association with thrombotic
microangiopathy, for diagnosis and choice of
treatment.
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Introduction

Thrombotic thrombocytopenic purpura (TTP) and
haemolytic uraemic syndrome (HUS) are both cate-
gorized within thrombotic microangiopathy (TMA),
featured by microangiopathic haemolytic anaemia with
thrombocytopenia [1]. The term TTP typically refers
to a form of TMA that affects adolescents and adults
and predominantly causes central nervous system
disorders, whereas HUS refers to TMA, which mainly
involves kidney and typically affects young children
with diarrhoea caused by Escherichia coli O157:H7
infection. TTP and HUS are mostly indistinguishable
by laboratory findings and pathology and thus in
clinical practice are often referred to as HUS/TTP [2].
It has, however, been recognized that some forms
of TTP respond well to plasma infusion (PI) [3] or
plasma exchange (PE), whereas typical diarrhoea-
associated HUS does not [4]. Recently, the plasma
activity of von Willebrand factor (VWF)-cleaving
protease (ADAMTSI13, a disintegrin and metallopro-
tease domain, with thrombospondin type 1 motif 13)
was found to be deficient in an inherited form
of TTP, which differs from acquired idiopathic
TTP characterized by its neutralizing or non-
neutralizing inhibitor and from acquired HUS
by subnormal enzyme activity [4-6]. If the onset
of this inherited form of TTP is in the neonatal
period, it is alternatively called Upshaw-Schulman
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syndrome (USS), although there is also an adult onset
form of the disease [7].

Subjeéts and methods

Patient

A 3l-year-old male was admitted to the nephrology service
for acute renal failure, microangiopathic haemolytic anaemia
and thrombocytopenia.

He had a history of moderate jaundice as a newborn,
which was treated with phototherapy. At 3 months of age,
he had episodes of purpura and thrombocytopenia
after diphtheria/pertussis/tetanus immunization, for which
he was diagnosed with idiopathic thrombocytopenic
purpura. Since the age of 2 years, he had an episode of
intracranial bleeding after minor head injury and several
episodes of high-renin hypertension and acute renal
failure complicated with TMA, all of which were
successfully treated with PI. Since then he has been treated
with PI every other week to maintain blood platelet
count >2 10%1, by which he was diagnosed by a
previous paediatrician with recurrent HUS/TTP of unknown
aetiology.

On admission, he showed no neurological deficits or
any other specific symptoms, but subsequently his serum
creatinine progressively rose from 0.87 to 5.78 mg/dl with
increased LDH (1968 IU/), low platelet count (3.5 10°/1)
and the presence of schistocytes. However, with PI, LDH
rapidly fell back to normal level and his renal dysfunction
and thrombocytopenia gradually resolved. He had no
apparent family history of congenital coagulopathy, but
his elder brother, who died at the age of 2 years,
had laboratory data compatible with TMA, which raised
our suspicion of the presence of hereditary HUS/TTP,
such as USS. '

We subsequently performed assays of ADAMTSI3
activity, followed by ADAMTS13 gene analysis of the patient
and his parents.

Assay of ADAMTSI3 activity and its inhibitor

Plasma ADAMTSI13 activity was assayed by the method
of Furlan et al. [5] based on VWF multimer analysis, with a
slight modification as described before [8]. The ADAMTS13
activity of pooled normal plasma was defined as 100%. The
normal range of ADAMTSI3 activity was 102+23%
(mean + SD) [9].

The inhibitor activity against ADAMTS13 was measured
as described by Furlan ef al. [10] based on the Bethesda
method [3]. One unit of inhibitor was defined as the amount
that reduced the ADAMTS13 activity to 50% of the control.

ADAMTSI3 gene analysis

After obtaining approval from the ethics committees of
both the sample-collecting hospital and gene analysis
institute, and informed consent, ADAMTSI3 genes of the
patient and his parents were analysed by DNA sequencing.
All 29 exons and exon-intron boundary sites of the
ADAMTSI13 gene were amplified and sequenced as recently
described [11].

Y. Shibagaki ef al.
Results

ADAMTS13 activity of the patient’s plasma, which
was obtained on admission (and just before PI), was
<3% of the pooled normal plasma (Figures 1 and 2)
and its inhibitor was undetectable (<0.5 Bethesda
U/ml). Three novel mutations were identified
(Figure 1). The patient had compound heterozygous
mutations comprised of a missense mutation in exon 7
[702C — A (H234Q))] inherited from his father and a
nonsense mutation in exon 26 [3616 C— T (R1206X)]
inherited from his mother. His father had an additional
missense mutation at exon 21 [2708 C— T (S903L)],
but its effect on ADAMTSI13 activity is presently
unknown [11,12]. Thus, on this occasion, a solid
diagnosis of USS was made. Although the patient’s
parents had heterozygous mutations and relatively
low ADAMTSI13 activity (father: 24%, mother: 21%;
Figure 2), they had no episode of haematological
problems and, to date, have been in good health. To
investigate the frequencies of these mutations,
we sequenced the relevant exons of ADAMTSI13 in
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Fig. 1. Pedigree of the index patient with gene haplotypes and
plasma activity of ADAMTSI3. The circle represents a female and
squares represent males. Plasma ADAMTSI13 activity (%) is shown
under the circle and the squares. Mutations found in the
ADAMTSI3 gene are shown as one-letter amino acid abbreviations
numbered from the initial Met codon. The arrow indicates the
index patient. Both the mother and the father of the index patient
are asymptomatic carriers. TA deceased individual. P, index patient;
ND; value not determined.

Activity (%)

Fig. 2. Cleavage of VWF multimer by ADAMTSI13. Quantitative
assay of plasma ADAMTSI13 activity from a control, the patient
and the parents. Following incubation of VWF, plasma from six
dilution series of a normal control and plasma from the patient and
his parents, sodium dodecyl sulphate-agarose gel electrophoresis
and western blotting were performed as shown in a previous report
[8]. The plasma ADAMTS13 activity was shown as a percentage of
the normal control.
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