Blood First Edition Paper, prepublished online September 1, 2005; DOI 10.1182/blood-2005-05-2029

RECOMBINANT CUB-1 DOMAIN POLYPEPTIDE INHIBITS
THE CLEAVAGE OF ULVWF STRINGS BY ADAMTS-13
UNDER FLOW CONDITIONS+

Zhenyin T a01§, Yuandong Peng1§, Leticia Nolascol, Santiago Calz, Carlos Lopez-OtinZ, Renhao
L, Joel L. Moake', José A. Lépez' and Jing-fei Dong’

'Thrombosis Research Section, Department of Medicine, Baylor College of Medicine, Houston,

Texas, USA; *Department of Biochemistry and Molecular Biology, University of Oviedo, Spain;
3Center for Membrane Biology, Department of Biochemistry and Molecular Biology, University
of Texas Medical School, Houston, TX 77030

"This work was supported by NIH grants P50-HL65967 and HL71895, a Grant-in-Aid from the
American Heart Association-Texas Affiliate, and the Mary R. Gibson Foundation. J.F.D is an
Established Investigator of the American Heart Association

*Address correspondence to this author at: Thrombosis Research Section, Department of
Medicine, BCM286, N1319, Baylor College of Medicine, One Baylor Plaza, Houston, TX
77030. Telephone: 713-798-1078; FAX: 713-798-1384; e-mail: jfdong@bcm.tmc.edu

§. These authors contribute equally

Running title: A role of CUB-1 domain in ADAMTS-13 activity

Word counts: Abstract: 199
Main text: 4252

Copyright © 2005 American Society of Hematology



ABSTRACT

The metalloprotease ADAMTS-13 converts the hyper-reactive unusually large (UL) forms of
von Willebrand factor (VWF) that are newly released from endothelial cells into less active
plasma forms by cleaving a peptide bond in the VWF A2 domain. Familial or acquired
deficiency of this metalloprotease leads to the thrombotic disorder, thrombotic thrombocytopenic
purpura (TTP). ADAMTS-13 belongs to the ADAMTS metalloprotease family, but, unlike other
members, it also contains two C-terminal CUB domains (Complement component Clr/Cls, Uegf,
and Bone morphogenic protein 1). Mutations in the CUB region have been found in congenital
TTP, but deletion of the region did not impair enzyme activity in conventional in vitro assays.
We investigated the functions of the CUB domain in ADAMTS-13 activity under flow
conditions. We found that recombinant CUB-1 and CUB-1+2 polypeptides and synthetic
peptides derived from the CUB-1 partially blocked the cleavage of ULVWF by ADAMTS-13 on
the surface of endothelial cells under flow. The polypeptide bound immobilized and soluble
forms of ULVWF, and blocked the adhesion of ADAMTS-13—coated beads to immobilized
ULVWF under flow. These results suggest that the CUB-1 domain may serve as the docking

site for ADAMTS-13 to bind ULVWF under flow, a critical step to initiate ULVWF proteolysis.



INTRODUCTION

In response to stimulation, vascular endothelial cells release unusually large (UL) and
hyperactive von Willebrand factor (VWF) multimers' that spontaneously bind the platelet GP
Ib-IX-V complex in the absence of any modulators or high fluid shear stress.>* Because of this
hyperactivity, ULVWF multimers released into the bloodstream spontaneously aggregate
platelets and are responsible for the systemic microvascular thrombosis seen in patients with
thrombotic thrombocytopenic purpura (TTP). To prevent such disastrous consequences,
ULV WF multimers undergo limited proteolysis immediately upon release from endothelial cells
by the zinc- and calcium-dependent metalloprotease ADAMTS-13 (4 Disintegrin and
Metalloprotease with ThromboSpondin motif).”” ADAMTS-13 cleaves VWF at a single peptide
bond between Y842 and M843 in the VWF A2 domain, generating 176-kDa and 140-kDa
fragments detectable on reducing SDS-PAGE gels.*'® ADAMTS-13 deficiency has been

demonstrated in patients with TTP,'' caused either by mutations in the ADAMTS13 gene®'*"

or by acquired antibody inhibitors of the metalloprotease.'®"’

ADAMTS-13 has a domain structure similar to that of other family members, with the
exception that it contains unique domains at its C-terminus, known as CUB domains.” “CUB” is
an acronym for the first three proteins described that contain this domain: complement
components C1r/Cls, Uegf (sea urchin fibropellins), and bone morphogenic protein 1 (Bmpl).
CUB domains have been found in functionally diverse proteins from prokaryotes to humans and

20-22 . .. .
22 Two individual mutations

are known to function primarily in protein—protein interactions.
within the CUB domains of ADAMTS-13 have been identified in association with congenital

TTP,*" suggesting that this domain is critical for the biosynthesis or activity of the

metalloprotease. A potential functional role for the ADAMTS-13 CUB domains is also



suggested by a study showing that 64% of plasma samples from patients with acquired TTP
contain antibodies against the CUB domains (all of them also contain antibodies against the Cys-
rich and Spacer domains).”> Nevertheless, the precise roles of the CUB domains in ADAMTS-13
cleavage of ULVWF remain unknown, particularly in the conditions found in flowing blood.
Using a parallel-plate flow chamber system, we previously showed that in the absence of
ADAMTS-13, ULVWF multimers secreted from histamine-stimulated endothelial cells are
anchored to the cell surface to form extraordinary long string-like structures that spontaneously

bind platelets.***

Perfusion of plasma or recombinant ADAMTS-13 over the endothelial cells
rapidly cleaves these ULVWF strings under physiological flow, suggesting that the cleavage of
newly released ULVWF in vivo occurs predominantly on the endothelial surface. These
anchored ULV WF strings containing adherent platelets are exposed to tensile stress applied by
the flowing blood and are stretched to expose sites for ADAMTS-13 docking (VWF Al and A3
domains) and cleavage (the VWF A2 domain).®> It is still unknown, however, which domains or
sequences within ADAMTS-13 attach the enzyme from the blood to the relatively stationary
ULVWEF strings. We hypothesize that it is the CUB domains, alone or in combination with other
domains, that carry out this docking function. Here, we examined this hypothesis and found that

the CUB domains, in particular CUB-1, bind ULVWF under both static conditions and under

flow.



EXPERIMENTAL PROCEDURES
Platelet and plasma preparations

Freshly drawn blood from 20 healthy donors (12 females and 8 males of ages from 24-46)
was used as the source of plasma and platelets under a protocol approved by the Institutional
Review Board of the Baylor College of Medicine. All donors signed informed consent before
blood was drawn. Washed platelets were obtained from blood in 10% acid-citrate dextrose
buffer (ACD, 85 mM sodium citrate, 111 mM glucose, and 71 mM citric acid) by centrifuging
the blood first at 150 x g for 15 min at 24°C to obtain platelet-rich plasma (PRP), and then
centrifuging the PRP at 900 x g for 10 min to collect platelets. The platelets were washed once
with a CGS buffer (13 mM sodium citrate, 30 mM glucose and 120 mM sodium chloride, pH
7.0) and resuspended in Ca™ and Mg -free Tyrode’s buffer (138 mM sodium chloride, 5.5 mM
glucose, 12 mM sodium bicarbonate, 2.9 mM potassium chloride, and 0.36 mM dibasic sodium
phosphate, pH 7.4).

As the source of ADAMTS-13, plasma was obtained from blood anticoagulated with D-Phe-
Pro-Arg-chloromethylketone, HCl (PPACK, 75 uM final concentration, Calbiochem, La Jolla,
CA).

Expression of recombinant ADAMTS-13 and isolated CUB domains

ADAMTS-13 ¢cDNA ’ was subcloned into the mammalian expression vector pSectag
(Invitrogen) that carries the C-terminal His- and Myc-tag for purification and detection. The
cDNA was introduced to Hela cells, which contains endogenous furin to cleave propeptide and
release the mature metalloprotease,”®*’ by liposome-mediated DNA transfer (Lipofectamine TM
2000, Invitrogen). Transfected cells were maintained in Dulbecco’s modified Eagle’s medium

(Invitrogen) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 100 pg/ml



streptomycin, and 5 mM L-glutamine at 37°C with 95% air and 5% CO,. Cells expressing the
recombinant ADAMTS-13 (rADAMTS-13) were first selected in medium containing
hygromycin-B (400 pg/ml) and cells expressing high levels of rADAMTS-13 was then selected
by single cell cloning. Recombinant ADAMTS-13 was collected from the supernatant of
confluent cells grown in serum-free medium (Opti-Pro SFM, Invitrogen) and purified through
the C-terminal His-tag using a Y-per' ™ 6xHis Fusion Protein Purification Kit (Pierce Chemicals,
Rockford, IL).

To express the recombinant CUB domains, DNA fragments encoding CUB-1 (A1191 to
E1298), CUB-2 (C1299 to T1427), and CUB-1+2 (A1191 to T1427) were amplified from the
ADAMTS-13 cDNA by polymerase chain reaction. To preserve structural integrity and remove
the vector sequence (there are more than 30 nucleotides between the vector-derived signal
cleavage site and the start of CUB-1 sequence), we have included a furin-cleavage site sequence
RQRR to the N-terminus of each fragment. When the constructs are expressed in Hela cells,
which express furin, the CUB-1 polypeptide can be generated without the foreign sequence. The
CUB-1 and CUB-1+2 fragments were amplified using the same forward primer
(ATGCAAGCTTCAGGCAGAGGAGGGCCTGTCAGGCAG) and the reverse primers
ATGCCTCGAGCTTCTCTGTAGAAGGTTTCAGG and
ATGCCTCGAGCGGTTCCTTCCTTTCCCTTCC, respectively. The CUB-2 was amplified with
forward ATGCAAGCTTCAGGCAGAGGAGGGAATGTGACATGCAGCTC and reverse
ATGCCTCGAGCGGTTCCTTCCTTTCCCTTCC primers. The amplified fragments were
digested with Hind III and Xho 1, subcloned into the mammalian expression vector pSecTag2,

and expressed in Hela cells as described for the wild-type rADAMTS-13. The recombinant CUB



polypeptides were again purified using a Y-perTM 6xHis Fusion Protein Purification Kit (Pierce

Chemicals).

Synthetic CUB peptides

Five peptides derived from overlapping sequences of the CUB-1 domain (Table 1) were
made by SigmaGenosys (Woodlands, TX). These peptides were chosen because their sequences
are least homologous to that of CUB-2. Three control peptides were also synthesized: a
scrambled peptide with the same amino acid composition as the peptide CUB-1A and two
peptides from the catalytic domain of ADAMTS-13, which did not interfere with cleavage of
ULVWEF (data not shown). The peptides were dissolved in phosphate-buffered saline (PBS) to a
stock concentration of 2 mM and stored at —20°C as small aliquots until use.
Endothelial culture

Human umbilical veins endothelial cells (HUVECs) were obtained under a protocol
approved by the Institutional Review Board of the Baylor College of Medicine. The umbilical
cords were washed with phosphate buffer and then incubated with 0.02% of collagenase
(Invitrogen Life Technologies, Carlsbad, CA) for 30 min at room temperature. Endothelial cells
were collected by centrifuging the elutes at 250 x g for 10 min, then plated in a culture dish
coated with 1% gelatin and grown in Medium 199 (Invitrogen Life Technologies) containing
20% heat-inactivated fetal bovine serum and 0.2 mM of L-glutamine.* Before use, the cells were
stimulated with 25 pM histamine (Sigma-Aldrich, St. Louis, MO) for 10 min at room
temperature.

HUVECs were also used to produce ULVWF.??! For this, the confluent HUVECs were

first incubated with a serum-free M199 medium containing 5-10 pg/ml of insulin, 5 pg/ml of



transferrin, and 1% of glutamine for 48-72 hr and then treated with 100 uM histamine for 30 min
at 37°C to induce the release of ULVWF. The conditioned medium was collected and
centrifuged at 350 x g for 10 min to remove cell debris and the supernatant was used as the
source of ULVWEF. The multimeric composition of ULVWF from this preparation was
evaluated by 1% SDS agarose gel electrophoresis and immunoblotting using a polyclonal VWF
antibody (DakoCytomation, Carpinteria, CA).
Parallel-plate flow chamber

Culture dishes (35 mm) containing confluent monolayes of HUVECs served as the bottom of
the chamber during assembly of the parallel-plate flow chamber. When necessary, HUVECs
were stimulated with histamine before assembly of the chamber. The chamber was connected to
a syringe pump to draw Tyrode’s buffer containing washed platelets through the chamber at a
flow rate of 0.2 ml/min, which generates a wall shear stress of 2.5 dyn/cm” for buffer or PRP
(viscosity up to 1cp). ULVWEF strings were quantitated by counting the numbers of strings in 20
continuous viewfields (400x) following a 2 min perfusion of platelet suspension.
Cleavage of ULVWEF in the absence of flow

ADAMTS-13 activity was measured under static conditions using a method modified from
that of Furlan az al *** with ULVWF multimers as the substrate. Briefly, normal plasma was
diluted (1:5) with low ionic strength Tris-saline buffer and ADAMTS-13 was then activated with
1 mM BaCl,; for 5 min. The plasma was then mixed with ULVWEF, dialyzed against 1.5 M urea
for 24 hr at 37°C, and then subjected to electrophoresis on a 1% non-reducing SDS agarose gel.
The separated proteins were transferred to a PVDF membrane and VWF multimers detected by

Western blot using a polyclonal anti-VWF antibody (DakoCytomation) and chemiluminescence.



We measured the amount of peptides recovered after a 24 hr dialysis and found to be 90% and
40% for the recombinant CUB-1 and synthetic CUB-1A peptide, respectively (data not shown).
ULVWF-CUB interaction

Interactions of ULVWF with wild-type ADAMTS-13, CUB domains, or a truncation mutant
that lacks the sequence C-terminal to the Spacer domain (TSP-2)** were measured in the absence
and presence of flow. For the static ELISA assay, the recombinant ADAMTS-13, CUB
polypeptides (200 nM coating concentration), and the truncation mutant were immobilized onto
the wells of microtiter plates (2 hr, room temperature). The coated plates were incubated with
5% BSA for 60 min to block non-specific sites, washed with PBS, and then incubated with
ULVWEF for additional 30 min at room temperature. After washing the wells with PBS, bound
ULVWF was detected using a polyclonal VWF antibody (DakoCytomation) and
chemiluminescence. The ADAMTS-13—-ULVWEF interaction was also examined in the presence
of an antibody against the ADAMTS-13 CUB domains (10 pg/ml, Bethyl Laboratory, Houston,
TX). This antibody was generated using, as immunogen, a synthetic peptide that contains the
sequence of three peptides used in the blocking studies (peptide CUB-1A-C).

To examine the interaction of ADAMTS-13 with ULVWF under flow conditions,
ADAMTS-13—coated polystyrene beads (0.5 um in diameter, Polysciences, Inc., Warrington,
PA) were perfused over immobilized ULVWEF at a shear stress of 2.5 dyn/cm” and the adherent
beads in 10 random review fields (400X) were counted after 5 min of perfusion.25
Protein elution assay

ULVWF was incubated with either biotinylated synthetic CUB-1A peptide or a scrambled
peptide of the same length and amino acid composition for 15 min at room temperature and the

mixture was then passed through a gel filtration column with a molecular weight cut-off at 5000



(PD-10 column, Amersham Biosciences, Piscataway, NJ). Because of its very high molecular
weight, ULVWF was normally eluted from the void volume at early fractions (fractions 3-7),
whereas the peptides, which have a molecular weight of less than 1000, eluted at later fractions

(after fraction 8). However, if the peptide formed a complex with ULVWF, it would appear in

the ULVWF fraction. Fourteen fractions of 1 ml each were collected and 200 pl of each fraction

was applied to a nitrocellulose membrane by dot blot and the membrane was then probed for
ULVWEF and the CUB-1A peptides using a polyclonal anti-VWF antibody (DakoCytomation)
and a monoclonal anti-biotin antibody (Pierce Biotechnology), respectively.
Statistical Analysis

All experimental data are presented as mean + SEM. The unpaired 2-tailed Student’s # test
was used for data analysis. Statistical significance was defined as having a p value of less than

0.05.
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RESULTS
Recombinant CUB-1, but not CUB-2, blocked the cleavage of ULVWEF strings by ADAMTS-
13 under flow. We previously demonstrated that washed platelets in buffer perfused over
stimulated HUVEC form string-like structures on newly released ULVWF multimers.* No such
structures formed if the platelets were suspended in plasma, a source of ADAMTS-13. Using this
system, we examined the role of the ADAMTS-13 CUB domains in ULVWF cleavage by
incubating PRP with recombinant CUB-1, CUB-2, or CUB-1+2 polypeptides before perfusion
over histamine-stimulated HUVECs (2.5 dyn/cm? shear stress). The CUB-1 and CUB-1+2
polypeptides inhibited string cleavage by 72.4+11.6% and 39.8+8.4%, respectively, whereas the
isolated CUB-2 did not (Figure 1A). Inhibition was dose-dependent, with maximal inhibition at
100 nM of the recombinant CUB-1 polypeptides (Figure 1B).

Consistent with this observation, we found that five synthetic peptides derived from the
CUB-1 domain (CUB-1 peptides A through E, each at 200 uM) also partially inhibited ULVWF
cleavage by ADAMTS-13, whereas cleavage was not inhibited by a scrambled peptide for CUB-
1A or either of two peptides from the catalytic domain (Figure 2A). As with the recombinant
CUB polypeptides, CUB-1A inhibition was partial, even up to a concentration of 1 mM (Figure
2B).

Recombinant CUB polypeptides did not block ULVWF cleavage under static conditions.
Compared to the results obtained under flow, ULVWF proteolysis was not inhibited by any of
the recombinant CUB polypeptides or synthetic peptides in a static assay of ADAMTS-13
activity, using ULVWEF as the substrate (Figure 3). This finding is consistent with previous
studies that the ADAMTS-13 CUB domains are dispensable for cleaving plasma VWF under

. .. 26.34
static conditions.*®?
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ULVWEF interacts with CUB polypeptides under static conditions. The observation that
recombinant CUB-1 blocked the cleavage of ULVWF under flow, but not under static
conditions, suggests that the CUB-1 domain may dock ADAMTS-13 to ULVWF in flowing
blood. We therefore examined the interaction of ULVWF with ADAMTS-13 or CUB
polypeptides under static and flow conditions. Using ELISA, we found that ULVWF bound
wild-type ADAMTS-13 and each of the three recombinant CUB polypeptides (Figure 4A). Of
interest, ULVWF bound the CUB-2 polypeptide to a similar extent as it bound wild-type
ADAMTS-13, CUB-1 and CUB-1+2, even though CUB-2 did not inhibit ULVWF cleavage
under flow. One possible explanation for the observation is that the CUB-2-ULVWEF interaction
is too weak to withstand fluid shear stress. To test this possibility, we examined the adhesion of
polystyrene beads coated with either wild-type ADAMTS-13 or with each of the CUB
polypeptides to immobilized ULVWF under flow. Because the beads were unable to attach
directly to ULVWF from the flowing buffer, we allowed the CUB-coated beads to settle onto the
surface of immobilized ULVWEF for 3 min before beginning the perfusion. Buffer was then
perfused over the bead-covered surface for 2 min (shear stress 2.5 dyn/cm?) and the beads
remaining adherent after this interval were counted. The hierarchy of bead binding was as
follows: ADAMTS-13 > CUB-1 > CUB-1+2 > CUB-2. The difference between the binding of
CUB-1 beads and CUB-2 beads was statistically significant (Student’s t test, n =10, p < 0.01,
Figure 4B, black bars). We then determined the detachment of the adherent beads after 2 min
perfusion under a high shear stress of 50 dyn/cm”. The numbers of adherent beads coated with
ADAMTS-13, CUB-1 or CUB-1+2 remained relatively unchanged, whereas over 65% of CUB-

2—coated beads were detached (Figure 4B, open bars). Thus, the bonds formed by CUB-1 were
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stronger and more shear resistant than those formed by CUB-2. The data also indicate that the
presence of CUB-2 in the CUB-1+2 polypeptide attenuates the interaction with ULVWF.
Because immobilization of either ULVWF or CUB-1 onto a solid surface could artifactually
influence their interaction, we also examined the interaction of polypeptides in solution by gel
filtration. Based on their vastly different molecular masses, the CUB-1A synthetic peptide and
ULVWEF should elute in widely separated fractions in a gel filtration column if added
individually to the column. However, when mixed and applied to the column, both eluted in the
same fractions, indicating that they bind each other (Figure 5). By contrast, when ULVWF was
mixed with the scrambled CUB-1A peptide, the peptide eluted alone in the later fractions.
Recombinant CUB-1 polypeptide and synthetic peptides block adhesion of ADAMTS-13 beads
to immobilized ULVWF under flow. We next investigated whether the recombinant CUB-1
polypeptide and CUB-1—derived synthetic peptides could interfere with the attachment of
ADAMTS-13—coated beads to ULVWF under flow. The beads were incubated with
recombinant CUB-1 or any of the synthetic peptides for 3 min before being allowed to settle on
the ULVWF surface. After the chamber was perfused with buffer (containing the polypeptide or
peptide) for 2 min (shear stress 2.5 dyn/cm?) the adherent beads were counted. In the absence of
peptides, 131+18 adherent ADAMTS-13 beads remained per 400X view (Figure 6A). Adhesion
was significantly reduced in the presence of either the synthetic CUB-1 peptides (A—E) or the
recombinant CUB-1 polypeptide, but not in the presence of the scrambled synthetic peptide.
ULVWEF interaction with C-terminal truncated ADAMTS-13. The results presented thus far
suggest that CUB-1 binds ULVWF to dock the ADAMTS-13 to the substrate and facilitate its
proteolysis in flowing blood. If this were the only mechanism for ADAMTS-13 attachment to

ULVWEF, one would expect that high concentrations of the polypeptide would be capable of
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completely inhibiting both ULVWF proteolysis and ADAMTS-13 bead attachment to ULVWEF.
In both cases, inhibition appears to reach a plateau. Furthermore, the inhibition data also appear
to be in conflict with our earlier observation that a truncated mutant ADAMTS-13 that lacks the
sequence C-terminal to the Spacer domain (TSP-2) also cleaves ULVWE strings under flow.*
One explanation that could resolve these apparent discrepancies is that ADAMTS-13 contains a
second binding site for ULVWF that is normally cryptic and can be exposed by truncation of C-
terminal sequences. We tested this possibility by perfusing washed platelet suspensions
containing either wild-type ADAMTS-13 or TSP-2 mutant over histamine-stimulated endothelial
cells and assessing for ULVWF string formation in the presence or absence of recombinant
CUB-1 (200 nM). In the absence of CUB-1, both polypeptides completely cleaved ULVWF
strings at a shear stress of 2.5 dyn/cmz. CUB-1 partially inhibited the cleavage of ULVWF
strings by wild-type ADAMTS-13, but had no effect on the activity of the TSP-2 mutant (Figure
6B). Consistent with the functional data, we also detected binding of ULVWF to TSP-2 by

ELISA (Figure 6C).
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DISCUSSION

We have shown that recombinant CUB-1 polypeptides and synthetic peptides derived from
the CUB-1 domain partially inhibited ULVWF cleavage by ADAMTS-13 under flow (Figure 1
and 2). The isolated recombinant CUB-2 domain, in contrast, did not. Neither the recombinant
CUB polypeptides nor the synthetic peptides inhibited ULV WF proteolysis under static
conditions (Figure 3). We also showed that beads coated with any of the recombinant CUB
polypeptides bound directly to ULVWF, but attachment of beads coated with the isolated CUB-2
domain was unable to withstand elevated shear stresses (Figures 4B). Finally, we showed that
recombinant CUB-1 inhibits the interaction of ADAMTS-13 with ULVWEF to a greater extent
under flow than under static conditions (Figure 4). Taken together, these results suggest a critical
role for CUB-1 in docking ADAMTS-13 to ULVWF under flow.

In addition to supporting the data generated using recombinant CUB-1, the CUB-1 synthetic
peptides also help to define the region of the CUB-1 domain that interacts with ULVWEF.
Alignment of the CUB1 domain sequence with the sequences of CUB domains of two
spermadhesions (Figure 7A) with defined X-ray crystal structures®® shows that the CUB-1
peptides A through D correspond to sequences within the 3rd and 4th -strands in the known
CUB domain structures (Figure 7B). These two B-strands are therefore likely to interact directly
with ULVWF. In addition, the peptide CUB-1E, derived from the C-terminus of the CUB-1
domain, also inhibits the binding of ADAMTS-13 to immobilized ULVW to a similar extent as
the other four peptides, making it likely that the C-terminal residues are in proximity with the 3™
and 4™ B-strands (Figure 7B), and also make up part of the binding interface.

Docking of ADAMTS-13 is necessary to bring the circulating metalloprotease to the

ULVWEF cleavage site, which is likely to be exposed only transiently when the ULVWF strand
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experiences a threshold tensile stress.”> The enzyme would thus be poised to cleave the strand at
the appropriate moment when the cleavage site is exposed. This scenario is consistent with our
observation that ULVWF strands are most often cleaved near their proximal site of attachment
on HUVEC," the point of maximum tensile stress. Also consistent with this mechanism is the
early observation by Tsai and coworkers™® that shear stresses corresponding to those found in
human arteries applied to plasma ex vivo enhance the proteolysis of VWF. This observation has
a pathophysiological correlate: enhanced proteolysis of VWF in vivo was shown to produce
acquired von Willebrand disease in patients with severe aortic stenosis, a condition in which the
blood is continually exposed to elevated shear stress at the site of valve stenosis.”’

The conditions in the static assays are very different. In the most commonly used assays,
chaotropic agents such as urea are required, presumably to denature the substrate. Under these
conditions, one would expect the cleavage site to remain exposed, obviating the need for a
docking mechanism. Furthermore, enzyme docking may be less important for cleavage of
ULVWEF under static conditions because prolonged incubation of VWF and ADAMTS-13 would
allow repeated contacts between the substrate and the metalloprotease, the duration of which
would be limited only by molecular diffusion and not by fluid flow.

The situation is not that simple, however. Available in vitro data are conflicting regarding
the role of the CUB domain in the binding of the metalloprotease to VWEFE. On one hand, CUB
domains have been demonstrated to directly bind to VWE*® or modulate the ADAMTS-13-
ULVWEF interaction.” Further, Majerus, et a/ 3% showed that deletion of the CUB domains
reduces ADAMTS-13 binding to VWF three fold. On the other hand, we recently reported that
an ADAMTS-13 truncation mutant lacking the sequence C-terminal to the Spacer (without CUB

domains) actually cleaved ULVWF more efficiently than wild-type ADAMTS-13 under flow.*
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The same truncation mutant was also found to be active under static conditions.*® What these
seemingly contradictory data imply, however, is that ADAMTS-13 contains a second binding
site for ULVWEF. This presumption is suggested by the data presented in Figure 6.

We therefore propose a working model of ADAMTS-13 activity that takes into account all of
the data cited above (Figure 7C). The model posits that ADAMTS-13 in solution is in
equilibrium between a closed state in which the second ULVWF-binding domain, and possibly
the catalytic site, are cryptic, and an open state in which both the primary and secondary binding
sites (and the catalytic site) are available for interacting with the substrate. In this model, the
closed conformation is favored when ADAMTS-13 is in solution. However, when ADAMTS-13
binds VWF (through the CUB domains) the equilibrium shifts toward the open conformation (by
fluid shear stress for instance), revealing both the second binding site, which reinforces the
interaction (note the difference in ULVWEF binding between intact ADAMTS-13 and the isolated
CUB-1 domain) and the catalytic site. In this way, engagement of the second site is almost
always preceded by engagement of the first site, explaining the ability of the isolated CUB-1
domain to inhibit the binding of ADAMTS-13—coated beads to an ULVWF-coated surface.
However, ADAMTS-13 may occasionally adapt the open conformation in solution and could
therefore bind ULVWF through the usually cryptic second site. This would explain why
recombinant CUB-1, even at very high concentrations, cannot completely inhibit ULVWF
cleavage (Figures 1 and 2). The second binding site remains to be identified. One likely
candidate is the spacer domain, given the findings of Majerus and coworkers™ of a ten-fold drop
in the affinity of ADAMTS-13 for ULVWF when the enzyme was truncated before the spacer
domain. Other studies have shown that the spacer domain is required for ADAMTS-13 activity

under both static and flow conditions.?®>*
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We wish to emphasize that the proposed interaction between ADAMTS-13 and ULVWF is a
working model that was developed based on currently available data, but the existence of open
and closed states remain to be further investigated. In addition to this model, other explanations
for the data may also be possible. For example, the isolated CUB domains may function
distinctively from those in the native enzyme. This is however unlikely for several reasons.
First, ULVWEF binds similarly to the wild-type ADAMTS-13 and isolated CUB domain
polypeptides (Figure 4). Second, tethering and adhesion of ADAMTS-13 coated beads to
immobilized ULVWEF under flow was blocked by the recombinant CUB-1 polypeptide, as well
as the synthetic peptides (figure 2) that are derived from two separate regions of CUB-1. Finally,
the inhibitory effect is domain-specific for CUB-1, even though CUB-1 shares a high degree of
homology with CUB-2.

In summary, we have demonstrated that the recombinant CUB-1 domain of ADAMTS-13
and peptides derived from it inhibit ULVWF proteolysis under flow conditions, likely by
preventing ADAMTS-13 docking to ULVWEF. These data highlight an important function for the
CUB domains of ADAMTS-13, the only member of the ADAMTS family so far described that
contains CUB domains. These results also suggest that ULVWF proteolysis could be impaired
by defective docking of ADAMTS-13 to ULVWF under flow (by CUB domain antibodies, for

example), a defect that would not be detectable by the conventional static assays currently in use.

18



(1

)

3)

4

)

(6)

REFERENCES

Sadler JE. Biochemistry and genetics of von Willebrand factor. Annu Rev Biochem.

1998;67:395-424.

Tsai HM, Nagel RL, Hatcher VB, Seaton AC, Sussman II. The high molecular weight
form of endothelial cell von Willebrand factor is released by the regulated pathway. Br J

Haematol. 1991;79:239-245.

Arya M, Anvari B, Romo GM, Cruz MA, Dong JF, Mclntire LV, Moake JL, Lopez JA.
Ultralarge multimers of von Willebrand factor form spontaneous high-strength bonds
with the platelet glycoprotein Ib-IX complex: studies using optical tweezers. Blood.

2002;99:3971-3977.

Dong JF, Moake JL, Nolasco L, Bernardo A, Arceneaux W, Shrimpton CN, Schade AJ,
Mclntire LV, Fujikawa K, Lopez JA. ADAMTS-13 rapidly cleaves newly secreted
ultralarge von Willebrand factor multimers on the endothelial surface under flowing

conditions. Blood. 2002;100:4033-4039.

Zheng X, Chung D, Takayama TK, Majerus EM, Sadler JE, Fujikawa K. Structure of von
Willebrand factor-cleaving protease (ADAMTS13), a metalloprotease involved in

thrombotic thrombocytopenic purpura. J Biol Chem. 2001;276:41059-41063.

Levy GG, Nichols WC, Lian EC, Foroud T, McClintick JN, McGee BM, Yang AY,
Siemieniak DR, Stark KR, Gruppo R, Sarode R, Shurin SB, Chandrasekaran V, Stabler

SP, Sabio H, Bouhassira EE, Upshaw JD, Jr., Ginsburg D, Tsai HM. Mutations in a

19



(7

®)

©)

(10)

(11)

(12)

member of the ADAMTS gene family cause thrombotic thrombocytopenic purpura.

Nature. 2001;413:488-494.

Cal S, Obaya AJ, Llamazares M, Garabaya C, Quesada V, Lopez-Otin C. Cloning,
expression analysis, and structural characterization of seven novel human ADAMTSs, a
family of metalloproteinases with disintegrin and thrombospondin-1 domains. Gene.

2002;283:49-62.

Furlan M, Robles R, Lammle 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.

Dent JA, Galbusera M, Ruggeri ZM. Heterogeneity of plasma von Willebrand factor
multimers resulting from proteolysis of the constituent subunit. J Clin Invest.

1991;88:774-782.

Furlan M. Von Willebrand factor: molecular size and functional activity. Ann Hematol.

1996;72:341-348.

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

Matsumoto M, Kokame K, Soejima K, Miura M, Hayashi S, Fujii Y, Iwai A, Ito E, Tsuji
Y, Takeda-Shitaka M, Iwadate M, Umeyama H, Yagi H, Ishizashi H, Banno F, Nakagaki
T, Miyata T, Fujimura Y. Molecular characterization of ADAMTS13 gene mutations in

Japanese patients with Upshaw-Schulman syndrome. Blood. 2004;103:1305-1310.

20



(13)

(14)

(15)

(16)

(17)

(18)

(19)

Pimanda JE, Maekawa A, Wind T, Paxton J, Chesterman CN, Hogg PJ. Congenital

thrombotic thrombocytopenic purpura in association with a mutation in the second CUB

domain of ADAMTS13. Blood. 2004;103:627-629.

Assink K, Schiphorst R, Allford S, Karpman D, Etzioni A, Brichard B, van de KN,
Monnens L, van den Heuvel L. Mutation analysis and clinical implications of von

Willebrand factor-cleaving protease deficiency. Kidney Int. 2003;63:1995-1999.

Savasan S, Lee SK, Ginsburg D, Tsai HM. ADAMTS13 gene mutation in congenital
thrombotic thrombocytopenic purpura with previously reported normal VWF cleaving

protease activity. Blood. 2003;101:4449-4451.

Tsai HM. Von Willebrand factor, ADAMTS13, and thrombotic thrombocytopenic

purpura. J Mol Med. 2002;80:639-647.

Remuzzi G, Galbusera M, Noris M, Canciani MT, Daina E, Bresin E, Contaretti S,
Caprioli J, Gamba S, Ruggenenti P, Perico N, Mannucci PM. von Willebrand factor

cleaving protease (ADAMTS13) is deficient in recurrent and familial thrombotic

thrombocytopenic purpura and hemolytic uremic syndrome. Blood. 2002;100:778-785.

Tsai HM, Shulman K. Rituximab induces remission of cerebral ischemia caused by

thrombotic thrombocytopenic purpura. Eur J Haematol. 2003;70:183-185.

Zheng X, Pallera AM, Goodnough LT, Sadler JE, Blinder MA. Remission of chronic
thrombotic thrombocytopenic purpura after treatment with cyclophosphamide and

rituximab. Ann Intern Med. 2003;138:105-108.

21



(20)

1)

(22)

(23)

(24)

(25)

Bork P, Beckmann G. The CUB domain. A widespread module in developmentally

regulated proteins. J Mol Biol. 1993;231:539-545.

Kim MG, Chen C, Lyu MS, Cho EG, Park D, Kozak C, Schwartz RH. Cloning and
chromosomal mapping of a gene isolated from thymic stromal cells encoding a new
mouse type Il membrane serine protease, epithin, containing four LDL receptor modules

and two CUB domains. Immunogenetics. 1999;49:420-428.

Yang RB, Ng CK, Wasserman SM, Colman SD, Shenoy S, Mehraban F, Komuves LG,
Tomlinson JE, Topper JN. Identification of a novel family of cell-surface proteins

expressed in human vascular endothelium. J Biol Chem. 2002;277:46364-46373.

Klaus C, Plaimauer B, Studt JD, Dorner F, Lammle B, Mannucci PM, Scheiflinger F.
Epitope mapping of ADAMTS13 autoantibodies in acquired thrombotic

thrombocytopenic purpura. Blood. 2004;103:4514-4519.

Padilla A, Moake JL, Bernardo A, Ball C, Wang Y, Arya M, Nolasco L, Turner N,
Berndt MC, Anvari B, Lopez JA, Dong JF. P-selectin anchors newly released ultralarge
von Willebrand factor multimers to the endothelial cell surface. Blood. 2004;103:2150-

2156.

Dong JF, Moake JL, Bernardo A, Fujikawa K, Ball C, Nolasco L, Lopez JA, Cruz MA.
ADAMTS-13 metalloprotease interacts with the endothelial cell-derived ultra-large von

Willebrand factor. J Biol Chem. 2003;278:29633-29639.

22



(26)

(27)

(28)

(29)

(30)

(1)

(32)

Zheng X, Nishio K, Majerus EM, Sadler JE. Cleavage of von Willebrand factor requires
the spacer domain of the metalloprotease ADAMTS13. J Biol Chem. 2003;278:30136-

30141.

Majerus EM, Zheng X, Tuley EA, Sadler JE. Cleavage of the ADAMTS13 propeptide is

not required for protease activity. J Biol Chem. 2003;278:46643-46648.

Romero A, Romao MJ, Varela PF, Kolln I, Dias JM, Carvalho AL, Sanz L, Topfer-
Petersen E, Calvete JJ. The crystal structures of two spermadhesins reveal the CUB

domain fold. Nat Struct Biol. 1997;4:783-788.

Ruggeri ZM, Zimmerman TS. The complex multimeric composition of factor VIII/von

Willebrand factor. Blood. 1981;57:1140-1143.

Moake JL, Rudy CK, Troll JH, Weinstein MJ, Colannino NM, Azocar J, Seder RH, Hong
SL, Deykin D. Unusually large plasma factor VIII:von Willebrand factor multimers in
chronic relapsing thrombotic thrombocytopenic purpura. N Engl J Med. 1982;307:1432-

1435.

Moake JL, Turner NA, Stathopoulos NA, Nolasco LH, Hellums JD. Involvement of large
plasma von Willebrand factor (vWF) multimers and unusually large vWF forms derived
from endothelial cells in shear stress-induced platelet aggregation. J Clin Invest.

1986;78:1456-1461.

Moake JL, McPherson PD. Abnormalities of von Willebrand factor multimers in
thrombotic thrombocytopenic purpura and the hemolytic-uremic syndrome. Am J Med.

1989;87:9N-15N.

23



(33)

(34)

(35)

(36)

(37)

(38)

(39)

Tao Z, Wang Y, Choi H, Bernardo A, Nishio K, Sadler JE, Lopez JA, Dong JF. Cleavage
of ultra-large multimers of Von Willebrand factor by C-terminal truncated mutants of

ADAMTS-13 under flow. Blood. 2005;Epub ahead of print.

Soejima K, Matsumoto M, Kokame K, Yagi H, Ishizashi H, Maeda H, Nozaki C, Miyata
T, Fujimura Y, Nakagaki T. ADAMTS-13 cysteine-rich/spacer domains are functionally

essential for von Willebrand factor cleavage. Blood. 2003;102:3232-3237.

Lopez JA, Dong JF. Cleavage of von Willebrand factor by ADAMTS-13 on endothelial

cells. Semin Hematol. 2004;41:15-23.

Tsai HM, Sussman II, Nagel RL. Shear stress enhances the proteolysis of von Willebrand

factor in normal plasma. Blood. 1994;83:2171-2179.

Pareti FI, Lattuada A, Bressi C, Zanobini M, Sala A, Steffan A, Ruggeri ZM. Proteolysis
of von Willebrand factor and shear stress-induced platelet aggregation in patients with

aortic valve stenosis. Circulation. 2000;102:1290-1295.

Zhang W, Motto D, and Ginsburg D. ADAMTS13 binds VWF via its C-terminal CUB2

domain [abstract]. Blood. 2004;104:39a.

Majerus EM, Anderson PJ, Sadler JE. Binding of ADAMTSI3 to von Willebrand factor.

J Biol Chem. 2005;Epub ahead of print

24



Table 1. Synthetic peptides used in the studies

Name Sequence Region
CUB-1A HLEPTGT CUB-1 domain
CUB-1As PELHTTG Scrambled CUB-1A sequence
CUB-1B GTIDMRG CUB-1 domain
CUB-1C GPGQADCA CUB-1 domain
CUB-1D AVAIGRP CUB-1 domain
CUB-1E APETFYRE CUB-1 domain

MET1 GHSFGLEH Catalytic domain

MET?2 GILHLE Catalytic domain
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Figure 1. Recombinant CUB-1 polypeptide inhibits UVLWF cleavage under flow conditions.
A. Recombinant CUB polypeptides (100 nM) were incubated with PRP for 10 min and then
perfused over histamine-stimulated HUVECs at 2.5 dyn/cm” of shear stress. ULVWF strings
formed when buffer was perfused (0% activity), but were cleaved when PRP was perfused
(100% activity). The ULVWF strings were detected in PRP that was pretreated with CUB-1 or
CUB-1+2, but not when pretreated with CUB-2. B. The inhibition of ULVWF cleavage by CUB-
1 polypeptide was dose-dependent with maximal inhibition at 100 nM. The data are mean +

SEM (Student’s ¢ test, * < (0.01 compared to untreated samples).
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Figure 2. Synthetic CUB-1 peptides block the cleavage of ULVWF under flow. A. Each of the
synthetic peptides (final concentration 200 um) was incubated with PRP for 10 min at room
temperature and the mixture was then perfused over the histamine-stimulated endothelial cells.
All of the peptides corresponding to CUB sequences (CUB-1A to E) partially inhibited the
cleavage of ULVWEF strings, but the scrambled peptide CUB-1As did not. Two peptides
corresponding to sequences in the catalytic domain (Metl and Met2) also did not inhibit
cleavage. B. Inhibition of proteolysis by recombinant CUB-1 was dose-dependent with a
maximal effect at 200 uM. The data are presented as mean £ SEM (Student’s ¢ test, * < 0.01

compared to untreated samples).
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Figure 3. Neither recombinant CUB domains nor a CUB-1 synthetic peptide inhibit the
cleavage of ULVWF under static conditions. ULVWF was incubated with barium-treated
plasma in the presence of recombinant polypeptides (CUB-1, CUB-2, and CUB-1+2) or
synthetic peptide (CUB1A) or its scrambled form (CUB1As) for 24 hr in the presence of 1.5 M
urea. The cleavage of ULVWF was then assessed by 1% agarose gel electrophoresis and
immunoblotting. Plasma ADAMTS-13 cleaved the ULVWF multimers and the cleavage was
not affected by pretreatment of plasma with any of the CUB polypeptides or synthetic peptides.

The figure is a representative of three separate experiments.
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Figure 4. ULVWEF binds recombinant CUB polypeptides under static and flow conditions:
A. Static assay: ULVWF was incubated with immobilized wild-type ADAMTS-13 or CUB
domain polypeptides for 30 min and bound ULVWF was detected using a polyclonal VWF
antibody. The data are expressed as mean = SEM (Student’s t test, n =5, * p < 0.001 for each
peptide compared to BSA). B. Flow assay: Polystyrene beads coated with ADAMTS-13 or
CUB polypeptides were allowed to settle on immobilized ULVWF and then perfused with buffer
for 2 min. The beads remaining adherent were counted (back bar). The wall shear stress was
then increased to 50 dyn/cm® for 2 min perfusion and beads remained were again counted (open
bar). The data are mean + SEM of beads bound in 10 random 400X review fields (Student’s ¢

test, n =4, * p <0.001 compared to BSA beads).
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Figure 5. The CUB-1A peptide co-elutes with ULVWF from a gel filtration column.
Biotinylated CUB-1A peptide and CUB-1As were incubated with UVLWF for 15 min and then
allowed to pass through a gel filtration column at a flow rate of 1 min/min. The eluate was
collected in 14 fractions of 1 ml each and probed for the peptide with a polyclonal anti-biotin
antibody and for ULVWF with a monoclonal VWF antibody. The CUB-1A peptide co-eluted
with ULVWF (A), whereas the CUB-1As peptide did not (B). The figure is a representative of 3

separate experiments.
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Figure 6. CUB-1 peptides blocked ADAMTS-13 binding to immobilized ULVW. A. Beads
coated with ADAMTS-13 were perfused over immobilized ULVWF in the presence or absence
of recombinant CUB-1 polypeptide (CUB-1, 100 nM) or synthetic peptides (CUB-1A-E, 200
uM). ADAMTS-13 beads adhered to immobilized ULVWEF and the adhesion was blocked by
the recombinant CUB-1 polypeptide and CUB-1A-E peptides, but not by the CUB-1As

polypeptide (Student’s ¢ test, n = 4, * <0.01 compared to untreated ADAMTS-13- beads). B.
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Washed platelets were perfused over histamine-activated HUVEC in the presence of either WT
ADAMTS-13 or the truncation mutant TSP-2. The numbers of strings detected after 2 min
perfusion was counted. CUB-1 polypeptide partially blocked the cleavage of ULVWF by WT
ADAMTS-13 as demonstrated by the increased numbers of ULVWF strings, but not by the TSP-
2 truncation mutant (Student’s 7 test, n = 4). C. Binding of ULVWF to wild-type ADAMTS-13
or TSP-2 mutant was measured by ELISA. ULVWF bound WT ADAMTS-13 and TSP-2
mutant. The binding to WT ADAMTS-13 can be partially blocked by an anti-ADAMTS-13
antibody (10 pg/ml) generated using as an immunogen a synthetic peptide from the CUB-1

domain (Student’s ¢ test, n = 7). All data are expressed as mean = SEM.
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Figure 7. A model of two-site binding of ADAMTS-13 to ULVWF. A. Alignments of the
sequences of the CUB-1 domain of ADAMTS-13 and the CUB domains of two spermadhesins.
B. Four of the five peptides were located in the 3™ and 4™ B-strands of the CUB fold, indicating
that this region is involved in binding ULVWF. One peptide was derived from the C-terminus
that potentially interacts with the 3™ and 4™ B-strands. C. A two-site model of ADAMTS-13
binding to ULVWF. ADAMTS-13 exists in plasma in open and closed states that are in
equilibrium with the closed state being the dominant form. The binding of ADAMTS-13 through
its CUB-1 domain to ULVWF anchored to the surface of endothelial cells is facilitated by fluid
shear stress. Once bound, ADAMTS-13 assumes the open conformation that exposes the second

cryptic binding site to stabilize the interaction with ULVWE.
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