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Summary
Background—von Willebrand factor (VWF) released from endothelial cells is rich in ultra-large
(UL) multimers that are intrinsically active in binding platelets, whereas plasma-type VWF
multimers require shear stress to be activated. This functional difference may be attributed to
thiols exposed on the surface of plasma-type VWF multimers, but not on ULVWF multimers.
Shear stress induces the exposed thiols to form disulfide bonds between laterally apposed plasma-
type VWF multimers, leading to enhanced VWF binding to platelets.

Objectives—We tested a hypothesis that ADAMTS-13 has a disulfide bond-reducing activity
that regulates shear-induced thiol-disulfide exchange of VWF.

Methods—Thiol blocking agents and active thiol bead capturing were used to identify and locate
this activity; along with truncated ADAMTS-13 mutants.

Results—ADAMTS-13 contains a disulfide-bond–reducing activity that primarily targets
disulfide bonds in plasma-type VWF multimers induced by high shear stress or formed with thiol
beads, but not on disulfide bonds in native multimeric structures. Cysteine thiols targeted by this
activity are in the VWF C-domain and are known to participate in shear-induced thiol-disulfide
exchange. ADAMTS-13 contains cysteine thiols that remain exposed after being subjected to
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hydrodynamic forces. Blocking these active thiols eliminates this reducing activity and moderately
decreases ADAMTS-13 activity in cleaving ULVWF strings anchored to endothelial cells under
flow conditions, but not under static conditions. The activity is located in the C-terminal region of
ADAMTS-13.

Conclusions—This novel disulfide-bond-reducing activity of ADAMTS-13 may prevent
covalent lateral association and increased platelet adherence of plasma-type VWF multimers
induced by high fluid shear stress.

Introduction
Upon vascular injury, platelets adhere to exposed subendothelial matrix to initiate a
hemostatic plug and arrest bleeding. The process is initiated by the interaction between von
Willebrand factor (VWF) affixed to the subendothelium and the GP Ib-IX-V complex on the
surface of platelets. VWF is a large multimeric glycoprotein that is synthesized in
megakaryocytes/platelets and endothelial cells as monomers. In the endoplasmic reticulum
and Golgi apparatus of these cells, monomers first form dimers through C-terminal disulfide
bonds (1;2) and then multimerize through N-terminal disulfide linkages (3;4). Once
synthesized, VWF multimers are stored in the Weibel-Palade bodies of endothelial cells and
α-granules of megakaryocytes/platelets (5-7). VWF packed into these storage granules are
secreted upon stimulation as multimers enriched in ultra-large (UL) forms that are
hyperactive and capable of forming spontaneous high-strength ligand-receptor bonds with
the GP Ib-IX-V complexes on platelets (8;9). This ULVWF hyperactivity is in contrast to
VWF multimers circulating in blood, which bind platelets only after activation by high fluid
shear stress, modulators, or immobilization on solid surfaces. ULVWF and plasma-type
VWF multimers may, therefore, have different conformations or structural folding that make
the former constitutively active and the latter inactive unless its conformation is changed by
pathological levels of shear stress.

In the absence of vascular injury, secreted ULVWF multimers are anchored to endothelial
cells and rapidly cleaved by the zinc metalloprotease ADAMTS-13 (A Disintegrin And
Metalloprotease with Thrombospondin type 1 repeats 13) into the range of multimer sizes
found in normal plasma (10-13). ADAMTS-13 cleaves a single peptide bond at position
Y1605-M1606 in the VWF A2 domain in vitro. The cleavage under static conditions
requires plasma-type VWF multimers to be partially denatured (10;11), unless a VWF A2
polypeptide (14) or a short A2 peptide of 73 amino acids is used as the substrate (15).
ADAMTS-13 is, however, able to cleave endothelial cell anchored ULVWF strings atop
activated endothelial cells independent of denaturing agents and hydrodynamic forces
(16;17). The observations support the notion that plasma-type VWF and ULVWF multimers
are conformationally or structurally distinct.

We have recently shown that thiols are exposed on the surface of plasma-type VWF
multimers, but buried in ULVWF multimers (18). High fluid shear stress may induce a
globular-to-elongated conformation change and/or lateral apposition of plasma-type VWF
multimers (19). This may facilitate the formation of new disulfide bonds between the
exposed thiols of sheared, laterally-associated plasma-type VWF multimers to enhance
VWF binding to platelets (16;18). ULVWF secreted by and anchored to endothelial cells
may be elongated by fluid shear stress to also expose thiols capable of forming disulfide
bonds with circulating plasma-type VWF multimers (20). VWF multimers consist of
cysteine-rich monomers linked by reversible disulfide bonds and form inter-multimer
disulfide bonds upon exposure to high fluid shear stress in plasma. This tentative mechanism
of thiol-disulfide bond exchange suggests that the adhesion activity of plasma-type VWF
multimers is redox-regulated by several potential agents (i.e. glutathione and
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thrombospondin (21;22)). The plasma has also been reported to contain a protein with both
protease and reductase activity towards VWF multimers (23). These observations led us to
investigate whether ADAMTS-13 contributes disulfide-bond-reducing activity to VWF
multimers.

Materials and Methods
All experiments were conducted using plasma-type VWF multimers (referred as VWF)
purified from human cryoprecipitate (11) unless otherwise specified.

Preparation and purification of recombinant ADAMTS-13 and mutants
Recombinant (r) ADAMTS-13 was prepared as previously described (24). CHO cells
expressing wild type ADAMTS-13 were maintained in Dulbecco Modified Eagle Medium
(Invitrogen, Carlsbad, CA) containing 500 μg/ml hygromycin (final concentration) and 10%
fetal bovine serum at 37°C with 95% air and 5% CO2. The conditioned medium was
collected after cells were incubated in Opti PRO™ serum-free medium (Invitrogen) for 24–
48 hr and rADAMTS-13 was purified from a Ni-NTA column (Invitrogen) and verified by
immunoblotting using a goat anti-human ADAMTS-13 antibody (Bethyl laboratories,
Montgomery, TX). The purity of rADAMTS-13 was 80–90% according to SDS-PAGE with
Coomassie blue staining (data not shown). The activity of rADAMTS-13 was tested in a
static assay using purified plasma VWF multimers as the substrate (12). To exclude the
potential effects from the co-purified contaminants or ADAMTS-13 fragments, the
conditioned medium from Sham transfected cells underwent the same purification process
and was used as control (referred as buffer control) and a recombinant full-length
ADAMTS-13 from stably transfected CHO cells and purified to homogeneity by a
conventional multi-step purification (Baxter Innovations GmbH, Vienna, Austria) was also
tested.

Four truncation mutants were generated by polymerase chain reaction (PCR): catalytic
domain only (M) and three ADAMTS-13 constructs that lacked of: 1) TSP-1 motif 2-8 and
CUB domains (MDTCS); 2) catalytic and disintegrin domains (TCSTCu); or 3) the
sequence N-terminal to the fourth TSP-1 motif (STCu). The PCR reaction consisted of a
cycle of 95°C for 5 min followed by 25–35 cycles of 1 min at 94°C for template denaturing,
1 min at 50–56° C for primer annealing, and 3 min at 72°C for primer extension. The PCR
products were individually cloned into the expression vector pSecTag2 and verified by
direct DNA sequencing. The truncation mutants were expressed in CHO cells, purified with
a Ni-NTA column as described above, and quantified by a protein assay kit (Bio-Rad,
Hercules, CA).

VWF multimer analysis
VWF (40 nM) was incubated with or without rADAMTS-13 (7 nM) for 5 hrs at 37°C in
1XPBS in the absence of urea and barium. The mixture was separated by 1% SDS-agarose
gel electrophoresis at pH 7.4, followed by immunoblotting with an anti-VWF antibody
(DAKO, Carpinteria, CA) (24;25). The VWF loading was standardized based on VWF
concentrations measured using an ELISA kit (Ramco Laboratory, Stafford, TX).

Detection of thiols in VWF and ADAMTS-13
Two techniques were used to detect thiols in ADAMTS-13 and VWF (18). First, maleimide-
PEO2-Biotin (MPB, Pierce Biotechnology, Rockford, IL), which is a thiol-reactive agent
with a hydrophilic polyethylene oxide spacer arm that reacts with cysteine thiols to form
stable carbon-sulfur bonds, was used to globally and irreversibly label thiols in VWF and
ADAMTS-13. Briefly, MPB (100 μM) was incubated with target proteins for 15–20 min at
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room temperature (RT) and the reaction was then quenched by 200 μM GSH. The
maleimide-tagged proteins were separated by 6% SDS-PAGE under reducing conditions and
detected by immunoblotting using HRP-conjugated streptavidin (Pierce Biotechnology).
Control samples were first treated for 30 min at room temperature with 10 mM
iodoacetamide (IAA, Sigma Aldrich, St. Louis, MO), which acetylates cysteine thiols and
prevents their interaction with MPB. Unbound IAA was removed by dialysis against 1 L of
1XPBS overnight at 4°C. For direct labeling ADAMTS-13 thiols in plasma, MPB (100 mM)
was incubated with 1 mL of dialyzed citrated human plasma (1XPBS, pH 7.4, overnight at
4°C). After dialysis, the labeled proteins were precipitated with streptavidin-coupled
sepharose beads, separated on 6% SDS-PAGE, and immunoblotted with a polyclonal
ADAMTS-13 antibody (Bethyl Laboratory). Plasma control was pretreated IAA (100 mM,
excess IAA removed by dialysis) before MPB labeling and underwent the same precipitation
procedure.

Second, thiolpropyl sepharose™ 6B beads (GE Healthcare Piscataway, NJ) covalently
coupled to reactive 2-thiopyridyl disulfide groups were used to react with thiols in target
proteins to form mixed disulfide bonds (18). Because of their large size (∼90 μm), the beads
primarily react with thiols exposed on the surface of native proteins. Briefly, 5 mg of
washed beads suspended in 1 ml of 1XPBS (pH 7.4) were incubated with 10 μg VWF, 5 μg/
ml rADAMTS-13, or 1 ml of dialyzed citrated plasma for 15–20 min at RT with constant
rotation. The beads with captured proteins were extensively washed with PBS to remove
non-specifically bound proteins and then incubated with 20 mM dithiothreitol (DTT) for 10
min at RT to release covalently captured proteins, which were detected by immunoblotting.
To test for disulfide-bond–reducing activity, rADAMTS-13 (instead of DTT) was incubated
with VWF-bound beads for 1 hr at 37°C. One technical concern is that 2-thiopyridyl
disulfide groups coupled to sepharose beads may have a mild disulfide bond-reducing
activity. This is unlikely because the pKa of –SH on 2-thiopyridone is ∼10 and that of the
adjacent -NH is ∼5.2. By conducting experiments at pH ∼7.4, the –SH groups are expected
to be protonated and unable to attack disulfide bonds. Nevertheless, this possibility is
addressed by conducting experiments in parallel using MPB labeling.

Effect of rADAMTS-13 on shear-induced thiol-disulfide exchange of VWF
A cone and plate viscometer (RS1, HAAKE, Karlsruhe, Germany), used previously to
demonstrate shear-induced thiol-disulfide exchange in VWF (18), was employed to
investigate whether rADAMTS-13 regulates the shear-induced thiol-disulfide exchange. The
cone and plate were coated with 10% bovine serum albumin (BSA) to reduce non-specific
adhesion to the metal surface. VWF (5 μg/ml, 20 nM calculated based on 250 kDa
molecular mass) was loaded onto the plate in the presence or absence of 7 nM
rADAMTS-13 (a molar ratio of 3:1, near the physiological ratio found in plasma) or an
equal volume of buffer control. VWF was also exposed to shear stress in the presence of 1%
of BSA as specificity control. The mixture was exposed to a constant shear stress of 100
dyn/cm2 at 37°C for 3 min and then mixed with thiol beads for covalent chromatography. To
specifically measure ADAMTS-13 disulfide bond-reducing activity, VWF was also
incubated with rADAMTS-13 at 37°C for 1 hr after VWF exposure to shear stress (before
thiol bead capturing).

Effect of ADAMTS-13 on mixed disulfide bonds between VWF and thiol beads
VWF was first induced to form mixed disulfide bonds with thiol beads (18) and bead-bound
VWF was then incubated with different concentrations of rADAMTS-13 or mutants in 1X
PBS for 1 hour at 37°C with constant rotation. After removing beads by centrifugation, the
supernatant was collected and separated by 6% SDS-PAGE under reducing conditions
followed by immunoblotting with a polyclonal anti-VWF antibody (Dako). For control,
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rADAMTS-13 was tested after being treated with 10 mM IAA for 30 min at room
temperature to block active thiols (excess IAA was removed by overnight dialysis with 1L
of 1XPBS). Also as control, either rADAMTS-13 or IAA-treated rADAMTS-13 (both at 35
nM) was used to release BSA (1% loading) captured to thiol beads under conditions
identical to those used for VWF. BSA was detected by coomassie blue staining.

Peptide mass analysis by MALDI/TOF/TOF
VWF (160 nM) captured by thiol beads was incubated with 2 μg/ml trypsin overnight at
37°C. After extensive washing, beads were incubated with 50 nM rADAMTS-13 for 1 hr at
37°C. rADAMTS-13 was subsequently removed by passing the solution through a spin-
concentrator with a 100-kDa–cut-off membrane. To identify specifically cysteine residues in
the tryptic peptide that form mixed disulfide bonds with thiol beads, the VWF tryptic
peptides bound to the beads were treated with 10 mM IAA for 30 min at RT before being
released by rADAMTS-13. To test the ability of rADAMTS-13 to reduce disulfide bonds
formed between apposed VWF multimers through shear-induced thiol-disulfide exchange,
VWF was exposed to 100 dyn/cm2 for 3 min at 37°C (18). The sheared VWF was incubated
with rADAMTS-13 for 1 hr at 37°C, and then digested with sepharose bead-coupled trypsin
overnight at 37°C. The reaction mixture was centrifuged at 1000 × g to remove trypsin-
coupled beads. The mass of thiol-containing tryptic VWF peptides released by
rADAMTS-13 from thiol beads or from sheared VWF after incubation with rADAMTS-13
was analyzed by a reflective mode MALDI/TOF/TOF mass spectrometer (4700 Proteomics
Analyzer, Applied Biosystems, Foster City, CA).

ADAMTS-13 activity under static and flow conditions
rADAMTS-13 was first incubated with 5 mM N-ethylmaleimide (NEM) or 10 mM IAA for
15–30 min at room temperature to block thiols irreversibly. The treated rADAMTS-13 was
dialyzed with 1 L of 1X PBS overnight at 4°C to remove unbound NEM or IAA and tested
for cleaving ULVWF strings anchored to the surface of cultured endothelial cells and
plasma VWF multimers under flow and static conditions, respectively (16;26).

Two static assays were also performed. The first was to measure the cleavage of plasma-
type VWF multimers in the presence of urea and barium as previously described (24). The
second was to measure the cleavage of ULVWF strings on endothelial cells in the absence
of flow (27).

Thiol quantification
Thiols in ADAMTS-13 were quantified using 4, 4′-dithiopyridine as the labeling agent
(28;29) with minor modifications. The chemical modification of thiols by 4, 4′-
dithiopyridine, which interacts with thiols to form a 4-thiolpyridone chromophor with an
extinction coefficient of 19,800 M-1cm-1 at 324 nm. Briefly, 2.5 μM purified rADAMTS-13
(>90% purity) was suspended in 1XPBS containing 5 M Urea and incubated with a 100-fold
molar excess of 4, 4′-dithiopyridine for 2 hr at RT. The amino acid cysteine (Sigma Aldrich,
St. Louis, MO) was used to set the calibration standard.

Statistical Analysis
All quantitative experimental data are presented as mean ± SEM. The Student's t-test was
used for data analysis and a p value less than 0.05 was considered to be statistically
significant.
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Results
ADAMTS-13 prevented shear-induced thiol-disulfide exchange of VWF

We have previously shown that shear stress induces thiol-disulfide exchange that
significantly increases binding of plasma-type VWF multimers to platelets (18). In this
study, we investigated the VWF thiol-disulfide state after shear exposure in the presence of
rADAMTS-13 to determine whether the metalloprotease affects the exchange. VWF was
exposed to 100 dyn/cm2 shear stress in the presence and absence of rADAMTS-13. The
samples were subsequently incubated with either thiol beads to capture VWF via mixed
disulfide bonds or MPB to directly label thiols. Consistent with our earlier report, VWF was
captured by thiol beads (Figure 1A) or labeled with MPB (Figure 1B) before, but not after
shear exposure. VWF was, however, captured by thiol beads and labeled with MPB after
shear exposure when rADAMTS-13 was present (Figure 1A & B). In contrast, BSA did not
prevent the shear-induced thiol-disulfide exchange in VWF (Figure 1C). Under this
experimental protocol, rADAMTS-13 did not cleave VWF (Figure 1D) or
coimmunoprecipitate with VWF (supplemental Figure 1A), suggesting that rADAMTS-13
prevents the shear-induced thiol-disulfide bond exchange of VWF and this change in thiol
content was not due to VWF cleavage or VWF forming a complex with ADAMTS-13.

ADAMTS-13 reduced shear-induced disulfide bonds in VWF
ADAMTS-13 could prevent the shear-induced transition of thiols to disulfide bonds in VWF
by 1) interfering shear-induced lateral association of VWF multimers or 2) reducing newly
formed disulfide bonds after shear exposure. To distinguish between these two possibilities,
we first exposed VWF to shear stress to induce thiol-to-disulfide exchange and then
incubated the sheared VWF with rADAMTS-13 to rule out steric hindrance effect of
rADAMTS-13 on VWF during shear exposure. As shown in Figure 2A, thiol beads captured
∼ 5% and 40–60% of sheared VWF (detected in DTT eluate [“e” fraction]) when VWF was
incubated with buffer control and rADAMTS-13, respectively, suggesting that
rADAMTS-13 reduced disulfide bonds formed between apposed plasma-type VWF
multimers under shear stress. Consistent with the possibility, rADAMTS-13 also released
VWF captured by thiol beads (Figure 2B). This activity of ADAMTS-13 was thiol-
dependent because it was significantly blocked by IAA (Figure 2A and 2B). It was also
substrate-specific because ADAMTS-13 did not release BSA that has been captured to thiol
beads (Figure 2C). ADAMTS-13 was active in releasing VWF from thiol beads at pH 6.0 to
8.5 and ionic strength from 0 to 150 mM NaCl, but the activity was highest at pH 7.2 and an
ionic strength of 150 mM NaCl (Figure 2D). VWF released from thiol beads by
rADAMTS-13 remained as ∼250-kDa monomers under reducing conditions. When
incubated with rADAMTS-13 in 1XPBS buffer in the absence of Ca2+, barium, and urea for
up to 19 hrs at 37°C, whereas VWF was 100% cleaved after 16 hr incubation with barium
activated rADAMTS-13 in the presence of 1.5 M urea and 20 mM of NaCl (Figure 2E).

ADAMTS-13 targeted cysteine thiols in the VWF C domain
The disulfide-bond reducing activity of ADAMTS-13 could target structural disulfide bonds
that maintain VWF multimeric structure and/or new disulfide bonds that are formed between
VWF multimers after exposure to high shear stress or between VWF and thiol beads. To
clarify the ADAMTS-13 target(s), VWF was incubated with rADAMTS-13 for 1 hr at 37°C
in 1xPBS buffer without urea and barium, an experimental condition used to detect the
disulfide bond-reducing activity of ADAMTS-13. As shown in Figure 3A, there is no
detectable difference in VWF multimer patterns before and after rADAMTS-13 treatment,
suggesting that ADAMTS-13 does not reduce disulfide bonds that maintain VWF
multimeric structure under the experimental conditions.
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We have previously identified exposed and active thiols in four peptides that are derived
from the VWF C and D3 domains (18). To determine if any of these thiols forms disulfide
bonds with thiol beads and is reduced by rADAMTS-13, we digested VWF captured to thiol
beads with trypsin and the bead-bound tryptic peptides were then released by rADAMTS-13
by disulfide bond reduction. The two most prominent thiol-containing tryptic peptides
released by rADAMTS-13 were from the C2 domain (Table 1) and were among those
released by the reducing agent DTT (18). We then determined whether these thiols were
involved in the shear-induced thiol-disulfide exchange between laterally apposed VWF
multimers. VWF was exposed to high fluid shear stress to induce thiol-disulfide exchange
and then incubated with rADAMTS-13 for 1 hr at 37°C. The mixture was then subjected to
digestion with sepharose-bead–coupled trypsin. The tryptic peptides of sheared VWF were
subjected to analysis by MALDI mass spectrometry. The same two thiol-containing VWF
peptides listed in Table 1 were again detected.

Since each of the two tryptic peptides contains two cysteine residues (Table 1), we
determined whether one or both cysteine residues in each peptide are in thiol form. VWF
tryptic peptides were treated with IAA before being released from thiol beads with
ADAMTS-13. Mass spectrometry identified a portion of each peptide that was modified by
IAA at a single cysteine (Figure 3B & C), suggesting that both cysteine residues in each
peptide are in thiol form.

ADAMTS-13 contained free thiols
The data in Figures 1–3 demonstrate that rADAMTS-13 reduces disulfide bonds formed
between apposing plasma-type VWF multimers that are exposed to high fluid shear stress
and between VWF and thiols on beads. A prerequisite for this disulfide-bond–reducing
activity is that ADAMTS-13 contains cysteine thiol(s) necessary to reduce a disulfide bond.
Moreover, the active thiols should be surface-exposed and accessible to the substrate
without profound conformational changes. Because of their large size (∼90 μm), the active
thiol beads may only form mixed disulfide bonds with thiols exposed on the surface of
ADAMTS-13 under non-denaturing conditions. As shown in Figure 4A, thiol beads
captured 100% of rADAMTS-13 that was then released by DTT and detected by
immunoblotting, independent of exposure to shear stress. The rADAMTS-13 band in the
post-shear sample may have been decreased because of non-specific adhesion of the
metalloprotease to the viscometer metal plate, a commonly observed phenomenon.
rADAMTS-13 was also labeled with MPB, and the labeling was blocked by 10 mM IAA or
5 mM NEM (Figure 4B). These results suggest that rADAMTS-13 contains surface-exposed
thiols that remain after exposure to high fluid shear stress. We then determined whether
thiols were present in native ADAMTS-13, or produced during purification of
rADAMTS-13. Figure 4C shows that ADAMTS-13 from dialyzed citrated plasma was
directly captured by thiol beads or labeled with MPB. Streptavidin beads did not capture
ADAMTS-13 when plasma was pretreated with IAA that blocked MPB labeling (Figure
4D). Furthermore, ADAMTS-13 immunoprecipitated with an ADAMTS-13 antibody
(against the CUB domains) coupled to protein G sepharose beads was active in releasing
VWF from thiol beads and this activity was again blocked by IAA (Figure 4E).

Four truncation mutants were used to map the regions of ADAMTS-13 that are responsible
for VWF disulfide bond-reducing activity. As shown in Figure 5, the catalytic domain
polypeptide was inactive in releasing VWF from thiol beads, whereas MDTCS was 10-fold
less active that WT rADAMTS-13. Two N-terminal truncation mutants were more effective
than MDTCS, but less active than the full length ADAMTS-13. The order of activity in
releasing VWF from thiol beads was WT > TCSTCu > STCu > MDTCS > M, suggesting
that the activity is primarily located in the C-terminal domains.
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rADAMTS-13 was found to have ∼6 thiols/molecule after 20 min incubation with 4, 4′-
dithiopyridine as the thiol labeling agent. The number of thiols increased to 24-28 after 2 hr
incubation in the presence of the denaturing agent urea (5 M, supplemental Figure 1B).
Mass spectrometry also detected 6 surface exposed thiols and 3 were in the CUB-1 domain
(Table 2). Quantitative densitometry determined that recombinant and native ADAMTS-13
contained a comparable number of thiols (supplemental Figure 1C). The densitometry
instead of 4, 4′-dithiopyridine was used to avoid thiols being generated during ADAMTS-13
purification because highly purified ADAMTS-13 is required for the 4, 4′-dithiopyridine
labeling

ADAMTS-13 thiols affected cleaving ULVWF under flow conditions
We quantified ADAMTS-13 cleavage of UL VWF-cleaving activity of rADAMTS-13
treated with IAA or NEM. At 20 nM, IAA-treated or untreated rADAMTS-13 had
comparable activities in cleaving platelet-decorated ULVWF strings under a 2.5-dyn/cm2

shear stress (64.5 ± 8.5% vs. 73.8 ± 8.7%, Figure 6A). However, at 10 nM, IAA-treated
ADAMTS-13 was less active than untreated ADAMTS-13 (22.9 ± 8.7% vs. 46.3 ± 11.1%).
The concentrations of ADAMTS-13 used in the assay were higher than ∼7 nM found in
normal plasma. However, the increased levels are consistent with our earlier report that
higher concentrations of ADAMTS-13 are required to cleave platelet-decorated ULVWF
strings under constant flow (16). In contrast, we did not detect a difference in cleaving these
ULVWF strings under static conditions between IAA-treated and untreated rADAMTS-13
(Figure 6B) (20). Furthermore, IAA-treated and untreated rADAMTS-13 were also
comparably active in cleaving VWF under static conditions in the presence of urea and
barium (Figure 6C). The results were confirmed with NEM-treated ADAMTS-13 (data not
shown).

Discussion
We have presented evidence to demonstrate that ADAMTS-13 contains a disulfide-bond–
reducing activity. First, ADAMTS-13 prevents the shear-induced thiol-disulfide exchange of
plasma-type VWF multimers (Figure 1A & B) and reduces disulfide bonds formed between
apposed plasma-type VWF multimers after VWF exposure to high fluid shear stress (Figure
2). ADAMTS-13 also releases VWF covalently captured onto thiols beads through mixed
disulfide bonds (Figure 2). This disulfide bond-reducing activity is the strongest at a pH of
7.2 and an ionic strength 150 mM of NaCl (Figure 2). The specificity of this activity was
confirmed by its inactivation when rADAMTS-13 was treated with the thiol-blocking agent
IAA; and by the failure of ADAMTS-13 to release BSA, a thiol-containing protein, from
thiol beads (Figure 2C). This activity is independent of proteolytic activity because
ADAMTS-13 did not cleave VWF under experimental condition used for reducing VWF
disulfide bond (Figure 1 & 2) and truncation mutants that lack of the catalytic domain
remain active (Figure 5).

Second, treating VWF multimers with rADAMTS-13 in the absence of urea and barium
does not alter the VWF multimer patterns (Figure 3A), indicating that the disulfide-bond-
reducing activity does not disrupt VWF multimeric structures. Instead, it specifically
reduces disulfide bonds formed between thiols located in the VWF C-domain (Table 1 and
Figure 3B and C). This indicates that ADAMTS-13 reduces disulfide bonds formed between
laterally associated VWF multimers under the influence of fluid shear stress (Figure 2). We
have previously shown that nine cysteine residues in the VWF C-domain are in thiol forms
that are exposed on the surface of the quaternary structure of VWF multimers, and are
capable of forming disulfide bonds upon exposure to high shear stress (18). In this study, we
show that some of these thiols (in two tryptic VWF peptides) are targeted by rADAMTS-13
(Table 1, Figure 3). One of the two peptides (SGFTYVLHEGECCGR) is homologous with
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the crossveinless VWF C type repeat (CV- 2-VWC)(30). However, unlike CV- 2-VWC, the
two vicinal cysteine residues in the VWF are in thiol forms. This result suggests possibility
that ADAMTS-13 also interacts with the VWF C (or adjacent) domains to facilitate disulfide
bond-reduction. This possibility is supported by the observation that the C-terminal domains
of ADAMTS-13 are important for binding to (24;31), but not required for cleaving VWF
(32;33). Zanardelli S, et al further shows that ADAMTS-13 binds to the D4 domain through
its C-terminal TSP-1 motifs and CUB domains (34), the location of most exposed thiols
(Table 2).

Third, recombinant and plasma ADAMTS-13 contains surface-exposed thiols both before
and after shear exposure (Figure 4). ADAMTS-13 contains 75 cysteine residues (13) and its
disulfide bond structure remains unknown. Using a 4, 4′-dithiopyridine labeling assay, we
detected ∼6 thiols/ADAMTS-13 after 20 min incubation, but the number of thiols increased
to 24-28 after the metalloprotease was incubated with 5M urea for 2 hrs (supplemental
Figure 1B). These results suggest that there may be ∼6 thiols exposed on the surface of
ADAMTS-13, with the others buried within the tertiary structure of ADAMTS-13. Results
from testing four truncation mutants further locate the disulfide bond-reducing activity to the
C-terminal domains of ADAMTS-13 (Figure 4). Consistent with data from the thiol labeling
assay, mass spectrometry also detected 6 thiol-containing tryptic peptides of ADAMTS-13
in the absence of urea (each contains 1 thiol). Five of them are located in the C-terminal
TSP-1 motifs and CUB-1 domain (Table 2). It is not clear if some or all of these thiols are
involved in the VWF disulfide bond-reducing activity, the disulfide bond reducing activity
may involve thiols that are distant in linear sequence, but become proximal in the
ADAMTS-13 tertiary structure.

Finally, blocking thiols in ADAMTS-13 had a moderate effect on cleaving endothelial cell
anchored ULVWF strings under flow, but not static conditions. Blocking thiols also had no
effect on cleaving plasma-type VWF multimers under static conditions in the presence of
urea and barium (Figure 6). One explanation for the discrepancy is that blocking thiols alters
the on-rate of ADAMTS-13-VWF interaction necessary for tethering the metalloprotease to
ULVWF strings under flowing conditions. Nevertheless, the disulfide bond reducing activity
is independent of ADAMTS-13's proteolytic activity because 1) a truncation ADAMTS-13
mutant lacking the C-terminal domains, where the disulfide bond reducing activity is likely
located, remains active in cleaving ULVWF strings and plasma –type VWF multimers under
flow and static conditions, respectively (32) and 2) the proteolytically inactive N-terminal
truncated mutants remained active in reducing VWF disulfide bonds (Figure 2E and Figure
5).

In summary, we have shown that ADAMTS-13 contains a novel VWF disulfide-bond–
reducing activity that is distinct from its proteolytic activity. This reducing activity does not
affect disulfide bonds that maintain VWF multimeric structures, but selectively targets inter-
molecular disulfide bonds between VWF multimers that are formed when VWF multimers
are exposed to high fluid shear stress. The physiological significance of this ADAMTS-13
activity remains to be further investigated, but one may speculate a role in preventing shear-
induced VWF thiol-disulfide exchange that promotes covalent lateral association of plasma-
type VWF multimers into fibrillar structures with enhanced binding to platelets (21). The
tentative mechanism is consistent with reports that VWF multimers undergo conformational
changes (19), become laterally associated (35;36), and are activated to agglutinate platelets
(37;38) under pathological levels of fluid shear stress. It is also supported by a recent report
that VWF multimers in their native conformation forms a complex with ADAMTS-13 in
plasma without undergoing cleavage (39).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ADAMTS-13 on shear-induced thiol-disulfide exchange of VWF
(A) VWF (20 nM) was exposed to a 100-dyn/cm2 shear stress in the presence and absence
of rADAMTS-13 (7 nM) for 3 min at 37°C and incubated with thiol beads for 15–20 min.
VWF captured by beads was released by 20 mM DTT and detected by a polyclonal anti-
VWF antibody under reducing conditions. (B) VWF multimers were incubated with MPB
before and after shear exposure (and with and without rADAMTS-13), and MPB-labeled
VWF was detected by HRP-streptavidin. (C) Thiol beads captured VWF before (detected in
DTT elute [“e” fraction]), but not after (detected in supernatant [“s” fraction]) being exposed
to fluid shear stress in the presence of 1% BSA. (D) VWF was exposed to 100 dyn/cm2

shear stress in the presence (lane 1) or absence (lane 2) of 7 nM of rADAMTS-13, separated
on 6% SDS-PAGE, and immunoblotted with a polyclonal VWF antibody. As a control,
VWF was subjected to a standard static assay of VWF cleavage at a low–ionic-strength in
the presence of 1 mM BaCl2 and 1.5 M urea for 0 (lane 3) and 16 hrs (lane 4) at 37°C. The
figure represents 3-5 separate experiments.

Yeh et al. Page 13

J Thromb Haemost. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. ADAMTS-13 on newly formed disulfide bonds
(A) Sheared VWF (20 nM) was incubated with buffer control; IAA treated or untreated
rADAMTS-13 (7 nM) and then mixed with thiol beads (5 mg). VWF was captured by the
thiol beads when it was exposed to shear stress in the presence (detected in bead eluate, “e”
fraction), but not in the absence of rADAMTS-13 (detected in supernatant, “s” fraction).
IAA significantly blocked this rADATMS-13 activity. (B) VWF captured to thiol beads was
incubated with buffer control, 15 nM IAA-treated or untreated rADAMTS-13 for 1 hr at
37℃. VWF was released from rADAMTS-13 treated (detected in supernatant, “s” fraction),
but not buffer-treated beads (detected in DTT eluate, “e” fraction). Releasing VWF from
thiol beads was significantly reduced when IAA treated ADAMTS-13 was used. (C) BSA
captured by thiol beads was first treated with buffer control, rADAMTS-13 or IAA-treated
rADAMTS-13 (35 nM). After collection of supernatant, BSA bound to thiol beads was
eluted with DTT. BSA in both supernatant and DTT eluate was separated on 6% SDS-
PAGE and detected by coomassie blue staining (rADAMTS-13 failed to release BSA from
the beads (rADAMTS-13 was not visible on the gel image because a > 60 fold dilution of
the supernatant [rADAMTS-13 < 1 ng]). rADAMTS-13 did not release BSA from thiol
beads. (D) rADAMTS-13 (35 nM) was incubated with VWF captured onto thiol beads at
various pH and ionic strength for 1 hr at 37°C and VWF released from the beads was
separate by 6% SDS-PAGE and detected by immunoblotting with an ADAMTS-13
antibody. (E) VWF captured to thiol beads was incubated with rADAMTS-13 in 1XPBS
without Ca2+, urea and barium for up to 19 hrs at 37°C, separated by 6% SDS-PAGE, and
detected with a VWF antibody under reducing conditions. As control, VWF was cleaved by
rADAMTS-13 in a standard static assay. The figure represents 3–5 independent
experiments.
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Figure 3. ADAMTS-13 on thiols in the C domain of VWF
(A) VWF (20 nM) was incubated with rADAMTS-13 (7 nM) in 1X PBS buffer for 1 hr at
37°C in the absence of urea and barium, separated by 1% SDS agarose gel electrophoresis
under non-reducing conditions, and immunoblotted with a VWF antibody. The figure
represents 3 separate experiments. In (B) & (C), tryptic cysteine-containing VWF peptides
bound to thiol beads were first treated with IAA (excess IAA was removed by dialysis with
1L 1XPBS overnight at 4°C) and then released from thiol beads by rADAMTS-13. The
released tryptic peptides were analyzed by mass spectrometry. MALDI/TOF/TOF detected
two VWF tryptic peptides that were modified by IAA and in each of these peptides, only
one cysteine was acetylated by IAA as determined by increased molecular mass from 1657
Da to 1715 Da (B) and from 2189 Da to 2247 Da (C), respectively. The second cysteine in
each tryptic peptide formed mixed disulfide bonds with thiol beads and was therefore not
modified by IAA.
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Figure 4. Surface-exposed thiols in ADAMTS-13
(A) rADAMTS-13 (35 nM) was incubated with thiol beads before and after exposure to
100-dyn/cm2 shear stress for 3 min at 37°C, separated by 6% SDS-PAGE, and detected by
immunoblotting with an anti-Myc antibody. rADAMTS-13 was detected in DTT eluate
(thiol form), but not in supernatant (disulfide bond form). (B) rADAMTS-13 was first
treated with NEM or IAA for 10 min at RT and subjected to dialysis in 1L of 1XPBS to
remove excess NEM or IAA. The treated and untreated rADAMTS-13 was then labeled
with MPB, separated by 6% SDS-PAGE, and probed with HRP-streptavidin. (C) Normal
human plasma (1 ml) was incubated with 100 mM of MPB or captured by 5 mg of thiol
beads for 15–20 min at RT. MPB labeled plasma proteins were precipitated by streptavidin
beads, released by boiling in SDS sample buffer, separated on 6% SDS-PAGE, and
immunoblotted with an anti-ADAMTS-13 antibody (left lane). ADAMTS-13 captured with
thiol beads was released by 20 mM DTT, separated on 6% SDS-PAGE, and blotted with an
ADAMTS-13 antibody (middle lane). Unlabeled ADAMTS-13 was used as a control (right
lane). (D) Normal human plasma (1 ml) was incubated with MPB before and after it was
pretreated with 10 mM of IAA. ADAMTS-13 from labeled plasma was captured by
streptavidin-coupled sepharose beads, separated on 6% SDS-PAGE, and immunoblotted
with an ADAMTS-13 antibody. Because MPB failed to label IAA-treated plasma,
streptavidin beads did not precipitate ADAMTS-13 from plasma (lane 2). Plasma without
IAA treatment was used as control. (E) Normal human plasma (1 ml) was incubated with an
ADAMTS-13 antibody coupled to protein G sepharose beads before and after it was treated
with 10 mM of IAA. The bead-captured plasma ADAMTS-13 was able to release VWF
from thiol beads. The figure represents 3–6 separate experiments.
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Figure 5. Reducing activity of ADAMTS-13 truncation mutants
VWF multimers captured with thiol beads were incubated with various concentrations of
full-length rADAMTS-13, M, MDTCS, TCSTCu, or STCu domain for 1 hr at 37°C. VWF
released from the beads was separated by 6% SDS-PAGE and detected by immunoblotting
using an anti-VWF antibody. A full-length rADAMTS-13 protein (50 nM) was used as a
positive control and IAA-treated rADAMTS-13 as a negative control for WT
rADAMTS-13. The figure represents 3-5 separate experiments.
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Figure 6. Effect of blocking thiols in rADAMTS-13 on VWF cleavage
(A) HUVECs were cultured to confluence and then stimulated with 25 mM histamine.
Washed platelets with rADAMTS-13 (10 or 20 nM) before and after being treated with 10
mM of IAA (free IAA was removed by dialysis) were perfused over the activated
endothelial cells at a 2.5-dyn/cm2 shear stress for 3 min. The number of ULVWF strings
over 10 continuous review fields was then counted and ADAMTS-13 activity was calculated
as a percentage of ULVWF strings cleaved during perfusion (Student's t-test, n = 6). (B)
Stimulated HUVECs were incubated with lyophilized human platelets in the presence of
buffer control, IAA-treated buffer control, rADAMTS-13, or IAA-treated rADAMTS-13.
Platelet-decorated ULVWF strings are visible under a light microscope (200 ×, top two
panels), but cleaved and undetectable in the presence of IAA-treated and untreated
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rADAMTS-13 (bottom two panels, bar = 25 μm). (C) Purified plasma VWF multimers were
first partially denatured with urea and then incubated with barium-activated rADAMTS-13
with and without IAA treatment. Aliquots were taken at different incubation intervals to
detect cleaved VWF fragments by immunoblotting. The figure represents 4 separate
experiments.
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Table 1
Thiol-containing tryptic VWF peptides released by rADAMTS-13

Tryptic peptide sequence Molecular mass Location (domain)*

SVGSQWASPENPCLINECVR 2189.01 2516–2535 (C2)

SGFTYVLHEGECCGR 1657.71 2479–2493 (C2)

*
the sequence locations include the signal peptide and propeptide sequences
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Table 2
Free thiols in ADAMTS-13 detected by mass spectrometry*

Sequence Mass Location Domain

AGLAWSPCSR 1047.5040 258-267 catalytic domain

CVEAQGSLLK 1047.5503 769-778 3rd TSP-1 motif

VPVQEELCGLASKPGSR 1769.9214 926-942 5th TSP-1 motif

LLPGPQENSVQSSACGR 1742.8490 1178-1194 CUB-1

GPGQADCAVAIGRPLGEVVT LR 2179.1651 1207-1228 CUB-1

CGRPGGGVLLR 1084.6044 1275-1285 CUB-1

*
The peptides were repeatedly detected in four separate sample analyses.
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