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Acquired thrombotic thrombocytopenic purpura (TTP), a throm-
botic disorder that is fatal in almost all cases if not treated
promptly, is primarily caused by IgG-type autoantibodies that in-
hibit the ability of the ADAMTS13 (a disintegrin and metal-
loproteinase with a thrombospondin type 1 motif, member 13)
metalloprotease to cleave von Willebrand factor (VWF). Because the
mechanism of autoantibody-mediated inhibition of ADAMTS13
activity is not known, the only effective therapy so far is repeated
whole-body plasma exchange. We used hydrogen–deuterium ex-
change mass spectrometry (HX MS) to determine the ADAMTS13
binding epitope for three representative human monoclonal autoan-
tibodies, isolated from TTP patients by phage display as tethered
single-chain fragments of the variable regions (scFvs). All three scFvs
bind the same conformationally discontinuous epitopic region on
five small solvent-exposed loops in the spacer domain of ADAMTS13.
The same epitopic region is also bound by most polyclonal IgG
autoantibodies in 23 TTP patients that we tested. The ability of
ADAMTS13 to proteolyze VWF is impaired by the binding of auto-
antibodies at the epitopic loops in the spacer domain, by the deletion
of individual epitopic loops, and by some local mutations. Structural
considerations and HX MS results rule out any disruptive structure
change effect in the distant ADAMTS13 metalloprotease domain.
Instead, it appears that the same ADAMTS13 loop segments that
bind the autoantibodies are also responsible for correct binding to
the VWF substrate. If so, the autoantibodies must prevent VWF pro-
teolysis simply by physically blocking normal ADAMTS13 to VWF
interaction. These results point to the mechanism for autoantibody
action and an avenue for therapeutic intervention.
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Acquired thrombotic thrombocytopenic purpura (TTP) is char-
acterized by severe thrombocytopenia and microangiopathic

hemolytic anemia, resulting from disseminated microvascular
thrombosis. Patients with TTP may suffer from widespread organ
damage, resulting in death if not aggressively treated (1, 2). In
most patients, thrombotic microangiopathy is caused by IgG-type
autoantibodies against the plasma metalloprotease ADAMTS13
(a disintegrin and metalloproteinase with a thrombospondin type
1 motif, member 13) (3–5). ADAMTS13 regulates the function
of the multidomain von Willebrand factor (VWF) (∼600 to
∼20,000 kDa) by cleaving it at the central A2 domain to regulate
platelet-induced blood clot formation (3, 4).
Immunological studies show that many acquired TTP patients

with low plasma ADAMTS13 activity (less than 10%) harbor
IgG autoantibodies that bind ADAMTS13 especially at the Cys-
rich and/or the spacer domain (4, 6). Deletion of these domains
or grouped mutations therein can eliminate the binding of
polyclonal anti-ADAMTS13 IgGs derived from many patients
(4, 7–11). However, the exact ADAMTS13 binding sites of

these autoantibodies are not known. Current treatment involves
daily whole-body plasma exchange to clear anti-ADAMTS13
autoantibodies while supplementing ADAMTS13 metalloprotease.
Understanding of the autoantibody inhibitory mechanism
might lead to a more targeted, less invasive, and less expensive
intervention.
To define antibody–antigen interactions, a number of approaches

have been developed. Each has its advantages and disadvantages.
X-ray diffraction provides direct structural information that can
define the binding interface at atomic resolution (12, 13) but this
requires the difficult crystallization of the unperturbed complex.
NMR spectroscopy offers a similar level of structural detail but is
limited to relatively small proteins that can be expressed with 15N-
and 13C-labeled residues and prepared in large amounts at high
concentration. Peptide arrays can provide information on linear
epitopes but with limited structural resolution and will often miss
the more common discontinuous epitopes (14). A different ap-
proach, the measurement of protein hydrogen exchange together
with a peptide separation approach incorporating mass spec-
trometry analysis [hydrogen–deuterium exchange mass spectrom-
etry (HX MS)] can specify protein–protein interaction regions
even for large protein complexes using only a tiny amount of
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experimental material (15–19). However, HX MS has so far been
limited to fairly low structural resolution not sufficient for pin-
pointing binding sites. We exploited recent advances in HX MS
methodology and data analysis to determine antibody-binding
sites at near-amino acid resolution (20–23).
We isolated dozens of human monoclonal autoantibodies against

ADAMTS13 from unrelated patients with autoimmune TTP and
selected, by phage display, single-chain fragments of their teth-
ered variable regions (scFvs). Three inhibitory scFvs, called 4–20,
4–16, and 3–1, were selected based on their high affinity and
inhibitory potency and used in the mapping study. All three bind
the same conformationally discontinuous epitope in the spacer
domain of ADAMTS13, comprising surface residues in five small
flexible loops. All five loops are necessary for high-affinity an-
tibody binding. The same ADAMTS13 epitope is bound by most
polyclonal IgGs in TTP patients. These findings define the anti-
ADAMTS13 autoantibody epitope.
Additional results show that the same loop system is respon-

sible for binding ADAMTS13 to VWF to organize correct VWF
proteolysis. Evidently then, the binding of TTP autoantibodies to
the epitope of ADAMTS13 must abrogate the proteolysis step by
physically blocking it from binding to its VWF substrate. This
information together with detailed knowledge of the epitopic site
may help to guide the design of altered ADAMTS13 modules
that would resist antibody binding but still allow VWF binding
and proteolysis.

Results
Expression and Characterization of Anti-ADAMTS13 scFvs. Dozens of
monoclonal tethered scFvs of anti-ADAMTS13 antibodies de-
rived from TTP patients were isolated by phage display (Fig. 1A),
expressed in Top10′ Escherichia coli, and purified to near ho-
mogeneity by affinity chromatography. The scFv constructs com-
prise the variable regions of a light chain and a heavy chain
connected by a flexible linker, and in addition a C-terminal 6×His
and hemagglutinin (HA) epitope to facilitate scFv detection and
purification (Fig. 1B). Purified scFvs exhibit molecular mass of
∼30 kDa under denaturing and reducing conditions (Fig. 1C). All
scFvs were screened for their ability to inhibit the cleavage of
the fluorogenic substrate rF-VWF73, a 73-aa fluorescein-labeled
peptide that contains the A2 cleavage site of VWF and mimics its
ADAMTS13 binding sites (24–26).
Three scFvs with excellent functional characteristics, 4–20, 4–16,

and 3–1, were chosen for epitope characterization. They bind with
high affinity to wild-type ADAMTS13 (WT) and to the MDTCS
variant truncated after the spacer domain but not to the C-ter-
minal fragment containing TSP1 repeats and CUB domains
(T2C) (Fig. 1 D and E). They show high overall amino acid se-
quence identity (∼80%), but each one has distinct complemen-
tarity-determining regions (CDRs) in both heavy and light chains,
particularly CDR3 (Fig. S1). They display potent autoantibody
protease inhibition (half-maximal inhibitory concentrations of
0.4, 1.3, and 1.2 nM, respectively; Fig. 2 A–C). Injection of
scFv4-20 into wild-type mice (CAST/Ei) causes ADAMTS13
deficiency and TTP-like syndrome after Shigatoxin-2 (Stx-2) or
recombinant murine VWF (rmVWF) challenge.

High-Resolution HX MS Mapping of an Antigenic Epitope. Our pre-
liminary immunoassay results suggested that amino-terminal
MDTCS domains but not the carboxyl-terminal TSP1 2–8 plus
two CUB (T2C) fragment contains the epitopic binding site for
all three scFvs. The MDTCS construct comprises five domains
(Metalloprotease, Disintegrin, TSP1, Cys-rich, and Spacer). It is
fully functional in catalyzing proteolysis of VWF under various
conditions (27–32). Therefore, to reduce the complexity of data
analysis, the MDTCS fragment, expressed in Drosophila Schneider
2 (S2) cells (SI Materials and Methods), was used for the epitope-
mapping study.
In HX MS experiments, purified recombinant MDTCS was

subjected to amide H-to-D exchange either when free in solution
or when bound to one of the anti-ADAMTS13 scFvs immobilized

on an Affi-gel 15 resin column. To determine HX rates, after
timed exposures to D2O, MDTCS was washed off the Affi-gel/
scFv column under conditions where HX is largely stopped (low
pH and temperature), and then injected into an online analysis
system (22). Passage through immobilized acid protease columns
(pepsin or fungal protease XIII) rapidly proteolyzed MDTCS into
many peptide fragments. The fragments were separated by HPLC
followed by online mass spectrometry.
We obtained high-amplitude peptides, high sequence cover-

age, and low back exchange adequate for monitoring the
metalloprotease domain (113 peptides, 73% coverage), the Cys-rich
domain (22 peptides, 80% coverage), and the spacer domain (70
peptides, 84% coverage). Few useful peptides were obtained in the
disintegrin domain and first TSP1 repeat due to heterogeneous

Fig. 1. Isolation, expression, and characterization of anti-ADAMTS13 scFvs.
(A) The protocol used for isolation of human anti-ADAMTS13 monoclonal
antibodies (scFvs) from TTP patients by phage display (rATS is recombinant
ADAMTS13). (B) The scFv expression construct comprises a variable light-
chain region (VL), a flexible linker, a fragment of the heavy-chain variable
region (VH), and a 6×His-HA (six histidine–hemagglutinin) tag at the C ter-
minus. (C ) SDS/PAGE [10% (wt/vol)] with Coomassie blue staining dem-
onstrates the quality of purified scFvs 4–20, 4–16, and 3–1 (∼30 kDa;
arrowhead). (D) Schematic representation of constructs used, namely wild-
type ADAMTS13 (WT), MDTCS (MS), and TSP1 2–8 repeats plus two CUB do-
mains (T2C), all with a V5-His epitope tag. (E) All three scFvs when bound to
anti-HA resin pull down WT and MS but not T2C fragments (Western blot-
ting with anti-V5). Input1/4 means that one-fourth of starting materials was
loaded for the Western-blotting comparison.
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glycosylation (33, 34). The isotopic envelope of each peptide was
identified in the MS spectra and analyzed for carried D-label using
the ExMS program (21). Typical kinetic HX curves for MDTCS
peptides with and without antibody bound are shown in SI Materials
and Methods (Fig. S2).
Most MDTCS peptides exhibit no difference in HX rate with or

without antibody binding (Fig. 3A, black), but multiple over-
lapping peptides in the spacer domain were significantly slowed
(Fig. 3A, red), indicating the binding of antibody to the corre-
sponding protein segments. We used the HDsite program (20) to
more closely define the amino acid positions of HX slowing.
HDsite exploits measured D content and the shape of isotopic
peptide envelopes, corrects for D-to-H back exchange that occurs
during sample analysis, and compares sequentially overlapping
peptides. The analysis identifies the affected residues and quan-
tifies their HX rates.
The relative HX slowing (protection factor) imposed by antibody

binding ranges from 2- to 1,000-fold (Fig. 3B and Table S1). Some
slowed sites could be specified at single-residue resolution (red in
Fig. 3B) and others only at the lesser resolution of two to six se-
quential “switchable” residues (blue in Fig. 3B). Residues are
termed switchable when they cannot be individually resolved by the
pattern of overlapping peptides. In this case, HDsite can compute
individual site D-occupancies at each time point but cannot specify
which occupancy corresponds to which switchable residue.
Fig. 3C compares the resolution available when analysis is

limited to the whole peptide level (Top) and the improved res-
olution (Bottom) provided by the HDsite analysis. HDsite places
the protected residues in five flexible loops well defined by
multiple sequentially overlapping peptides. All three anti-
ADAMTS13 scFvs appear to protect essentially the same sites
(Fig. 3D). The loop motifs not seen to be affected escape analysis
due to low peptide recovery and should be considered ambigu-
ous in respect to antibody binding rather than unaffected (Fig.
3B). These results specify the binding epitope in terms of the
defined spacer loop region, but they do not necessarily indicate
that the particular residues that show slowed exchange engage in
specific antibody interactions, for reasons described in Discussion.

Polyclonal IgGs from Acquired TTP Patients Target the Same
Antigenic Epitope. How broadly does the spacer domain epitope
represent the target of pathogenic TTP autoantibodies? We

addressed this question in competition experiments between
polyclonal IgGs in plasma samples from 23 separate TTP patients
(Table S2) and scFv4-20, which, as we see, is highly specific for
the spacer domain epitope. When scFv4-20 occupied the epitope,
polyclonal IgG binding was significantly reduced or even largely
eliminated in all but three cases (Fig. 4 A and B). Quantitative
differences in these tests reflect the degree of competition be-
tween scFv4-20 and patient polyclonal IgGs including their relative
concentrations and binding affinities, as well as possible alternative
binding sites. It seems clear that the same ADAMTS13 antigenic
epitope identified by HX MS is a common binding site for many
polyclonal autoantibodies produced by TTP patients. These results
are consistent with those reported previously (8–10, 35). The role of
autoantibodies reported to bind elsewhere (4, 6, 14) will require
further investigation.

Deletions in the Epitopic Site of ADAMTS13 Eliminate scFv Binding.
To test the HX MS results, we determined the effect of modi-
fying each of the five epitopic loops in full-length ADAMTS13
on the binding activity of the three scFvs. Each of the loops in
the spacer domain was deleted (five to eight residues), one loop
at a time. The five deletion variants were designated dA (Δ659–664),Fig. 2. Inhibition of plasma ADAMTS13 activity by scFvs. Residual activity of

plasma-derived ADAMTS13 (∼0.25 nM) after incubation with increasing
concentrations of scFvs 4–20 (A), 4–16 (B), and 3–1 (C) was determined by
cleavage of the fluorogenic substrate (rF-VWF73) (2 μM) as described in SI
Materials and Methods. Data are the mean ± SD of three independent
experiments.
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Fig. 3. Antibody-binding sites in ADAMTS13 revealed by HX MS. (A) Acid
protease digestion of human MDTCS fragment produced 208 unique over-
lapping peptides with 70 derived from the spacer domain and 113 from M.
Black peptides show no difference in HX rate with and without scFv bound;
red peptides show slowed HX rate upon scFv binding. (B) The ratio of ad-
ditional protection factor (Pf) with scFv bound. Resolved single residues are
in red; switchable residues in blue are connected by dashed lines. Some
otherwise-protected regions missing in motifs A and E are ambiguous due to
fewer peptides recovered and not necessarily to the absence of antigen–
antibody interaction. (C) Representation of the binding epitope (red) at
course peptide resolution (Top) and at refined residue resolution (Bottom).
(D) Representations of the binding epitope (red) in the spacer domain of
ADAMTS13. These results specify the binding epitope in terms of HX slowing
in the five-loop region but do not necessarily indicate that the particular
residues that show slowed exchange engage in specific interprotein in-
teractions, for reasons described in Discussion.
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dB (Δ632–639), dC (Δ608–614), dD (Δ588–592), and dE (Δ667–
672) (Fig. 5 A and B). All were secreted normally from transfected
COS7 cells and exhibited a predominant molecular weight of ∼180
kDa, similar to WT (SDS/PAGE and Western blotting analysis).
A monoclonal antibody directed against the anti-disintegrin
domain was found to bind to WT and all of the deletion mu-
tants (Fig. 5C) as expected because the disintegrin domain was
not altered. However, the loss of any one of the ADAMTS13
epitopic loops abolished the binding of all three scFvs (Fig. 5 D–F;
by immunoprecipitation and Western blotting).
These observations support the detailed conformational epi-

tope determined HX MS. It is limited to the loop region of the
spacer domain, and the integrity of all five loops is required for
high-affinity binding. The same approach opens an avenue for
dissecting the autoantibody–ADAMTS13–VWF interaction
(below).

Deletions in the Epitopic Site of ADAMTS13 Abolish Its Proteolytic
Activity. To further explore how the epitopic site might relate
to the inhibition of proteolytic activity, we determined the con-
tribution to VWF proteolysis of each of the five epitopic loops
in full-length ADAMTS13. WT ADAMTS13 efficiently cleaves
both fluorogenic rF-VWF73 substrate peptide (Fig. 6A) and
plasma-derived multimeric VWF (Fig. 6 B and C). All five
ADAMTS13 deletion mutants (dA, dB, dC, dD, and dE) exhibit
greatly reduced activity toward these substrates. Even some point
mutations in motif A (36) and alanine substitution of clustered
residues in motif B can result in significant impairment of
ADAMTS13 proteolytic activity.

Discussion
HX experiments take advantage of the fact that the backbone
amide hydrogens of proteins, one on every amino acid (except
proline) in every protein molecule, can undergo facile exchange
with solvent hydrogens. HX rates are sensitive to protein struc-
ture, structure change, dynamics, and interactions (37, 38), and
thus provide a universal probe for protein biophysical behavior
resolved in principle to single-amino acid resolution. Under the
present conditions [pD(read) 7.0, 25 °C], the average HX time
constant of freely exposed amides is ∼0.2 s (39, 40). Amide NH
hydrogens protected by H-bonded structure can exchange as
much as 10 orders of magnitude more slowly, and thus provide
a very large dynamic range within which to distinguish experi-
mental effects.

HX Interpretation. This work used HX MS to define the epitopic
binding site of pathogenic autoantibodies in the ADAMTS13
protease. We sought to find just those ADAMTS13 amide sites
that are additionally protected from H-to-D exchange when TTP
autoantibodies bind. Contrary to the intuitive conception, the
exchange rate of structurally protected hydrogens is poorly cor-
related with degree of burial, or distance to the aqueous surface,
or static solvent accessibility. Instead, structurally protected hy-
drogens are those that are H-bonded, either to main-chain or
side-chain acceptor atoms or to a structurally bound water (41,
42). The HX process for structurally protected hydrogens re-
quires that the protecting H-bond must be transiently broken by
some structural fluctuation, and the amide NH must then be
brought into solvent contact where normal HX chemistry (re-
action with solvent acceptor or donor) can proceed. In this view,
antibody binding increases HX protection factors by suppressing
dynamic fluctuations that break protecting H-bonds. The bound
antibody can be viewed as an external cross-link that tends to
suppress dynamic excursions, large and small, of the interacting
residues and/or the segments that carry them. Accordingly,
binding can slow exchange of immediately involved amides but
also others that are not directly involved in specific binding

Fig. 4. Competition for binding to ADAMTS13 between ScFv4-20 and
polyclonal anti-ADAMTS13 IgGs from TTP patients. (A) Binding of recombi-
nant ADAMTS13 (arrowhead) to plasma polyclonal IgGs immobilized on
protein-G Sepharose-4B from normal (N) and 23 TTP patients (P1–P23) in
the absence (−) or presence (+) of scFv4-20 (2 μg) (by immunoprecipitation
with anti-V5 IgG and Western blotting). (B) Fractional reduction (in per-
centage) of recombinant ADAMTS13 binding to polyclonal anti-ADAMTS13
IgGs in TTP patients (P1–P23) by scFv4-20 (by densitometry with NIH
ImageJ 1.47).

Fig. 5. Deletion of any epitopic loop in full-length ADAMTS13 abolishes its
binding by scFvs. (A) The position of the five epitopic binding loops in the
spacer domain. (B) The partial spacer domain of ADAMTS13 deletion mu-
tants with deletion sites indicated. (C–F) The binding to WT and mutants
(arrows) of anti-Dis IgG, scFv4-20, scFv4-16, and scFv3-1 (by Western blotting
with anti-V5 IgG after immunoprecipitation). The double band reflects two
differently glycosylated ADAMTS13 forms.
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interactions, including amides somewhat outside of the precise
binding surface (43, 44).
Residues in the ADAMTS13 epitopic region exhibit a wide

range of HX rates and protection factors (Pf) (Fig. 3B and Table
S1), both with and without antibody binding. The sizeable Pf
values in the unbound protein indicate that these sites are well
protected, probably by H-bonding, despite the supposed flexible
loop conformation. The protected hydrogens can be further
slowed in the complex, whether or not they interact directly with
the antibody, because antibody binding may inhibit the structural
fluctuations that underlie their exchange with solvent. Residues
in the different epitopic loops and even different residues within
each loop can experience different degrees of HX slowing, both
before and after complex formation (Table S1). This behavior
reflects the dynamic reversible breaking and remaking of indi-
vidual interactions even while the complex remains intact. Sim-
ilarly disparate HX rates are commonly seen for neighboring
residue amides in many proteins because their exchange is de-
termined by different structural fluctuations. The largest addi-
tional slowing factor found upon complex formation, ∼1,000-fold,
provides an estimate of the maximum fraction of time (10−3 of the
time) that the entire complex might be transiently separated (43).

High Resolution HX MS. The key to high structural resolution in
HX MS experiments is to obtain very many sequentially over-
lapping peptide fragments as in Fig. 3A and then bring to bear
adequate computational resources. We used previously described
HX MS methods (22, 23) together with the ExMS analysis pro-
gram (21) to identify and characterize many peptide fragments of
ADAMTS13. Given an extensive overlapping peptide dataset,
the HDsite analysis program (20) is then able to reduce HX MS
data to near–single-residue resolution (Fig. 3B, red). D-occupancy

can be attributed to individually specified residues, in principle,
when overlapping peptides in the dataset differ by just that res-
idue. Otherwise, HDsite reports two or more adjacent residues as
one “switchable” set, as in Fig. 3B (blue).
The application of these methods shows that the binding of

different monoclonal scFvs slows HX in five contiguous solvent-
exposed loops in the ADAMTS13 spacer domain. This binding
region was identified roughly at the peptide level by the HX MS
method (Fig. 3 A and C, Top), then at near-residue resolution by
the HDsite analysis (Fig. 3 B and C, Bottom), and was validated
by the study of small mutational deletions (Fig. 5). The deletion
of any one loop (five to eight residues) abrogates scFv binding
(Fig. 5), and also the ability to cleave VWF (Fig. 6). Competition
experiments show that this same epitope is a common binding
site for the polyclonal anti-ADAMTS13 IgGs in almost all of the
23 TTP patients that we tested (Fig. 4). Among the identified
epitopic loops, exosite 3 (motif A) is known to play an important
role in antibody binding (8, 14, 35, 36). The role of the other loop
motifs has not previously been defined nor the fact that all five
loops are required for high-affinity ADAMTS13 binding to its
inhibiting autoantibodies (Fig. 5) and for functional proteolytic
competence (Fig. 6).
Previous efforts to reduce HX MS data to residue resolution

have used a subtractive mass centroid-based approach, com-
paring the altered D-label–dependent peptide mass of peptides
that are affected and not affected by the experimental variable.
Fig. 3D (Right) shows that almost all peptides in the 5-loop
epitope are affected by antibody binding, which invalidates any
subtractive method. Nevertheless, the HDsite analysis can dis-
criminate and quantify the D-occupancy of different sites be-
cause it exploits more insightful information contained in the
isotopic shape of each peptide envelope. The HDsite analysis is
able to compute the different residue D-occupancies within each
peptide, but it is not possible to assign the different occupancies
to specific residues using only single-peptide information (20,
45). HDsite identifies the occupied sites by comparing envelope
shape information from overlapping peptides that contain the
same amino acids.

Mechanism of Autoimmune TTP. Autoantibody binding, loop de-
letions, and some individual mutations (35, 36) in the ADAMTS13
spacer domain epitope disrupt ADAMTS13-mediated proteolysis
of VWF (Fig. 6). This must occur either by interfering with the
ADAMTS13 to VWF substrate binding step or the proteolysis
step itself. It seems unlikely that these various modifications
within the same limited spacer domain region could all induce
structure changes that move through three intervening domains
and disrupt the protease active site in the remote metalloprotease
domain (Fig. 3D). In fact, autoantibody binding in the spacer
domain produces no detectable HX changes elsewhere in MDTCS,
either in the well-covered metalloprotease domain itself or in the
intervening Cys-rich domain. These considerations strongly suggest
that the TTP antibodies and the spacer loop modifications all
interfere with VWF proteolysis in a more straightforward way, by
disrupting spacer to VWF binding.
The blocking hypothesis together with the detailed identifi-

cation of the epitopic site suggests the molecular basis for a
possible rationally designed autoantibody-resistant ADAMTS13
variant. One wants to search for mutations in the five-loop
ADAMTS13 epitope that would significantly reduce autoanti-
body binding while retaining sufficient affinity for VWF. A pre-
vious study (9) suggests that this approach may well be feasible.
Simple i.v. infusion of the altered ADAMTS13 construct might
then provide a useful intervention strategy and preempt the cur-
rently used rather extreme and expensive daily whole-body plasma
replacement therapy. In pursuing this effort, it should be ap-
preciated as noted above that the specific residues measured to
be slowed in the complex, although very similar for the different
monoclonal antibodies tested, need not be the ones that con-
tribute most to direct protein–protein interaction, whereas un-
protected (non–H-bonded) residues may be important.

Fig. 6. Deletion of each epitopic site in full-length ADAMTS13 impairs its
proteolytic activity. (A) The relative proteolytic activity (in percentage) of
ADAMTS13 deletion mutants (dA-dE) [detected by cleavage of the fluoro-
genic substrate rF-VWF73 in conditioned or mock-transfected (Con) medium;
(mean ± SD, n = 3)]. (B and C) The proteolytic cleavage of plasma-derived
VWF multimers by purified WT and deletion mutants (dA-dE) in conditioned
medium or mock-transfected (Con) medium in the absence (−) or presence
(+) of 20 mM EDTA (1.5 M urea, 4 h), detected in 1% SDS-agarose gel (B) and
5% (wt/vol) SDS-polyacrylamide gel (C) (Western blotting with anti-VWF
IgG). In B, UL indicates uncleaved large VWF oligomers. P indicates the
ADAMTS13 cleavage product mixed with dimeric VWF that is present in
normal human plasma. In C, the 350-kDa band (arrowhead) represents either
naturally occurring (weak) or ADAMTS13-mediated (strong) cleavage prod-
uct (P). The large uncleaved VWF oligomers (above 350 kDa) tend not to
enter the polyacrylamide gel.
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Materials and Methods
For details, see SI Materials and Methods.

The human ADAMTS13 variant, MDTCS (residues 1–685), was expressed
in Drosophila S2 cells (Invitrogen). Phage display library construction and
screening of patient-derived scFvs against ADAMTS13 were carried out as
previously described (46) using the phage vector pComb3X (a gift from
Dr. Carlos Barbas, The Scripps Research Institute, La Jolla, CA) (Fig. 1A). The
resulting constructs contain a signal peptide, a fragment of light-chain var-
iable region, a flexible linker, and a fragment of a heavy-chain variable re-
gion, followed by 6×His and a HA tag and the pIII coat protein of M13
filamentous phage (Fig. 1B). Phage libraries were panned on immobilized
rADAMTS13 (Fig. 1A). Selected monoclonal scFvs were expressed in Top10′
E. coli and purified. The purity of recombinant scFvs was determined by 10%
(wt/vol) SDS/PAGE with Coomassie blue staining (Fig. 1C).

Recombinant ADAMTS13 variants were constructed by QuikChange mu-
tagenesis. Proteolytic activity was determined by the cleavage of MDTCS and

a fluorogenic substrate derived from the VWF A2 domain, as previously
described (24). Polyclonal antibody preparations were from 23 patients with
acquired TTP, mostly collected before their first plasma exchange and oc-
casionally during treatment or in remission, as detailed in Table S2. This
study was approved by the internal review board of The Children’s Hospital
of Philadelphia. Each patient was informed and consented to the study
participation.

H-to-D exchange was measured for MDTCS both in free solution and when
bound to an immobilized column-bound scFv, by the HX MS methods pre-
viously described (20–23).
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