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Summary. Background: Recently, conformational activa-

tion of ADAMTS-13 was identified. This mechanism

showed the evolution from a condensed conformation,

in which the proximal MDTCS and distal T2-CUB2

domains are in close contact with each other, to an acti-

vated, open structure due to binding with von Wille-

brand factor (VWF). Objectives: Identification of cryptic

epitope/exosite exposure after conformational activation

and of sites of flexibility in ADAMTS-13. Methods: The

activating effect of 25 anti-T2-CUB2 antibodies was

studied in the FRETS-VWF73 and the vortex assay.

Cryptic epitope/exosite exposure was determined with

ELISA and VWF binding assay. The molecular basis

for flexibility was hypothesized through rapid automatic

detection and alignment of repeats (RADAR) analysis,

tested with ELISA using deletion variants and visualized

using electron microscopy. Results: Eleven activating

anti-ADAMTS-13 antibodies, directed against the T5-

CUB2 domains, were identified in the FRETS-VWF73

assay. RADAR analysis identified three linker regions in

the distal domains. Interestingly, identification of an

antibody recognizing a cryptic epitope in the metallo-

protease domain confirmed the contribution of these lin-

ker regions to conformational activation of the enzyme.

The proof of flexibility around both the T2 and metal-

loprotease domains, as shown by by electron micro-

scopy, further supported this contribution. In addition,

cryptic epitope exposure was identified in the distal

domains, because activating anti-T2-CUB2 antibodies

increased the binding to folded VWF up to ~3-fold.
Conclusion: Conformational activation of ADAMTS-13

leads to cryptic epitope/exosite exposure in both proxi-

mal and distal domains, subsequently inducing increased

activity. Furthermore, three linker regions in the distal

domains are responsible for flexibility and enable the

interaction between the proximal and the T8-CUB2

domains.

Keywords: ADAMTS-13 protein, human; allosteric

regulation; autoantibodies; protein conformation; von

Willebrand factor.

Introduction

Enzymes regulating blood coagulation and thrombosis

are activated through proteolytic digestion of their

zymogen forms. However, ADAMTS-13 an essential

enzyme in the preservation of the balance between

thrombus formation at the site of a vascular injury and

spontaneous clot formation, lacks such a zymogen form.

Consequently, its activity needs to be regulated in a dif-

ferent way.

The substrate of ADAMTS-13, von Willebrand factor

(VWF), initiates thrombus formation under high shear

conditions and is synthesized as ultra-large (> 10 000 kDa)

multimers (UL-VWF) by endothelial cells and megakary-

ocytes [1–3]. ADAMTS-13 reduces the size of these

UL-VWF multimers, as they are highly reactive in binding

platelets and induce spontaneous microthrombus
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formation if not correctly processed [1]. A deficiency in

ADAMTS-13 leads to the microangiopathic disease throm-

botic thrombocytopenic purpura (TTP).

ADAMTS-13 exerts its proteolytic activity only when

VWF undergoes a conformational change. Under normal

physiological conditions, ADAMTS-13 is not able to

cleave the VWF scissile bond (Tyr1605-Met1606), which is

hidden in the central b-sheet of the folded VWF A2

domain [4–6]. Exposure of this scissile bond is facilitated

by force-induced unfolding of the A2 domain, thereby

allowing cleavage. Unfolding of VWF occurs in flowing

blood under high shear stress [7,8], in platelet-decorated

VWF strings anchored to the endothelial surface [9,10] and

in a growing thrombus [11]. Binding of ADAMTS-13 to

VWF, prior to cleavage, occurs through a multistep pro-

cess. ADAMTS-13 is composed of a metalloprotease (M),

disintegrin-like (D), thrombospondin type-1 repeat (T),

cysteine-rich (C), spacer (S), seven additional T and two

CUB domains. The distal (carboxyterminal [C-terminal])

T2-CUB2 domains are important in binding to folded

VWF [12–14], while multiple exosites in the catalytic proxi-

mal (aminoterminal [N-terminal]) MDTCS domains are

crucial in binding to the unfolded A2 domain and perfect

positioning of its catalytic site towards the cleavage site

(reviewed by Crawley et al. [15]).

Interestingly, conformational activation of ADAMTS-

13 by VWF [16] and by activating anti-T2-CUB2

domain monoclonal antibodies (mAbs) [16,17] has been

recently demonstrated. ADAMTS-13 was shown to

adopt both folded and open (activated) conformations.

The folded structure was characterized by interactions

between the distal and proximal domains and appeared

condensed on electron microscopy (EM), while the acti-

vated structure appeared more elongated on EM. Con-

formational activation was furthermore in line with the

observed hyperactivity of the enzyme devoid of the dis-

tal domains [18–20].
In this study, the mechanism of conformational activa-

tion was further investigated. First, this was performed

through development of novel activating anti-T2-CUB2

mAbs and through identification of a novel anti-metallo-

protease domain mAb that recognizes an epitope hidden

in the inactive condensed form of ADAMTS-13. Second,

regions responsible for flexibility were discovered that

could account for the observed conformational activation

of ADAMTS-13.

Methods

Generation of anti-ADAMTS-13 mAbs and Fab fragments

A subset of the mAbs and their development have been

described previously (Fig. 1A) [16,17,21–26]. Abs were

biotinylated using the EZ-LinkTM Sulfo-NHS-SS-Biotin

kit (Pierce Biotechnology, Rockford, IL, USA) and Fab

fragments were prepared as described [27].

Construction, expression and purification of ADAMTS-13

variants

Recombinant wild-type human ADAMTS-13 (WT

rADAMTS-13) was produced and purified as previously

described [12]. MDTCS variants (Fig. 1B) were generated

and expressed as previously described [26]. The T2-CUB2

deletion (Fig. 1C) and truncation (Fig. 1D) variants were

constructed starting from the tetracycline-inducible

pcDNATM4T/O vector (Invitrogen, Carlsbad, CA, USA)

containing cDNA encoding WT ADAMTS-13 with a

C-terminal His- and V5-tag [28]. Deletion variants were

prepared using inverse polymerase chain reaction (PCR).

Sequences were verified (GATC Biotech AG, Konstanz,

Germany) and T2-CUB2 deletion and truncation variants

were expressed using the inducible T-REx system (Invitro-

gen), with the exception of T2–T8 and T2-CUB2, which

were expressed in CHO Flp-In cells (Invitrogen). Condi-

tioned medium containing ADAMTS-13 variants (except

T2-CUB2 and T2–T8) was purified as previously described

[12]. T2-CUB2 and T2–T8 were purified using a Ni2+-

Sepharose Fast Flow column (GE Healthcare, Waukesha,

WI, USA).

Epitope mapping of anti-ADAMTS-13 mAbs

The mAbs were initially mapped against MDTCS and T2-

CUB2. Binding to ADAMTS-13 was used as a reference.

Purified mAbs were coated individually on a 96-well micro-

titer plate. After blocking (3% milk in PBS), plates were

incubated with a serial dilution of MDTCS, T2-CUB2 or

ADAMTS-13, starting at 15 nM (1 h at 37 °C). Binding

was detected with the HRP-labeled anti-V5 mAb (Invitro-

gen, 1/3000 in PBS, 0.3% milk). Colorimetric development

was carried out using OPD and H2O2 and was stopped

using 4 M sulfuric acid, after which absorbance (490 nm)

was determined. Epitope mapping of anti-MDTCS mAbs

was refined using MDTCS variants (Fig. 1B) as described

above, except that expression medium was used and bind-

ing was detected with the biotinylated mAb 3H9 (3H9bio).

Secondary detection was performed with HRP-conjugated

streptavidin (1/10 000 in PBS, 0.3% milk). Epitopes of the

anti-T2-CUB2 mAbs were mapped using the T2-CUB2

variants (Fig. 1C and D). Detection was carried out with

anti-V5-HRP. Competition of the anti-T2-CUB2 mAbs

directed against the same domain was tested by adding

biotinylated mAbs (EC50), together with a dilution of the

respective non-biotinylated mAb, to ADAMTS-13

(8.6 nM), captured with 3H9 (5 lg mL�1). Binding was

detected with HRP-conjugated streptavidin.

Static ADAMTS-13 proteolytic activity assay

The influence of anti-T2-CUB2 mAbs and their Fab frag-

ments on ADAMTS-13 activity was analyzed using the

FRETS-VWF73 assay (pH 7.4) [29].
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Shear-dependent ADAMTS-13 proteolytic activity assay

The effect of activating mAbs on cleavage of VWF under

high shear conditions was analyzed in the vortex assay

[14,30]. ADAMTS-13 (50 nM) in the absence or presence of

EDTA (10 mM) or mAb (40 lg mL�1) was added to

pVWF (8 lg mL�1) under vortexing at 2500 rpm for 50 s.

The multimeric pattern was determined as described [31].

The effect of activating mAbs on cleavage of platelet-deco-

rated endothelial cell-anchored VWF strings under low shear

conditions was analyzed in the VWF string assay (shear rate

of 250 s�1). The assay was performed as previously described

[10] with minor modifications. After perfusion with platelets,

coverslips were perfused with ADAMTS-13 (1.25 nM) with

or without the respective mAb (10 lg mL�1) for 135 s.

ADAMTS-13-VWF binding assay

The effect of anti-T2-CUB2 mAbs and their Fab

fragments on binding of ADAMTS-13 to folded VWF

was studied in a binding assay [32]. Briefly, purified

VWF (pVWF, 10 lg mL�1, Haemate�P, CSL Behring

GmbH, Marburg, Germany) was captured by the in-

house developed anti-VWF A1 mAb 1D6. Subse-

quently, a dilution of anti-T2-CUB2 mAb (initially

10 lg mL�1) and ADAMTS-13 (18 nM), pre-incubated

at 37 °C for 30 min (20 mM Tris-HCl (pH 7.8), 5 mM

EDTA, 0.2% BSA and 1% mouse serum), was added.

Binding was detected with mAbs 11D10bio and

18G8bio. Secondary detection was carried out as men-

tioned above.

Identification of T domains

The ADAMTS-13 amino acid sequence (NCBI, Bethesda,

MD, USA) was compared with the consensus sequence of

thrombospondin type-1 repeat of thrombospondin-1

(PDB, La Jolla, CA, USA) using RADAR (rapid auto-

matic detection and alignment of repeats) analysis

(EMBL-EBI, Cambridge, UK).
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Fig. 1. Graphical representation of ADAMTS-13 variants and epitope overview of the developed anti-ADAMTS-13 mAbs. The proximal

MDTCS domains are represented in black and include a metalloprotease (M), disintegrin-like (D), thrombospondin type-1 repeat (T1), cys-

teine-rich (C) and spacer (S) domain. Distal (T2-CUB2) domains are represented in white and consist of seven thrombospondin type-1 repeats

(T2 up to T8) and two CUB (Complement component C1r/C1s, Urinary epidermal growth factor (Uegf) and Bone morphogenic protein-1)

domains. (A) Epitope overview of the reported and newly developed (indicated by a box) anti-ADAMTS-13 mAbs. Abs with overlapping epi-

topes are indicated with arrows. (B, C and D) Graphical representation of the ADAMTS-13 variants used in this study. (B) MDTCS variants

MDTCS (W688X), MDT (Q499X), MD (W387X) and M (P285X). (C) WT and T2-CUB2 deletion (‘del’) variants. The linker regions between

the T2 and T3 domains (Linker 1), the T4 and T5 domains (Linker 2) and the T8 and CUB1 domains (Linker 3) are indicated by L1, L2 and

L3, respectively. Deleted domains and linker regions are indicated by a cross. (D) T2-CUB2 truncation variants.
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ADAMTS-13-6A6 binding assay

Binding of ADAMTS-13 (with or without the addition of

an anti-T2-CUB2 Fab) or a T2-CUB2 variant to mAb

6A6 was studied using ELISA. 6A6 was coated at

5 lg mL�1. After blocking, ADAMTS-13 (15 nM) (pre-in-

cubated for 30 min at 37 °C with or without a serial dilu-

tion of the respective Fab [10 lg mL�1]) or a T2-CUB2

variant (15 nM) was added (1.5 h at 37 °C). Binding was

detected with anti-V5-HRP.

Protein purification, negative staining, electron microscopy

image collection and data processing

Fab fragments of mAbs 3H9 (3H9 Fab) and 5C11 (5C11

Fab) were prepared through papain digestion [27]. Fabs

were purified on a MonoQ column (GE Healthcare) and

eluted with a 0–100 mM NaCl gradient (30 min) in 20 mM

Tris-HCl (pH 8.5). Fractions were analyzed using SDS-

PAGE and identified Fabs were pooled, concentrated,

loaded on Superose6 (GE Healthcare) and eluted. Fabs

were mixed with ADAMTS-13 in a 49 molar excess for

≥ 1 h before loading on the electron microscopy (EM)

grid. Negative staining, EM image collection and data pro-

cessing were performed as previously described [33–35].

Statistical analysis

Slopes of the FRETS-VWF73 assay were fitted through

linear regression. Data of the ADAMTS-13-VWF binding

assay were fitted with a one-site specific binding equation.

Means were compared with the reference using the Stu-

dent’s t-test (parametric, unpaired, one-tailed [VWF string

assay] or two-tailed). All statistical applications were per-

formed using the GraphPad Prism v5.03 software

(GraphPad Software Inc., San Diego, CA, USA).

Results

Development and epitope mapping of anti-ADAMTS-13

mAbs

We developed 14 new anti-ADAMTS-13 mAbs by immu-

nizing Balb/C mice with rADAMTS13. Binding of the

MDTCS (Fig. 1B), T2-CUB2 deletion (Fig. 1C) and T2-

CUB2 truncation (Fig. 1D) variants of ADAMTS-13 to

the respective mAb was performed using ELISA. Epi-

topes of the mAbs were subsequently determined by com-

parison of the binding and non-binding ADAMTS-13

variants. Figure S1 shows the detailed epitope mapping

of representative anti-ADAMTS-13 mAbs and also

includes the detailed epitope mapping of our previously

generated mAbs. Figure 1(A) shows a schematic overview

of the epitopes of all developed mAbs.

All mAbs with an epitope in the same domain were

checked for identical or overlapping epitopes using a

competition assay. Cross-competing mAbs are represented

by arrows in Fig. 1(A). All anti-T2 mAbs had overlap-

ping epitopes, hence representing one group of mAbs that

recognize a similar region. Both anti-T7 and anti-T8

mAbs were divided into two groups, each recognizing dif-

ferent epitopes in the T7 (8C10, 9A12, 9C12 and 9D12

vs. 20H11) and the T8 (11E2 and 20A5 vs. 14D2 and

19H4) domains, respectively. The anti-CUB mAbs could

also be divided into several groups, each recognizing dif-

ferent epitopes (e.g. anti-CUB mAbs 12H6 and 17G2 did

not cross-compete with any other anti-CUB mAb). How-

ever, some mAbs have complex patterns of cross-reactiv-

ity (e.g. 18E8 did compete with both 3C11 and 20E9, but

3C11 did not compete with 20E9), which indicates that

competing mAbs can have non-identical, partially over-

lapping epitopes.

Conformational activation of ADAMTS-13 by mAbs against

the T5-CUB2 domains

We previously reported that five mAbs directed against

the T2-CUB2 domains stimulated the proteolytic activity

of ADAMTS-13 more than 1.5 times in the static

FRETS-VWF73 assay [16,17]. These observations sup-

ported the hypothesis of allosteric activation of

ADAMTS-13. Here, we update these data and show

that among our 10 newly developed anti-T2-CUB2

mAbs, four mAbs (anti-CUB1 mAb 17G2 and anti-

CUB2 mAbs 1G12, 3C11 and 7H12) also stimulated the

proteolytic activity. In our large panel of anti-T2-CUB2

mAbs (in total 25 mAbs), we have now identified 11

specific anti-T5-CUB2 mAbs that increased the prote-

olytic activity of plasma ADAMTS-13 more than 1.3

times and up to 2-fold (Fig. 2A–E). This activation was

specific as the remaining anti-T2-CUB2 mAbs proved

unable to stimulate the cleavage of the FRETS-VWF73

substrate (Fig. 2E). An overview of the functional effect

of each mAb is given in Fig. 2(F) and Table S1. Fab

fragments of activating mAbs (11E2 Fab and 12D4

Fab) increased the proteolytic activity equally well as

their respective divalent mAbs (data not shown), thereby

excluding the possibility that the increased activity could

be due to crosslinking of ADAMTS-13.

The activating effect of the mAbs was additionally

tested under flow conditions. Under the high shear condi-

tions (estimated shear rate of more than 12 000 s�1 [14])

of the vortex assay, we observed a 2-fold increase in

ADAMTS-13 proteolytic activity, induced by the anti-

CUB2 mAb 18E8 (Fig. 3A–B), which is in line with the

findings of Muia et al. [16]. Under the low shear condi-

tions (shear rate of 250 s�1 [10]) of the VWF string assay,

mAb 18E8 also proved its activating effect (Fig. 3C).

Furthermore, these effects were specific because the

anti-CUB2 mAbs 7H12 and 12D4 exerted no effect in,

respectively, the vortex (Fig. 3A–B) and VWF string

assays (Fig. 3C).
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Conformational activation of ADAMTS-13 exposes a cryptic

site in its metalloprotease domain

As conformational activation of ADAMTS-13 implies

that distal T2-CUB2 domains are in close contact with

the proximal MDTCS domains in the inactive conforma-

tion, we checked whether our panel of anti-ADAMTS-13

mAbs contained mAbs that were directed against cryptic

epitopes in the proximal domains.

Therefore, we developed an immunoassay that allowed

measurement of binding of either WT ADAMTS-13 or

MDTCS to the respective coated mAb. Interestingly, one

mAb (anti-metalloprotease domain mAb 6A6) efficiently

captured MDTCS but not WT ADAMTS-13 (Fig. 4A). In

contrast, anti-metalloprotease domain mAb 3H9 captured

both ADAMTS-13 and MDTCS equally well (Fig. 4A).

Hence, these data suggest that the epitope of mAb 6A6 is

shielded in WT ADAMTS-13 by the distal domains.

Conformational activation of ADAMTS-13, induced

by Fab fragments of activating mAbs 11E2 and 12D4,

also resulted in the exposure of the 6A6 epitope in WT

ADAMTS-13 (Fig. 4B), further supporting the hypothesis

that 6A6 has a cryptic epitope in the metalloprotease

domain that is exposed upon conformational activation

of ADAMTS-13.

Conformational activation of ADAMTS-13 leads to exposure

of cryptic sites in its distal domains

Exposure of cryptic exosites and epitopes in the proximal

domains by conformational activation of ADAMTS-13

subsequently implies exposure of cryptic exosites in the dis-

tal domains. However, a mAb recognizing a cryptic epitope

in the distal domains had not yet been identified from our

current panel of mAbs. We hypothesized that when distal

domains bind folded VWF [12,13], conformational
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Fig. 2. Activation of ADAMTS-13 by anti-T2-CUB2 mAbs under static conditions. (A–E) The influence of anti-T2-CUB2 mAbs on the activ-

ity of plasma ADAMTS-13 was measured using the static FRETS-VWF73 assay. Inhibiting anti-metalloprotease domain mAb 3H9 [23] was
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are represented in black and white, respectively.
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activation of ADAMTS-13 might expose additional VWF

binding exosites and might increase the affinity of binding

to folded VWF. Therefore, binding of ADAMTS-13 to

folded VWF was studied in the presence or absence of anti-

T2-CUB2 mAbs.

A subset of anti-T2-CUB2 mAbs indeed did significantly

increase the binding to folded VWF. Addition of anti-T2

(1H12, 5C11 and 13F7), anti-T3 (17B10), anti-T4–T5
(4B9), anti-T7 (8C10 and 9C12), anti-T8 (11E2, 20A5 and

Pep4-5B-1) and anti-CUB (1G12, 3C11, 12D4, 12H6,

17G2, 18E8 and 20E9) mAbs led to a significant increase

in binding (up to more than 3-fold, Table S2) (Fig. 5A–E).
The increase in ADAMTS-13 binding was unlikely to be

due to crosslinking of ADAMTS-13 by the IgG mAbs

because non-functional anti-T2-CUB2 mAbs were also

identified (Fig. 5A–E). An overview of the functional effect

of each mAb is given in Fig. 5(F) and Table S2. In addi-

tion, although 12D4 Fab exerted no stimulatory effect,

11E2 Fab did stimulate the binding to folded VWF. How-

ever, the magnitude of this effect was significantly reduced

compared with mAb 11E2, due to the reduced affinity of

11E2 Fab for ADAMTS-13 (data not shown).

In summary, anti-T2-CUB2 mAbs stimulate the bind-

ing of ADAMTS-13 to folded VWF. As T5-CUB2

domains have been shown to be involved in binding to

folded VWF [12,13], conformational activation of

ADAMTS-13 by activating mAbs exposes additional exo-

sites in the distal domains.

Flexibility in ADAMTS-13 accounts for conformational

activation

The identification of activating mAbs revealed exposure

of cryptic exosites in both the proximal and distal

domains. Furthermore, conformational activation implies

the existence of specific regions that provide the observed

flexibility of the enzyme.

We hypothesized that linker regions between the T

domains might account for the flexibility of ADAMTS-

13. Indeed, Carlson et al. [36] and Calzada et al. [37]

showed that four additional residues in the linker region

between the T1 and T2 domains of thrombospondin-1 are

likely to affect the flexibility of the protein. Hence, we

used RADAR analysis to identify linker regions between

the T domains of ADAMTS-13. Through comparison of

the amino acid sequence of ADAMTS-13 with the

consensus amino acid sequence of the thrombospondin
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Fig. 3. Activation of ADAMTS-13 by anti-T2-CUB2 mAbs under

shear conditions. (A and B) Anti-CUB2 mAb 18E8 increases the

proteolytic activity of ADAMTS-13 under high shear conditions in

the vortex assay. Recombinant ADAMTS-13 (50 nM), in the absence

or the presence of EDTA (10 mM) or anti-CUB2 mAbs 7H12 or

18E8 (both at 40 lg mL�1), was added to pVWF (8 mg mL�1)

under constant vortexing at 2500 rpm for 50 s. Samples were loaded

on a 2.5% SDS IEF agarose gel and the VWF multimers were visu-

alized using the AP-labeled polyclonal anti-VWF Ab. (A) The cleav-

age product was identified as an additional band below the low-

molecular-weight multimers (indicated by the arrow). (B) Quantifica-

tion of the cleavage product was carried out using the ImageJ 1.48v

software. A relative peak area of ‘100’ was attributed to the average

intensity of the cleavage product in the presence of WT ADAMTS-

13. Differences were statistically analyzed using Student’s t-test.

Error bars represent the SD of four independently performed experi-

ments. (C) Anti-CUB2 mAb 18E8 increases the proteolytic activity

of ADAMTS-13 under low shear conditions in the VWF string

assay. Platelet-decorated VWF strings were visualized using fluores-

cence microscopy on the surface of BOECs (blood outgrowth

endothelial cells) perfused with washed DIOC6-labeled platelets at a

shear rate of 250 s�1. Disappearance of the VWF strings was fol-

lowed as a fuction of time in the presence of 12D4, 18E8 (both at

10 lg mL�1) or WT ADAMTS-13 (1.25 nM) alone. Differences were

statistically analyzed using the Student t-test. Error bars represent

the SEM of three independently performed experiments.
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type-1 repeats, we confirmed the boundaries of the seven

T repeats in T2-CUB2 (Fig. 6), one linker region (L2)

between the T4 and T5 domains and another linker

region (L3) between the T8 and CUB1 domains (Fig. 1C)

[38]. Interestingly, RADAR also identified a smaller third

linker region (L1) between the T2 and T3 domains

(Fig. 6).

Linker regions in the distal domains are responsible for

flexibility

If linker regions indeed contribute to the flexibility of the

distal domains, we hypothesized that some ADAMTS-13

variants with deleted linker regions might have a less flex-

ible (i.e. more elongated or active) conformation com-

pared with WT ADAMTS-13. Hence, binding of all

available T2-CUB2 truncation and deletion variants

(Fig. 1C and D) was investigated in the ADAMTS-13-

6A6 binding assay. Indeed, deletion variants devoid of

one linker region (delT2, delT4, delT8 and delCUB1)

showed increased binding to 6A6 compared with WT,

while variants containing all linker regions (delT3 and

delT5) did not (Fig. 7A). In addition, the amino acid

length of the linker regions was positively correlated with

the magnitude of binding to 6A6 (e.g. deletion of L3

(delT8 and delCUB1) led to a higher increase in binding

than deletion of L2 (delT4) and L1 (delT2)) (Fig. 7A).

Hence, removal of linker regions between distal domains

leads to a more unshielded conformation of ADAMTS-

13.

The identification of mAb 6A6, which recognizes a

cryptic epitope in the proximal metalloprotease domain,

allowed us to provide biochemical evidence that the distal

T7-CUB2 domains shield the proximal MDTCS domains.

Our previous small-angle X-ray scattering (SAXS) data

showed that the T7-CUB2 domains could shield the

active site and substrate binding sites in the proximal

MDTCS domains [16]. Hence, gradual deletion of the dis-

tal domains from the C-terminus to the N-terminus was

expected to result in increased binding to 6A6. Indeed,

deletion of the CUB domains (T8 variant) significantly

increased binding to 6A6 compared with WT (Fig. 7B).

However, this increase was lower than the increase

induced by deletion of all distal domains (MDTCS)

(Fig. 7B), suggesting only partial exposure of the cryptic

epitope in the T8 variant. Interestingly, deletion of the T8

domain resulted in complete exposure of the 6A6 cryptic

epitope, as the variants devoid of the T8 domain bound

6A6 equally well as (T5 and T7) or better (T6) than

MDTCS (Fig. 7B). Consequently, both T8 and CUB

domains are crucial in shielding the cryptic 6A6 epitope

present in the proximal domains.

Electron microscopy reveals flexibility around the T2 and

metalloprotease domains

Currently, little experimental information is available on

the structure of full-length ADAMTS-13. Quick-freeze

deep-etch EM and negative stain EM showed many dif-

ferent conformations of ADAMTS-13 with both con-

densed and elongated forms [16,17], implying a highly

flexible structure. However, neither structural details nor

the position of the proximal and distal domains were

revealed in these studies.

EM of purified rADAMTS13 indeed revealed the pres-

ence of a large number of different structures (Figure S2).

Therefore, in order to localize proximal and distal parts

of ADAMTS-13, EM images were made of ADAMTS-13

in complex with the anti-metalloprotease 3H9 Fab
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Fig. 4. The cryptic epitope of anti-metalloprotease domain mAb

6A6 is exposed by conformational activation of ADAMTS-13. Bind-

ing of rADAMTS13, MDTCS and T2-CUB2 to 3H9 and/or 6A6

(both anti-metalloprotease domain mAbs) was tested in an ELISA.

Binding was detected with the anti-V5-HRP mAb. (A) Binding of

rADAMTS13, MDTCS and T2-CUB2 to 3H9 and 6A6. Binding

was calculated relative to the binding of MDTCS. (B) Binding of

ADAMTS-13, pre-incubated with the respective anti-T8 and anti-

CUB Fab fragment, to 6A6. Binding was calculated relative to the

binding of rADAMTS13. Differences were statistically analyzed

using Student’s t-test. Error bars represent the SD of at least three

independent experiments.
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fragment or the anti-T2 5C11 Fab fragment (Fig. 8).

Class averages of ADAMTS-13-3H9 Fab complexes

allowed clear identification of the Fab fragment bound to

the metalloprotease domain. For example, in class aver-

ages 1 and 11, the 3H9 Fab fragment is bound to the grid

on its side, while in class averages 4 and 5, it is bound flat

to the grid (Fig. 8A). Despite the clear observation of the

metalloprotease domain, the domains C-terminally

located from this domain could not be clearly identified,

indicating a degree of flexibility around this domain. In

line with 3H9 Fab, the anti-T2 5C11 Fab was clearly visi-

ble in class averages 1, 6, 8, 11, 15 and 18 (Fig. 8B). The

structure surrounding the Fab fragments could not be

well defined and impaired identification of the domains

N-terminally and C-terminally located from the T2

domain.

The observed flexibility around the T2 domain supports

the biochemical data showing that linker regions in the

distal domains contribute to the flexibility of ADAMTS-

13. Additionally, EM reveals flexibility around the metal-

loprotease domain.

Discussion

ADAMTS-13 is expressed as a constitutively active enzyme

whose activity is tightly regulated through conformational

changes in its substrate VWF. Additional regulatory mech-

anisms of ADAMTS-13 activity have already been

described. On the one hand, both Gao et al. [20] and Di

Stasio et al. [39] showed, using the short VWF73 substrate,

that the proteolytic activity of ADAMTS-13 is negatively

regulated once sufficient concentrations of C-terminal VWF

product (Met1606-Arg1668) are formed after cleavage of the

Tyr1605-Met1606 scissile bond. On the other hand, the mech-

anism of substrate-induced disruption of the interaction

between the proximal and distal domains of ADAMTS-13,

leading to allosteric activation of the enzyme, was recently

described [16,17]. In this study, we further characterized the

mechanism of conformational activation and identified flex-

ible regions that allow the enzyme to adopt condensed and

elongated activated conformations.

Among 31 anti-ADAMTS-13 mAbs, including 14 that

are unreported, we found 11 that activate the cleavage of
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FRETS-VWF73. Interestingly, the epitopes of these

mAbs were all located in the C-terminal T5-CUB2

domains. The mAb-induced conformational activation of

ADAMTS-13 was additionally studied under high and

low shear conditions using, respectively, the vortex and

the VWF string assay. Here, the increased activity

induced by mAb 18E8 in both assays suggests a contribu-

tion of this mechanism under shear conditions.

Conformational activation of ADAMTS-13 was previ-

ously linked to shielding of the proximal MDTCS

domains by the distal T2-CUB2 domains [16,17], which

consequently implies the existence of cryptic epitopes in

both proximal and distal domains. Indeed, screening of

all anti-MDTCS mAbs identified the anti-metalloprotease

domain mAb 6A6, which had the ability to distinguish

the condensed from the elongated conformations. This

unique mAb bound WT ADAMTS-13 ~4 times less effi-

ciently than MDTCS, indicating that its epitope is hidden

by the distal domains when ADAMTS-13 adopts a con-

densed conformation. Addition of Fab fragments of acti-

vating mAbs significantly increased the binding to 6A6,

thereby confirming the mechanism of mAb-induced con-

formational activation. Second, binding of ADAMTS-13

to folded VWF is known to depend on its distal domains

[12,13]. The existence of cryptic epitopes in the distal

domains was also studied and confirmed, because 17 anti-

T2-CUB2 mAbs increased the binding of ADAMTS-13

to folded VWF. Interestingly, mAbs 12D4 [16] and 18E8,

which increased the activity under high shear conditions,

also significantly increased binding to folded VWF
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(respectively, ~2 and ~1.5-fold), while mAbs 7H12 and

19H4 [16], which exerted no effect under shear, also did

not increase binding to folded VWF. These data show

that mAb-induced exposure of additional exosites in the

distal domains leads to increased proteolysis under shear

conditions.

Conformational activation of ADAMTS-13 suggests

the presence of flexible regions in the enzyme. In line with

the finding that linker regions between T domains of

thrombospondin-1 are likely to affect flexibility [36,37],

we here hypothesized that three linker regions between

the distal T domains (Fig. 1C) contribute to the flexibility

of ADAMTS-13. This was confirmed because ADAMTS-

13 variants devoid of one of its linkers adopted a more

elongated conformation than variants where all three

linkers were present (Fig. 7A). In addition, our EM

images of full-length ADAMTS-13 in complex with the

anti-T2 Fab fragment revealed flexibility around the T2

domain, thereby confirming the presence of the flexible

linker region L1. EM analysis also revealed flexibility

around the metalloprotease domain. A linker region of 11

amino acids, connecting the metalloprotease and disinte-

grin-like domains, was identified in ADAMTS-13, based

on the crystal structures of ADAMTS1, 4 and 5 [40–43].
Hence, this linker is likely to be responsible for the

observed flexibility in our EM data. This flexibility might

also explain why the crystal structure of the DTCS

domains but not the MDTCS domains of ADAMTS-13

has been resolved [43].

Co-immunoprecipitation experiments revealed an inter-

action between the CUB and spacer domains [17]. SAXS

data supported the CUB-spacer interaction and addition-

ally revealed interactions between the T8 domain and the

remaining MDTC domains [16,44]. Our study provides

novel biochemical evidence supporting the T8 interaction

with the MDTC domains, as the cryptic epitope of the

anti-metalloprotease domain mAb 6A6 became accessible

when the T8 to CUB2 domains were deleted (Fig. 7B).

In conclusion, we have identified new features in the

mechanism of regulation of ADAMTS-13 activity

through conformational activation. Three linker regions

between the distal domains were shown to contribute to

the flexibility of these domains, allowing shielding of the

proximal domains. Furthermore, of all the distal

domains, the T8 and CUB domains are the main contrib-

utors to this shielding mechanism. In addition, we showed

that VWF- or mAb-induced conformational activation

results in cryptic exosite exposure in both proximal and

distal domains, leading to increased proteolytic activity of

ADAMTS-13 under both static and shear conditions.
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Table S1. Influence of anti-T2-CUB2 mAbs on the prote-
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Fig. 8. EM analysis reveals flexibility around the T2 and metalloprotease domain. Electron microscopy (EM) images of purified rADAMTS13,

pre-incubated with anti-metalloprotease domain 3H9 Fab (A) or anti-T2 5C11 Fab (B), were made and, respectively, 100 and 50 class averages

of the different structures of ADAMTS-13 were selected. For both conditions, magnified class averages are shown. The respective Fab frag-

ment was easily identified due to its characteristic round shape (indicated with the white arrow). (A) Domains C-terminally located from the

metalloprotease domain were difficult to identify, indicating flexibility around this domain. (B) Domains N- and C-terminally located from T2

are visible but could not be identified, also indicating flexibility around the T2 domain. Scale bars, 10 nm.
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ADAMTS-13, in the presence or absence of an anti-T2-

CUB2 mAb, was determined using the FRETS-VWF73

assay. NA = not applicable, ns = not significant. Under-

lined and italic antibodies were previously used in the

studies of, respectively, South et al. [1] and Muia et al. [2]

Table S2. Influence of anti-T2-CUB2 mAbs on the bind-

ing of ADAMTS-13 to folded VWF. Binding of

ADAMTS-13, in the presence or absence of an anti-T2-

CUB2 mAb, to folded VWF was determined using the

ADAMTS-13-VWF binding assay. NA = not applicable,

ns = not significant

Fig S1. Epitope fine mapping of the in-house developed

anti-ADAMTS-13 mAbs. Each mAb was coated individu-

ally and rADAMTS13 or one of its variants was added.

Bound rADAMTS13 or its variants was detected using

the anti-V5-HRP mAb. Each graph represents the binding

of rADAMTS13 or its variants onto the following coated

anti-ADAMTS-13 mAbs: anti-M mAb 18G8 (A), anti-C/

S mAb 11D10 (B), anti-T2 mAb 5C11 (C), anti-T3 mAb

17B10 (D), anti-T4–T5 mAb 4B9 (E), anti-T5–T6 mAb

7C4 (F), anti-T7 mAb 8C10 (G), anti-T8 mAb 19H4 (H),

anti-CUB1 mAb 17G2 (I) and anti-CUB2 mAb 20E9 (J).

The relative absorbance measured after capturing 15 nM

of rADAMTS13 or its variants is depicted (binding of

rADAMTS13 to the respective mAb was set as OD 1).

Fig S2. Class averages of purified rADAMTS13. No uni-

form structure of ADAMTS-13 was determined from the

class averages of purified rADAMTS13.
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