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Abstract  

Von Willebrand Factor (VWF) is a large multi-domain plasma glycoprotein that is 
critical for normal platelet tethering during haemostasis. ADAMTS13 is a plasma 
metalloprotease that regulates VWF multimeric size/function by cleaving the 
Tyr1605-Met1606 bond in the VWF A2 domain. Deficiency of ADAMTS13 causes 
microvascular thrombosis. The only reported cleavage of VWF by ADAMTS13 is 
that of the Tyr1605-Met1606 bond. How this high substrate specificity is conferred 
remains unclear. To date, all the interactions between these molecules that have been 
described involve VWF residues C-terminal to the scissile bond and the non-catalytic 
domains of ADAMTS13. I hypothesised that VWF also contains an interaction site 
for ADAMTS13 N-terminal of the cleavage site to aid both in positioning of the 
scissile bond in the active site and substrate specificity. Previous studies have 
suggested that the VWF sequence between Asp1596 and Val1604, N-terminal to the 
cleavage site, is essential for cleavage by ADAMTS13. My aim was to identify the 
residues in this region that are important determinants for ADAMTS13 proteolysis. A 
panel of mutations were introduced into the substrate VWF 115 (VWF residues 1554-
1668). The mutants were expressed purified and their proteolysis by ADAMTS13 
analysed. It was found that the proteolysis of VWF 115 variants (L1603A, L1603S, 
L1603N or L1603K) were all substantially impaired (up to >400 fold reduction). The 
importance of VWF Leu1603 was confirmed using a synthetic 
peptide 1596DREQAPNLVY1605, which competitively inhibited proteolysis of VWF 
115 by ADAMTS13. A mutant peptide containing the L1603A 
mutation, 1596DREQAPNAVY1605, had minimal effect. When the VWF L1603A 
substitution was introduced into the full-length recombinant VWF, proteolysis by 
ADAMTS13 was again substantially reduced. These findings implied the presence of 
a subsite (S3) in the ADAMTS13 metalloprotease (MP) domain that interacts with 
VWF Leu1603. Using molecular modelling, the distance between VWF Leu1603 and 
the scissile bond was estimated as ~10Å. Structural homology modelling of the MP 
domain, mutagenesis of 11 candidate residues and functional characterisation of these 
variants identified two clusters, Leu198/Leu232/Leu274 and Val195/Leu151, as 
possible subsites interacting with VWF. It is suggested that VWF Leu1603 interacts 
with Leu198/Leu232/Leu274, while Val195/Leu151 may interact with VWF Tyr1605. 
I propose a mechanism for VWF cleavage involving remote C-terminal domain 
interactions that assist initial orientation of the VWF scissile bond within the active 
site of ADAMTS13, but in which N-terminal hydrophobic interactions between VWF 
Leu1603 and the S3 subsite in the MP domain of ADAMTS13 are critical for the 
positioning required for cleavage of the Tyr1605-Met1606 scissile bond.  
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SVMP snake venom metalloproteinase 

Ta annealing temperature 

TF tissue factor 

TFA trifluoroacetic acid 

TFPI tissue factor pathway inhibitor 

TSP-1 thrombospondin-1 

TSR thrombospondin repeat 

TTP thrombotic thrombocitopenic purpura 

U unit 

UL-VWF ultra large von Willebrand Factor 

UV ultaviolet 

V volt 

v/v volume per unit volume 

V0 initial velocity 

VEGF vascular endothelial growth factor 

Vmax maximal velocity 

VWD von Willebrand’s disease 

VWF von Willebrand factor 

w/v weight per unit volume 
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CHAPTER 1: INTRODUCTION 

1.1 Overview of haemostasis  
Haemostasis is the physiological process which prevents blood loss following injury 

to blood vessels. There are four basic mechanisms that form the haemostatic response: 

vasoconstriction, platelet plug formation, blood coagulation and fibrinolysis [1]. The 

vascular endothelial cells, platelets, coagulation factors, fibrinolytic factors and 

various inhibitors that control the activities of proteolytic enzymes are the components 

that are involved in haemostasis. 

1.1.1 Vasoconstriction 

Instant constriction of injured vessels is the first stage of haemostasis.  

Vasoconstriction arises from a local contractile response, but may also be triggered by 

vasoconstrictive cytokines (such as endothelin) released by the endothelial cells lining 

the vessel wall [2]. Vasoconstriction causes a decrease in blood flow to the site of 

vessel damage and consequently mechanically limits blood loss. 

1.1.2 Platelet plug formation 

Platelet plug formation is the second process involved in haemostasis and occurs 

independent of vasoconstriction. Platelets are cellular fragments derived from 

megakaryocytes, that circulate in plasma [3]. Once the subendothelial layers are 

exposed due to the damage to the endothelium, platelets immediately adhere to the 

revealed collagen, which begins a process of cellular activation [4]. The activated 

platelets release a variety of granule substances (such as adenosine diphosphate, 

serotonin, von Willebrand factor (VWF) [see section 1.2]) [5], which positively 

activate and recruit more platelets to the area around the injury and form an unstable 

platelet plug. The formation of platelet plug is sometimes termed primary haemostasis. 

The platelet plug temporarily blocks the blood loss at the site of vessel damage. 

1.1.3 Blood coagulation  

A series of proteolytic reactions, which forms a coagulation cascade, is initiated in the 

third stage of haemostasis. The coagulation cascade is initiated by tissue factor, 

exposed at the site of injury. Tissue factor is a lipoprotein mainly in membranes of 

cell present in subendothelial tissue [6]. It interacts with factor VII(a), and this 

complex can activate factor X and factor IX through separate pathways, termed the 

extrinsic and intrinsic pathways. Both of these pathways result in formation of factor 
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Xa, which is able to proteolytically activate prothrombin to thrombin. Thrombin is a 

key protease generated during coagulation, as it has numerous functions including 

activating platelet and proteolysing fibrinogen. Because of the amplication nature of 

the coagulation cascade, there is potential for excess proteases generation. To regulate 

this, at least three inhibitory systems are present, involving the protease inhibitors, 

antithrombin and tissue factor pathway inhibitor (TFPI), as well as a protease 

generated by thrombin, activated protein C. The coagulation cascade leads ultimately 

to the conversion of fibrinogen to fibrin which forms a fiber mesh, which stabilises 

the haemostatic plug. This stage of haemostasis is sometimes termed secondary 

haemostasis.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

1.1.4 Fibrinolysis 

The final stage of haemostasis is fibrinolysis. This breaks down the blood clot. 

Fibrinolysis is mediated by a specific enzyme, plasmin, which proteolyses fibrin at 

arginine and lysine residues [7]. Plasmin is converted from plasminogen, which is 

activated by tissue plasminogen activator (t-PA) and urokinase (also named 

urokinase-type plasminogen activator (u-PA)) [8, 9]. Both t-PA and u-PA are 

inhibited by plasminogen activator inhibitor-1 and plasminogen activator inhibitor-2 

(PAI-1 and PAI-2) [10]. The activity of plasmin is also inhibited by thrombin-

activatable fibrinolysis inhibitor (TAFI), which limits plasminogen binding to fibrin 

as well as the formation of plasmin [11].  

1.1.5 The balance of haemostasis 

The balance of haemostasis plays an essential role in maintaining normal blood 

circulation. While inadequate haemostasis can lead to bleeding disorders such as those 

seen in the haemophilia and  von Willebrand disease (VWD) (see section 1.2.4), 

excessive haemostasis can cause obstructive thrombotic disorders, such as deep vein 

thrombosis, stroke, myocardial infarction, and thrombotic thrombocytopenic purpura 

(TTP) (see section 1.3.5) [12]. The haemostatic balance is regulated by numerous 

factors, including those involved in controlling platelet activation, coagulation, and 

fibrinolysis. My thesis is focused on mechanisms involved in the control of the 

primary haemostasis when the platelet first recognizes the damaged endothelium. 
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 1.2 Platelet recognition of the damaged endothelium 
In normal circulation, the adhesive glycoprotein VWF does not interact with the 

platelet. However, injury to the endothelium induces VWF to bind to exposed 

subendothelial matrix proteins, primarily collagen. Upon binding to collagen, VWF 

unravels into a “string-like” conformation from an original globular form. This 

conformational change exposes multiple platelet GpIbα binding sites [13, 14]. VWF 

acts as a bridge between platelets and the damaged endothelium that otherwise would 

have difficulty interacting under the conditions of high shear stress that prevails in 

vivo [15]. The ability of VWF to bind to collagen, unfold and capture platelets is 

highly dependent upon its multimeric size, with larger VWF multimers more able to 

capture platelets. Shear stress in vessels also increases the transport of platelets 

towards the vessel wall, enhancing their interaction with VWF [16]. The initial 

contact and interaction between platelet GpIbα and VWF is rapid but reversible.  

1.3 Von Willebrand Factor 
VWF is a large multi-domain multimeric glycoprotein that plays an essential role in 

regulating the balance between blood clotting and bleeding [17]. Abnormalities 

affecting VWF can lead to health problems, such as bleeding disorders and 

thrombosis. The haemostatic properties of circulating VWF are dependent upon its 

molecular size. 

1.3.1 Synthesis and secretion of VWF 

The VWF gene is located at the tip of the short arm of chromosome 12 (region 12p12-

12pter), and contains 52 exons [18]. It is approximately 180kb in length [17]. 

Expression of the VWF gene is mainly in vascular endothelial cells and 

megakaryocytes. The VWF cDNA translation product is a 2813-residue pre-pro-VWF 

which then enters the endoplasmic reticulum, where the signal peptide is 

proteolytically cleaved [19]. With the addition of N-linked and O-linked 

oligosaccharides, the pro-VWF is glycosylated in the endoplasmic reticulum. VWF 

dimerisation subsequently occurs through disulphide bond formation close to its 

carboxyl terminus. These dimers are transported to the Golgi apparatus, where 

multimerisation through disulphide bond formation between the amino-termini of 

adjacent dimers occurs. Multimerisation is promoted by the VWF propeptide. 

Additional modifications in the Golgi include the removal of the propeptide the paired 

dibasic amino acid-cleaving enzyme furin and the completion of glycosylation. 
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Eventually, multimerisation gives rise to VWF with a molecular weight ranging from 

500kDa to 20,000kDa, or more [16]. The majority of newly synthesised VWF 

multimers undergo basal secretion into the plasma and the sub-endothelial matrix; the 

rest are stored either in the Weibel-Palade bodies of endothelial cells or in the α 

granules of platelets. These storage granules contain ultra large multimers, whereas 

plasma VWF is composed of a range of smaller multimers arising in part from 

proteolytic cleavage [20].   

1.3.2 Structure of VWF 

A mature VWF subunit consists of 2050 amino acids, lacking the signal peptide of 22 

residues and a propeptide of 741 residues, when compared to the 2813-residues pre-

pro-VWF subunit [19]. The mature VWF is extensively glycosylated and greatly rich 

in cysteines. A schematic domain structure of VWF composed of five D domains (D1, 

D2, D3, D4, and D’), three A domains (A1, A2 and A3), three B domains (B1-3), two 

C domains (C1 and C2) and CK domain, is shown in Figure 1.1 [16].  

 
Figure 1.1 Structural domain organization of VWF. The diagram shows the order and 

positions of the repeated domains (five D domains, three A domains, three B domains and 

two C domains). Major binding sites and regions involved in multimerisation are highlighted 

below the diagram. The red arrow in the middle indicates the ADAMTS13 cleavage site, 

while the red arrow above the residue 763 shows where pro-sequence is cleaved by furin. This 

figure was adapted from [16]. 

1.3.2.1 D domains 

Following the signal peptide, the 22 amino acids N-terminal part of the nascent VWF, 

the D1 and D2 domains comprise the propeptide which is cleaved by the enzyme furin 

at the residue 763 in mature VWF [21]. The Dl and D2 domains are required for 

assembly of pro-VWF dimers into multimers. Expression of a variant VWF gene 

lacking the cDNA encoding the propeptide, generated only VWF dimers [22] and 
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VWF dimers lacking the propeptide do not form multimers in vitro [23]. Moreover, 

one mutation (Y87S) in the D1 domain resulted in failure of N-terminal 

multimerisation [24]. In addition to the Dl and D2 domains, both the D' and the D3 

domain are also required for multimer assembly. This conclusion is evidenced by the 

findings that the multimeric pattern of the mutant VWF proteins were unable to form 

multimers when the D' or D3 domain or both domains were deleted. However, the 

role of these two domains in the VWF multimerisation is different in that the D3 

domain functions through the formation of intermolecular disulphide bonds from the 

cysteine residues in this domain [23]. In contrast, the D' domain does not contain free 

sulphydryl groups for disulphide bonding and therefore it performs an unknown 

function essential for the assembly of multimers. Using a VWF truncation mutant that 

lacked the A, D4, B, C and CK domains, Voorberg et al. [23] identified that the C-

terminal dimerisation of VWF was not required for the formation of intermolecular 

disulphide bonds at the N-terminus of the molecule, suggesting multimerisation of 

VWF is independent of its dimerisation. 

The D’ and the D3 domains contain binding sites for factor VIII [25-27]. Takahashi et 

al. [26] established that the region for factor VIII binding to VWF was located on a 

34kDa fragment of the N-terminus of VWF, between residues 1 and 910. Applying 

two-dimensional crossed immunoelectrophoresis, Foster et al. [27] further identified 

such a binding region for factor VIII to VWF on the N-terminal 272 residues of the 

mature VWF subunit, located on the D’ and the D3 domains. Using a centrifugation 

binding assay, the binding kinetics of VWF- factor VIII association was characterized 

[28]. Based on the kinetic parameters, it was estimated that the time required for 

plasma VWF (50nmol/L) to bind 50% of factor VIII was approximately two seconds 

[28]. 

No function for the VWF D4 domain was described until recently, when using surface 

plasmon resonance and plate binding assays, Zanardelli et al. [29] identified a binding 

site (KD ~ 86nM) for the VWF-cleaving protease (see section 1.4) in the region of this 

domain.  

1.3.2.2 A domains 

The VWF A1, A2 and A3 domains are homologous and span residues ranging from 

Asp1260 to Gly1874. Two cysteine residues in both the A1 domain (Cys1272 and 

Cys1458) and A3 domain (Cys1686 and Cys1872) form intramolecular disulphide 

bonds and stabilise loops of identical length [30, 31]. In contrast, it is adjacent 
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cysteine residues (Cys1669 and Cys1670) in VWF A2 domain that form a vicinal 

disulphide bond plug that is thought to stabilize this domain [32, 33]. Crystal 

structures for all the three A domains have been determined by X-ray crystallography 

and these show that the domains are characterised by several central ß-sheets flanked 

on both sides with α-helices [30-32]. 

1.3.2.2.1 A1 domain 

The A1 domain contains binding sites for platelet GpIbα receptor (one component of 

the platelet GpIb-IX-V complex), heparin and collagen [34-36]. The interaction 

between the A1 domain and platelet GpIbα receptor supports the tethering of 

circulating platelets to the VWF multimers. The residues of the A1 domain interacting 

with GpIbα were first demonstrated by using one specific VWF fragment (residues 

1212-1491) which was able to inhibit the ristocetin induced platelet aggregation [37]. 

In addition, a similar VWF fragment (residues 1208-1496) was also found able to 

inhibit platelet aggregation and competitively inhibit the binding of anti-GpIbα 

monoclonal antibody to platelets [38]. Furthermore, a deletion mutant of VWF 

lacking the A1 domain was unable to initiate the ristocetin induced platelet 

aggregation [36]. Using recombinant A1 domain with a series of deletion mutations at 

the region of GpIbα binding, it was revealed that the A1 domain contains multiple 

interaction sites for GpIbα binding and integrity of the residues between the 

intramolecular disulphide bond (Cys1272 and Cys1458) was important for their 

interaction [39]. Using a series of synthetic VWF peptides, it was demonstrated that 

the VWF sequence Asp1277-Glu1305 was the major site of VWF binding to GpIbα 

[40]. These findings were further confirmed by crystal structure of the A1 domain and 

its complex with GpIbα [34]. As shown in Figure 1.2, the structure of the A1 domain 

contains central parallel ß-sheets flanked on two sides by α-helices. A disulphide bond 

formed between Cys1272 and Cys1458 connects the N- and C-terminus. The crystal 

structure of the A1 domain-GpIbα complex indicates that the A1 domain interacts 

with the concave side of the GpIbα, involving two distinct contact areas. The first 

contact site is located at the top of the A1 domain (Figure 1.2), where the interaction 

between the A1 (α3-helix, α3ß4-loop, and ß3 strand) and GpIbα (leucine rich repeats 

5-8 and its C-terminal residues) occurs. The second contact site is located at the 

bottom of the A1 domain (Figure 1.2), involving the interaction of the A1 (loops α1ß2, 

ß3α2 and α3ß4) with GpIbα (the first leucine rich repeat and its N -terminal ß finger). 
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This structural information can explain the effects of specific gain-of-function 

mutations related to von Willebrand disease (section 1.3.4). 

Heparin was found to competitively inhibit the binding of the VWF A1 domain to 

GpIbα [41]. Binding to heparin was almost abolished if a deletion mutant of VWF 

lacking the A1 domain was used [36]. Using site-directed mutagenesis and heparin-

Sepharose beads binding assays, it was further demonstrated that VWF residues 

Lys1362, Arg1395, and clusters 1332KDRKR1336 and 1405KKKK1408

1.3.2.2.2 A2 domain 

, are important 

residues for heparin binding to the VWF A1 domain [41]. While a collagen binding 

site was also identified within the VWF A1 domain, it is only a minor binding site, 

with the major collagen binding site located within the VWF A3 domain [36, 42] 

(section 1.3.2.2.3) 

The crystal structure of the VWF A2 domain has recently been determined [32]. As 

shown in Figure 1.3, the VWF A2 domain folds with α-helices and ß-sheets in a 

somewhat different structure to that of the VWF A1 domain. Although the central ß-

sheets are flanked on both sides with α-helices in the VWF A1 (and the A3) domains, 

the VWF A2 domain lacks an α4-helix. A loop and cis-proline replace the position of 

the α4-helix. The hydrophobic ß-sheet core contains ß-strands in the order ß3, ß2, ß1, 

ß4, ß5, and ß6, with ß3 antiparallel to the other five ß-strands (Figure 1.3).  

The VWF A2 domain contains a cleavage site at Tyr1605-Met1606, which is 

recognized and proteolyzed by the specific cleaving protease of VWF, ADAMTS13 

(see section 1.3). The ADAMTS13 cleavage site is present in the middle of the ß4-

strand, which is buried deep in the hydrophobic ß-sheet core of the A2 domain. The 

side chain of cleavage site residue Tyr1605 points to the C-terminus of the VWF A2 

domain and also contacts the side chain of residue Leu1603 at the ß4-strand. The 

other cleavage site residue, Met1606, is located on the opposite side of the ß-sheet.  

1.3.2.2.3 A3 domain 

Many groups have independently reported the crystal structure of the VWF A3 

domain [31, 43-45]. As shown in Figure 1.4, the VWF A3 domain consists of a 

central ß-sheet core containing six ß-strands, surrounded by seven α-helices. Except 

the ß3-strand, all other ß-strands are parallel. The disulphide bond formed by Cys1686 

and Cys1872 connects the N-terminus and C-terminus of the VWF A3 domain, which 

stabilises its conformation.   
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Figure 1.2 Crystal structure of the complex of the VWF A1 domain with GpIbα. The 

complex of the VWF A1 domain with GpIbα is shown in a cartoon view. The disulphide bond 

formed by Cys1458 (magenta) and Cys1272 (magenta), the contact site I and II residues 

shown in stick representation, are highlighted using Pymol. The original structural 

information was taken from PDB file 1M10 [34]. 
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VWF A2 domain 

 

Figure 1.3 Crystal structure of VWF A2 domain. The VWF A2 domain is shown in a 

cartoon view. The C-terminus (magenta) and the N-terminus (red) of this domain, and the 

proteolytic site (Tyr1605-Met1606) (yellow) buried within the core ß-sheet of this domain are 

highlighted using Pymol. The original structural information was taken from PDB file 3GXB 

[32].  

Collagen binding sites have been identified at both the VWF A3 domain and A1 

domain. It has been shown that VWF variant with the deletion of the A1 domain still 

binds to collagen type III, suggesting that the VWF A3 domain is sufficient for the 

interaction [36]. Indeed, a VWF variant with the deletion of the A3 domain, when 

preincubated on collagen type III, failed to support platelet adhesion under flow 

conditions [46]. These finding demonstrate that the VWF A3 domain contains the 
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major collagen binding site. Site-directed mutagenesis studies demonstrated that 

residues Asp1742, Ser1783 and His1786 in the VWF A3 domain (Figure 1.4) are 

essential for collagen binding [47, 48]. Other residues, Ile1738, Thr1740, Val1760, 

Glu1764, Arg1726 and Arg1779 have also claimed to be important, as mutation of 

these residues resulted in about 10-fold reduction in collagen-binding affinity [48]. 

The crystal structure of the VWF A3 domain suggests that its binding to collagen is 

achieved through interactions between negatively charged residues on the VWF A3 

domain and positively charged residues on collagen [31].  

 

 

VWF A3 domain 

 

Figure 1.4 Crystal structure of VWF A3 domain. A carton view of the VWF A3 domain is 

shown. The disulphide bond formed by Cys1686 (blue) and Cys1872 (yellow), and the 

collagen binding residues (Asp1742, Ser1783 and His1786) (green) in this domain are 

highlighted using Pymol. The original structural information was taken from PDB file 1AO3 

[31]. 
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1.3.2.3 C domains and CK domain 

Following the D4 domain, the C domains and CK domain are located at the C-

terminal part of the VWF monomer.  The C1 domain contains an Arg-Gly-Asp (RGD) 

motif, through which it binds to the platelet αIIbß3 receptor on the surface of the 

activated platelets [49]. The CK domain contains the cysteines that are involved in the 

process of dimerisation between the VWF monomers. The CK domains are 

characterized by 6 conserved cysteines (Cys2724, Cys2750, Cys2754, Cys2774, 

Cys2804 and Cys2806) [50]. Treatment by partial reduction alkylation, chemical and 

proteolytic digestion, and analysis by mass spectrometry and amino acid sequencing, 

these intramolecular disulphide bonds were identified: Cys2724–Cys2774 (1-4), 

Cys2750–Cys2804 (2-5), Cys2754–Cys2806 (3-6), and Cys2739–Cys2788 [50]. 

Disulphide bonds between Cys2750 and Cys2804 and between Cys2754 and Cys2806 

form a ring that is penetrated by the third disulphide bond between Cys2724 and 

Cys2774. Dimerisation is normally mediated by additional non-conserved cysteines 

that differ among CK domain subfamilies. Site-directed mutagenesis of residue 

Cys2771 or Cys2773 in the CK domain prevented dimerization of VWF subunit, 

suggesting that residue Cys2771 or Cys2773 or both of them participate in the 

dimerisation of VWF [50]. Together with intermolecular disulphide bond formation in 

the D3 domain, dimerisation in the CK domain enables the VWF monomers 

efficiently form larger or ultra-large multimers in plasma.  

1.3.3 The functions of VWF 

VWF has two principal roles: 1) it mediates rapid adhesion of platelets at sites of 

vascular perturbation [16], as described in section 1.2; 2) it acts as a carrier protein for 

coagulation factor VIII to maintain normal circulating factor VIII levels. 

The coagulation factor, factor VIII becomes a cofactor in the coagulation cascade 

when activated to factor VIIIa. The factor VIIIa localises and amplifies thrombin 

generation. However, it is susceptible to cleavage inactivation when the protein C 

pathway is activated by thrombin. This generates activated protein C, one function of 

which is to inactivate factor VIIIa. Through binding to the factor VIII, VWF stabilizes 

it and protects it from degradation by activated protein C [51]. During its activation, 

thrombin cleaves FVIII after Arg1689, disrupting the VWF binding site [52-54].This 

results in the active form of factor VIII being released from VWF, allowing thrombin 

generation to be increased dramatically [54-56]. 
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1.3.4 Von Willebrand disease (VWD) 

The VWF gene is highly polymorphic, with mutations causing Von Willebrand 

disease (VWD) scattered over the various domains. VWD is the most common human 

congenital bleeding disorder which results from either a qualitative or quantitative 

deficiency in VWF, largely caused by mutations in the VWF gene. In terms of its 

phenotypic expression, three types of VWD (Table 1.1) have been identified: partial 

quantitative deficiency (type 1), qualitative deficiency (type 2) and complete 

deficiency (type 3) [57, 58]. The properties of the indicated types of VWD are well 

differentiated by the distribution of plasma VWF multimers in patients with 

corresponding VWD, as shown in Figure 1.5. The type 1 VWD plasma shows a 

normal VWF multimeric distribution but at a lower concentration, compared to 

normal plasma. The type 2A VWD plasma lacks high molecular weight multimers, 

the deficiency extent of which is more than that of the type 2B VWD plasma. The 

type 3 VWD plasma exhibits an almost compete deficiency of VWF. The type 2 

VWD is further divided into four subtypes, 2A, 2B, 2M and 2N. The most common 

subtype, type 2A, is associated with a loss of the high molecular weight multimers, 

which can be due to a single amino acid substitution within the repeated A1 and A2 

domains. Molecular modelling of the A2 domain demonstrates that these mutations 

may alter the conformation of VWF, thereby resulting in a particularly unravelled 

protein more susceptible to proteolysis by the VWF cleaving protease, ADAMTS13 

(section 1.4) [59, 60]. The type 2B VWD is characterised with an abnormally high 

affinity of VWF for platelet GpIb whereas the Type 2M is associated with defective 

GpIb binding sites. Type 2N patients have decreased FVIII binding which 

subsequently leads to low FVIII levels and enhanced clearance [61]. 
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Table 1.1   Classification of von Willebrand disease [57] 

 

 

 

Figure 1.5 Distribution of plasma VWF multimers in patients with VWD. Plasma 

samples were analyzed for VWF electrophoresed by agarose gel followed by Western blotting. 

Multimer patterns for normal plasma (NP) and patients with the indicated types of VWD are 

shown. This figure was taken from Sadler 1994[58] 
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1.4 The von Willebrand  Factor cleaving protease, ADAMTS13 
VWF multimeric size is in part controlled by a unique plasma protease, termed 

ADAMTS13 (A Disintergrin And Metalloproteinase with ThromboSpondin type 1 

motif, member 13) [62-64]. The importance of ADAMTS13 in regulating VWF 

function can be seen in clinical disorders in which an imbalance of activity is 

responsible for haemostatic dysfunction. Excessive cleavage of VWF by ADAMTS13 

results in VWD, and is observed as Type 2A VWD (see section 1.2.4), while 

inadequate cleavage of VWF in association with ADAMTS13 deficiency causes 

microvascular thrombosis in thrombotic thrombocytopenic purpura (TTP) (see section 

1.3.5). 

1.4.1 Synthesis and secretion of ADAMTS13 

The ADAMTS13 gene, which is located at the chromosome 9q34, contains 29 exons.  

It is approximately 37kb in length [63]. The ADAMTS13 cDNA translation product is 

a 1427 amino acids protein with a predicted molecular weight of 145kDa [65]. The 

molecular weight of plasma ADAMTS13 is approximately 190kDa, the increase 

being due to glycosylation [66]. Synthesised primarily in the hepatic stellate cells, 

endothelial cells and megakaryocytes, ADAMTS13 is secreted into plasma as an 

active enzyme, has a concentration of approximately 1µg/ml (~5nM) and an estimated 

half life of two to three days [67]. 

1.4.2 ADAMTS13, a multi-domain protease 

ADAMTS13 belongs to a family of related proteases with diverse functions. 

ADAMTS family members share a number of  domains: a signal peptide and 

propeptide, a metalloproteinase domain (MP), a disintegrin-like domain (Dis), a 

Thrombospondin type 1 repeat domain (TSR), a Cysteine-rich domain (Cys), a Spacer 

domain, and additional TSR(s) [68] (Figure 1.6). ADAMTS13 has two additional C-

terminal CUB domains after the eighth TSRs [64]. The crystal structures of the MP 

domain of ADAMTS1, 4 and 5 are available [69-71], which provide information 

about the structure of other ADAMTS members, including ADAMTS13. In this thesis, 

I have used a homology structural model of the ADAMTS13 MP domain to attempt to 

understand structure-function relationships. The crystal structure of the noncatalytic 

ADAMTS13 domains Dis-TSR-Cys-Spacer (residues 287-685) fragment has recently 

been solved [72] (Figure 1.7). The structural characteristics of each domain will be 

discussed in detail below. 
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Figure 1.6 Domain organisation of ADAMTS13. ADAMTS13 contains a metalloprotease 

domain (MP), a Disintegrin-like domain (Dis), a thrombospondin type-1 motif (TSR), a 

cysteine rich domain (Cys), a Spacer domain, seven thrombospondin type-1 repeats and two 

CUB domains. Adapted from [64] 

 

 

Figure 1.7 Structure of ADAMTS13 N-terminal domains (MDTCS).The structural 

homology modelling of the MP domain is based on the crystal structure of ADAMTS1, 4 and 

5 and prepared using the HHPred server (http://toolkit.tuebingen.mpg.de/hhpred) and Pymol 

(http://www.pymol.org). The original structural information of the crystal structure of Dis-

TSR-Cys-Spacer domains was taken from PDB file 3GHM [72]. Surface representation is 

shown. Functionally important residues in each domain are highlighted, which will be 

discussed in detail in following sections. 

http://www.pymol.org/�
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1.4.2.1 MP domain (Residues 75–289) 

The MP domain of ADAMTS family members consists of about 200 amino acids. 

The amino acid sequence motif HEXXHXXGXXH and a methionine constituting turn 

(Met-turn) are highly conserved in this domain of ADAMTS family members and 

form a Zn2+ binding environment. The bound Zn2+ and a nearby glutamate coordinate 

a water molecule, driving the peptide hydrolysis [73-75]. In ADAMTS13, Glu225 has 

this catalytic role. The Glu225 removes a proton (H+) from the Zn2+

The function of ADAMTS13 is also highly dependent on the Ca

-coordinated 

water molecule to form a hydroxyl ion that attacks the VWF Tyr1605 carbonyl group. 

This eventually leads to the hydrolysis of the VWF scissile bond (Tyr1605-Met1606).  

2+. Using site-directed 

mutagenesis, our lab has identified the residues Glu184, Asp187 and Glu212, close to 

the ADAMTS13 active site, as a high-affinity functional Ca2+ binding site in the 

ADAMTS13 MP domain [76] (Figure 1.8). These three Ca2+ binding residues are 

highlighted on the surface of the structural homology model of the ADAMTS13 MP 

domain, which is based on the crystal structure information of ADAMTS1, 4 and 5 

and prepared using the HHPred server (http://toolkit.tuebingen.mpg.de/hhpred) and 

Pymol (http://www.pymol.org). It was found the ADAMTS13 variants, E184A, 

D187A, and E212A dramatically increase the KD(app) for Ca2+ in ADAMTS13 

cleavage of small VWF fragment [76]. Under conditions of the cleavage reactions 

incubated with sufficient Ca2+

Apart from the Zn

, kinetic analysis of the ADAMTS13 D187A variant 

revealed a ~13-fold reduction in kcat/Km [76]. 

2+ and Ca2+ binding environment, some other residues in the MP 

domain can also be considered to be important for the high specificity and proteolytic 

efficiency of ADAMTS13 on its unique substrates VWF and the scissile bond. For 

instance, a S1 subsite (residues in MP domain interacting with Tyr1605) and a 

S1’subsite (residues in MP domain interacting with Met1606) must be important for 

cleavage of VWF. It can be noted that mutations of VWF Tyr1605 (P1) or Met1606 

(P1’) dramatically reduce its proteolysis by ADAMTS13 [77]. To describe the 

terminology [78, 79], residues and subsites including P1, P1’, S1 and S1’, I have 

prepared an illustrative diagram in Figure 1.9. Residues in the substrate, VWF, are 

termed Ps. The first residue N-terminal to the scissile bond is termed P1, and the 

residues before P1 are P2, P3… in turn. The first residue C-terminal to the scissile 

bond is termed P1’, and the next residue are P2’, P3’…in turn. The S1, S2, S3 and S1’, 

S2’, S3’ subsites are labelled according to which substrate P residue they 

http://toolkit.tuebingen.mpg.de/hhpred�
http://www.pymol.org/�
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accommodate. The various S subsites in ADAMTS13 should accommodate the side 

chains of these P residues in VWF.  Recently, our lab has identified residues (D252-

P256) in the ADAMTS13 MP domain as comprising the S1’ subsite and these 

residues therefore contribute to scissile bond specificity [80]. However, very little is 

known on the ADAMTS S1 and other S subsites. This will be investigated in this 

thesis. 

 

Figure 1.8 Structural homology model of the ADAMTS13 MP domain. The structural 

homology model is based on the crystal structure of ADAMTS1, 4 and 5 and prepared using 

the HHPred server (http://toolkit.tuebingen.mpg.de/hhpred) and Pymol 

(http://www.pymol.org). The functionally important residues in the MP domain are 

highlighted. The catalytic Zn2+ (red), surrounding with three histidines (yellow), is located at 

the active centre of the MP domain. The catalytic Glu225 (magenta) is also involved in the 

hydrolysis process of VWF scissile bond. The Ca2+ (green) binding residues (Glu184, Asp187 

and Glu212) (blue) are also shown. 

http://toolkit.tuebingen.mpg.de/hhpred�
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Figure 1.9 General nomenclature of residues and subsites around the VWF cleavage site 

and ADAMTS13 active site. Residues in VWF are termed Ps. The first residue N-terminal to 

the scissile bond is termed P1, and the residues before P1 are P2, P3… in turn. The first 

residue C-terminal to the scissile bond is termed P1’, and the next residue are P2’, P3’…in 

turn. S1, S2, S3 and S1’, S2’, S3’ are subsites, and are termed according to which substrate P 

residue they accommodate. The general nomenclature of cleavage site positions of the 

substrate was formulated by Schecter and Berger [78, 79] 

1.4.2.2 Disintegrin-like domain (Dis) 

The Dis domain follows the MP domain, between which there is a short linker 

sequence. The structure of this domain in ADAMTS family members ADAMTS1, 4 

and 5 has been solved and, more recently, the crystal structure of the ADAMTS13 Dis 

domain, as part of the Dis-TSR-Cys-Spacer structure, has also been solved [72], 

shown in Figure 1.8. The Dis domain (residues 290–385) of ADAMTS13 has one α-

helix, four ß-strands and four disulphide bonds to stabilise the loop regions.  

Using VWF115 (VWF residues 1554-1668) as a substrate, it was found that truncated 

ADAMTS13 MP-Dis variant proteolysed VWF115 slowly compared with full length 

ADAMTS13, but specific proteolytic products were still detected after long 

incubations (17 hours) [81]. By contrast, no specific proteolytic activity could be 

identified using a truncated ADAMTS13 MP variant under the same conditions [81]. 

These findings suggested the essential role of the Dis domain for both enzyme activity 

and specificity. Site-directed mutagenesis of non-conserved regions (among 
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ADAMTS family members) in the Dis domain identified ADAMTS13 variants 

R349A and L350G with reduced proteolytic activity. Kinetic analyses revealed a 5-20 

fold reduction in catalytic efficiency of VWF115 proteolysis by these variants. These 

residues (Arg349 and Leu350) form an exposed exosite on the surface of the Dis 

domain, located approximately 26 Angstroms from the active site. Kinetic analysis of 

VWF115 variant, D1614A, suggested that Arg349 in the ADAMTS13 Dis domain 

interacts directly with Asp1614 in the VWF A2 domain. In terms of the VWF 

sequence, Ala1612 was considered to be ideally positioned to form a hydrophobic 

interaction with Leu350 in the ADAMTS13 Dis domain. The functional importance 

of Leu350 was demonstrated by the marked reduction in activity of the combination 

ADAMTS13 variant, R349A/L350G, compared to individual ADAMTS13 variants, 

L350G or R349A [81]. These interactions may play a critical role in positioning the 

scissile bond over the active cleft of ADAMTS13 because they influenced cleavage 

parameters (kcat and Km) rather than binding affinity (KD) of ADAMTS13 for VWF 

[81].  
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Figure 1.10 The crystal structure of the ADAMTS13 Disintegrin-like domain. The Dis 

domain has one α-helix, four ß-strands and four disulphide bonds to stabilise the loop regions. 

The functionally important residues Arg345 and Leu350 in Dis domain are highlighted using 

Pymol. The original structural information was taken from PDB file 3GHN [72]. 
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1.4.2.3 Thrombospondin type-1 like repeats (TSR) 

Thrombospondin type 1-like repeats (TSR) are well conserved in ADAMTS proteases 

family members [82]. There are eight TSRs in total in ADAMTS13, one separating 

the Dis domain from the Cys domain and seven located between the spacer domain 

and the two C-terminal CUB domains. The crystal structure of TSR1 has an extended 

shape. It consists of three antiparallel strands and two ß-strands which are highlighted 

in Figure 1.11 [72]. 

The TSRs of ADAMTS13 contain a binding motif for CD36 which is a 

transmembrane protein present on the platelets and endothelial cells surface [83]. The 

residues that bind to CD36 are highly conserved among the eight TSRs. Through 

binding to CD36, ADAMTS13 is localized on the surface of on the platelets and 

endothelial cells, where it regulates the cleavage of VWF [83-85]. 

 

 

Figure 1.11 Crystal structure of the ADAMTS13 TSR. The crystal structure of TSR1 is 

shown in an extended shape and highlighted using Pymol. There are three antiparallel strands 

and two ß-strands (blue) in TSR. The CD36 binding sequence (Cys-Ser-Arg-Ser-Cys-Gly) is 

shown in green sticks. The original structural information was taken from PDB file 3GHN 

[72]. 
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1.4.2.4 Cysteine-rich domain (Cys) 

The Cys domain (Lys440-Cys555), which contains 10 cysteine residues, is well-

conserved among ADAMTS family members. The crystal structure of the Cys 

demonstrates that there are two α-helix, four ß-strands, three loops (U, V and P), and a 

hyper variable region (HVR) in this domain (Figure 1.12) [72].The HVR is predicted 

to contain protein specific binding sites (Figure 1.12). A critical role of this domain is 

suggested by the report that one polymorphism (P475S) contained within this domain, 

identified in the Japanese population, alters the ADAMTS13 activity but does not 

affect its secretion [86]. However, the precise mechanism of how the ADAMTS13 

Cys domain regulates VWF-cleaving activity of ADAMTS13 remains to be clarified. 

 

Figure 1.12 Crystal structure of the ADAMTS13 Cysteine-rich domain. The α-helix (red), 

ß-strands (yellow), disulphide bonds (orange), U-loop (green), V-loop (gray), P-loop (green) 

and the hyper variable region (HVR) (blue) are highlighted using Pymol. This figure was 

adapted from [72].  
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1.4.2.5 Spacer domain 

The ADAMTS13 Spacer domain ranges from residue Ser556 to Ala685. This domain 

is a cysteine-free region in all ADAMTS family members. The crystal structure of the 

Spacer domain demonstrates that there are ten ß-strands in this domain forming two 

antiparallel ß-sheets in a globular shape (Figure 1.13) [72].  

A deletion mutant of ADAMTS13 lacking the Spacer domain, is not able to 

efficiently proteolyse full-length VWF, suggesting an essential role of this domain for 

proteolysis of VWF by ADAMTS13 [87, 88]. Anti-ADAMTS13 autoantibodies, 

which are present in most adult patients with acquired thrombotic thrombocytopenic 

purpura (see section 1.4.4), have been shown to bind predominately to the Spacer 

domain [89, 90]. Site-directed mutagenesis and peptide inhibition assays have 

identified important roles for Spacer domain residues Arg659, Arg660, Tyr661 and 

Tyr665  in proteolytic cleavage of various substrates under static and fluid shear stress 

conditions (Figure 1.13)[91, 92]. These results demonstrated that residues within 

Tyr659-Tyr665 of the ADAMTS13 Spacer domain that are targeted by autoantibodies 

in TTP (see section 1.4) directly interact with a complementary exosite (Glu1660–

Arg1668) within the VWF A2 domain [92]. Remarkably, the ADAMTS13 

(R660K/F592Y/R568K/Y661F/Y665F) and ADAMTS13 

(R660K/F592Y/R568K/Y661F) variants exhibited increased proteolytic efficiency, by 

~10 and ~5 fold, towards a short fragment VWF 73 (Asp1596-Lys1668) and full-

length VWF, respectively [93]. The ADAMTS13 

(R660K/F592Y/R568K/Y661F/Y665F) and ADAMTS13 

(R660K/F592Y/R568K/Y661F) variants were also found to have reduced binding by 

anti-ADAMTS13 autoantibodies from TTP patients (see section 1.4.4) and therefore 

to be more resistant to inhibition [93]. 
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Figure 1.13 Crystal structure of the ADAMTS13 Spacer domain. The Spacer domain is a 

globular shape with 10 ß-strands which form two parallel antiparallel ß-sheets. Functionally 

important residues Arg659 (yellow), Arg660 (yellow), Tyr661 (blue) and Tyr665 (blue) 

which contribute to the interactions between the Spacer domain and VWF are also highlighted 

using Pymol. The original structural information was taken from PDB file 3GHN [72]. 

 

1.4.2.6 CUB domains 

Two CUB [complement C1r/C1s, Uegf (EGF-related sea urchin protein) and BMP-1 

(bone morphogenic protein-1)] domains, with ~110 amino acids in each, are located at 

the C-terminus of ADAMTS13. These two C-terminal CUB domains are only present 

in ADAMTS13 and not in any other ADAMTS family member. Molecular modelling 

shows a similar structure for the ADAMTS13 CUB1 and CUB2 domains, each with 

four ß-strands in this domain forming two antiparallel ß-sheets (Figure 1.14).  

There are five cysteine residues in the CUB1 domain and two in the CUB2 domain. 

Four cysteine residues (Cys1192, Cys1213, Cys1236 and Cys1254) in the CUB1 
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domain were found to be important for ADAMTS13 secretion and stability [94].The 

function of fifth cysteine the CUB1 domain remains unclear. Recent studies in our 

group suggested the CUB domains are required in the initial interaction between 

ADAMTS13 and VWF [29], while Feys et al. [95] found that TSR2-8 rather than the 

CUB domains affected its binding to globular VWF. Both plate binding assays and 

surface plasmon resonance (SPR) experiments suggested that the proximal carboxyl-

terminal domains of ADAMTS13 interact with the C-terminal region of VWF [29, 95]. 

Although the two CUB domains did not increase the proteolytic activity of wild type 

ADAMTS13 compared with ADAMTS13 truncation lacking these two domains, they 

did determine the substrate specificity of ADAMTS13 [96]. 

 

Figure 1.14 Molecular modelling structures of the ADAMTS13 CUB domains. The 

molecular models were made with the HHPRED server and based on the crystal structure of 

the CUB domain of complement C1s (PDB file 1NZI) [97]. Four ß-strands in each CUB 

domain form two antiparallel ß-sheets. The positions of disulphide bonds formed by the 

pairing of cysteine residues are highlighted in red using Pymol. A free cysteine residue 

(circled in red) is found on the surface of CUB1. 
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1.4.3 Mechanism of proteolysis of VWF by ADAMTS13    

In circulation, the functions of VWF are initially controlled by its adoption of a 

globular conformation [14]. This conformation results in interaction sites being 

hidden and inaccessible to their ligands. Consequently, VWF is able to patrol the 

intact vessel without unnecessarily binding to platelets or plasma proteins. At the site 

of the damaged vessel wall, however, the globular VWF recognises newly exposed 

collagen and leads to its specific recruitment. Under shear forces, VWF then 

undergoes a unique conformation change from its globular to an elongated 

conformation that presents previously hidden platelet binding sites, mediating the 

capture of circulating platelets to the site of vascular injury. These initial steps in the 

generation of the primary platelet plug highlight the importance of VWF 

conformation for its hemostatic function. With unfolding of VWF by shear forces, the 

cleavage site of VWF is exposed, and thereafter recognized and proteolysed by 

ADAMTS13. This proteolytic regulation by ADAMTS13 controls the multimeric size 

of VWF and therefore its hemostatic function [98]. Here (Figure 1.15), a model of 

interactions between ADAMTS13 and VWF, containing binding at multiple sites, 

eventually leading to scissile bond cleavage, is illustrated. It involves six critical steps:  

Step 1: VWF circulates in plasma in a globular conformation. The VWF A2 domain, 

in which the proteolytic site (Tyr1605-Met1606) is located, is buried by the VWF A1 

and A3 domains (Figure 1.15 A-C). However, a binding site for ADAMTS13 within 

the D4CK domains of VWF is constitutively exposed, and the proximal C-terminal 

domains (TSP5-CUB domains) of ADAMTS13 can reversibly bind to the globular 

protein (KD ~80nM) [29].  

Step 2:  Under increasing shear forces, the globular conformation of the VWF 

multimers unravels to a ‘string-like’ form [99]. As a consequence, additional exosite 

binding sites on VWF become accessible to complementary sites on ADAMTS13 [29, 

95] (Figure 1.15. D).  

Step 3:  After the vicinal Cys disulphide bond plug is extracted from the hydrophobic 

core of the VWF A2 domain [33], the exposed C-terminal residues Glu1660-Arg1668 

in the VWF A2 domain bind tightly to the residues Arg660/Tyr661/Tyr665 in the 

ADAMTS13 Spacer domain (Figure 1.15. E), dramatically increasing the affinity of 

ADAMTS13 for VWF (KD ~10nM) [92].  

Step 4:  Residue Arg349 in the ADAMTS13 Dis domain recognises a complementary 

residue Asp1614 in VWF [81] (Figure 1.15. F). This interaction is weak but critical, 
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as it contributes to the substrate specificity of ADAMTS13 rather than increasing 

binding affinity [81].  

Step 5:  Together, these interactions assist orientation of the VWF scissile bond 

(Tyr1605-Met1606) within the active site of ADAMTS13 (Figure 1.15. G).  

Step 6:  The final cleavage reaction occurs, followed by the dissociation of cleavage 

products allowing the protease to continue to work (Figure 1.15. G). 
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Figure 1.15 Proteolysis of VWF by ADAMTS13. (A) VWF multimers circulate in plasma 

in a globular conformation. (B) Each multimer is formed by disulphide linked VWF 

monomers. (C) The collagen binding site at the VWF A3 domain is still exposed even in its 

globular conformation. ADAMTS13 TSP (5-8) and CUB domains can bind to the C-terminal 

VWF D4CK domains, allowing VWF/ADAMTS13 complexes to form and circulate in 

plasma. (D) Under elevated shear forces, VWF unravels to expose a binding site at A1 

domain for platelet receptor GPIbα. The shear forces also extract the vicinal Cys disulphide 

bond plug in the A2 domain, causing A2 domain unfolding. (E) This unfolding reveals cryptic 

exosites and residues Arg660/Tyr661/Tyr665 in the ADAMTS13 Spacer domain are able to 

bind to the unfolded A2 domain (region Glu1660-Arg1668). (F) Thereafter, a critical 

interaction between Asp1614 in VWF and Arg349 in the ADAMTS13 Dis domain helps 

bring the Tyr1605-Met1606 scissile bond over the ADAMTS13 active site. (G) S1 and S1’ 

(residues Asp252-Pro256) subsites in the active site interact with Tyr1605 and Met1606, 

respectively. Together, these interactions eventually lead to scissile bond proteolysis. This 

figure was adapted from [100]. 
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1.4.4 Thrombotic Thrombocytopenic Purpura (TTP) 

The pathological importance of ADAMTS13 is highlighted by the clinical outcome 

due to its deficiency. Either congenital or acquired ADAMTS13 deficiency can result 

in a rare clinical syndrome, which is known as thrombotic thrombocytopenic purpura 

(TTP) [101-103]. Congenital TTP is a result of mutations in the ADAMTS13 gene 

and more than 70 ADAMTS13 mutations resulting in familial TTP have been 

reported [86, 90, 104-135]. As shown in Figure 1.16, single nucleotide 

polymorphisms appear in the Cys, and TSR domains,  nonsense mutations appear in 

the TSR, Cys and CUB domains, whereas missense mutations in each domain. The 

mutations leading to alternative splicing of ADAMTS13 mRNA or frame-shifts are 

also identified in almost all domains of ADAMTS13 (Figure 1.16). Acquired TTP is 

caused by patients’ autoantibodies against ADAMTS13 [101, 102]. TTP is a 

pathological condition characterised by microvascular thrombosis, consumptive 

thrombocytopenia, organ ischaemia and haemolytic uraemia. Without treatment it is 

almost uniformly fatal. Due to ADAMTS13 deficiency, uncleaved VWF ultra large 

multimers (Figure 1.17) [136] accumulate in the circulation and promote platelet rich 

microthrombi formation, occluding the microcirculation leading to the symptoms 

described above [137]. Currently, the most effective treatments for TTP are still 

plasma exchange and steroids, which have been validated by randomized clinical 

trials [138]. However, several novel therapeutic drugs and practice promise to further 

improve the prognosis of patients with TTP. Drugs under investigation in TTP include 

immunosuppressive drugs (eg. Rituximab[139-142] and Cyclosporine [143, 144]), 

recombinant VWF-cleaving protease (eg. rADAMTS13 [145]), inhibitors of VWF-

platelet interaction (eg. ARC1779 [146, 147] and ALX-0081 [148]) and reducing 

agent (eg. N-acetylcysteine [149]). A newly established mouse model in which some 

TTP-like symptoms can be triggered in ADAMTS13 knock-out mice is potentially 

useful for investigating the efficacy of new treatments for TTP [150]. 
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Figure 1.16 Polymorphisms and mutations of ADAMTS13 each domain found in 

thrombotic thrombocytopenic purpura (TTP) patients. The single nucleotide 

polymorphisms (green), nonsense mutations (red) and missense mutations (black) are listed 

above each domain structure of ADAMTS13. The mutations leading to alternative splicing of 

ADAMTS13 mRNA or frame-shifts are indicated under each domain. Abbreviations: MP 

stands for metalloprotease domian; Dis, disintegrin-like domain; 1, first thrombospondin type 

1 (TSP1) repeat; Cys-R, cysteine-rich domain; Spa, Spacer domain; 2-8, the second to the 

eighth TSP1 repeats; C1 and C2, two CUB domains (for complement C1r/C1s, Uegf, Bmp1 

domain). This figure was adapted from [135] 
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Figure 1.17 Ultra large (UL) VWF multimers in TTP. Supernatant from stimulated 

endothelial cells (EC), normal plasma (NPP) and TTP patient plasma were electrophoresed in 

a 1.2% agarose gel followed by Western blotting using anti-VWF-HRP antibody. The only 

difference between NPP and EC or TTP is that the ultra large VWF multimers are absent due 

to proteolysis by ADAMTS13. The Figure was adapted from Groot et al [136]. 
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1.5 VWF, ADAMTS13 and thrombotic diseases  

Although the incidence of both VWD and TTP are relatively low, around 100 per 

million and 4 per million respectively [61, 151], there is increasing epidemiological 

and clinical evidence indicating that the incidence of thrombotic diseases, including 

heart attack and stroke, highly correlates with VWF disorders [152, 153]. There are a 

number of reports demonstrating association between high plasma VWF levels and/or 

low plasma ADAMTS13 levels with an increase of the risk of thrombotic diseases 

[154-160]. However, evidence based on clinical trials has not made it clear whether 

VWF is a predisposing cause to the occurrence of arterial thrombosis or just a marker 

of endothelial damage, the latter being responsible for diseases.  

Using an ADAMTS13 gene knockout (ADAMTS13 (-/-)) mice model, it was found that 

ADAMTS13, by cleaving ultra-large VWF multimers, down-regulates platelet 

activation and enhances thrombus formation at the site of vascular lesions [161, 162]. 

Further studies have identified the C-terminal domains of ADAMTS13 as playing an 

important role in down-regulating thrombus growth [163]. Using an acute ischemic 

stroke model in ADAMTS13 (-/-) mice, it was also found that ADAMTS13 gene 

deletion makes the ischemic brain deteriorate [164]. By contrast, VWF deficiency in 

VWF (-/-) stroke mouse model reduced the infarct volumes ~2-fold [164]. 

Significantly, infusion of recombinant human ADAMTS13 into a wild-type stroke 

mouse model, the infarct volumes were also immediately reduced without cerebral 

haemorrhage [164]. Based on these findings, it is suggested that VWF would be a 

promising target in the prevention and/or treatment of thrombotic diseases and 

recombinant ADAMTS13 could be considered as a novel therapeutic agent for use 

against these thrombotic diseases. 
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1.6 Assays to evaluate ADAMTS13 activity  
The key function of ADAMTS13 is to proteolyse VWF. To evaluate the activity of 

ADAMTS13 is mainly to measure its VWF-cleaving ability. There are several ways 

that can be done.  

Firstly, the substrate, full length VWF or VWF fragments, should be unravelled by 

shear stress (such as flow chamber system) or chaotropic agents (such as urea or 

guanidine hydrochloride) to make the scissile bond accessible. Subsequently, the 

VWF should be incubated with ADAMTS13 containing necessary divalent cations 

(eg.Ca2+ and Zn2+

Proteolysis of VWF can then be established by different methods, including gel 

electrophoresis of VWF multimers, collagen binding assay, cleavage of short 

substrates and flow based assays, details of which are described in chapter 2. These 

four assays are currently the most widely used methods for evaluation ADAMTS13 

activity, although other assays are available. Generally, gel electrophoresis of VWF 

multimers is still the most important evidence to assess the function of ADAMTS13. 

However, this assay is complex and is difficult to standardise [165]. Cleavage of short 

VWF substrates is the most efficient way to screen functionally important amino acids 

in ADAMTS13 and to determine in a quantitative way which residues in VWF 

contribute to the proteolysis efficiency and specificity.  

).  
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1.7 Aims of my thesis 
1.7.1 Identification of novel VWF A2 domain residues contributing to 

ADAMTS13 substrate specificity 

The interaction of ADAMTS13 with VWF is complex, with multiple exosite 

interactions contributing to the approximation of the active site of ADAMTS13 with 

the VWF scissile bond, VWF Tyr1605-Met1606 [100, 166]. Although several 

interactions between VWF and ADAMTS13 have been identified, as shown in Figure 

1.15, remarkably little is known of the molecular interactions between the substrate 

and the MP domain of ADAMTS13. VWF is the only known substrate of 

ADAMTS13, which it cleaves at just a single bond. How such high substrate 

specificity is conferred remains unclear. In considering the binding and interaction 

between ADAMTS13 and VWF, there exist two obvious possibilities: only one side 

of cleavage site interacts with ADAMTS13, or both sides do. Recent findings have 

identified many of the residues involved in interactions VWF C-terminal to the 

scissile bond and the non-catalytic domains of ADAMTS13 [29, 80, 81, 87, 88, 95, 

166-169]. If there is only VWF C-terminal interaction with ADAMTS13, the affinity 

of the C-terminal cleavage products for ADAMTS13 will be equal to that of the 

uncleaved substrate. In addition, the C-terminal cleavage products will competitively 

inhibit the binding between ADAMTS13 and VWF. For this thesis, I hypothesised 

that VWF also contains a binding site N-terminal to the cleavage site to aid both in 

positioning of the scissile bond in the active site and enhancement of substrate 

specificity. If this is the case, the affinities of the individual cleavage products for the 

enzyme would be lower than that of the uncleaved substrate. Consequently, upon 

proteolysis overall binding affinity would be reduced, which favours disassociation of 

cleavage products.  

Previous studies have shown that VWF residues 1596DREQAPNLV1604, N-terminal to 

the cleavage site, are required for cleavage by ADAMTS13 [166, 170]. I aimed to 

identify the residues in this region that are important determinants for ADAMTS13 

proteolysis. A molecular model of ADAMTS13 MP and Dis domains is shown in 

Figure 1.18. This shows the active site cleft, and VWF A2 domain residues flanking 

the scissile bond Tyr1605-Met1606, are depicted as sticks. The residues Arg349 and 

Leu350 in the ADAMTS13 Dis domain interacting with residues Asp1614 and 

Ala1612 in VWF that are important for proteolysis are highlighted as C-terminal 

interactions [81]. The possible residues in the ADAMTS13 MP domain and 



 52 

correspondingly interacting residues N-terminal to the cleavage site in VWF, which I 

hypothesise as potential N-terminal interactions, are also shown. The investigation of 

this hypothesis, that residues N-terminal to the scissile bond are crucial for interaction 

with VWF, will form most of the work of this thesis. 

1.7.2 Large scale expression of ADAMTS13 MP domain for crystallography 

Large scale production of ADAMTS13 MP domain for crystal structure trials was 

also attempted during the work of my thesis. If successful, the crystal structure 

determination of the ADAMTS13 MP domain will provide a more detailed structural 

map of the protease. The exact mechanism of how ADAMTS13 specifically 

recognizes and proteolyses its unique substrate VWF could be better understood based 

on the crystallography information. 

Although a modest yields of ADAMTS13 generated from a mammalian expression 

system has been established in our lab, production of increased amounts will be 

explored using several alternative approaches such as bacterial expression system 

(pET SUMO protein expression system) and insect cells expression system 

(Drosophila expression system). The second major aim of my work is therefore to 

optimise expression of the correctly folded ADAMTS13 MP domain, so that 

structural studies can be conducted.  
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Figure 1.18 Proposed molecular mechanism of VWF proteolysis by ADAMTS13. A 

molecular model of ADAMTS13 metalloprotease (MP – grey) and disintegrin-like (Dis - 

green) domains is shown with the active site Zn2+

 

 highlighted in blue. This shows a 

representation of the active site cleft, VWF A2 domain residues flanking the cleavage site 

Tyr1605-Met1606, depicted as sticks. The residues Arg349/Leu350 in the ADAMTS13 Dis 

domain interacting with Asp1614/Ala1612 in VWF that are important for proteolysis are 

highlighted as C-terminal interactions [81]. The residues N-terminal to the cleavage site in 

VWF and correspondingly interacting residues in the ADAMTS13 MP domain, which I 

hypothesised, are essential for proteolysis, are also shown.  
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Sequence alignment and molecular modelling 
2.1.1 ADAMTS13 MP domain 

Amino acid sequences of ADAMTS13 from different species retrieved from PubMed 

were aligned using AlignX software (Informax). Although the crystal structures of the 

ADAMTS13 MP domain has yet to be solved [72], those of ADAMTS1, 4 & 5 which 

share most residues with ADAMTS13 are available (ww.rcsb.org/pdb) [69-71]. Using 

the amino acid sequence of the ADAMTS13 MP as a query, the HHPRED server 

(http://toolkit.tuebingen.mpg.de/hhpred) automatically searches homologous amino 

acid sequences among ADAMTS1, 4 & 5. HHPRED server identified the sequences 

of ADAMTS5 to align best. In this was, the likely structure of ADAMTS13 MP 

domain was derived from the crystal structures of ADAMTS5 using the HHPRED 

server. The generated multiple sequence alignment, coordinating with the crystal 

structures of ADAMTS 5, was inputted into the software program Modeller [171]. 

The structure model of ADAMTS13 MP domain was then established. Based on this 

model, a software program Pymol (http://pymol.sourceforge.net/) (Delano Scientific 

LLC) was used for visualisation in order to predict the surface exposure, highlight 

specific residues, and estimate distances between residues.  

2.1.2 VWF  

The information on crystal structures of VWF A1, A2, and A3 domains are available 

in Protein Data Bank 

(http://www.pdb.org/pdb/results/results.do?qrid=8E9DA86D&tabtoshow=Current). 

The VWF A2 domain was visualised with Pymol (Delano Scientific LLC) based on 

the PDB information. Amino acid sequences of VWF from different species retrieved 

from PubMed were aligned using AlignX software (Informax). 

 

 

 

 

 

 

 

http://toolkit.tuebingen.mpg.de/hhpred�
http://pymol.sourceforge.net/�
http://www.pdb.org/pdb/results/results.do?qrid=8E9DA86D&tabtoshow=Current�
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2.2 Generation of recombinant ADAMTS13 and ADAMTS13 
variants 
2.2.1 Vectors 

(1) pcDNA3.1/myc-His vector 

Full-length human ADAMTS13 cDNA (4.3kb) was previously cloned in-frame into 

the mammalian expression vector pcDNA3.1/myc-His (5.5kb) (Invitrogen) (Figure 

2.1) in our lab by Dr. Crawley and Dr. de Groot [172]. pcDNA3.1 is a mammalian 

expression vector with multiple cloning sites preceding the C-terminal myc epitope 

and 6xHis tag, an ampicillin resistance marker and a cytomegalovirus (CMV) 

promoter to initiate gene expression. 

 

Figure 2.1 A diagram of the mammalian expression vector pcDNA3.1/myc-His (5.5kb) 

(Invitrogen) for subcloning of the ADAMTS13 truncations. Ampicillin= Ampicillin 

resistance gene; Pcmv= cytomegalovirous promoter which drives high level transcription in 

mammalian cells; Neomucin= Neomycin resistance gene; 6xHis= a 6 histidine tag which aids 

in efficient purification.  

(Invitrogen)(Invitrogen)

ADAMTS13 
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(2) pET SUMO vector 

The pET SUMO vector was purchased from Invitrogen (Figure 2.2). The pET SUMO 

expression system utilises a small ubiquitin-related modifier (SUMO) fusion to 

enhance the solubility of expressed fusion proteins. The SUMO plays an important 

role in the stabilization and localization of proteins in vivo. Addition of a single A to 

the 3´ ends of PCR products of the ADAMTS13 truncations makes them easily be 

inserted into the pET SUMO vector (Figure 2.3). After expression, the SUMO can be 

cleaved by the highly specific SUMO protease at the C-terminal, generating a native 

protein. 

 

Figure 2.2 Map of pET SUMO (Invitrogen). T7, T7 promoter; lacO, lac operator; RBS, 

Ribosome binding site; ATG, initiation ATG; HisG epitope, N-terminal 6xHis tag; SUMO, 

SUMO ORF; T, TA Cloning site (5’T-overhangs); T7 term, T7 terminator; Kanamycin, 

Kanamycin resistance gene; pBR322 ori, pBR322 origin of replication; rop, ROP ORF; lacI, 

lacI ORF. The TA Cloning site (5’ T-overhangs, the blank between the SUMO and the T7 

terminator), allows ligase-mediated cloning of Taq-amplified PCR products. 
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Figure 2.3 How TA cloning works. The pET SUMO vector supports a quick cloning 

strategy for the direct insertion of a PCR product into the vector. Taq polymerase, in a 

nontemplatedependent way, catalyses addition a single deoxyadenosine (A) to the 3’ ends of 

PCR products. The linearised pET SUMO vector has a single 3’deoxythymidine (T), allowing 

PCR inserts to ligate efficiently into the vector. 

(3) pMT-PURO vector 

The pMT-PURO vector contains a heterologous protein expression cassette driven by 

MT promoter. Together with a puromycin selection marker driven by the copia 

promoter, all are cloned in a single plasmid (Figure 2.2). In my present study, the 

empty pMT-PURO vector (double digested by restriction enzymes BglII and MluI) 

was kindly sent by Dr Jonas Emsley from University of Nottingham. To insert the 

MP-Dis coding cDNA fragment into this pMT-PURO vector, the targeting sequence 

was amplified from the template DNA (vector pcDNA3.1/myc-His containing MP-

Dis) by PCR (2.2.2). Specific primers flanking the MP-Dis coding sequence and with 

addition recognition site by restriction enzymes BglII and MluI were designed so that 

the PCR products after digestion were able to ligated with the pMT-PURO vector 

digested by the same double enzymes. Then, the digested PCR products and parent 

vector pMT-PURO were ligated by T4 ligase (see section 2.2.8) at room temperature 

for 2 hours, after which transformation (see section 2.2.3) and Miniprep (see section 

2.2.4) were performed. 
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Figure 2.4 Map of pMT-PUROPURO, puromycin N-acetyl-transferase; PCOPIA, copia 

promoter; PMT, metallothionein promoter; BiP, BiP signal sequence; MCS, multiple cloning 

site; V5, V5 peptide tag; His6, 6xHistidine tag; SV40 pA, SV40 late polyadenylation signal; 

pUCori, pUC origin;  Amp, ampicillin resistant gene. Adapted from [173, 174] 

2.2.2 Mutagenesis 

The pcDNA3.1/myc-His vector described in section 2.2.1 was used as a template for 

mutagenesis. Single-point or multiple-point mutants and truncated ADAMTS13 

mutants were generated using different inverse PCR strategies. Single-point or 

multiple-point mutations were introduced using primers that contained the desired 

mutation(s) and anneal to the corresponding sequence on opposite strands of the 

plasmid. Inverse PCR was then used to amplify circular plasmids containing the 

mutations. To express wild type ADAMTS13 MP domain and MP-Dis domains, full-

length ADAMTS13 cDNA was truncated to give rise to form the MP-Dis vector via 

inverse PCR-based methods. The MP-Dis vector ends after the Glycine385 but fuses 

with a 6xHis tag at the C- terminus. The MP vector ends after the Glutamine289 and 

also fuses with a 6xHis tag at its C- terminus.   

Primers were designed according to the guidelines in KOD Hot Start DNA 

Polymerase Protocol (Novagen), and manufactured, HPLC purified by Thermo 

Electron Company, Germany. The PCR reactions were performed with 1μl of 

polymerase (Stratagene), 5μl of 10x reaction buffer, 3μl of MgSO4(25mM), 5μl of 
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dNTPs (2mM each), 1.5μl of sense (5’) primer and 1.5μl of anti-sense (3’) primer 

(10μM each), 10ng of DNA template, and PCR water adding up to a final volume of 

50μl. The amplification conditions were as follows: denaturation (94°C, 2 minutes), 

25 cycles of denaturation (94°C, 15 seconds), annealing (57°C, 30 seconds) and 

extension (68°C, 1 minute per kb), and a final extension at 68°C for 7 minutes. The 

PCR products were treated with DpnI, which specifically digests the parental DNA 

template rather than the PCR products, at 37ºC for one hour.  

 2.2.3 Transformation 

The vectors generated by PCR or from Miniprep (see section 2.2.3) were transformed 

into XL10-Gold competent bacterial cells (Stratagene, USA). Briefly, 25μl cells were 

thawed slowly on ice and pre-incubated with 1μl of ß -Mercapto-ethanol (Stratagene, 

USA) for ~10mins to enhance cell membrane permeability. 1μl DpnI treated DNA 

was added to the mixture and incubated on ice for 30 minutes. Thereafter the cells 

were heat-shocked in a 42°C water bath for 30 seconds. Rapidly chilled for 2 minutes, 

the cells were incubated with 200μl pre-warmed S.O.C. medium (Invitrogen UK) in 

shaking incubator at 37ºC for one hour. The S.O.C. medium containing cells was then 

transferred to a Luria Bertani (LB) agar plate containing100μg/ml ampicillin (Sigma, 

UK) and kept in the 37ºC incubator overnight. 

2.2.4 Plasmid DNA purification (Miniprep) 

Plasmids DNA were extracted using a Miniprep kit (Qiagen, UK). Generally, several 

selections of transformed E. coli colonies were picked from the LB agar plate 

transformed from above step. These colonies were cultured in 5ml LB medium 

containing 100μg/ml ampicillin at 37°C/250rpm shaking incubator overnight. The 

culture was then centrifuged at 4000rpm for 20 minutes and the supernatant was 

decanted. The cell pellet was resuspended in 250μl resuspension buffer P1 containing 

RNase A. 250μl alkaline lysis buffer P2 was then added into the mixture to solubilise 

the bacterial cell membrane proteins and phospholipids and to denature 

chromosomal/plasmid DNA and proteins. After five minutes, 350μl neutralisation 

buffer, N3, was added to neutralise the alkali conditions, which resulted in a white 

precipitate being formed consisting of cell debris, denatured proteins, and 

chromosomal/plasmid DNA. After centrifugation at 13000rpm for 20 minutes, the 

supernatant was passed over a QIAprep spin column that contains a silica membrane 

for selective adsorption of plasmid DNA in high-salt buffer and centrifuged for 1 

minute. The flow-through was discarded and 750μl PE buffer containing ethanol was 
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used to wash the column through centrifugation at 13000rpm for 1 minute. The flow-

through was discarded and the residual PE buffer was removed by centrifugation for 

another 1 minute as before.  To elute the plasmid DNA from the column, 50μl low 

salt buffer EB was added to the column and left to stand for 1 minute before eluting 

the DNA by centrifugation for another 1 minute as before.  

2.2.5 DNA sequencing  

DNA was sequenced to verify whether the target mutation was introduced. To 

sequence the ADAMTS13 cDNA, specific sequence primers were applied (Appendix). 

500-600ng plasmid DNA was added to 3.2 pmol sequencing primer and the final 

reaction volume was made up to 10μl. DNA sequencing was performed at the 

Hammersmith Hospital MRC CSC Genomics Core Laboratory using an ABI 3700 

DNA analyser (Perkin-Elmer, UK), 

(http://www.csc.mrc.ac.uk/Research/Facilities/GenomicsLaboratory). Alignment and 

analysis of the sequencing results feed back from above laboratory were performed 

using BioEdit Sequence Alignment Editor Software (Tom Hall, Canada).  

2.2.6 Sub-cloning by restriction enzyme digestion  

Using PCR mutagenesis procedures for larger vectors (eg. full length ADAMTS13), 

unwanted mutations might be introduced into the rest of the vector. To avoid this, a 

sub-cloning strategy was considered. As all my investigated residues were located at 

the ADAMTS13 MP domain, I initially introduced mutations into a shorter vector 

fragment (pcDNA3.1ADAMTS13-MP-myc/His). Then the verified shorter vector 

fragment was sub-cloned into their parent vector (pcDNA3.1ADAMTS13-myc/His). 

Briefly, the verified MP vector with my target mutations was treated with restriction 

enzymes AscI and EcoRI (New England Biolabs). These digestions were performed 

using ~1.5μg DNA and 20U of the enzymes, diluted in the 10x NEB buffer 4, and 

incubated at 37°C for around 2 hours. The parent vector underwent the same 

treatment followed by removal of 5’and 3’ phosphates with 5U of calf intestinal 

alkaline phosphatase (Invitrogen, UK) for ~5 minutes to prevent self-ligation. 

Preventing self-ligation is important both in reducing the background of improperly 

self-ligated contaminant and in improving the yield of properly ligated product.  

http://www.csc.mrc.ac.uk/Research/Facilities/GenomicsLaboratory�
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2.2.7 DNA agarose gel electrophoresis 

Agarose gel electrophoresis was used to visualise and separate DNA fragments 

according to their size. 0.8%(w/v) agarose (Biomed, UK) gels were prepared with 1x 

TBE (89mM boric acid, 89mM Tris-HCl and 2mM EDTA) buffer containing 

SYBR™ safe DNA gel stain (diluted 1:10000) (Invitrogen, UK). The PCR products 

samples or a 1kb DNA ladder (New England Biolabs, USA) were mixed with 4 x 

DNA loading buffer (New England Biolabs, USA), after which they were loaded and 

run on the agarose gel at 100V for half an hour. DNA bands were visualised using a 

Safe Imager™ blue light transilluminator (Invitrogen, UK). The desired DNA bands 

were then cut out for further gel extraction. 

2.2.8 DNA gel extraction  

The cut DNA bands containing fragments of interest were purified using the 

QIAquick gel extraction kit (QIAgen, UK). Gel slices containing DNA were 

resuspended in 3 volumes of solubilisation buffer QG to 1 volume gel (1 volume gel = 

100mg/100μl buffer QG) and incubated at 50°C for 10 minutes until the gel slices 

were completely dissolved. One gel volume of isopropanol was then added and mixed, 

after which the entire sample was centrifuged through a Quaquick spin column 

(QIAgen, UK) at 13000rpm for 1 minute and the flow-through was discarded. The 

column contains a silica membrane for selectively binding plasmid DNA in high-salt 

buffer. 500μl buffer QG was added to remove traces of agarose and centrifuged at 

13000rpm for 1 minute. The flow-through was discarded and the column was then 

washed with 750μl buffer PE containing ethanol. The flow-through was discarded and 

residual buffer PE was removed by centrifugation as before. DNA was then eluted 

with 50μl low salt buffer EB. 

2.2.9 DNA ligation  

Light absorbance reading at 260nm or direct visualisation on agarose gels was used to 

identify vector and insert fragments. Vector and insert DNA fragments were ligated in 

a reaction mixture containing a molar 1:3 ratio of vector DNA and insert DNA, 4μl 5x 

ligase buffer (Invitrogen, UK), and 1μl T4 DNA ligase (Invitrogen, UK) in a final 

reaction volume of 20μl, which was incubated at 14°C overnight.  

2.2.10 Large scale plasmid preparation (Maxiprep) 

As stable or transient transfection of mammalian cells needs sufficient quantity of 

DNA, large scale plasmid preparations were made with a Endo-free Plasmid 
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Maxiprep kit (Omega Bio-Tek, USA) according to the manufacturer’s instructions. 

For this, larger cultures (100ml) were grown. The vector with it correct sequence 

confirmed and containing the desired construct was transformed into One Shot® 

TOP10 cells (Invitrogen). An isolated colony was inoculated into 5ml LB containing 

100μg/ml ampicillin and incubated for 6 hours shaking at 250rpm at 37ºC. 500μl cells 

was then taken and placed into 100ml LB containing 100μg/ml ampicillin and 

incubated at 37ºC with shaking at 250rpm overnight. The culture was then centrifuged 

at 4000g for 10 minutes at 4ºC. The supernatant was decanted and the pellet was 

resuspended in 10ml Solution I buffer containing RNase A. The cells were then lysed 

with 10ml Solution II buffer and incubated at room temperature for 2 minutes. 5ml 

ice-cold N3 buffer was added to neutralize the alkaline conditions and mixed gently.  

This step precipitates genomic DNA and proteins while plasmid DNA remained in 

solution. The lysate was immediately poured into the barrel of the Lysate Clearance 

Filter Syringe over a fresh 50ml tube. After removing the end cap from the syringe tip 

and inserting the plunger into the barrel, the cleared lysate was expelled into the 50ml 

tube in which equal volume of ETR Binding Buffer (against volume of cleared lysate) 

was added. 3ml of Equilibration Buffer was added into an empty HiBind DNA Maxi 

Column and centrifuged at 4000g for 3 minutes. The flow-through liquid was 

discarded and the cleared lysate was added into the HiBind DNA Maxi Column and 

centrifuged at 4000g for 3 minutes. The flow-through liquid was discarded and 10ml 

ETR Wash Buffer was then added to the HiBind DNA Maxi Column and centrifuged 

at 4000g for 3 minutes followed by discarding the flow-through. 10ml EHB Buffer 

was then added to the HiBind DNA Maxi Column and centrifuged as before followed 

by discarding the flow-through. The HiBind DNA Maxi Column was then washed by 

15ml DNA Wash Buffer twice and centrifuged as before followed by discarding the 

flow-through. To make the HiBind DNA Maxi Column dry, the column was 

centrifuged at 4000g for another 10 minutes. The HiBind DNA Maxi Column was 

then placed into a clean 50ml centrifuge tube and 2ml Endo-Free Elution Buffer 

(10mM Tris, pH8.5) was added onto the centre of the column matrix and left to stand 

for 5 minutes before eluting the DNA by centrifugation for another 5 minutes as 

before. DNA concentrations were measured by NanoDrop (NanoDrop Technologies, 

Inc., USA). Plasmid DNA was then stored at -20 ºC. 
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2.3 Expression of ADAMTS13 and ADAMTS13 variants 
2.3.1 Mammalian cells culture 

2.3.1.1 General Tissue Culture 

All tissue culture was conducted in a class II flow cabinet (FASTER BHG 2004, 

JENCONS-PLS). To avoid contamination of cell lines, the surfaces and flasks used in 

the flow cabinet were thoroughly cleaned with 70% ethanol. Cells lines were grown at 

37ºC, 5% CO2 in humidified incubators (BIOHIT, Biological Instrumentation Service, 

Lancashire, UK). Frozen cells were stored in a liquid nitrogen container at around -

180ºC. Cultured cells were visualised using an inverted microscope CK2 (Olympus, 

Japan).  

2.3.1.2 Freezing cells 

Freezing medium was made up of complete medium Minimal Essential Medium 

(MEM) containing Pen/Strep/L-glutamine/10% FBS/non-essential amino acids and 

10% Dimethyl sulfoxide (DMSO) (Sigma). Cells were washed twice with autoclaved 

phosphate buffer saline (PBS) then detached from the flask surface with 0.5-1ml 

0.25% trypsin/EDTA (Sigma). The medium containing detached cells were then 

transferred to 50 ml tube and complete medium was added up to about 45ml to wash 

away the trypsin. The medium was spun at 4000rpm for 5-10 minutes and the 

supernatant decanted. Cell pellet was resuspended in complete medium by gently 

pipetting up and down, after which 1ml medium was taken for each vial to freeze. The 

cells were put into a box with isopropanol in the lower compartment and placed 

directly at -80ºC. It is important to transfer cells to the freezer as quickly as possible, 

to prevent damage to the cells by DMSO. The cells were kept at -80ºC overnight and 

the next day the vials were transferred to in liquid nitrogen. 

2.3.1.3 Cell revival 

Cells stored in 10% DMSO in liquid nitrogen were thawed at 37ºC, then placed in a 

T75 tissue culture flask (Nunc) with 4ml of warm growth media (MEM) (Sigma), 

supplemented with 10% Fetal Bovine Serum (FBS) (Biosera)/ Penicillin-

Streptomycin (Invitrogen)/L-Glutamine (Invitrogen)/non-essential amino acids 

(NEAA) (Sigma). Cells were allowed to attach for 2 hours, then the media was 

changed to get rid of residual DMSO and dead cells. 
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2.3.1.4 Cell passage 

Once cells had reached 80-100% confluency they could be passaged into larger 

culture flasks or splitted into more flasks. Cells were washed twice with autoclaved 

PBS then detached from the flask surface with 0.5-1ml 0.25% trypsin/EDTA (Sigma). 

Trypsin was inactivated by the addition of growth media and cells seeded 

appropriately. 

2.3.2 Drosophila Schneider 2 (S2) cell culture 

The S2 cell line was purchased from Invitrogen. Preparing cultured cells for 

transfection was performed according to the protocol of Drosophila Schneider 2 (S2) 

Cells from Invitrogen 

(http://tools.invitrogen.com/content/sfs/manuals/schneidercells_man.pdf.)  Initially 

T25 flasks were used with a total volume of 5 ml of Schneider Drosophila medium 

from Invitrogen. Before using the media, 10 % of FBS was added. The cultured cells 

for transfection by seeding 3x106 S2 cells (1x106cells/ml) in a T25 flask in 5ml 

complete Schneider Drosophila medium. The cells were growing 6-16 hours at 28ºC 

until they reached a density of 2~4x106

2.3.3 Expression of recombinant ADAMTS13  

cells/ml, which would be ready for transfection. 

Human Embyonic Kidney (HEK) 293 or HEK293T (transformed with SV40 large T 

antigen) cell line (American Type Culture collection, USA), which does not normally 

express ADAMTS13, was used for routine expression recombinant ADAMTS13, 

either stably or transiently respectively. HEK293T cells were cultured using complete 

Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, UK), which was 

supplemented with L-glutamine/ nonessential amino acids/10% FBS medium/ 

Penicillin Streptomycin before use. Once the cells grew to 70% confluence, the 

complete DMEM was removed, replacing with Opti-MEM reduced-serum medium 

(Invitrogen, UK). The cells were then transfected with DNA using 1mg/ml linear 

polyethylenimine (PEI, Polysciences, Inc). Transfection was performed at an 

optimum ratio of PEI 25kDa (µg): DNA (µg) of 2.25.  Both the DNA and the PEI 

were diluted using 150mM NaCl (sterile) solution. The PEI solution was drop-wise 

added to the DNA dilution, forming the transfection complex (DNA/PEI complex). 

The volume of the DNA/PEI complex that was added to the Opti-MEM was 1/10 

volume of the medium volume.  The medium was harvested and concentrated three 

days after transfection. Conditioned media containing ADAMTS13 variants were 

http://tools.invitrogen.com/content/sfs/manuals/schneidercells_man.pdf�
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concentrated using centrifugal filter devices (Amicon Ultra, milipore) while the 

truncated ADAMTS13 variants MP and MP-Dis were concentrated using a tangential 

flow filtration system (Labscale TFF, Millipore, UK). The MP and MP-Dis were 

dialysed in dialysis buffer (20mM Tris-HCl, 500mM NaCl, pH7.8) at 4 ºC overnight, 

after which purification of  MP and MP-Dis were carried out using metal ion affinity 

chromatography (section 2.5.1).  

2.3.4 Establishing stable cell line for ADAMTS13 MP-Dis expression 

As MP-Dis vectors encode neomycin, G418 was used for selection in transient 

tansfected HEK293 cells. For the stable cell line selection, cells were split and 

transfected with MP-Dis construct. The following day, the standard media was 

replaced with media containing G418. Over weeks, the cells that had stably 

incorporated the MP-Dis plasmid into their genomic DNA were selected. The amount 

of G418 required to kill cells not expressing the construct varied from cell line to cell 

line. For HEK293 cell line, 500μg/ml G418 in the media was used for stable clones 

selection. This selection took from one to two weeks. The media was changed gently 

in the dish every day, avoiding not to pipette directly onto the cells. Most of the cells 

would die and wash off the bottom of the dish, while colonies of stable cells would be 

left behind. 

2.3.5 Insect cells expression 

2.3.5.1 Preparing culture S2 cells for transfection 

Details have been described in section 2.3.2. 

2.3.5.2 Transient transfection of S2 cells 

The transfection mixture consists of solution A (36µl of 2M CaCl2, 20µg of pMT-

PURO vector and adding sterile water to a final volume of 300µl) and solution B 

(300µl of HEPES-Buffered Saline [50mM HEPES, 1.5mM Na2HPO4, 280mM NaCl, 

pH7.0]). The solution A was slowly added dropwise to solution B with vortexing and 

mixing. The resulting solution was incubated at room temperature for 30-40 minutes. 

After ~30 minutes, a fine precipitate should form. The solution was mixed and added 

dropwise to the cells. Each drop was swirled to mix in and incubated 24-48 hours at 

28ºC, after which the medium was transfered into a tube and centrifuge at 1000g for 2 

min. Then the supernatant was removed and the cells were washed with fresh warm 

complete medium (Schneider 2 medium containing 10% FBS). The cells were 
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continued to incubate at 28ºC for two to three days before inducing with 0.5mM 

CuSO4. 50-100μl of the medium was taken out from the T25 flask (induced) from day 

1, 2, 3 and 5 to check if proteins were being expressed and secreted into the medium. 

The 50-100μl of the medium was centrifuged at 1000g for 2-3 minutes and the 

supernatant was transferred into a new and clean microcentrifuge tube for Western 

blotting. The pellet was also kept. 

2.3.5.3 Stable cell line construction  

Initial steps for preparation of stable cell lines were similar to those of transient 

transfection. However, after the calcium phosphate step, 10µg of puromycin was 

added every 3 days for a month. Then the cells were induced with 0.5mM CuSO4 and 

expression could be checked. For large scale expression, it could be scaled up by 

moving cells from T25 to T75 to T175 then into 2 L flask. When conducting large 

scale expression, the stable S2 cells have to be adapted to 1x Express-five medium 

(without FBS) (Invitrogen, UK) in the T175 flasks. To achieve this, the 10% FBS was 

removed gradually, rather than at once.  

2.4 Expression of recombinant full length VWF and VWF 
variants 
The expression vectors of recombinant full length VWF variants were generated as 

the similar way of ADAMTS13 (section 2.2). Full length VWF plasmids were 

transiently transfected into the HEK293T cells, similarly to that of ADAMTS13 

transfection (section 2.3.3). Three or four days after transfection, the conditioned 

medium containing the recombinant full length VWF or VWF variants were harvested. 

To ensure the VWF multimers not be damaged by centrifugation, the medium was not 

concentrated and directly used for further analysis. 

2.5 Purification of ADAMTS13 constructs 
2.5.1 Metal ion affinity chromatography  

A Fast Protein Liquid Chromatography (FPLC) (GE Healthcare) system was used for 

purification, the principle of which is to measure of light absorbance of the samples 

flowing through at 280nM and collect of peak fractions. As both the ADAMTS13 MP 

and MP-Dis constructs had a  metal ion binding 6xHis-tag on the C-terminal ends, 

they could be purified with affinity chromatography using a Ni2+ column. Nickel 

sulphate hexahydrate was passed over a Ni2+ chelating HiTrap column (GE 
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Healthcare). The column was then equilibrated with binding buffer (20mM Tris-HCl, 

500mM NaCl, 20mM Imidazole, pH7.8) The conditioned medium containing MP or 

MP-Dis, which was dialysed (20mM Tris-HCl, 500mM NaCl) overnight before 

purification, was injected and flowed through the column.  The column was then 

washed with binding buffer (20mM Tris-HCl, 500mM NaCl, 20mM Imidazole buffer), 

after which, the MP and MP-Dis were eluted with elution buffer (20mM Tris-HCl, 

500mM NaCl, 500mM Imidazole). The peak fractions were collected and dialysed in 

lower salt buffer (20mM Tris-HCl, 150mM NaCl, pH7.8). The obtained MP and MP-

Dis might be only partially pure, which was demonstrated by silver staining (section 

2.5.5). Therefore, further purification by gel filtration was required (section 2.5.2). 

2.5.2 Gel filtration chromatography  

The principle of gel filtration is that smaller molecules pass through the column more 

slowly due to diffusing into the pores of the beads, while larger molecules pass 

through the column more quickly due to less entering the pores of the beads. The MP 

and MP-Dis samples were concentrated from 4ml to 1ml by centrifugation (2500x g) 

at 3 minute intervals several times using Amicon Ultra Centrifugal Filter Devices 

(Milipore). Using the FPLC system (GE Healthcare), a 120mL HiLoad 16/60 

Superdex 75pg column (GE Healthcare) was equilibrated with buffer (20mM Tris-

HCl, 500mM NaCl, pH7.8) overnight. Dialysed (20mM Tris-HCl, 500mM NaCl, 

pH7.8) and concentrated MP and MP-Dis samples were flowed through the column 

and peak fractions were collected. Analysis of the peak fractions were performed by 

SDS-PAGE together with silver staining (section 2.5.2) 

2.5.3 Hydrophobic interaction chromatography 

Separation of proteins on interaction chromatography (HIC) media is based on several 

factors involving in the interplay between the hydrophobicity of the medium, the 

property and composition of the sample, the distribution and prevalence of 

hydrophobic amino acid residues exposed on the surface, and the concentration of 

involved salt in the binding buffer. The HIC column is made of polypropylene, which 

is biocompatible and noninteractive with biomolecules. The separation can be easily 

achieved using a chromatography system such as FPLC. To purify the MP-Dis 

construct using HIC, there are generally four main steps to carry out. Firstly, start 

buffer (20mM Tris-HCl, 2M NaCl, pH7.0) and elution buffer (20mM Tris-HCl) were 

prepared. Before use, these buffers, especially the high salt concentration start buffer 

were filtered through 0.45µm filter to avoid UV baseline drift. Secondly, since 
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adsorption is carried out at high salt concentration, the sample was adjusted to the pH 

and ionic strength of the start buffer (high salt buffer) for consistent and reproducible 

results. Therefore, the sample initially purified though Ni2+

2.5.4 Heparin column purification  

 column was diluted 1in 10 

into a suitable volume of start buffer. Thirdly, start buffer was used to wash the 1ml 

HiTrap Phenyl HP column (GE Healthcare) until the column equilibration achieved. 

The diluted sample was then injected, followed by continually wash with the start 

buffer. Finally, elution buffer was pumped in a linear increase of concentration in 

order that the MP-Dis construct would be eluted with a linear decrease of the salt 

concentration in the HIC column. 

A 5ml HiTrap Phenyl HP column (GE Healthcare) was used in heparin column 

purification for my expressed recombinant MP-Dis proteins. Immobilised heparin in 

the column has two main modes of interaction with proteins. It can operate as an 

affinity ligand, for example, in its interaction with coagulation factors. Heparin also 

functions as a high capacity cation exchanger, due to its anionic sulphate groups. In 

both cases, gradient elution with salt is most commonly used. To purify MP-Dis, the 

heparin column was equilibrated with at least 10 column volumes of loading buffer 

(25mM NaCl, 50mM MES-NaOH, pH6.6) before loading samples. The samples were 

then injected slowly to allow the protein has more chance to bind. After loading the 

samples, 1.5 column volumes of loading buffer (25mM NaCl, 50mM MES-NaOH, 

pH6.6) were used to wash the column. To avoid the target protein being lost in the 

flow through and/or the washing step, all the fractions were collected and kept. In 

flow through and wash steps, the collection tubes were frequently changed and not 

subsequently combined to avoid dilution. To elute the protein, a gradient starting with 

100% loading buffer (25mM NaCl, 50mM MES-NaOH, pH6.6) and ending with 

100% elution buffer (1M NaCl, 50mM MES-NaOH, pH6.6) was conducted. Small 

fractions of ~2ml per tube were used to collect in this step. 

2.6 Analysis of ADAMTS13 and VWF 
2.6.1 SDS-PAGE  

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

separate proteins based on their molecular weight. SDS is an anionic detergent, which 

unfolds proteins. In most proteins, the binding of SDS to the polypeptide chain 

confers an even distribution of negative charge per unit mass, thereby resulting in a 
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fractionation by approximate size during electrophoresis. Protein samples were 

diluted in 4x SDS-PAGE loading buffer (Invitrogen) and heated at 95°C for 15 

minutes to denature the proteins. If necessary, 6% v/v β-mercaptoethanol was loaded 

to the 4x loading buffer to reduce disulphide bonds. The mixture of protein samples 

with loading buffer were loaded to NuPAGE Bis-Tris pre-cast 4-12% polyacrylamide 

gels (Invitrogen) and electrophoresed at 200V for ~35 minutes. The gel was then used 

for either Coomassie staining with Imperial Protein Stain (Thermo Scientific) or 

Western blotting analysis. 

2.6.2 Coomassie staining 

For Coomassie staining, the SDS-PAGE (section 2.6.1) gel was rinsed three times 

with 100ml ddH2O for 5 minutes before adding Imperial Protein Stain (Thermo 

Scientific) for one hour. The gel was then distained by washing with 100ml ddH2O for 

1.5-2 hours followed by drying with Model583 gel dryer (BioRAd, USA). 

2.6.3 Silver staining 

Silver staining is another way to detect proteins after electrophoretic separation on 

polyacrylamide gels, which is more sensitive to identify the purity of samples than 

Coomassie staining. To establish the target fractions containing pure MP or MP-Dis 

from Ni2+

2.6.4 BCA total protein assay 

 column purification or gel filtration (section 2.5.2), peak fractions were 

analysed by SDS-PAGE (2.6.1) and followed by silver staining. The SDS-PAGE gels 

were fixed, stained and developed according to the following procedure. All related 

solutions were prepared freshly and shortly before use. SDS-PAGE gels were firstly 

treated with fixing solution (20ml 95% ethanol, 5ml acetic acid, 25ml ddH2O) for 30 

minutes, and then incubated with incubation solution (15ml 95% ethanol, 3.4g Na-

actetate·3H2O, 0.1g Na2S2O3·5H2O, 35ml ddH2O) with 25% glutaraldehyde (added 

just before use) for 30 minutes. Following by washing with ddH2O 3 x 20 minutes, 

the gels were then stained with silver solution (0.05g AgNO3, 50ml ddH2O) containing 

10µl formaldehyde (added just before use) for 40 minutes, after which the gels were 

washed with ddH2O 3 x 1 minute to remove the unbound AgNO3. The gels were then 

developed with developing solution (1.25g Na2CO3, 50ml ddH2O) containing 5µl 

formaldehyde (added just before use) about 15 minutes until bands were visible. The 

chemical reactions were terminated with stop solution (0.73Gedta, 50ml ddH2O).  
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A bicinchoninic acid (BCA) total protein assay kit (Thermo Scientific) was used to 

test the total protein concentration of purified proteins (MP, MP-Dis and VWF 115), 

according to the manufacturer’s instructions. The principle of BCA total protein assay 

is based on the formation of a Cu2+ /protein complex under alkaline conditions, 

followed by reduction of the Cu2+ to Cu1+. The amount of reduction is proportional to 

the protein concentration in sample. It has been found that cysteine, tyrosine, 

trytophan and the peptide bond are able to reduce Cu2+ to Cu1+. In alkaline solutions, 

BCA forms a purple blue complex with Cu1+. This provides a basis to monitor the 

reduction of alkaline Cu2+

 2.6.5 Western blotting  

 by proteins and thus test the protein concentration in 

sample. Serial dilutions of bovine serum albumin (BSA), ranging from 2mg/ml to 

25μg/ml, were used as a standard and different dilutions of sample were prepared. 

25µl of each standard and unknown diluted samples were applied in duplicate to the 

wells of a microtitre plate. BCA Reagent A was mixed with Reagent B at a ratio of 

50:1, forming the mixture of working reagent. 200µl of this mixture was loaded into 

each well containing the standard or samples. The plate was covered and incubated at 

37°C on a plate shaker for 30 minutes. The absorbance was measured at 560nM using 

a spectrophotometer (uQuant, Biotek).  

To evaluate the expression levels, secretion, and intracellular retention of 

ADAMTS13 and its variants, Western blotting was applied to analyse the conditioned 

medium and the cell pellets from tissue cultures. The conditioned medium samples 

were mixed with 4x SDS-PAGE loading buffer (Invitrogen) containing 6% v/v β-

mercaptoethanol which reduced disulfide bonds to separate proteolysed protein 

fragments. The samples were heated at 95°C for 15 minutes, after which they were 

centrifuged and loaded onto NuPAGE 4-12% Bis-Tris precast polyacrylamide gels 

(Invitrogen). A SeeBlue Plus2 Pre-stained standard (Invitrogen) was also loaded in a 

separated lane of the gels. The electrophoresis was performed at 200V for ~35 

minutes. The proteins were transfered to a sheet of special blotting paper called 

nitrocellulose membrane (0.2µm) (Amersham Biosciences) at 35V for one hour. The 

membranes were blocked in 2.5% blocking reagent (Amersham) in PBS-0.1%Tween 

for ~one hour with shaking, after which the membranes were incubated with primary 

antibody in blocking buffer at 4°C overnight. Rabbit anti-ADAMTS13 polyclonal 

antibody was used in dilution of 1:5000 for the full length ADAMTS13 variants while 

monoclonal anti-His tag antibody (Invitrogen) diluted 1:1000 was applied for the MP 
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and MP-Dis truncations. After membranes were washed five times with PBS-

0.1%Tween, they were incubated with secondary antibody at room temperature with 

shaking for one hour. For the full length ADAMTS13 variants, anti-rabbit IgG-HRP 

(Dako) (1/5000) was used as the secondary antibody while goat anti-mouse IgG-HRP 

(Dako) (1/5000) was applied for the MP and MP-Dis variants. The membranes were 

then washed five times PBS-0.1%Tween and detected with ECL chemiluminescent 

substrate (Immobilon, Milipore), according to the manufacturer’s instructions. The 

membranes were then exposed to film.  

2.6.6 Enzyme-linked immunosorbent assay (ELISA) 

The concentrations of full length ADAMTS13 and VWF and their variants was 

assessed by ELISAs. Normal human control plasma (Technoclone, Austria) was used 

to generate a standard curve. For Full length ADAMTS13, a polyclonal anti-

ADAMTS13 antibody was used to capture ADAMTS13 to the plate. A biotinylated 

anti-TSP-1 (2-4) antibody was used as detection antibody. A 96-well plate was coated 

with rabbit polyclonal anti-ADAMTS13 antibody in coating buffer (50mM sodium 

carbonate, pH9.6) at 4°C overnight. The plate was washed with PBS-0.1%Tween 

following each incubation step. After blocking (PBS-2%BSA) for one hour, serial 

dilutions of control plasma and conditioned medium samples were added into each 

well and incubated at room temperature for two hours. The ADAMTS13 bound to the 

polyclonal anti-ADAMTS13 antibody was detected by biotinylated anti-TSP1 (2-4) 

antibody (0.2μg/ml in PBS-1%BSA), which itself was detected by HRP-conjugated 

streptavidin (Amersham Pharmacia). After one hour, plates were washed and 

incubated with the HRP substrate (ortho-phenylene-diamine) (Sigma, UK) for colour 

development which was stopped with 50μl H2SO4 (2.5mol/L). The light absorption 

was measured at 492nm using a spectrophotometer (uQuant, Biotek).  

For full length VWF, polyclonal rabbit anti-human VWF antibody (Dako) was used as 

the coating antibody and HRP-conjugated polyclonal rabbit anti-human VWF 

antibody (Dako) as detected antibody. 

2.6.7 VWF multimer analysis 

SDS-PAGE gel analysis is not suitable to examine the multimeric distribution pattern 

analysis of VWF multimers due to the higher molecular weight VWF multimers not 

being separated properly by this gel. The VWF multimeric pattern was therefore 

visualised by analysis in agarose gels under non-reducing conditions. A method 

optimised by Dr. McKinnon in our lab was used to perform VWF multimer analysis. 
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1.2% agarose gels (1.5mm diameter) were prepared by dissolving 1.2g high gelling 

temperature agarose (Seakem) in 100ml of gel buffer (200mM Tris-HCl, 100mM 

Glycine, 0.1% SDS, pH9.0) and cast using a Bio-Rad mini-gel casting system. 

Samples were diluted with sample buffer (10mM Tris-HCl, 1mM EDTA, 2% SDS, 

8M urea, 0.01% bromophenol blue, pH8.0) and incubated at 60°C for 30 minutes. 

Gels were assembled in a Bio-Rad mini-gel electrophoresis tank filled with chilled 

running buffer (100mM Tris-HCl, 150mM Glycine, 0.1% SDS, pH8.4) and placed in 

an ice box. 10μl of each sample was loaded and the electrophoresis was run first at 

60V for 20 minutes and then at 35V for ~ 4 hours until the tracking dye had reached 

the bottom of the gel. After electrophoresis, Western blotting and immuno-staining 

with polyclonal rabbit anti-human VWF-HRP antibody (Dako) was performed 

(section 2.6.5). 

2.7 Preparation of purified VWF 115, VWF 76 and variants 
2.7.1 Expression of VWF 115, VWF 76 and variants 

VWF 115, which spans residues Glu1554-Arg1668, is a short VWF A2 domain 

fragment. VWF 76, which spans residues Glu1593-Arg1668, lacks the 40 N-terminal 

amino acids of VWF 115. Both substrates have previously been cloned into the 

bacterial expression vector pET100 (Invitrogen), which is fused with an Xpress 

epitope and a 6xHis tag to the N-terminus of the vector [163]. The VWF 115, VWF 

76 and their variants were expressed at a high level in Rosetta DE3 E.coli cells 

(Novagen). The Rosetta DE3 cells are genetically modified to ensure encoding of 

eukaryotic tRNA species that are rare in prokaryotic cells to enhance the synthesis of 

eukaryotic proteins. 1ng plasmid DNA of the vector was transformed into ~10μl of 

the competent Rosetta DE3 cells as described in section 2.2.2. A bacterial colony was 

selected to inoculate 12ml of LB broth (see Appendix) containing 100µg/ml 

ampicillin and incubated at 37°C with shaking (~250 rpm) for 4~6 hours. Then the 

culture media was spined to collect bacterial pellets. The pellets were resuspended in 

~5ml fresh medium and to inoculate 1L 2x YT broth (see Appendix) cultures for each 

construct. Expression of the recombinant protein was induced by adding 1mM 

Isopropyl ß-D-1-thiogalactopyranoside (IPTG) (Sigma) and cultured at 37°C with 

shaking (~250 rpm) for 16 hours. Bacterial cells were harvested by centrifugation at 

5000 x g for 30 minutes at 4°C. The supernatant was removed completely and the cell 

pellets were stored at -80°C until cell lysis and inclusion body preparation. 

2.7.2 Purification of VWF 115, VWF 76 and variants 
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In the Rosetta DE3 E.coli cells expression system, the high level expression of VWF 

115, VWF 76 and variants results in insoluble proteins aggregating as inclusion 

bodies. To harvest the inclusion bodies, the bacterial cell pellets were resuspended in 

room temperature using 1x BugBuster reagent (Novagen) (5ml reagent/g wet cell 

paste) by pipetting or gentle vortexing. The resuspended mixtures were transferred 

into 50ml tubes. 1μl (25 units) Benzonase® Nuclease (Novagen) per 1ml of 

BugBuster reagent was added to the mixtures, followed by addition of rLysozyme 

Solution (30KU/μl) (Novagen) up to a final concentration of 1KU/ml. The cell 

suspensions were incubated on a shaking platform or rotating mixer at a slow setting 

at room temperature for 30mins. As benzonase was added, the extract should not be 

viscous. The insoluble cell debris were pelleted by centrifugation at 5,000xg at 4°C 

for 30minutes. The supernatants were removed and frozen for later analysis of soluble 

fraction proteins. The inclusion body pellets were resuspended using 5ml BugBuster 

Reagent/g wet cell paste, with pipetting up and down and vortexing to obtain an even 

suspension.  The rLysozyme Solution (30KU/μl) (Novagen) was added up to a final 

concentration of 1KU/ml, follwed by vortexing gently to mix. The mixtures were then 

incubated at room temperature for 5–10 minutes. 6 volumes of 1:10 diluted BugBuster 

reagent (in deionized water) was added to the suspensions, with vortexing for 1 

minute. The suspensions were centrifuged at 5,000xg for 15minute at 4°C to collect 

the inclusion bodies. The supernatants were removed. The inclusion bodies were 

resuspended in 6 volumes of 1:10 diluted BugBuster, mixed by vortexing, and 

centrifuged as before. This step was repeated if necessary. The pellets were 

resuspended in 2ml 1:10 diluted reagent, and the samples were transfered to 2ml tubes 

and centrifuged at 16,000xg for 15min at 4°C and the supernatants were removed 

completely. To purify the proteins, the inclusion bodies were firstly solubilised in a 

buffer containing 20mM Tris-HCl (pH7.8), 500mM NaCl, 20mM Imidazole and 8M 

urea. They were then purified with a nickel HiTrap column on an FPLC system (Äkta, 

Amersham Pharmacia Biotech) (section 2.5.1). A linear gradient wash (8M-0M urea 

linear gradient in ~30 minutes) was performed to remove the urea and refold the 

proteins. The proteins were eluted from the nickel column with 500mM Imidazole.  

They were then dialysed using a 3-6kDa cut-off membrane (Thermo Scientific) in 

lower salt buffer (20mM Tris-HCl, 150mM NaCl, pH7.8) at 4°C overnight. The purity 

of the proteins was analysed by SDS-PAGE followed by Coomassie staining (section 

2.6.1 and 2.6.2). Protein concentrations were quantified with a BCA total protein 

assay (Thermo Scientific) (section 2.6.4). 
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2.8 ADAMTS13 activity assays  
2.8.1 Proteolysis of VWF 115 

I used the VWF 115 substrate to evaluate the proteolytic activities of ADAMTS13 

and its variants. The proteolysis of VWF 115 can be qualitatively visualized by SDS-

PAGE/Coomassie staining (section 2.6.1 and 2.6.2) or accurately quantified by HPLC 

(section 2.8.3). Use of VWF 115 as substrate does not require shear stress or 

chaotropic agents (such as urea) to unfold VWF. This is in contrast to the assays 

containing full length multimeric VWF as substrate. The concentrations of wild type 

ADAMTS13 and ADAMTS13 variants in conditioned medium which were assessed 

by ELISA (section 2.6.3) were adjusted to equal concentrations in the proteolysis 

reactions. The conditioned medium containing ADAMTS13 or ADAMTS13 variants 

(0.5-5nM) were pre-incubated with CaCl2 (5mM CaCl2, 20mM Tris-HCl, 150mM 

NaCl, pH7.8) for one hour. The purified VWF 115 (0.5-20µM) substrates were then 

added into the ADAMTS13 mixtures.  Aliquots of samples (15µl for SDS-PAGE or 

65µl for HPLC analysis) were removed at various time points and reactions stopped 

with 5µl 0.5M EDTA which can chelate Zn2+ and Ca2+

2.8.2 SDS-PAGE analysis of VWF 115 proteolysis  

 from the ADAMTS13 MP 

domain. The aliquots of samples were stored at -80°C until analysis by SDS-

PAGE/Coomassie staining or HPLC. 

The aliquots of samples from the proteolysis reaction were loaded on SDS-PAGE gels 

and electrophoresed as described in section 2.6.1. The gels were then stained with 

Coomassie stainning (Imperial protein stain, Pierce) (section 2.6.2), allowing 

visualisation of the C-terminal cleavage products (10kDa),   the N-terminal cleavage 

products (7kDa), and the uncleaved VWF 115 (17kDa). 

2.8.3 HPLC analysis of VWF 115 cleavage products  

High pressure liquid chromatography (HPLC) analysis of the cleavage products was 

used to quantify the proteolysis of VWF 115 by ADAMTS13. An ACE 5 C4-300 

(Ace) column (Hichrom) was used on an Akta HPLC system (GE Healthcare). Both 

HPLC grade acetonitrile and water were supplemented with 0.1% trifluoroacetic acid 

before use. The column was equilibrated with 20% acetonitrile. The samples were 

loaded on the column with 20% acetonitrile and eluted with a 20-50% acetonitrile 

gradient, during which light absorbance at 205nM was measured. This allowed 

separate elution of the two cleavage products and the uncleaved VWF 115. Cleavage 
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products and uncleaved VWF 115 were quantified by measurement of the areas under 

the light absorbance peak using Unicorn analysis software (GE Healthcare). For time-

course analysis, percentage proteolysis was plotted against time using GraphPad 

Prism 4 software (GraphPad Software). The kcat/Km was determined from time-course 

analysis and the data was fitted to the equation:  

. 

[AP] is VWF 115 cleavage product peak area at time t, [APf] is the peak area after 

complete VWF 115 cleavage, e is ADAMTS13 concentration, and t is reaction time. 

For individual determination of the Km, Vmax, and kcat, the initial rate of proteolysis of 

VWF 115 (after 5-10 minutes) was measured at increasing substrate concentrations 

(0.25-25µM). Data were transformed into Michaelis-Menten and Lineweaver-Burk 

plots, and the kinetic constants were derived using Prism 4 software (GraphPad, San 

Diego, CA), by which the Km and kcat will be determined after fitting the data to 

equation below: 

Y=Vmax*X/(Km+X) 

X is the VWF 115 concentration (nM) and Y the initial rate (nM cleaved per sec). 

From the Michaelis Menten plot the Km and kcat could be determined. 

2.8.4 Static VWF multimer proteolysis assay 

The proteolysis of full length VWF multimers by ADAMTS13 and ADAMTS13 

variants was analysed under static conditions using a chaotropic agent (urea or 

guanidine-HCl) to unfold VWF and make the scissile bond susceptible to cleavage by 

ADAMTS13. The VWF multimers used in these assays were purified from a 

commercial VWF/FVIII concentrate by Dr Tom McKinnon. The purification was 

performed by gel filtration chromatography and heparin-Sepharose affinity 

chromatography, described in section 2.5.2 and 2.5.4. The VWF multimers were 

incubated with 1.5M guanidine-HCl at 37°C for 30 minutes. The denatured VWF was 

then diluted 10-fold to a final concentration of 10μg/ml into reaction buffer (20mM 

Tris-HCl, 150mM NaCl, 0.5% BSA, 5mM CaCl2, pH7.8), in which 1-5nM 

ADAMTS13 had been pre-incubated for 60 minutes in advance. The reaction was 

incubated at 37°C for 1 to 2 hours before terminating with loading buffer (10mM 

Tris-HCl, 2% SDS, 8M urea, 1mM EDTA, pH8.0). The proteolysis of the VWF 
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multimers was analyzed by 1.2% agarose gel electrophoresis and Western blotting 

(sections 2.6.5 and 2.6.7). 

2.9 Peptide inhibitory assay 
Purified peptide (wild type and mutant, 1mM) (Alta Bioscience) was incubated with 

3.5nM ADAMTS13 and CaCl2 (5mM CaCl2, 20mM Tris-HCl, 150mM NaCl, pH7.8) 

at 37°C for 30 minutes, and 6μM VWF 115 was then added. The reaction was stopped 

at different time points (0, 15, 30 and 60 minutes) with EDTA and analysed on a 12% 

SDS-PAGE Bis-Tris gel, followed by Coomassie staining (section 2.6.1 and 2.6.2). 

To quantify the effect of peptides on VWF 115 proteolysis by ADAMTS13, various 

concentrations (0-1.5mM) of the peptides were individually incubated with 1nM 

ADAMTS13 and CaCl2 (5mM CaCl2, 20mM Tris-HCl, 150mM NaCl, pH7.8) at 37°C 

for 30 minutes, and 2.5μM VWF 115 was then added. After 15 minutes, the reaction 

was stopped at different time points with EDTA (40mM). Subsamples were analyzed 

by HPLC (section 2.8.3) and the initial rate of cleavage was determined. 
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CHAPTER 3: IDENTIFICATION OF POTENTIAL 

CHARGED RESIDUE INTERACTIONS BETWEEN 

SHORT SUBSTRATE VWF (VWF 76 AND VWF 115) AND 

THE ADAMTS13 MP DOMAIN 

3.1 Introduction  
Recent studies have shown that a C-terminal interaction between ADAMTS13 

(TSR(2-8)) and  VWF (D4CK) forms an initial step of a multi-step interaction of 

ADAMTS13 with VWF. However, the most important interactions of ADAMTS13 

are with the VWF A2 domain [62, 77, 92, 168]. The ADAMTS13 Spacer domain 

binds tightly to the C-terminus of the VWF A2 domain (residues 1659-1668) while 

the Disintegrin-like domain interacts with residues (e.g. Asp1614) close to the 

cleavage site [81, 88, 92, 168].  

Each of the above interactions involves VWF residues C-terminal to the Tyr1605-

Met1606 bond. However, residues N-terminal to the cleavage site (His1472-Tyr1605) 

may also be proposed to interact with ADAMTS13. If both sides of the scissile bond 

interact with ADAMTS13, the overall binding affinity would be reduced upon 

proteolysis, which would aid dissociation of cleavage products. It has been shown that 

VWF 73 (Asp1596-Lys1668) (Fig 3.1) is the minimal substrate for ADAMTS13 

[170]. Deletion of 8 residues (from Arg1597 to Val1604) N-terminal to the scissile 

bond abolishes cleavage [166], which further suggests that important interaction sites 

may lie within several residues close to Tyr1605. Considering the short distance 

between Asp1596 and Tyr1605, these residues may interact within the ADAMTS13 

MP domain. Because of these considerations, I decided to investigate the role of 

residues N-terminal to the cleavage site in the cleavage reaction. I will first describe a 

preliminary investigation in which I attempted to prepare the fragments of VWF 

corresponding to N-terminal cleavage fragment of VWF 115 (Glu1554-Lys1668) and 

VWF 76 (Ser1593-Lys1668). Then, I will describe attempts I made to identify a role 

of charged residues in the N-terminal region of the VWF A2 domain that might 

interact with ADAMTS13. Ultimately, these preliminary attempts to define critical 

interaction sequences or residues proved unsuccessful. However, I present these 

results because on the basis my findings I was able to eliminate the possibility of a 

charged interaction being important in proteolysis of these short fragments. This 
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enabled me to consider whether a hydrophobic interaction might be more important, 

something that will be considered in section 4.  

 

Figure 3.1 The amino acid sequences of VWF 73, VWF 76 and VWF 115.   VWF 73 

(Asp1596-Lys1668), VWF 76 (Ser1593-Lys1668) and VWF 115 (Glu1554-Lys1668) share 9 

residues N-terminal to the cleavage site. There are only 3 charged residues among them, 

Asp1596, Arg1597 and Glu1598, which are highlighted in blue.  

3.2 Effect of N-terminal cleavage fragments of VWF 76 and 
VWF 115 on their proteolysis  
VWF and its shorter fragments VWF 115 (Glu1554-Lys1668), VWF76 (Ser1593-

Lys1668) and VWF73 (Asp1596-Lys1668) are all specifically proteolysed by 

ADAMTS13 at the site of the Tyr1605-Met1606 bond, generating N-terminal and C-

terminal of the cleavage products.  As shown in Figure 3.1, VWF 115, VWF 76 and 

VWF 73 share the same residues C-terminal to the cleavage site. It has been reported 

that the residues Val1607-Lys1668 (which is 1 amino acid shorter than the C-terminal 

cleavage product of VWF 115) exhibited a strong inhibitory effect on the proteolysis 

of the shorter VWF fragment Leu1591-Lys1668 [169], suggesting that product 

inhibition might be an essential feature of the regulation of ADAMTS13 activity. 

Consistent with strong product inhibition, the cleavage of VWF multimers by 

ADAMTS13 is promoted by the presence of denaturants but hardly approaches 

completion despite prolonged incubation. Therefore, along with shear-induced 

exposure of the cleavage site, cleavage product inhibition may modulate the 

proteolysis and the distribution of plasma VWF multimer.  
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However, it remains unknown whether the N-terminal fragment from the cleavage 

reaction might have a similar inhibitory effect on proteolysis. To study this, a Stop 

codon was introduced, replacing the M1606 codon of the VWF 115 and VWF 76 

vectors individually, using site-directed mutagenesis (Section 2.2.1), generating VWF 

Glu1554-Tyr1605 and VWF Ser1593-Tyr1605, respectively. As it was not sure 

whether the N-terminal cleavage product would aggregate as inclusion bodies in 

Rosetta DE3 cells, the inclusion bodies were harvested using BugBuster reagent 

(Novagen), while supernatants were also kept. FPLC (Section 2.5) was then used to 

purify the fragments by Ni2+

 

 column. It was found that most VWF Glu1554-Tyr1605 

appeared in the supernatant fraction (Figure 3.2B&D) rather than in the inclusion 

bodies (Figure 3.2A&C). FPLC confirmed that VWF Ser1593-Tyr1605 was also 

present in the supernatant fraction (Figure 3.3A). To assess the purity of FPLC 

purified target protein in the elution peak fraction, SDS-PAGE followed by 

Coomassie staining (Figure 3.2C and Figure 3.3B) and Western blotting (anti-X-

press-HRP antibody) (Figure 3.2D and Figure 3.3C) were performed. Unfortunately, 

the obtained fragments representing the cleavage product of VWF 115 and VWF 76 

were not pure enough and protein precipitation occurred, which prevented 

determination of their concentration for further investigation. Because of these 

difficulties, I decided not to continue attempting to prepare and investigate the use of 

these recombinant fragments. In section 4.4, I will describe an alternative approach in 

which I use a synthetic peptide (DREQAPNLVY), representing the N-terminal of the 

cleavage product of VWF 73, to competitively inhibit proteolysis of VWF 115 by 

ADAMTS13. 
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Figure 3.2 Purification of recombinant N-terminal fragment (VWF Glu1554-Tyr1605) 

corresponding to the cleavage product of VWF 115. (A) Chromatogram of purification of 

recombinant N-terminal cleavage product of VWF 115 (inclusion bodies fraction) by Ni2+

 

 

affinity chromatography. Protein elution was achieved with the use of high concentrations of 

Imidazole (250mM). (B) Chromatogram of the purification of the supernatant fraction by 

nickel affinity chromatography. Protein elution was achieved with the use of 250mM 

Imidazole. The eluted fraction (A2) is highlighted by an arrow. (C) Analysis of the 

supernatant fraction by SDS-PAGE. Non-reducing SDS-PAGE on a 5-12 % NuPAGE MES 

gel followed by Coomassie staining: affinity column flow through X1 (lane 1), elution with 

500mM Imidazole fraction A2 (lane 2). The molecular weight of recombinant VWF Glu1554-

Tyr1605 is 10kDa. Lad: ladder of protein molecular weight marker. (D) Analysis of the 

supernatant fraction by Western blotting. Reducing SDS-PAGE on a 5-12 % NuPAGE MES 

gel analysed by western blotting, using anti-X-press epitope antibody: elution with 250mM 

Imidazole fraction A2 (lane 1).  
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Figure 3.3 Purification of recombinant N-terminal fragment (VWF Ser1593-Tyr1605) 

corresponding to the cleavage product of VWF 76. (A) Chromatogram of nickel affinity 

chromatography purification of the VWF Ser1593-Tyr1605 (supernatant fraction). This 

fragment was expressed in Rosetta DE3 cells, and supernatant fraction was separated from the 

inclusion bodies using BugBuster reagent (Novagen). Protein elution was achieved with the 

use of high concentrations of Imidazole (250mM). The eluted fraction (A2) is highlighted by 

an arrow. (B) Non-reducing SDS-PAGE on a 5-12 % NuPAGE MES gel followed by 

Coomassie staining: affinity column flow through X1 (lane 1), elution with 250mM Imidazole 

fraction A2 (lane 2). The molecular weight of VWF Ser1593-Tyr1605 is 5.5kDa. Lad: ladder 

of protein molecular weight marker. (C) Reducing SDS-PAGE on a 5-12% NuPAGE MES 

gel analysed by Western blotting, using anti-X-press epitope antibody: elution with 250mM 

Imidazole fraction A2 (lane 1).  

3.3 A potential charged interaction between VWF residues 
Asp1596/Glu1598 and the ADAMTS MP domain 
Previous results in our lab have indicated that VWF 115 with 3 charged residues that 

are substituted, VWF 115 (DRE1596/7/8AGA), is proteolysed inefficiently, which 

suggests that residues Asp1596-Arg1597-Glu1598 (Figure 3.4) may contribute to the 

interaction between the VWF region N-terminal of the scissile bond and ADAMTS13 

MP domain. As Asp1596 and Glu1598 are both negatively charged residues, the 

correspondingly interacting residues in ADAMTS13 MP domain would probably be 

of positive charge. In a homology model of the ADAMTS13 MP domain structure 

(section 2.1.1), I have identified two positively charged, surface exposed patches 

consisting of Arg267/Arg268 and Arg278/Arg280 (Figure 3.5). I hypothesized that 

either of these patches could potentially form ionic bonds with negatively charged 

residues Asp1596 or/and Glu1598 (Figure 3.5). It was reported that a TTP patient 
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with the mutation ADAMTS13 R268P had no detectable ADAMTS13 activity, which 

appeared to support the possibility that ADAMTS13 Arg268 is in a charged 

interaction with VWF. However, investigation of recombinant ADAMTS13 

containing R268P demonstrated that it was not secreted from HeLa cells [86].  

 

Figure 3.4 Cartoon view of the crystal structure of the VWF A2 domain. Charged 

residues Asp1596, Arg1597 and Glu1598 are highlighted in red at the bottom of the model. 

The scissile bond Tyr1605-Met1606 is buried in the middle of the model. At the top of the 

model, the location of another important residue, Asp1614, is also highlighted in yellow.  The 

original structural information was taken from PDB file 3GXB [32]. 
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Figure 3.5 Model of the ADAMTS13 Metalloprotease (MP) and Disintegrin-like (Dis) 

domains. It has been established [81] that Arg349 (red) in the ADAMTS13 Dis domain 

interacts with VWF Asp1614. Zn2+

3.4 Functional analysis of the importance of VWF residues 
Asp1596/Glu1598 and ADAMTS13 residues Arg278/ Arg280 
and Arg267/Arg268 

 and 3xHis (blue) form part of the active site and are 

located in the middle of the ADAMTS13 MP domain. On the left hand side, two patches of 

positively charged residues (Arg278/Arg280 and Arg267/Arg268) highlighted in yellow are 

hypothesized to interact with VWF Asp1596/Glu1598. 

To establish the importance of the two negative residues Asp1596 and Glu1598 in the 

VWF A2 domain, they were mutated to Asn and Gln, respectively, using site-directed 

mutagenesis (Section 2.2.1). Similarly, to identify the importance of the patches of 

Arg278/Arg280 in the ADAMTS13 MP domain, these two charged residues were 

mutated into Ala.  

3.4.1 Expression of ADAMTS13 R267A/R268A and R278A/R280A variants 

ADAMTS13 R278A/R280A mutants were transiently expressed in HEK293T cells. 

Conditioned media was analyzed by SDS-PAGE on a 5-12% NuPAGE MES gel, 
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followed by Western blotting using rabbit anti-ADAMTS13 polyclonal antibody. This 

demonstrated that ADAMTS13 R278A/R280A variant was expressed and secreted 

similarly to WT ADAMTS13 (Figure 3.6), suggesting that the mutations did not by 

themselves induce any gross structural changes that influenced enzyme secretion. The 

concentrated media was filtered, concentrated and the concentration of the 

ADAMTS13 variants was established by ELISA. Because of the poor secretion of 

Arg267/Arg268 mutants, I decided not to further investigate these residues change. 

 

Figure 3.6 SDS-PAGE and Western blotting of ADAMTS13 R278A/R280A variants.   

SDS-PAGE on a 5-12 % NuPAGE MES gel analysed by Western blotting, using rabbit anti-

ADAMTS13 polyclonal antibody: Non-reduced conditioned medium of WT ADAMTS13 

(lane 1), reduced and 10 times concentrated medium of WT ADAMTS13 (lane 2), Non-

reduced conditioned medium of ADAMTS13 R278A/R280A (lane 3), reduced and 10 times 

concentrated medium of ADAMTS13 R278A/R280A (lane 4).   

3.4.2 Expression and purification of VWF 115 variants D1596N/E1598Q 

An expression vector for the fragment of the VWF A2 domain, VWF 115 (spanning 

VWF residues 1554–1668), its mutagenesis, and expression have been previously 

described (18), see section 2.7.1. VWF 115 (D1596N/E1598Q) was introduced 

(section 2.2.2) expressed in Rosetta DE3 cells and then purified by FPLC (section 

2.3.1). A column-based refolding method was attempted (Figure 3.7A), allowing the 

protein to gradually recover its native conformation. The inclusion bodies were 

solubilised in 8M urea and then passed over a Ni2+ column. A linear gradient wash 

(8M-0M urea linear gradient in ~30 minutes) was performed to remove the urea and 
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slowly refold the proteins immobilised on the column. After refolding, the proteins 

were eluted with a 250mM Imidazole, the elution peak of which is shown in Figure 

3.7A. The purity of the proteins was assessed by SDS-PAGE followed by Coomassie 

staining. It showed that a single band was present at the 17kDa position (Figure. 3.7B), 

consistent with the predicted molecular weight of VWF 115. 

 

Figure 3.7 Purification of recombinant VWF 115 (D1596N/E1598Q). (A) A 

chromatogram of the purification of the recombinant VWF 115 (D1596N/E1598Q) by nickel 

affinity chromatography. A linear gradient wash (8M-0M urea linear gradient in ~30 minutes) 

was performed to remove the urea and slowly refold the proteins. Protein elution was 

achieved with the use of high concentrations of Imidazole (250mM). The eluted fraction (A2) 

is indicated by an arrow. (B) Non-reducing SDS-PAGE on a 5-12% NuPAGE MES gel 

followed by Coomassie staining: affinity column flow through X1(lane 1), elution with 

250mM Imidazole fraction A2 (lane 2). The predicted molecular weight of recombinant VWF 

115 (D1596N/E1598Q) is approximately 17kDa.  

3.4.3 Functional analysis of the ADAMTS13 R278A/R280A mutant 

Activity assays containing 0.5nM WT ADAMTS13, or the ADAMTS13 

R278A/R280A mutant, and 6μM VWF 115 were incubated at 37°C. At the times 

indicated, reactions were stopped with EDTA. Proteolysis of VWF 115 by the 

ADAMTS13 R278A/R280A mutant was initially assessed qualitatively by SDS-

PAGE followed by Coomassie staining (Figure 3.8). Proteolysis was assessed by the 

generation of the 10kDa and 7kDa VWF 115 cleavage products. Compared to WT 

ADAMTS13, the R278A/R280A mutant proteolysed VWF 115 normally, indicating 
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that these positively charged residues do not have a major role in the interaction with 

VWF 115. 

 

Figure 3.8 Proteolysis of WT VWF 115 by WT ADAMTS13 and the ADAMTS13 

(R278A/R280A) variant.  For activity assays, 0.5nM WT or variant ADAMTS13 and 6μM 

VWF 115 were incubated at 37°C. At the times indicated, reactions were stopped with EDTA 

and analysed by SDS-PAGE followed by Coomassie staining. Proteolysis was assessed by the 

generation of the 10kDa and 7kDa VWF 115 cleavage products.  

3.4.4 VWF 115(D1596N/E1598Q) proteolysis by WT ADAMTS13 

Although previous results in our lab had suggested that VWF 115 (DRE1596/7/8AGA) 

is proteolysed inefficiently, the quality of the SDS-PAGE gel supporting the 

importance of Asp1596-Arg1597-Glu1598 was not high (these results are not 

presented here). Nonspecific bands appeared between the 10kDa band and 7kDa band. 

The VWF 115 (DRE1596/7/8AGA) protein samples available were also found to be 

precipitated. I decided to use VWF 115 (D1596N/E1598Q), the target of which was 

mutated to polar residues to prevent precipitation,   instead of (DRE1596/7/8AGA), 

for functional analysis of Asp1596 and Glu1598. I thought it unlikely that Arg1597 

would be as important as its two adjacent negatively charged residues. Activity assays 

containing 3.5nM WT ADAMTS13 and 6μM WT VWF 115 or VWF 115 

(D1596N/E1598Q) were incubated at 37°C. At the times indicated, reactions were 

stopped with EDTA. Proteolysis of VWF 115 (D1596N/E1598Q) by the WT 

ADAMTS13 was initially assessed qualitatively by SDS-PAGE followed by 

Coomassie staining (Figure 3.9). Surprisingly, compared to WT VWF 115, there is no 
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difference in appearance rate of the cleavage products, at 10kDa and 7kDa position. It 

appears, therefore, that substitution of Asp1596 and Glu1598 did not appreciably 

influence VWF 115 proteolysis (Figure 3.9). This suggests that these two negative 

charged residues are unlikely to contribute to the interaction between VWF and 

ADAMTS13. 

 

 

Figure 3.9 Proteolysis of VWF 115(D1596N/E1598Q) by WT ADAMTS13. Activity 

assays containing 3.5nM WT ADAMTS13 and 6μM WT VWF 115 or VWF 115 

(D1596N/E1598Q) were incubated at 37°C. At the times indicated, reactions were stopped 

with EDTA and analysed by SDS-PAGE followed by Coomassie staining. Proteolysis was 

assessed by the generation of the 10kDa and 7kDa VWF 115 cleavage products.  

3.5 Discussion  
To investigate the potential interaction between charged residues N-terminal to the 

cleavage site and the ADAMTS13 MP domain, I initially focused on VWF residues 

Asp1596/Glu1598 and ADAMTS13 residues Arg267/Arg268 and Arg278/Arg280. I 

hypothesized that one or both of these patches (Arg267/Arg268 and Arg278/Arg280) 

in ADAMTS13, could potentially form ionic bonds with negatively charged VWF 

residues Asp1596 or/and Glu1598 influencing cleavage (Figure 3.5). However, my 

results demonstrated that neither the VWF residues Asp1596/Glu1598 nor the 

ADAMTS13 residues Arg278/Arg280 are of functional importance,  as substitutions 

of these residues did not affect proteolysis of  VWF 115 (Figure 3.8 and 3.9). 

Recently, two research groups [175-177] identified a novel Ca2+-binding site in the 

VWF A2 domain, which regulates VWF cleavage by ADAMTS13. The Ca2+ is 

coordinated by VWF residues at Asp1498, Asp1596, Arg1597, Ala1600, Asn1602, 

and a water molecule (see Figure 3.10). Both groups found that mutations at the Ca2+-
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binding site impaired the protective effect of Ca2+

 

 on VWF A2 domain cleavage. 

However, the WT VWF73 and VWF 73 (D1596A) mutant were cleaved at similar 

rates, indicating that the calcium-binding side chain of Asp1596 does not directly 

contribute to recognition of an unstructured substrate. This finding is consistent with 

my results for VWF 115 D1596N as described above.  

 

Figure 3.10 A Ca2+-binding site within the VWF A2 domain. The Ca2+

 

 is coordinated by 

Asp1498, the α3β4-loop (involved in Asp1596, Arg1597, Ala1600, Asn1602), and a water 

molecule (red sphere). This figure was adapted from [171]. 
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CHAPTER 4: IDENTIFICATION OF RESIDUES N-

TERMINAL TO THE VWF CLEAVAGE SITE 

CONTRIBUTING TO ADAMTS13 SUBSTRATE 

SPECIFICITY 

4.1 Introduction 
To investigate further the VWF residues important for cleavage by ADAMTS13, I 

considered again the activities of previously reported short VWF A2 domain 

fragments that span the cleavage site. One, VWF 64 (1605-1668), could not be 

cleaved by ADAMTS13 [170], while others, such as VWF 73 (1596-1668), VWF76 

(1593-1668) and VWF 115 (1554-1668) are proteolysed, as mentioned in section 3.1, 

efficiently [167, 168, 170] (Figure 4.1). Moreover, there is no appreciable difference 

in cleavage efficiency between VWF 73, VWF 76 and VWF 115. The values of 

kcat/Km for these three shorter VWF fragments are all approximately 7.0 x105 M-1s-

4.2 Preparation and comparison of different VWF 115 variants 
with substitutions between Asp1596 and Tyr1605 

1(Table 4.1). Because the difference between the substrates that are and those that are 

not cleaved reside in sequences N-terminal to the scissile bond, I conjectured that the 

VWF1596-1604 N-terminal sequence must contain a structural determinant that is 

essential for proteolysis, despite the negative results I described in the preceding 

chapter. Accordingly, in the present study I have investigated the role of residues N-

terminal to the VWF cleavage site, initially by systematic substitution. 

I introduced a panel of single and multiple amino acid substitutions into the short 

VWF A2 domain substrate (Figure 4.1), VWF 115, which spans residues Glu1554-

Arg1668 (Figure. 4.1). The VWF sequence Asp1596-Tyr1605 is shown (Figure. 4.2).  

VWF 115 and its variants were expressed, purified, and quantified as previously 

described in section 2.7, before functional analyses. In a preliminary activity assay, 

3.5nM of ADAMTS13 was incubated with 6μM of each substrate at 37°C. The 

reaction was stopped at different time points (0, 20 and 60 minutes) with EDTA and 

analysed on a 12% SDS-PAGE gel with Coomassie staining. Cleavage of WT VWF 

115 by ADAMTS13 was rapid when examined by SDS-PAGE to visualize the 

cleavage products. The SDS-PAGE gel of VWF 115 cleavage products (Figure 4.3) 
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Figure 4.1 Sequences and cleavage efficiencies of different A2 domain fragments. The A2 

domain binding sites are buried by A1 and A3. Shear forces unravel the VWF A1A2A3 

domains to unfold the A2 domain. Comparison of the sequences and cleavage efficiencies of 

the unravelled A2 domain in the form of short fragments, VWF 115, VWF 76, VWF 73, and 

VWF 64 by ADAMTS13 suggests that VWF residues 1596-1604 must contain critical amino 

acids necessary for ADAMTS13 proteolysis. 

Table 4.1 Kinetic analysis of VWF 115, VWF 76 and VWF 73  

 

 

 

 

 

1596DREQAPNLV1605Y-M1606 
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shows that after a 20 minute incubation of ADAMTS13 with WT VWF 115, the 

10kDa and 7kDa cleavage products appear. In accordance with results in section 3.3.4, 

the substitution of VWF residues 1596-9DREQ to four serines did not affect the 

proteolysis of VWF 115 when compared to WT. However, the proteolysis of VWF 

115 (Y1605A) was appreciably reduced, while the cleavage of VWF 115 (N1602A) 

was not reduced and VWF 115 (V1604S) was only slightly reduced. Interestingly, the 

mutation of Leu1603 (the P3 residue) to serine abolished its proteolysis (Figure 4.2 

and Figure 4.3). I then performed kinetic analysis of these samples using HPLC to 

quantitatively determine cleavage, as described in section 2.8.3. In time course 

investigations, VWF 115 (Y1605A), VWF 115 (L1603A) and (L1603S) all had 

greatly reduced cleavage (Figure 4.4). I used the time course experiments to calculate 

the specificity constant, kcat/Km, for cleavage of each VWF variant. The values of 

kcat/Km are shown in Table 4.2. The reductions in kcat/Km of VWF 115 (DREQ/SSSS 

and N1602A) variants were around 2 fold, while that of VWF 115 (V1604S) variant 

was 5 fold. The greatest reduction in kcat/Km of VWF 115 variants with substitutions 

between Asp1596 and Tyr1605 was over 400 fold, which appeared in VWF 115 

(L1603S). In addition, reduction in VWF 115 (L1603A) (~ 100 reduction in kcat/Km) 

was appreciably larger even than the 38-fold reduction of the VWF 115 Y1605A. 

 

Figure 4.2 Partial amino acid sequence of the ADAMTS13 substrate VWF 115. VWF 

amino acids are shown as single letter, the ADAMTS13 cleavage site is indicated, and 

substitutions/deletions referred to in the text are annotated below the sequence. VWF 115 

spans residues 1554Glu-1668Arg, but residues shown are only for VWF73, 

spanning1596Asp-1668Arg. 
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Figure 4.3 Qualitative analysis of VWF 115 cleavage by ADAMTS13. 3.5nM of 

ADAMTS13 was incubated with 6μM of each substrate at 37°C; the reaction was stopped at 

different time points (0, 20 and 60 minutes) with EDTA and analysed on a 12% SDS-PAGE 

gel with Coomassie staining.  

 

 

 

Figure 4.4 Percentages of VWF 115 cleavage over time. 2.5μM VWF 115 and its variants 

were incubated with 0.5nM ADAMTS13. HPLC was used to calculate % substrate cleavage 

by determination of the peak area of cleavage products.  
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Table 4.2 Kinetic analysis of VWF 115 and its variants. The time course experiments in 

Figure 4.4 were used to calculate kcat/Km. Values of the kcat/Km were obtained using Enzfitter 

software and the equation described in section 2.8.3.  For the P1 mutant (Y1605A), the 

experiment was performed using higher concentrations (5nM) of ADAMTS13 than the other   

VWF 115 variants, which were studied using 0.5nM of ADAMTS13. *[80]; **[81]; ***[167]. 

4.3    Further comparison of P3 with P1 residue substitutions in 
VWF 115 
VWF Leu1603 is the third residue N-terminal to the cleavage site, which is why it 

termed the P3 residue and correspondingly Tyr1605 is termed P1 [78, 79]. As showed 

in Figure 4.4, the difference between VWF 115 (L1603A) and VWF (Y1605A) 

variants cleaved by ADAMTS13 seemed small when analysed by HPLC. Both VWF 

variants were proteolysed minimally when low ADAMTS13 concentrations (0.5-

1.0nM) were used (Figure 4.4). On increasing ADAMTS13 concentrations (~10 fold), 

a difference between these variants could be observed clearly (Figure 4.5). 

Additionally, the proteolysis of the VWF 115 (L1603S) variant was greatly reduced 

(>400 fold reduction in catalytic efficiency) compared to WT VWF 115. Although 

this reduction in kcat/Km was appreciably larger even than the 38-fold reduction of the 
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VWF 115 (Y1605A) variant with the substituted P1 residue, the P1 residue 

substitution to Ser in a VWF 115 (Y1605S) variant also had barely detectable 

cleavage when examined by SDS-PAGE (Figure. 4.6). This was the case whether 

1nM (Figure 4.6A) or 10nM (Figure 4.6B) ADAMTS13 was used. 
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Figure 4.5 Time course of cleavage of VWF 115 P1 and P3 variants. The VWF 115 

variants (2.5μM) were cleaved by ADAMTS13 (5nM). Samples were taken at different time 

points, and the reaction quenched with 5μl 0.5M EDTA before analysis using HPLC (section 

2.4.3) to determine percentage of VWF 115 cleavage.  
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Figure 4.6 Cleavage of WT VWF 115, VWF 115 L1603S, and VWF 115 Y1605S by 

ADAMTS13. Cleavage of 6μM WT VWF 115 and variants was performed with 1nM (A) and 

10nM (B) WT ADAMTS13. The reactions were stopped at different time points (0, 20 and 60 

minutes) with EDTA and visualized on a 12% SDS-PAGE gel with Coomassie staining.   

4.4 Systematic investigation of the VWF P3 residue, Leu1603 
4.4.1 Investigation of additional VWF P3 residue substitutions on proteolysis by 

ADAMTS13 

A panel of amino acid substitutions at the P3 position was introduced into the VWF 

115 substrate (Figure. 4.7). The importance of the P3 residue (Leu1603) was further 

confirmed when it was mutated to asparagine, alanine, or lysine. All of these variants 

had severely reduced (L1603A) or undetectable (L1603N and L1603K) cleavage 

(Figure 4.8A).  In contrast, substitution of VWF Leu1603 with large hydrophobic 

residues Met and Phe had minimal influence on cleavage (Figure 4.8B). 
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Figure 4.7 Partial amino acid sequence of VWF 115 with the substitutions introduced 

into the P3 position.   

 

 

 

Figure 4.8 Cleavage of VWF 115 and its P3 variants by ADAMTS13. 3.5nM of 

ADAMTS13 was incubated at 37°C with 6μM of each variant with a P3 substitution. The 

reaction was stopped at different time points (0, 20 and 60 minutes) with EDTA and analysed 

on a 12% SDS-PAGE gel with Coomassie staining.  The upper panel, A, shows cleavage of 

VWF 115 L1603A, L1603N and L1603K, while the lower panel, B, shows cleavage of VWF 

115 L1603M and L1603F.  
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Time-course experiments with 1nM ADAMTS13 indicated that even the conservative 

residue change, L1603A, produced∼100-fold reduction in cleavage efficiency (Figure 

4.4); however, quantitation of such low level of proteolysis was imprecise. Using 

higher concentrations (10 nM) of ADAMTS13 to induce sufficient cleavage of the 

VWF 115 L1603A variant, substrate titration of the initial rate of proteolysis of the 

variant was performed, see section 2.8.3. This demonstrated a reduced kcat of 0.11 ± 

0.07s−1, compared with WT ADAMTS13, 0.33 ± 0.18s−1

 

, and an increased Km of 6.8 

± 3.6μM, compared with WT ADAMTS13, 0.91 ± 0.51μM (Figure 4.9).  

 

Figure 4.9 Determination of kcat and Km for WT VWF 115 and for the VWF 115 L1603A 

variant. High concentrations of ADAMTS13 (10nM, rather than 1nM) were used to induce 

proteolysis of VWF L1603A, the initial rates of which were determined by HPLC, corrected 

for protease concentration and plotted as a function of substrate concentration. The values of 

kcat and Km are shown in the inset table (n=3). 

4.4.2 The L1603A substitution inhibits proteolysis of full length multimeric VWF 

by ADAMTS13 

To verify the findings of the importance of the P3 residue in VWF proteolysis by 

ADAMTS13, I introduced both the L1603A and L1603S substitutions into a more 

physiological substrate, full-length recombinant VWF. The full-length WT VWF and 

VWF L1603A and L1603S were analysed by 1.2% agarose gel electrophoresis 
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followed by Western blotting using anti-VWF-HRP antibody, see section 2.6.3. These 

variants were expressed normally and had normal multimer distribution (Figure 4.10).  

 

Figure 4.10 Multimer distribution of full length VWF and its variants. Recombinant WT 

VWF and VWF L1603A and L1603S were examined for their multimer composition by 1.2% 

agarose gel electrophoresis followed by Western blotting using anti-VWF-HRP.  

To examine the effect of the L1603A, P3 mutation on the proteolysis of full-length 

recombinant VWF, 6nM of ADAMTS13 was incubated with 2.2nM of full length 

multimeric VWF and 1.5M urea at 37°C, see section 2.8.4. The reaction was stopped 

with EDTA at different time points (0, 40, 80 and 150 minutes) and analysed on 1.2% 

agarose gel electrophoresis with Western blotting. When the L1603A mutation was 

introduced into full-length VWF, it was clear that the proteolysis was greatly reduced 

or even abolished, as seen by the lack of disappearance of the larger multimers 

(Figure 4.11).  
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Figure 4.11 L1603A substitution in full length multimeric VWF inhibits proteolysis by 

ADAMTS13. 6nM of ADAMTS13 was incubated with 2.2nM of full length multimeric VWF 

and 1.5M urea at 37°C. The reaction was stopped at different time points (0, 40, 80 and 150 

minutes) with EDTA and analysed on a 1.2% agarose gel electrophoresis with Western 

blotting for VWF. HMW= high molecular weight; LMW= low molecular weight. 

Western blotting analysis under reducing conditions of proteolytic products of full-

length WT VWF, VWF L1603A and L1603S by WT ADAMTS13 was also 

conducted. The reactions were performed exactly the same as described above. The 

only difference was that samples were taken at progressive time points and quenched 

with 5µl 0.5M EDTA with 2-Mercaptoethanol (10%). For Western blotting, the 

membrane was treated with stripping buffer (50mM Glycine and 1mM EDTA, pH2.3) 

before blocking. It was shown that full-length WT VWF was rapidly and effectively 

cleaved by ADAMTS13, with the appearance of characteristic cleavage products at 

176kDa and 140kDa positions. By contrast, minimal cleavage of the VWF L1603A 

and L1603S variants was observed (Figure. 4.12).  
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Figure 4.12 Proteolysis of recombinant full-length WT VWF, VWF L1603A and L1603S 

by ADAMTS13. 20nM of ADAMTS13 was incubated with 1μg/ml of full length multimeric 

VWF and 1.5M urea at 37°C. The reaction was stopped at different time points (0, 30 and 90 

minutes) with EDTA. Changes in VWF were examined by SDS-PAGE under reducing 

conditions with Western blotting for VWF.  

4.4.3 Inhibition assay using NTP 

Further evidence for an important docking site within VWF Asp1596-Tyr1605 was 

obtained using a synthetic N-terminal peptide (NTP), Asp1596-Tyr1605 (Figure 4.13) 

containing this sequence (1596DREQAPNLVY1605

 

) to inhibit ADAMTS13 cleavage of 

VWF 115. This peptide was purchased from AltaBioscience. Addition of 1 mM WT 

NTP clearly reduced cleavage of VWF 115 by ADAMTS13 when visualized by SDS-

PAGE (Figure 4.13). In contrast, a synthetic NTP variant containing the L1603A 

substitution was without apparent effect upon cleavage, suggesting again an important 

role for Leu1603. The influence of the NTP upon the initial rate of VWF 115 

proteolysis by ADAMTS13 was quantified by HPLC (Figure 4.13). Although WT 

NTP produced a large concentration dependent reduction in cleavage rate, the effect 

of NTP L1603A was very modest.  
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Figure 4.13 Inhibition of VWF 115 proteolysis by ADAMTS13 by the NTP and its 

variant. NTP (WT and mutant, 1mM) was incubated with 3.5nM ADAMTS13 and CaCl2 at 

37°C for 30 minutes, and 6μM VWF 115 was then added. The reaction was stopped at 

different time points (0, 15, 30 and 60 minutes) with EDTA and analysed on a 12% SDS-

PAGE gel with Coomassie staining.  

 

Figure 4.14 Inhibition of initial rates of cleavage of VWF 115 by the NTP and its 

variants. 0-1mM NTP or NTP (L1603A) was incubated with 1nM ADAMTS13, CaCl2 at 

37°C for 30 minutes, and 2.5μM VWF 115 was then added. After 15 minutes, the reaction 

was stopped with EDTA. Thereafter, the initial rate of VWF 115 proteolysis was quantified 

using HPLC. 
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4.5 Identification of functional subsites on ADAMTS13 that 
interact with the VWF P3 and P1 residues 
4.5.1 Model of ADAMTS13 MP domain with potential residues forming the S3 

subsite 

Using a peptide model, the distance between VWF Leu1603 and the scissile bond was 

estimated to be about 10 Angstroms (Figure 4.15). Because VWF Leu1603 is so close 

to the scissile bond (Y1605-Met1606), it will likely directly interact with the 

ADAMTS13 MP domain. VWF Leu1603 is the third residue N-terminal to the 

cleavage site, which is why it termed the P3 residue (Tyr1605 is termed P1). The 

corresponding interacting ADAMTS13 subsites with P3 and P1 are named the S3 and 

S1 subsites, respectively [78, 79]. On the structural model of the MP domain, I have 

identified 11 residues that are on the surface and might form interacting residues with 

the P3 and P1 residues of the substrate. These residues are Leu151, Leu152, Leu185, 

Val195, Thr196, Gln197, Leu198, Trp206, Leu232, Leu273 and Leu274 (Figure 4.16). 

As well as their surface locations, the distances between these residues and the active 

site are estimated to be around 10-11 angstroms. Most of these 11 residues are 

hydrophobic, which could be compatible with a hydrophobic interaction with 

Leu1603. 

 

Figure 4.15 Peptide model of VWF cleavage site. Using Pepbuild software, the distance 

between Leu1603 and the scissile bond (Tyr1605-Met1606) was measured to be ~10 

Angstroms. 
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Figure 4.16 Location of 11 candidate residues that may interact with the substrate P3 

and P1 residues on the structural model of ADAMTS13 MP domain. The model was 

generated using the HHPRED server from the crystal structures of ADAMTS1, 4& 5, and 

related residues were highlighted using Pymol. The active centre (light blue, with Zn2+

 

 shown 

in yellow) and residues flanking the S1’ pocket (purple) are highlighted [81]. The 11 

candidate residues that may interact with VWF Leu1603 or VWF Tyr1605 are labelled in 

colour on the surface of the model. The ADAMTS13 substitution mutations that I have made 

of these residues, see section 4.5.3, are listed on the left of the model.  
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4.5.2 Alignment of ADAMTS family MP domains spanning the locations of 

potential S3 subsites  

A partial ADAMTS family MP domain alignment is shown in Figure 4.17. Residues 

Leu152, Leu198 and Trp206 in ADAMTS13 are not conserved among ADAMTS 

family members, suggesting that they may be involved in enzyme specific functions 

rather than being necessary for the structural frame of the protease domain. 

Interestingly, residue 206 in the ADAMTS family is mostly arginine. This implies 

that it could be well tolerated in ADAMTS13. For this reason, I mutated Trp206 to 

arginine. Leu 198 is generally hydrophobic in other ADAMTS family members, I, 

therefore, mutated Leu 198 to serine.  Leu152 is not conserved but is frequently 

charged in other family members. Therefore, I mutated Leu152 to arginine.  

 

Figure 4.17 Sequence alignment of ADAMTS family member MP domain. The amino 

acid sequences N-terminal to the active site cleft of ADAMTS family members are aligned, 

see section 2.1.1. Red letters in yellow boxes show conserved sequence identity, black letters 

in grey boxes are blocks of similar residues. Black letters with white background are non-

conserved amino acids. Trp206 in ADAMTS13 family is Arg in nearly every other ADAMTS 

family member. There are mainly charged residues (Arg, Glu, or Asp) in the Leu152 site of 

other ADAMTS family members, while mainly Val is located in the Leu198 position.  
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4.5.3 Preliminary functional analysis of ADAMTS13 variants 

Substitutions of the 11 candidate residues that may interact with Leu1603 or Tyr1605 

were individually introduced into the ADAMTS13 vector using site-directed 

mutagenesis, see section 2.2.2. All these ADAMTS13 variants were transiently 

expressed in HEK293T cells. Western blotting analysis of conditioned media (see 

section 2.6.3) demonstrated some differences in expression and secretion of these 

mutants. The ADAMTS13 variants V195S/A, L198S/E, L273N, L152R, W206R, 

L185A, T196A and Q197A were secreted similarly to WT ADAMTS13. In contrast, 

the ADAMTS13 variants L151S, L232S/N, L273S and L274S were poorly secreted, 

suggesting that the mutations might induce gross structural changes. The concentrated 

media was filtered, concentrated and the concentration of the ADAMTS13 variants 

was established by ELISA, which confirmed the variation of their expression and 

secretion. As shown in Table 4.3, the concentrations of the ADAMTS13 variants 

V195S/A, L198S/E, L273N, L152R, W206R, L185A, T196A and Q197A in 

conditioned medium from transiently expressed HEK293T cells were similarly to that 

of WT ADAMTS13. Based on the concentrations determined by ELISA, as described 

in section 2.6.6,  the reduction in expressed level of the ADAMTS13 variants L151S, 

L232S/N, L273S and L274N was ~10 fold, that of the ADAMTS13 variants L198E 

and L274S was ~5 fold, and L273N ~2 fold.  
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ADAMTS13 Concentration (nM) Secretion 

WT  54 Normal 

L151S 1.5 ↓↓↓ 

L185A 43 Normal 

V195S 32 Normal 

V195A 51 Normal 

L198S 35 Normal 

L198E 8 ↓↓ 

L232S 1.3 ↓↓↓ 

L232N 1.8 ↓↓↓ 

L273S 4.8 ↓↓↓ 

L273N 21 ↓ 

L274S 9 ↓↓ 

L274N 4.6 ↓↓↓ 

L152R 45 Normal 

W206R 38 Normal 

Table 4.3 Expression and secretion of the 11 candidate ADAMTS13 residues that may 

interact with VWF Leu1603. The ADAMTS13 candidate S variants were transiently 

expressed in HEK293T cells. Western blotting (see section 2.6.3) analysis of the conditioned 

media was used to initially assess the expression and secretion of these variants. The 

concentrated media was filtered, concentrated and the concentration of the ADAMTS13 

variants was established by ELISA (see section 2.6.4). ↓= moderately reduced; ↓↓= severely 

reduced; ↓↓↓= no secretion/activity or barely detected.  
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4.5.4 Functional analysis of the ADAMTS13 variants containing candidate S3 

subsite substitutions using substrate VWF 115 

All the potential ADAMTS13 S3 candidate residues are shown in a structural model 

which was modelled on the crystal structures of ADAMTS1, 4 & 5 (see section 2.1.1). 

Based on the location of each candidate reside in the model of MP domain (Figure 

4.16), it was initially predicted that ADAMTS13 Leu152 or Trp206, or the cluster of 

Leu198/Leu232/Leu273/Leu274 may form the S3 subsite. Because the distance 

between these six hydrophobic residues (Leu152, Trp206, Leu198, Leu232, Leu273 

and Leu274) on the surface of the model and the active Zn2+ are all around 10 

Angstroms, which is similar to the distance between Leu1603 and the scissile bond 

(Tyr1605-Met1606). 

 

Figure 4.18 Location of potential ADAMTS13 residues interacting with VWF Leu1603. 

The structure was modelled on the crystal structures of ADAMTS1, 4 & 5. The active centre 

(light blue, with Zn2+ shown in black) and residues flanking the S1’ pocket (white) are 

highlighted [81]. The 10 candidate residues that may interact with Leu1603 or Tyr1605 are in 

black on the surface of the model. The cluster Leu198/Leu232/Leu273/Leu274, which is 

highlighted by a yellow circle, is predicted to form S3. Below the active site cleft, the VWF 

cleavage site residues, Leu1603-Met1606 are shown. The distance between Leu1603 and the 

scissile bond (Tyr1605-Met1606) is about 10 Angstroms, which is similar to that of the 

distance between cluster residues and the active Zn2+. 
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In order to assess the effect of the S3 candidate residue mutations on the activity of 

ADAMTS13, the activities of ADAMTS13 variants L152R, W206R, L198S, L232N, 

L273N and L274S were studied using proteolysis of VWF 115 and SDS-PAGE to 

monitor cleavage. 1nM WT ADAMTS13 or ADAMTS13 variants in concentrated 

dialysed conditioned medium were pre-incubated in buffer of 20mM Tris-HCl, 

150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37 ºC before the addition of 6µM 

VWF115. 15µl Samples were taken at time points (0, 20mins and 60mins) and the 

reaction quenched with 5µl 0.5M EDTA before analysis using SDS-PAGE gel 

followed by Coomassie staining. It was found that ADAMTS13 variants L198S, 

L232N and L274S exhibited reduced ability to cleave VWF 115, while ADAMTS13 

variants L152R and W206R variants cleaved VWF 115 normally (Figure 4.19).  

To examine quantitatively the activities of ADAMTS13 variants L198S, L274S and 

L232N, 1nM WT ADAMTS13 and these variants were pre-incubated with 20mM 

Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37ºC before the addition 

of 2μM VWF 115 at 37°C. The reaction was stopped at various time points with 

EDTA and then analysed on HPLC to assess the percentage cleavage of VWF 115, 

from which the catalytic efficiency, kcat/Km, was determined using Prism 4 software 

(GraphPad USA) (Figure 4.20). This revealed a 4.6 fold reduction in kcat/Km for 

ADAMTS13 L198S when compared to WT ADAMTS13 and a 15.8 fold, reduction in 

kcat/Km for ADAMTS13 variant L274S (Table 4.4). No proteolytic cleavage fragments 

could be detected for the ADAMTS13 L232N, a variant which also had severely 

reduced secretion.  
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Figure 4.19 SDS-PAGE analysis on potential ADAMTS13 S3 variants. 1nM WT 

ADAMTS13 and ADAMTS13 variants L152R, L198S, W206R, L232N, L273N and L274S 

pre-incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37ºC 

before the addition of 6µM VWF115. The reaction was stopped at different time points with 

EDTA and analysed on a 12% SDS-PAGE gel with Coomassie staining. For each experiment 

a single band can be seen at time zero, corresponding to the intact VWF substrate. The 

intensity of this band decreases as the reaction proceeds and smaller bands can be seen which 

correspond to the two cleavage products. 
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Figure 4.20 Quantitative and functional analysis of ADAMTS13 variants L198S, L274S 

and L232N by HPLC.  1nM WT ADAMTS13 and ADAMTS13 variants L198S, L274S and 

L232N were pre-incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 

hour at 37 ºC before the addition of 2μM VWF115 at 37°C. The reaction was stopped at 

various time points with EDTA and was studied quantitatively by HPLC (n=3). 

 

 

Table 4.4 kcat/Km values of HPLC analysis of ADAMTS13 variants. The proteolytic 

activity of ADAMTS13 (variants) was determined using HPLC under conditions in which the 

catalytic efficiency, kcat/Km, was determined using Prism 4 software (GraphPad USA) (n=3).  
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4.5.5 Proteolysis of full-length VWF by ADAMTS13 candidate S3 mutants  

Cleavage of full-length WT VWF was performed as described in section 2.4.4.  In this 

reaction, 0.55µg/ml purified plasma derived VWF (purified from plasma concentrates, 

as described in section 2.8.4, was incubated in the presence of 1.5M denaturant 

(guanidine hydrochloride) at 37°C. For the analysis of the ADAMTS13 L198S and 

L274S variants, 5nM enzyme was used. They were pre-incubated for 30 minutes in 

20mM Tris-HCl, 0.5% bovine serum albumin, 5mM CaCl2. Subsamples were 

removed at various time points (0-90 minutes), and the reaction was stopped with 

EDTA (40mM). Changes in VWF multimeric composition resulting from 

ADAMTS13 proteolysis were analysed by agarose gel electrophoresis and Western 

blotting for VWF, see section 2.6.5 [14]. All functional assays were repeated a 

minimum of three times and with different preparations of VWF and ADAMTS13. 

Western blotting for VWF demonstrated that the proteolytic ability of the 

ADAMTS13 L198S variant was reduced, as seen by the reduced disappearance of the 

larger multimers (Figure 4.21). Western blotting analysis under reducing conditions of 

proteolytic products of full-length VWF by WT ADAMTS13 and ADAMTS13 

L198S and L274S variants was also performed. The reaction was performed exactly 

the same as described above. The only difference was that samples were taken at 

progressive time points and quenched with 5µl 0.5M EDTA with β-mercaptoethanol 

(10%). It was shown that reduced cleavage was observed when full-length VWF 

multimers were proteolysed by ADAMTS13 L198S variant and minimal cleavage by 

L274S variant (Figure. 4.22).  
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Figure 4.21 Multimer gel analysis of full-length VWF proteolysis by ADAMTS13 S3 

candidate residue mutants.  Western blotting for proteolytic products of full-length VWF 

multimers by WT ADAMTS13 and ADAMTS13 L198S variant was performed. 5nM WT 

ADAMTS13 and mutant L198S in dialysed conditioned medium were pre-incubated with 

20mM Tris-HCl, 150mM NaCl, pH7.8, and 5mM CaCl2 for 1 hour at 37ºC before the addition 

of pre-denatured VWF at a final concentration of 0.55µg/ml. Samples were taken at 

progressive time points and quenched with 5µl 0.5M EDTA before VWF multimer gel 

analysis (see section 2.2.11).   

 

 

 

 

 

 



 113 

            

 

Figure 4.22 SDS-PAGE analysis under reducing conditions of full-length VWF 

proteolysis by ADAMTS13 S3 candidate residue mutants. Western blotting under 

reducing conditions of proteolytic products of full-length WT VWF by WT ADAMTS13 and 

ADAMTS13 L198S and L274S variants was performed. 5nM WT ADAMTS13 and mutant 

L198S in dialysed conditioned medium were pre-incubated with 20mM Tris-HCl, 150mM 

NaCl, pH7.8, and 5mM CaCl2 for 1 hour at 37ºC before the addition of pre-denatured VWF at 

a final concentration of 0.55µg/ml. The samples were taken at progressive time points and 

quenched with 5µl 0.5M EDTA with 2-Mercaptoethanol (10%) before VWF gel analysis.  

4.5.6  Investigation of the S1 subsite in ADAMTS13 

As explained earlier, the first residue N-terminal of the scissile bond is termed P1. 

Correspondingly, residues in the ADAMTS13 MP domain directly interacting with P1 

are part of what is termed the S1 subsite. It has been reported that mutagenesis of the 

VWF Tyr1605 (P1) and/or Met 1606 (P1’) residues to Ala greatly reduces their 

proteolytic efficiency by ADAMTS13 [77]. The reduced proteolysis of VWF 115 

Y1605A suggests the S1 subsite of ADAMTS13 plays an important role in efficient 

VWF proteolysis. Pruss et al [77] have shown that VWF 115 Y1605N, without an 

aromatic ring in the P1 position, is also proteolysed inefficiently, but Y1605F, 

containing an aromatic ring, is cleaved normally. VWF 115 Y1605H, with a 

Imidazole ring, is cleaved only slightly slower, suggesting that the ADAMTS13 S1 

subsite may preferentially accommodate aromatic side chains (Figure 4.23).  
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In an alignment of the MP domain structures of the different ADAMTS family 

members (Figure 4.24), candidate residues potentially forming the S1 subsite might 

include Val195, Tyr196 and Gln197, considering their location and distance from the 

active site in the ADAMTS13 structural model, shown in Figure 4.18. The amino acid 

sequence alignment of ADAMTS family members shows that residues Val195, 

Tyr196 and Gln197 are non-conserved (Figure 4.24) and could therefore contribute to 

an enzyme specific subsite. An ADAMTS13 mutant V195M/T196A/Q197D, which 

contains residues that are present in ADAMTS1, 4 & 5 (Fig 4.24), was made to 

investigate the possible nature of the S1 subsite of ADAMTS13. Moreover, it has 

been demonstrated that Glutamate (E) is a natural P1 residue in the ADAMTS1 

substrate [178, 179]. If ADAMTS13 tolerates aromatic rings within the cleavage site 

of VWF, VWF 115 Y1605E should not be tolerated. VWF 115 Y1605E was therefore 

made as a possible substrate to further explore the S1 subsite of ADAMTS13. In what 

follows, I expected that WT ADAMTS13 would efficiently proteolyse WT VWF 115, 

but inefficiently proteolyse VWF 115 Y1605E, while the ADAMTS13 variant 

V195M/T196A/Q197D would efficiently proteolyse VWF 115 Y1605E, but 

inefficiently proteolyse WT VWF 115. 

In order to explore this hypothesis that ADAMTS13 residues Val195, Tyr196 and 

Gln197 form the S1 subsite, ADAMTS13 V195M/T196A/Q197D variant was 

expressed in HEK 293T cells and quantified by ELISA (section 2.5) and  VWF 115 

Y1605E  was expressed in Rosetta DE3 cells, purified by FPLC, and quantified by 

BCA. 3.5nM WT ADAMTS13 and ADAMTS13 V195M/T196A/Q197D variant were 

pre-incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour 

at 37ºC before the addition of 6µM VWF115 or VWF 115 Y1605E. The reaction was 

stopped at different time points with EDTA and analysed on a 12% SDS-PAGE Bis-

Tris gel with Coomassie staining.  The SDS-PAGE gel in Figure 4.25 showed that 

WT ADAMTS13 variant inefficiently proteolysed VWF 115 Y1605E. It was also 

found that ADAMTS13 V195M/T196A/Q197D variant inefficiently cleaved WT 

VWF 115, with no cleavage products detected. However, ADAMTS13 

V195M/T196A/Q197D mutant could not efficiently cleave VWF 115 Y1605E either.  
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Figure 4.23 Efficiency of cleavage of VWF 115 P1 (Tyr 1605) variants by ADAMTS13 

considered in terms of the P1 side chain. The original data of the cleavage efficiency of 

VWF 115 P1 variants Y1605F, Y1605H and Y1605N was reported in [77], and that of VWF 

115 Y1605A is reported here in table 4.2. The structures of the amino acids were taken 

from http://www.molecularstation.com/molecular-biology-images/data/510/AminoAcids.gif  

 

 

http://www.molecularstation.com/molecular-biology-images/data/510/AminoAcids.gif�
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Figure 4.24 Amino acid sequence alignment of ADAMTS family members.  Amino acid 

sequence alignment of ADAMTS13 MP domain (residues 171-263) with that of other 

ADAMTS family members. The active site HEXHXXXXXH sequence is labelled. Conserved 

(dark yellow) and homologous (light yellow) regions are highlighted. Residues number 195, 

196 and 197 in ADAMTS13 are Val, Thr and Gln while in ADAMTS1 the matching residues 

are Met, Ala and Asp, as shown by the black box. 

These findings suggest that introducing triple mutations to ADAMTS13 may impair 

the activity of the enzyme, rather than removal of interaction with VWF P1 residue 

Tyr1605. Because the ADAMTS13 residues, Val195, Thr196, and Gln197 are so 

close to the active Zn2+

 

, any slight change of the side chain of these three residues 

may influence the positioning of the scissile bond in the active centre. Especially, 

mutation of Val195 to Met is a bigger substitution in side chain (compared to Ala), 

which may lead to potentially allosteric effect on ADAMTS13. 

ADAMTS13     195VTQ197 

ADAMTS  1         MAD 
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Figure 4.25 Studies with VWF 115 Y1605E and ADAMTS13 V195M/T196A/Q197D. 

3.5nM WT ADAMTS13 and ADAMTS13 V195M/T196A/Q197D variant were pre-incubated 

with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37 ºC before the 

addition of 6µM VWF115 or VWF 115 Y1605E. The reaction was stopped at different time 

points with EDTA and analysed on a 12% SDS-PAGE gel with Coomassie staining.  

4.5.7 Preliminary analysis of ADAMTS13 S1 subsite variants  

Based on the location of each candidate residue in the structural model of the MP 

domain (Figure 4.26), it was initially predicted that ADAMTS13 Leu151 and Val195 

may form the S1 subsite.  

In order to assess the effect of the S1 candidate residue mutations on the activity of 

ADAMTS13, the ADAMTS13 variants L151S and V195S were studied using 

proteolysis of VWF 115 with SDS-PAGE to monitor cleavage. 1nM WT ADAMTS13 

or ADAMTS13 variants in concentrated dialysed conditioned medium were pre-

incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 

37ºC before the addition of 6µM VWF115. 15µl Samples were taken at time points (0, 

20 and 60 minutes) and the reaction quenched with 5µl 0.5M EDTA before analysis 

using SDS-PAGE gel followed by Coomassie staining. It was found that the 

ADAMTS13 V195S variant had severely reduced activity, while no proteolytic 

cleavage fragments could be detected for the ADAMTS13 L151S variant (Figure 

4.27).  
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Figure 4.26 Location of potential ADAMTS13 residues interacting with VWF Tyr1605. 

The active centre (light blue, with Zn2+

To examine quantitatively the activities of ADAMTS13 variants L151S and V195S, 

1nM WT ADAMTS13 and these variants were pre-incubated with 20mM Tris-HCl, 

150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37 ºC before the addition of 2µM 

VWF115 at 37°C. The reaction was stopped at various time points with EDTA and 

was then analysed on HPLC to assess the percentage cleavage of VWF 115. The 

catalytic efficiency, kcat/Km, was determined using Prism 4 software (Figure 4.28). 

This revealed a 12.3 reduction (Table 4.5) in catalytic efficiency for the ADAMTS13 

variant V195S when compared to WT ADAMTS13. No proteolytic cleavage 

fragments could be detected for the ADAMTS13 L151S.  

 shown in black) and residues flanking the S1’ pocket 

(white). The 10 candidate residues that may interact with Leu1603 or Tyr1605 are labelled in 

black on the surface of the model. The cluster Leu151/Val195, which is highlighted by a 

yellow circle, is predicted to form the S1 subsite.  
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Figure 4.27 SDS-PAGE activity analysis of potential ADAMTS13 residues interacting 

with VWF Tyr1605. 1nM WT ADAMTS13 and ADAMTS13 variants L151S and V195S 

pre-incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37ºC 

before the addition of 6µM VWF115. The reaction was stopped at different time points with 

EDTA and analysed on a 12% SDS-PAGE gel with Coomassie staining. For each experiment 

a single band can be seen at time zero, corresponding to the intact VWF substrate. The 

intensity of this band decreases as the reaction proceeds and smaller bands can be seen which 

correspond to the two cleavage products (10kDa and 7kDa). 
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Figure 4.28 Quantitative analysis of ADAMTS13 variants L151S and V195S by HPLC. 

1nM WT ADAMTS13 and ADAMTS13 variants L151S and V195S were pre-incubated with 

20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37 ºC before the addition 

of 2μM VWF115 at 37°C. The reaction was stopped at various time points with EDTA and 

then was studied quantitatively by HPLC under conditions in which the catalytic efficiency, 

kcat/Km, was determined using Prism 4 software (n=3). 

 

 

Table 4.5 kcat/Km values (n=3) derived from the time course curves shown in the Figure 4.26.  
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4.5.8 Analysis of ADAMTS13 S1 subsite variants using full-length VWF  

Cleavage of full-length WT VWF was performed as described in section 2.4.4. In this 

reaction, 0.55 µg/ml purified plasma derived VWF (purified from plasma concentrates, 

as described in section 2.6.5) was incubated in the presence of 1.5M denaturant (urea 

or guanidine hydrochloride) at 37°C. For the analysis of the ADAMTS13 V195S 

variants, 5nM enzyme was used. They were pre-incubated for 30 minutes in 20mM 

Tris-HCl, 0.5% bovine serum albumin, 5mM CaCl2. Subsamples were removed at 

various time points (0-90 minutes), and the reaction was stopped with 5µl 0.5M 

EDTA with β-mercaptoethanol (10%). Changes in VWF multimeric composition 

resulting from ADAMTS13 proteolysis were analysed by SDS-PAGE and Western 

blotting for VWF, see sections 2.6.5 and 2.6.7. For Western blotting, the only 

difference with agarose gel electrophoresis was that samples were reduced and the 

membrane was treated with stripping buffer (50mM Glycine and 1mM EDTA, pH2.3) 

before blocking step. It was showed that minimal cleavage was observed for 

proteolysis by ADAMTS13 V195S variant, in contrast to that of WT ADAMTS13 

(Figure 4.29).  
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Figure 4.29 Western blotting analysis of full-length VWF proteolysis by ADAMTS13 S1 

candidate residue variants.  Western blotting for reduced proteolysis products of full-length 

WT VWF multimers by WT ADAMTS13 and ADAMTS13 V195S variant as described in 

section 2.2.11. 5nM WT ADAMTS13 and ADAMTS13 V195S variant in dialysed 

conditioned medium were pre-incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8, and 

5mM CaCl2 for 1 hour at 37ºC before the addition of pre-denatured VWF at a final 

concentration of 0.55 µg/ml. Samples were taken at progressive time points and quenched 

with 5µl 0.5M EDTA with β-mercaptoethanol (10%) before VWF multimer gel analysis. 

Compared with normal Western blotting, the only difference was that the transferred 

membrane was treated with stripping buffer (50mM Glycine and 1mM EDTA, pH2.3) before 

the blocking step. 
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4.5.9 Further activity assays on ADAMTS13 candidate S3 subsite variants  

As shown in Table 4.4, the kcat/Km for proteolysis of VWF 115 by the ADAMTS13 

L198S variant is ~5-fold reduced, which is very similar to that for the cleavage of 

VWF 115 V1604S by WT ADAMTS13. This raised the possibility that the candidate 

S3 subsite residue, ADAMTS13 Leu198, might interact with VWF Val1604 (P2 

residue) rather than VWF Leu1603 (P3 residue). To exclude this contention, further 

experiments were performed. If ADAMTS13 Leu198 directly interacted with VWF 

V1604S, I hypothesized that there would be no difference in efficiency of proteolysis 

between WT VWF 115 and VWF 115 V1604S when cleaved by the ADAMTS13 

L198S variant. To clarify this, 1nM WT ADAMTS13 and ADAMTS13 variants 

L198S were pre-incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM 

CaCl2 for 1 hour at 37ºC before the addition of 6µM VWF115 or VWF 115 V1604S. 

The reaction was stopped at different time points with EDTA and analysed on a 12% 

SDS-PAGE Bis-Tris gel with Coomassie staining. It was found that the reduction in 

proteolysis of VWF 115 V1604S by WT ADAMTS13 was similar to that of WT 

VWF 115 by ADAMTS13 L198S, but less than that of VWF 115 V1604S by 

ADAMTS13 L198S (Figure 4.30).  These results clearly suggest that the effects of 

both of these substitutions were independent of each other, making the interaction 

between the residues unlikely.  

In a similar manner, I next examined whether the ADAMTS13 variants L198S, 

V195S (although Val195 was predicted to be the potential S1 subsite), and L274S 

induce cleavage of the VWF 115 L1603S variant, of a decreased magnitude compared 

to that of WT ADAMTS13. For these experiments, it was necessary to use high 

concentrations (30nM) of the ADAMTS13 variants, as the usual catalytic 

concentrations (1-3nM) failed to induce proteolysis of VWF 115 L1603S. For the 

ADAMTS13 L198S variant, similar, minimal cleavage of the VWF 115 L1603S 

occurred to that observed for WT ADAMTS13 (Figure 4.31). For the ADAMTS13 

V195S and Leu274S variants, there was a suggestion of less cleavage of the VWF 115 

L1603S variant. 
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Figure 4.30 Studies with VWF 115 V1604S, the P2 residue, and ADAMTS13 L198S. 

1nM WT ADAMTS13 and ADAMTS13 variants L198S were pre-incubated with 20mM Tris-

HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37ºC before the addition of 6µM 

VWF115 or VWF 115 V1604S. The reaction was stopped at different time points with EDTA 

and analysed on a 12% SDS-PAGE gel with Coomassie staining. For each experiment a 

single band can be seen at time zero, corresponding to the intact VWF substrate. The intensity 

of this band decreases as the reaction proceeds and smaller bands can be seen which 

correspond to the two cleavage products. 

 

Figure 4.31 Cleavage of VWF 115 L1603S by ADAMTS13 V195S, L198S and L274S. 

30nM WT ADAMTS13 and ADAMTS13 variants V195S, L198S and L274S were pre-

incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37ºC 

before the addition of 6µM VWF 115 L1603S. The reaction was stopped at different time 

points with EDTA and analysed on a 12% SDS-PAGE Bis-Tris gel with Coomassie staining. 

For each experiment a single band can be seen at time zero, corresponding to the intact VWF 

substrate. The intensity of this band decreases as the reaction proceeds and smaller bands can 

be seen which correspond to the two cleavage products (10kDa and 7kDa). 
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4.6   Discussion 
Because of the findings, described previously in references [166, 167, 169 and 170], I 

hypothesised that the 9 residues N-terminal to the cleavage site are critical for the 

proteolysis reaction of ADAMTS13 on VWF. I attempted to delineate the 

contribution of these 9 residues to proteolysis. To study this, I introduced a number of 

mutations of these 9 amino acids into a VWF 115 expression vector, after which the 

VWF 115 mutants were expressed and purified. Their proteolysis by ADAMTS13 

was then analysed. I found that Leu1603 (P3), the third residue N-terminal of the 

VWF cleavage site Y1605 (P1), played an important role in VWF 115 proteolysis. 

The significance of Leu1603 was comprehensively confirmed through various 

experiments, including comparison of proteolysis of VWF 115 N-terminal mutants, 

comparison of different P3 mutants, investigation of full-length VWF with P3 mutants, 

and use of the specific synthetic peptide 1596DREQAPNLVY1605

These experiments all pointed to a critical role of VWF Leu1603 in cleavage by 

ADAMTS13. If this residue is very important, then it is likely to have been conserved 

throughout evolution. I therefore investigated this by alignment of known VWF 

sequence results around the ADAMTS13 cleavage site. Interestingly, this 

demonstrated that Leu1603 is perfectly conserved in VWF of all investigated 

mammals (Figure 4.32), which further strengthens the possible functional importance 

of Leu1603 in VWF proteolysis. 

 in an inhibitory assay.  

As Leu1603 is quite close to the scissile bond (Y1605-M1606), it would likely 

directly interact with the ADAMTS13 MP domain. Therefore, 11 candidate residues 

(Leu151, Leu152, Leu185, Val195, Thr196, Gln197, Leu198, Trp206, Leu232, 

Leu273 and Leu274), located on the surface of structural model of the ADAMTS13 

MP domain and at a suitable predicted distance to the active site, were subsequently 

investigated. Eventually, a cluster consisting of Leu198/Leu232/Leu274 residues in 

the ADAMTS13 MP domain were considered as a potential S3 subsite pocket, which 

may directly interact with VWF Leu1603 (P3). Although ADAMTS13 (L198S) only 

exhibited ~5 fold reduced proteolytic activity of VWF 115, ADAMTS13 (Leu274S) 

exhibited ~16 fold and ADAMTS13 (Leu232N) more than 20 fold reduction.  

I also identified that another hydrophobic cluster Leu151/Val195 in the ADAMTS13 

MP domain. Based upon its proximity to the active site, I hypothesize that this may 

form part of a S1 subsite, interacting with the VWF P1 residue. To explore the 
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possible importance of these residues, I have performed a sequence alignment of 

ADAMTS13. This shows that Leu151 and Val195 are also conserved in different 

species (Figure 4.33). 

There is another possibility that cluster Leu151/Val195 forms the S3 subsite while the 

Leu198/Leu232/Leu274 cluster forms the S1 subsite. However, this possibility was 

considered unlikely. Based on the location and distance of these two clusters to the 

active site in the ADAMTS13 structural model, the cluster Leu151/Val195 could not 

concurrently form the S3 subsite to dock the P3 residue if the cluster 

Leu198/Leu232/Leu274 formed the S1 subsite.  

 

Figure 4.32 Amino acids sequence alignment of VWF around the cleavage site. The 

amino acids sequences of 20 species were retrieved from Pubmed 

(http://www.ncbi.nlm.nih.gov/protein?term=vwf). They were aligned using AlighX software 

(Informax). It is clear that Leu1603 in VWF is perfectly conserved in mammals. This figure 

was adapted and modified from [180]. 

http://www.ncbi.nlm.nih.gov/protein?term=vwf�
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Figure 4.33 Amino acids sequence alignment of ADAMTS13 around the active site in 

different species. The amino acids sequences of 7 species were retrieved from Pubmed 

(http://www.ncbi.nlm.nih.gov/protein?term=ADAMTS13). They were aligned using AlighX 

software (Informax). The hydrophobic residues Leu151, Val195, Leu198, Leu232, and 

Leu274, along with the active site, conserved Ca2+

 

 binding site and charged residue Arg349 

are highlighted. This figure was adapted and modified from [180]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/protein?term=ADAMTS13�


 128 

CHAPTER 5: IDENTIFICATION OF RESIDUES C-

TERMINAL TO THE VWF CLEAVAGE SITE THAT 

MIGHT CONTRIBUTE TO ADAMTS13 SUBSTRATE 

SPECIFICITY 

5.1 Introduction 
Previous studies [166] found that deletions of several residues on either side of the 

Tyr1605-Met1606 bond, Val1604 (P2)-Arg1597 (P9) or the Gly1609 (P4’)-Gln1624 

(P18’), abolished cleavage, indicating that the MP domain might interact with some of 

the residues included. In previous chapters, I have established that it is Leu1603 (P3) 

that plays an essential role in VWF A2 domain interacting with ADAMTS13 MP 

domain. Dr Rens de Groot in our lab has recently studied residues C-terminal to the 

cleavage site and has identified an important residue, Asp1614, within the sequence 

Gly1609 (P4’)-Gln1624 (P18’) that interacts with ADAMTS13 Dis domain [81]. I 

was interested in whether additional residues, or the distance between Met 1606(P1’) 

and 1614(P9’), was also important for ADAMTS13 proteolysis and substrate 

specificity. To study this, I introduced 2 groups of mutations into this region of VWF 

115. I inserted 2 glycines after Gly1609 in VWF 115 (Glyin) and I deleted 2 residues, 

Gly1609-Asn1610, from VWF 115 (Glyout) (Figure 5.1).  

Furthermore, any role for the P3’ or P2’ residue, has remained unclear. To investigate 

this, I mutated V1607/T1608, individually and together to alanine, in VWF 115 in 

order to clarify any role.  
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Figure 5.1 VWF 115 variants with insertions and deletions of two residues between 

VWF Asp1614 and VWF scissile bond (Tyr1605-Met1606). The distance between VWF 

Asp1614 and VWF scissile bond (Tyr1605-Met1606) was measured to be ~26 Angstroms 

using the ADAMTS13 structural homology model. Glyin represents that VWF 115 with 2 

Glycines inserted between VWF Gly1609 and VWF Asn1610. Glyout represents that VWF 

115 with deletion of VWF Gly1609 and VWF Asn1610. Both Glyin and Glyout variants will 

change the distance between VWF Asp1614 and VWF scissile bond, which further may affect 

its proteolysis by ADAMTS13. 
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5.2 Functional analysis of VWF 115 variants 
5.2.1 Expression and purification of VWF 115 variants  

The mutagenesis and expression of VWF 115 was prepared as described in section 

2.7.1. VWF 115 (Glyin), VWF 115 (VT1607/8AA), VWF 115 (V1607A), VWF 115 

(T1608A) were expressed in Rosetta DE3 cells and then purified by FPLC (section 

2.7.2). The purity of these variants were then analysed by SDS-PAGE followed by 

Coomassie staining and their concentrations were determined by BCA (section 2.6.1). 

All these VWF 115 variants were shown to have a good level of expression (Figure 

5.2) and essentially pure proteins were obtained. 

 

 

Figure 5.2 Purification of recombinant VWF 115 Glyin, P3’ and P2’ variants.  

Chromatogram of the purification of the recombinant VWF 115 variants (inclusion bodies 

fraction) by nickel affinity chromatography. Protein elution was performed using of high 

concentrations of Imidazole (250mM). The eluted fraction (A2) is highlighted by an arrow (A) 

VWF 115(Glyin); (B) VWF 115(VT1607/8AA); (C) VWF 115(T1608A);  (D) VWF 

115(V1607A). 
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5.2.2 VWF 115 variants proteolysed by ADAMTS13 

To investigate the effect of inserting 2 glycines after Gly1609 in VWF 115 on its 

proteolysis, 2.5nM WT ADAMTS13 was pre-incubated with 20mM Tris-HCl, 

150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 37ºC before the addition of 5µM 

VWF 115 or VWF 115 Glyin. The reaction was stopped at different time points with 

EDTA and analysed on a 12% SDS-PAGE Bis-Tris gel with Coomassie staining. As 

was shown in SDS-PAGE gel in Figure 5.3, inserting 2 glycines after Gly1609 in 

VWF 115 (Glyin) resulted in somewhat slower proteolysis than that of wild type 

VWF 115 by ADAMTS13. This suggests that the distance between Met 1606 (P1') 

and 1614 (P9') is important. 

 

 

Figure 5.3 Proteolysis of VWF 115 (Glyin) by wild type ADAMTS13. Activity assays 

were performed with 2.5nM wild type ADAMTS13 and 5µM VWF 115, which were 

incubated at 37°C. At the times indicated, reactions were stopped with EDTA and analysed by 

SDS-PAGE. Proteolysis was assessed by the generation of the 10kDa and 7kDa VWF 115 

cleavage products. VWF 115 (Glyin) is proteolysed inefficiently by ADAMTS13 compared to 

that of wild type VWF 115.  
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To investigate VWF 115 (P2'-P3') variants, 3.5nM WT ADAMTS13 was pre-

incubated with 20mM Tris-HCl, 150mM NaCl, pH7.8 and 5mM CaCl2 for 1 hour at 

37ºC before the addition of 6µM VWF115 or VWF 115 variants including 

VT1607/8AA, V1607A and T1608A. The reaction was stopped at different time 

points with EDTA and analysed on a 12% SDS-PAGE Bis-Tris gel with Coomassie 

staining. A shown in Figure 5.4, the VWF 115 variants, VT1607/8AA and V1607A, 

were proteolysed inefficiently by ADAMTS13, while that of T1608A behaved 

similarly to wild type VWF 115. This suggest that it was P2' (Val1607) rather than P3' 

(Thr1608) mutation that reduced VWF 115 proteolysis by ADAMTS13, although the 

reduction was rather modest.  

 

Figure 5.4 Proteolysis of VWF 115 P2’ and P3’ variants by wild type ADAMTS13. 

Activity assays containing 3.5nM wild type ADAMTS13 and 6µM VWF 115 were incubated 

at 37°C. At the times indicated, reactions were stopped with EDTA and analysed by SDS-

PAGE followed by Coomassie staining. Proteolysis was assessed by the generation of 

cleavage products.  
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5.3 Discussion 
Previous studies have reported that the VWF P1’ residue Met1606 and P9’ residue 

Asp1614 directly interact with ADAMTS13 and contribute to VWF proteolysis [80, 

81]. I hypothesised that the distance between Met 1606(P1’) and 1614(P9’) might also 

be important for the interaction involved above residues between ADAMTS13 and 

VWF. As predicted, inserting 2 glycines after Gly1609 (Glyin)  in VWF 115 resulted 

in its slower proteolysis by ADAMTS13 compared to that of wild type VWF 115, 

indicating that the distance between Met 1606 (P1’) and Asp1614 (P9’) is indeed 

important. This also suggests that the 9 residues P1’ -P9’ may form structure rather 

than being a loop. There is another possibility that the position of the side chain of 

Met 1606 (P1’) or/and 1614 (P9’) may rotate after inserting 2 glycines in the P1’ -P9’ 

sequence. This made it impossible for P1’-S’ and P9’-S9’ interactions to occur 

simultaneously and therefore impaired the proteolysis of VWF 115 by ADAMTS13.  

Due to the rather modest reduction in proteolysis of VWF 115 P2’ variant compared 

to that of wild type VWF 115 by ADAMTS13 and no difference in proteolysis 

between  VWF 115 P3’ variant and wild type, P2’ (Val1607) may not directly interact 

with specific subsites, S2’, in ADAMTS13. Therefore, I did not introduce the P2’ 

mutation Val1607A to full length VWF and to investigate the effect of on the 

proteolysis of VWF multimers by ADAMTS13. In fact, another VWF P2’ variant 

V1607D has been reported to be associated with type 2A VWD [181]. Using COS-7 

cells expression system, Lyons et al. [181] demonstrated that the P2’ variant V1607D 

impaired the transport of VWF multimers from the endoplasmic reticulum to the 

Golgi complex. In addition, the V1607D mutation had more profound effects on the 

secretion of higher molecular weight multimers than lower molecular weight forms.  

Among the 9 residues from Met 1606 (P1’) to Asp1614 (P9’), P4’ mutation (G1609R) 

and P8’ mutation (S1613P) have also been reported contributing to type 2A VWD 

[182, 183]. It has been shown Ala1612 (P7’) interacts with Leu350 in the 

ADAMTS13 Dis domain.ADAMTS13 readily cleaves the substrate FRETS-VWF73 

despite the presence of 2, 4-dinitrophenyl substituent at position Asn1610 (P5’) [184]. 

In conclusion, only P1’, P7’ and P9’ may be direct involved in the interaction of VWF 

with ADAMTS13 contributing to the proteolysis of VWF. 
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CHAPTER 6: EXPRESSION AND PURIFICATION OF 

ADAMTS13 MP-DIS 

6.1 Background: comparison of different expression systems  
The crystal structure of the noncatalytic ADAMTS13 Dis-TSR-Cys-Spacer domains 

has recently been determined [72]. However, the structure of the active site domain, 

the MP domain of ADAMTS13, has yet to be solved. All my results (comprising the 

S3, S1 and S2’ subsites) in previous chapters, along with the identified functionally 

important residues (such as Ca2+

For this purpose, I need an expression system capable of producing over 10mg 

amount of protein. In this chapter, I explored several alternative approaches such as 

bacterial expression (pET SUMO protein expression) and insect cells expression 

systems to increase expression yields above that of the mammalian expression system 

for ADAMTS13 that is routinely used in our lab. Various purification strategies and 

methods involving in Ni

 binding site, S1’ subsite, etc.), are based on a 

homology structural model of the ADAMTS13 MP domain. I expect that this 

structure can be determined and if so, could confirm these findings and assist to 

identify more functional residues, which would further transform our understanding of 

the interactions between the MP domain of ADAMTS13 with VWF. The successful 

crystallisation of MP-Dis domains homologues, such as ADAMTS1 [69], ADAMTS4 

[70], and ADAMTS5 [71] suggests that it may be possible to crystallise the 

ADAMTS13 MP domain. Therefore, I am interested in obtaining crystals of the MP-

Dis domains of ADAMTS13, which could be used for structural determinations.  

2+

6.2 HEK293T cells expression of MP-Dis 

 column, heparin column, gel filtration, and hydrophobic 

interaction chromatography were carried out to purify and refold the recombinant 

ADAMTS13 MP-Dis domain. 

6.2.1 Analysis of MP and MP-Dis expression  

I will first consider use of the mammalian expression system with HEK293T cells for 

producing the MP and MP-Dis. To assess the expression and secretion of the MP and 

MP-Dis variants, Western blotting (section 2.6.5) was performed on the harvested 

conditioned media obtained from the transfection of HEK293T cells with full length 

ADAMTS13, MP and MP-Dis expression vectors (section 2.3.3) (Figure 2.1). As 

shown in Figure 6.1, secretion of the ADAMTS13 truncated variants was good. 
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Moreover, the ADAMTS13 variants, MP and MP-Dis, were expressed much better 

than that of the full length ADAMTS13. The ADAMTS13 variants were identified 

based on their molecular weights. Using an anti-MP domain monoclonal antibody, a 

band of molecular weight around 190kDa for wild type full length ADAMTS13 was 

detected, consistent with its known molecular weight (Figure 6.1). The detected bands 

for MP and MP-Dis truncations appeared at the estimated molecular weight of 

approximately 30kDa and 40kDa, respectively (Figure 6.1), consistent with the 

predicted molecular weights of these ADAMTS13 truncated variants. 

 

Figure 6.1 Western blotting analysis of secreted ADAMTS13 and its truncated variants, 

MP and MP-Dis in HEK293T cells. Conditioned medium was concentrated before analysis. 

Western blotting was performed on the conditioned media under non-reducing conditions. 

The intensity of the bands indicates approximately the amount of protein present in the 

conditioned medium. FL: full length ADAMTS13; MP-Dis: ADAMTS13 Metalloprotease 

and Disintegrin-like domains; MP: ADAMTS13 Metalloprotease domain. 

It is possible that the ADAMTS13 truncated variants may have been proteolysed by 

native enzymes present in the HEK293T cells. So it is difficult to identify whether or 

not or how much cleaved ADAMTS13 MP and MP-Dis variants under non-reducing 

conditions analysis, as the structure of the ADAMTS13 variants can be held together 

by numerous intramolecular disulphide bonds within each of the molecular even if 

they are proteolysed. Therefore, another Western blotting was performed on the 

conditioned media under both reducing and non-reducing conditions (Figure 6.2). It 
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was found that there was only a slight difference in molecular weight between the 

proteins in the reduced and non-reduced samples for both the MP and MP-Dis 

variants (Figure 6.2). The disruption of intramolecular disulphide bonds caused by 

reducing agent (β-mercaptoethanol) resulted in the conformational change of the 

reduced proteins from their original globular form into a linear form. This can explain 

why the proteins present in the reduced samples migrate at a slightly lower rate than 

those in the non-reduced samples. There were no detected fragmented proteins in the 

reduced samples, indicating that the MP and MP-Dis variants have not been 

proteolysed. 

 

Figure 6.2 Western blotting analysis of conditioned medium from HEK293T cells 

containing ADAMTS13 truncated variants, MP and MP-Dis. Conditioned medium was 

concentrated before analysis. Western blotting was performed on the conditioned media under 

both reducing and non-reducing conditions. Reducing conditions were prepared by adding 6% 

v/v β-mercaptoethanol into the samples loading buffer. The intensity of the bands indicates 

approximately the amount of protein present in the conditioned medium. MP: ADAMTS13 

Metalloprotease domain. MP-Dis: ADAMTS13 Metalloprotease and Disintegrin-like domains. 

6.2.2 Activity assay for ADAMTS13 and its variants using VWF 115 

The activity of the expressed ADAMTS13 variants was assessed by VWF 115 

cleavage assay. 2nM full length ADAMTS13 or its truncations and 5µM VWF 115 

were incubated at 37°C. At the times indicated, reactions were stopped with EDTA 

and analysed by SDS-PAGE followed by Coomassie staining. As expected, full-

length ADAMTS13 proteolysed VWF 115 very efficiently. After 1 hour reaction, 

most of the VWF 115 was cleaved. By contrast, for MP-Dis variant, the 10kDa 

cleavage products were detected after 16 hours incubation (Figure 6.3). The MP 

variant displayed no appreciable VWF 115 cleavage ability, even after 16 hours 
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reaction. These results suggest that the MP-Dis retains an ability to proteolyse VWF 

115 and is likely to be more suitable for crystal structure investigation than the MP. 

 

Figure 6.3 Proteolysis of WT VWF 115 by full length ADAMTS13 and its MP-Dis and 

MP truncations. ADAMTS13 mediated VWF 115 cleavage assays containing 2nM full 

length ADAMTS13 or its truncations and 5µM VWF 115 were incubated at 37°C. At the 

times indicated, reactions were stopped with EDTA and analysed by SDS-PAGE and 

Coomassie staining. Proteolysis was assessed by the generation of the 10kDa and 7kDa VWF 

115 cleavage products. FL: full length; MP-Dis: ADAMTS13 Metalloprotease and 

Disintegrin-like domains; MP: ADAMTS13 Metalloprotease domain. 

6.2.3 Ni2+ column purification of MP-Dis 

As described in previous sections that the MP-Dis was expressed and could cleave 

VWF 115, a larger scale protein expression and purification was then performed. A 

HEK293 stable cell line prepared for large scale expression of the MP-Dis has been 

described in section 2.3.4 and this was used. Initial purification was conducted by 

Ni2+ affinity chromatography (section 2.5.1). The 6xHis tag fused to the MP-Dis 

truncation is able to bind to the Ni2+-coated beads within the column. The MP-Dis 

was then eluted with increasing concentrations of Imidazole, which is a Ni2+ ligand 

which competes with the 6xHis tag for binding to the Ni2+-coated beads. The 

chromatogram of this purification procedure is shown in Figure 6.4A. The proteins 

passed through the column were detected according to the changes in UV absorbance. 

The flow through fraction contained proteins that lacked a 6xHis tag and therefore 

were unable to bind to the Ni2+ column. 35mM (wash peak 1) and 50mM (wash peak 

2) Imidazole were used as initial washing to get rid of proteins bound non-specifically 

to the column. The MP-Dis tightly bound to the column was eventually eluted by 

250mM Imidazole and collected as elution fraction. The elution fraction was analysed 

by SDS-PAGE and Coomassie staining, shown in Figure 6.4B. It demonstrated that 



 138 

the MP-Dis obtained was still impure, as a series of bands appear above the 40kDa 

position. 

 

 

 

Figure 6.4 Ni2+ column purification of recombinant MP-Dis. (A): Chromatogram of the 

initial purification of the MP-Dis by Ni2+ affinity chromatography. Wash peak 1 was used 

35mM Imidazole. Wash peak 2 was used 50mM Imidazole. Elution peak was performed with 

250mM Imidazole. (B): Non-reduced (NR) and reduced (R) elution fraction were analysed by 

SDS-PAGE on a 5-12% NuPAGE MES gel followed by Coomassie staining. The molecular 

weight of recombinant MP-Dis was predicted to be approximately 40kDa.  

6.2.4 Gel filtration chromatography 

Gel filtration chromatography (section 2.5.2) was used to purify the MP-Dis fraction 

which had been partially purified above in section 6.2.3. Using the FPLC system, 5ml 

dialysed (20mM Tris-HCl, 500mM NaCl, pH7.8) and concentrated MP-Dis samples 

were flowed through a 120mL HiLoad 16/60 Superdex 75pg column and the peak 

fractions were collected. The chromatogram representing the MP-Dis is shown in 

Figure 6.5, a large peak appear covering the fractions of A1, A2, A3, and A4.  
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Figure 6.5 Gel filtration purification of the MP-Dis. Using the FPLC system (GE 

Healthcare), a 120mL HiLoad 16/60 Superdex 75pg column (GE Healthcare) was equilibrated 

with buffer (20mM Tris-HCl, 500mM NaCl, pH7.8) overnight. Dialysed (20mM Tris-HCl, 

500mM NaCl, pH7.8) and concentrated MP-Dis samples were flowed through the column. 

The A1, A2, A3 and A4 fractions were collected.  

Silver nitrate staining analysis of the elution fractions is also represented (Figure 6.6). 

The band intensity on the silver nitrate stain gives an indication of the quantity and 

purity of protein available in each fraction. It was shown that unwanted bands, 

suggestive of that aggregated MP-Dis variant, or of contaminated proteins, were 

eluted in the early fractions (fraction A1 and A2).  To clarify the nature of these bands, 

further experiments using Western blotting were performed, described in section 6.2.5. 
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Figure 6.6 Silver nitrate staining of the peak fractions collected from gel filtration.  The 

A1, A2, A3, A4 collected from the peak covered fractions were analysed on the silver nitrate 

staining (section 2.6.3). The MP-Dis variant was identified by the red box is indicated based 

upon its expected molecular weight of 40kDa.  

6.2.5 Hydrophobic interaction chromatography 

The principle and methods of using hydrophobic interaction chromatography (HIC) to 

purify proteins are described in section 2.5.3. Generally, the initially purified MP-Dis 

samples through Ni2+ column was firstly diluted 1 in 10 into a final volume of 10ml 

high salt buffer (20mM Tris-HCl, 2M NaCl, pH7.0). Using the FPLC system, the 

diluted samples were flowed through a 1mL HiTrap Phenyl HP column and the peak 

fractions were collected. The chromatogram representing the MP-Dis construct is 

shown in Figure 6.7. Peak fractions A6, A7, A8 and A9 were selected for further 

analysis. SDS-PAGE and Coomassie staining analysis of the peak fractions was 

shown in Figure 6.8A. As second bands appeared in the early eluted fractions (A6 and 

A7), Western blotting of these fractions was carried out (Figure 6.8B). The Western 

blotting result was consistent with that of the Coomassie staining, suggesting that 

there was some protein aggregation of the MP-Dis. However, additional bands were 

found using silver nitrate staining analysis of the elution fractions (Figure 6.8C). 
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These results suggest that the MP-Dis variant obtained could be purified to a 

reasonable degree, but the method could possibly be improved.  

 

 

Figure 6.7 Hydrophobic interaction chromatography of the ADAMTS13 MP-Dis variant. 

1ml HiTrap Phenyl HP column (GE Healthcare) was equilibrated with start buffer (20mM 

Tris-HCl, 2M NaCl, pH7.0). The Ni2+ purified samples were diluted and adjusted to the pH 

and ionic strength of the start buffer before injected into the column. With a linear increase of 

concentration of elution buffer (20mM Tris-HCl), the MP-Dis construct was eluted from the 

column.  
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Figure 6.8 Coomassie staining, Western blotting and silver nitrate staining analysis of 

the peak fractions collected from HIC purification of MP-Dis. (A) The fractions A6, A7, 

A8, A9 collected from the peak illustrated in Figure 6.7 were analysed on SDS-PAGE 

followed by Coomassie staining; (B) Western blotting with anti-His-HRP antibody; (C) Silver 

nitrate staining. The MP-Dis variant has a predicted molecular weight of 40kDa, indicated by 

the arrows. 

6.2.6 Quantification of the expressed and purified MP-Dis 

It was not possible to evaluate the yields of the MP-Dis, using the BCA total protein 

assay, as the samples obtained by purification were not pure enough. Alternatively, 

using plasma ADAMTS13 as standard, a modified ELISA assay were performed, 

polyclonal anti-human ADAMTS13 antibody was used as the coating antibody and 

HRP-conjugated anti-C-terminal-His-tag antibody as detected antibody. Although a 

good yield of ADAMTS13 has been established in our lab, using HEK293 cells that 

stably express ADAMTS13 MP-Dis variant I just obtained less than 0.5mg protein 

from more than 5 liters. Although promising, these results suggest that this approach 

will not provide sufficient MP-Dis for structural studies. 

6.2.7 pET SUMO protein expression system 

Recently, I have tried to use pET SUMO protein expression system on ADAMTS13 

MP-Dis expression. There are several reasons why I tried using this system. First, the 

SUMO vector (Figure 6.9 and 6.10) allows generation of native protein using SUMO 

protease to cleave the expressed SUMO moiety. Secondly, it is easy to remove the 

SUMO fusion protein and SUMO protease after cleavage by affinity chromatography 

on a nickel-chelating resin. Thirdly, the N-terminal polyhistidine (6xHis) tag on the 

SUMO fusion protein enables it detected and purified. Finally, N-terminal SUMO 



 143 

fusion protein will increase expression and solubility of recombinant fusion proteins. 

My results demonstrated that, compared with HEK 293T cells expression system, this 

system indeed increased expression of recombinant ADAMTS13 MP-Dis variant and 

also increased solubility of recombinant fusion proteins. However, the purity of 

obtained proteins hardly met the requirement for crystallography and further assay 

identified that these proteins exhibited much less ability to cleave VWF 115 than that 

of the protein expressed and purified from HEK293T cells (these results has not been 

included here). Therefore, I gave up these attempts using the bacterial expression 

system to large scale express and purify ADAMTS13 MP-Dis, and explored other 

ways. 

6.2.8 Discussion 

As a secreted protein, ADAMTS13 possesses many disulphide bridges and contains 

10 putative N-glycosylation sites in or near its MP domain, Spacer domain, TSR4, 

and CUB domains [185]. In addition, the presence of the MP domain may present the 

ADAMTS13 truncations (MP and MP-Dis) with the capacity to inter-molecular 

proteolyse or process themselves. Producing the ADAMTS13 MP and MP-Dis 

truncations therefore is considerable challenge. 

In my thesis, I tried various purification strategies and methods involving in Ni2+ 

column, heparin column, gel filtration, and hydrophobic interaction chromatography. 

It was considered that the more steps for purification, the more chance to lose target 

protein during flow through. Therefore, this led to lower yields of recombinant 

ADAMTS13 MP-Dis. But another reason is that the yields of HEK 293T cells 

expression system for producing the ADAMTS13 MP-Dis did not meet the 

requirement for crystallography. I hypothesised that the two N-Glycans of the 

ADAMTS13 MP may influence the secretion and purification of the the ADAMTS13 

MP-Dis. I later found the secretion of a variant ADAMTS13 MP-Dis (N142Q/N146Q) 

was barely detected (these results have not been included here). Therefore, the 

strategy of expression variant ADAMTS13 MP-Dis to improve purification is 

unpractical.  

A Japanese group [72] has successfully crystallized the non-catalytic domains 

(DTCS), but failed in their attempts to do the same for the MP domain. They used 

CHO cells to express ADAMTS13 truncations including MP domain fragment, 
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indicated that this system may not suitable for the expression and purification of the 

problematic protein (the MP-Dis domains of ADAMTS13).  

6.3 MP-Dis expressed using insect cells 
6.3.1 Introduction 

Recently, the crystal structure of only 3 members, ADAMTS1, 4 and 5, among 19 

members in ADAMTS family have been determined [69-71]. I realised that all these 

three proteins were successfully expressed and purified in an insect cells expression 

system. I therefore decided to investigate use of these cells for high level expression 

of the MP-Dis domains of ADAMTS13. 

Among insect cell expression systems, Drosophila expression system (DES) 

consisting of Drosophila melanogaster Schneider 2 (S2) cells has been widely used in 

high yield expression of recombinant proteins. The S2 cells grow rather rapidly in 

culture at room temperature without the need for CO2. Recently, Iwaki et al. [173] 

generated a plasmid, pMT-PURO, for selection of transfected S2 cells using 

puromycin, which allows appreciable acceleration of the selection time. The pMT-

PURO vector, containing a heterologous protein expression cassette driven by MT 

promoter and a puromycin selection marker driven by the copia promoter in a single 

plasmid is shown in Figure 2.2.  

Using the pMT-PURO vector and S2 cells expression system, Iwaki et al. [173] have 

expressed several haemostasis-related proteins, such as plasminogen, urokinase-type 

plasminogen activator (u-PA), coagulation factor XII, prekallikrein (PK) and high 

molecular weight kininogen (HMWK). I expected a higher level expression of the 

MP-Dis domains of ADAMTS13 to be achieved using this expression system. 

6.3.2 Prepartion of the pMT-PURO containing MP-Dis Vector  

The construction of expression vector (pMT-PURO containing MP-Dis Vector) was 

described in section 2.2.1. The new vector was double digested by restriction enzymes 

BglII and MluI, after which DNA gel electrophoresis was performed. As was shown 

in Figure 6.11, the first lane is pMT-PURO vector after ligation with MP-Dis, which 

is approximately 6kb. The second lane is the sample produced by the restriction 

enzyme digest of the pMT-PURO vector after ligation with MP-Dis. As predicted, 2 

bands (5kb and 1kb) appeared in the second lane, indicating that the MP-Dis fragment 

was successfully introduced into the expression vector. The Plasmid DNA believed to 
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contain the new constructed vector (Figure 2.2) was sequenced to verify that the 

correct sequence was introduced.  

 

Figure 6.11 Electrophoresis of expression vector used in insect cells. The first lane is the 

pMT-PURO vector after ligation with the ADAMTS13 MP-Dis, which is approximately 6kb. 

The second lane is the sample produced by the restriction enzyme digest of the pMT-PURO 

vector after ligation with MP-Dis. As predicted, 2 bands (5kb and 1kb) appears in the second 

lane indicating that the MP-Dis fragment was successfully introduced into the expression 

vector.  

6.3.3 Analysis of expression of ADAMTS13 MP-Dis domain in S2 cells expression 

system 

The methods of transient transfection of the pMT-PURO vector containing the 

ADAMTS13 MP-Dis into S2 cells has been described in section 2.3.5.2. Preliminary 

analysis of the transient transfection conditioned medium using Western blotting 

showed that the ADAMTS13 MP-Dis variant was well secreted (Figure 6.13). 

Therefore, S2 stable cell line was constructed as described in section 2.3.5.3. To 

assess the expression and secretion of the MP-Dis variant in S2 stable cell line 

compared to that in the HEK293 stable cell line, Western blotting was performed on 

the harvested conditioned medium obtained from transient and stable line of S2 cells 

and the HEK293 stable cell line, under both reducing and non-reducing conditions. As 

shown in Figure 6.12, there was a good level of secretion of the ADAMTS13 MP-Dis 
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variant in the S2 cells. Moreover, the ADAMTS13 MP-Dis variant was expressed in 

S2 stable line much better than that in the HEK293 stable cell line. It was found there 

was only a slight difference in molecular weight between the proteins in the non-

reducing and reducing samples, which was consistent with the findings in section 

6.2.1 and Figure 6.2. Based on these results, I am performing large-scale expression 

of the ADAMTS13 MP-Dis variant using this S2 stable cell line. 

 

Figure 6.12 Western blotting analysis of conditioned medium containing ADAMTS13 

truncated variant, MP-Dis. The ADAMTS13 MP-Dis variant, were expressed in S2 cells 

and HEK293 cells. Western blotting was performed on the conditioned medium under both 

reducing and non-reducing conditions. Reducing conditions were prepared by adding 6% v/v 

β-mercaptoethanol into the samples loading buffer. The intensity of the bands indicates the 

amount of protein present in the conditioned medium. The predicted molecular weight of the 

ADAMTS13 MP-Dis variant is 40kDa.The cell lines, where the conditioned media taken 

from, were indicated at the bottom. HEK293: HEK293 stable cell line; S2(T): transient 

transfected S2 cells; S2(S): S2 cell stable line.  
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CHAPTER 7: DISCUSSION AND CONCLUSION 

In my thesis, I aimed to characterise the ADAMTS13 MP domain, so as to decipher 

how ADAMTS13 controls the size of VWF, a multidomain adhesive protein, essential 

for normal haemostasis and for thrombosis. To study this, I used combination of 

biochemical and genetic approaches to map the binding sites between ADAMTS13 

and VWF and to understand the molecular mechanism of the scissile bond cleavage of 

VWF by ADAMTS13. I used protein molecular modelling and amino acid sequence 

alignment (among species and family members) to predict the candidate residues 

potentially contributing to protein-protein interaction. With site-directed mutagenesis 

and inverse PCR, recombinant proteins with target mutation or deletion were 

expressed in bacterial cells or mammalian cells. To evaluate the effect of introduced 

mutations, enzyme activity assays were performed. SDS-PAGE and Western blotting 

were used for qualitative analysis and ELISA/HPLC were used for further 

quantification. With these methods and techniques, I identified that the hydrophobic 

interaction between VWF residue Leu1603 (P3) and ADAMTS13 residues 

Leu198/Leu232/Leu274 (S3 subsite) is an essential determinant of the high substrate 

specificity and proteolysis efficiency of the enzyme ADAMTS13. This can be 

visualised in a model of this interaction (Figure 7.1).  

My results suggest that VWF P3 interaction with the S3 subsite of the ADAMTS13 

MP is absolutely essential for proteolysis to occur. The interactions of ADAMTS 

family members with their corresponding substrates are generally not well known and 

the detailed understanding of how VWF is positioned and scissile bond cleaved by 

ADAMTS13 may generalise to other family member and provide a useful general 

model for this multidomain metalloprotease family. 
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Figure 7.1 Model of the ADAMTS13 active centre aligned with VWF. The ADAMTS13 

active site and functional important residues in the ADAMTS13 metalloprotease (MP, light 

blue) and Disintegrin-like (Dis, gray) domains are highlighted using Pymol. The box enlarged 

is to show specific positioning of the scissile bond over the ADAMTS13 active site cleft. 

ADAMTS13 residues contributed to VWF proteolysis are highlighted: Leu198, Leu232, and 

Leu274 are in dark blue; Val195 and Leu151 in dark brown; Arg349 in green; active centre in 

light blue with Zn2+ in brown and catalytic Glu225 in light yellow; and residues flanking the 

S1’ pocket in purple. The S1 pocket is predicted to lie around the Val195/Leu151 cluster that 

accommodates the P1 residue Tyr1605. The cluster of Leu198/Leu232/Leu274, I propose, 

provides the S3 subsite for the P3 residue Leu1603. The bottom figure shows the VWF1603-

1614 polypeptide, with identified interacting residues (P3, P1, P1’, and P9’) highlighted. This 

figure was taken from [180]. 
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7.1 A general framework for understanding the ADAMTS 
family substrate interactions 
The ADAMTS family has been found in mammals and invertebrates, and is classified 

into the subfamily of the M12 family as they are functionally related to the snake 

venom toxin reprolysin [186]. They are involved in normal protein processing and 

various pathological conditions: e.g. arthritis [187, 188], cancer [189], TTP [63] the 

Ehlers–Danlos [190] and Weill–Marchesani syndrome [191]. The ADAMTS family is 

also closely related to the ADAM (a disintegrin and metalloproteinase) family and to 

MMPs (matrix metalloproteinases). These three families belong to a superfamily of 

metzincins because they share a conserved residue methionine downstream of a 

conserved sequence HEXXHXXGXXH as active site. A recent review has compared 

the domain structure organisation of ADAMTS, ADAM and MMP [192]. 

As one of the 19 members of the ADAMTS family, ADAMTS13 shares similarity of 

domain structure with other members [68]. All the ADAMTS family members are 

synthesized initially in an inactive form as pre-proenzymes. From the N- to the C-

terminus, each member comprises: (a) a signal peptide; (b) a pro-domain; (c) a 

metalloprotease domain; (d) a disintegrin-like domain, (e) a central thrombospondin 

type I like repeat (TSR); (f) a cysteine-rich domain; (g) a Spacer domain of variable 

length; and (h) a variable number of C-terminal TSR (non in the ADAMTS4). Some 

of the ADAMTS members have no known function while others are divided into three 

distinct functional classifications: (a) ADAMTS2, ADAMTS3 and ADAMT14 are 

procollagen N-peptidases; (b) ADAMTS13 is well-known as a VWF-cleaving 

protease; and (c) ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS8, ADAMT9 and 

ADAMT15 are potential aggrecanases. ADAMTS1, initially cloned as an 

inflammation-related gene [193] has recently been found to be involved in tissue 

remodelling [194], angiogenesis [195] and wound healing [196]. ADAMTS4 is 

responsible for the degradation of aggrecan (a major proteoglycan of cartilage) and 

brevican (a brain-specific extracellular matrix protein) [197, 198]. ADAMTS5 also 

functions as an aggrecanase, cleaving aggrecan [187, 188]. Amino acid sequence 

alignment of the ADAMTS family shows that the sequences of ADAMTS1, 

ADAMTS4 and ADAMTS5 align with ADAMTS13 better than other members, 

particularly the metalloproteinase domain (see Chapter 2). Therefore, it is reasonable 

to predict that ADAMTS1, 4, 5 and 13 may share similarity of functional aspects, 

especially mechanisms of substrate recognition. In fact, our lab has recently identified 
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the S1’ pocket of ADAMTS13 [81] based on the determined crystal structure and S1’ 

pocket information of ADAMTS1 [69]. The S1’ pocket of ADAMTS5 has also been 

determined recently [199]. It will be interesting to further study the mechanisms of the 

cleavage of the substrate scissile bond by ADAMTS family. Previous studies have 

demonstrated that the process of ADAMTS13 cleaving its substrate VWF is a 

multidomain, conformation-driven proteolysis reaction [100]. I, here for the first time, 

identified that the interaction of ADAMTS13 S3 with VWF P3 is a critical 

determinant of VWF proteolysis. Although ADAMTS family members recognise 

various substrates and cleavage sites, for example, ADAMTS1 specifically cleaves 

versican (at the site of Glu441-Ala442) and aggrecan (Glu1480-Gly1481 and 

Glu1871-Leu1872) [179, 200 and 201] while ADAMTS4 and 5 also mainly cleave 

after Glu (Glu-Ala, Glu-Gly and Glu-Leu) [202-204], the whole picture of the S3 and 

S1 subsite will be a major advance of the mechanism of scissile bond cleavage by the 

ADAMTS family. In addition, my findings on the S3 and S1 subsites of ADAMTS13 

can give a hint for the investigation of the corresponding subsites of the ADAMTS1, 4 

and 5. This should be readily achievable because all the crystal structures of the 

ADAMTS1, 4 and 5 have been determined [69-71]. If successful, it will further 

confirm my findings and eventually depict a more precise framework of how the 

ADAMTS family members interact with their individual substrates.  

7.2 Mutation within VWF could also potentially play a role in 
microvascular thrombosis 
An absence of cleavage of VWF, caused by either congenital or acquired deficiencies 

of ADAMTS13, can result in TTP. Congenital TTP is a result of mutations in the 

ADAMTS13 gene and numerous mutations in the ADAMTS13 gene have now been 

reported in patients with this disorder. Acquired TTP is caused by patients’ 

autoantibodies against ADAMTS13 (mainly directed to its Spacer domain). While 

ADAMTS13 mutations reduce the synthesis/secretion of ADAMTS13 and cause 

lower concentration of ADAMTS13 in plasma, autoantibodies against ADAMTS13 

can directly impair the activity of the enzyme to proteolyse VWF. Under such 

conditions, ultra large VWF multimers, due to lacking processed by ADAMTS13 

accumulate, contribute to the acute microvascular thrombotic occlusions by forming 

platelet clumps. Obviously, previous pathological studies and classifications on TTP 

have more focused on ADAMTS13 itself rather than its substrate VWF. My results 

suggest that residue substitutions within VWF could also potentially contribute to 
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microvascular thrombosis. I found that the synthesis/secretion/multimers distribution 

of full length VWF with either L1603A or L1603S mutation behaves very similar to 

that of wild type full length VWF. However, L1603A or L1603S substitution in full 

length VWF inhibits its proteolysis by ADAMTS13. This discovery raises interesting 

questions about how mutations in VWF might contribute to thrombosis under various 

circumstances. It will be meaningful to screen patients with microvascular thrombosis 

for genetic mutations in the VWF, particularly for those known to be without gene 

mutations in ADAMTS13. 

7.3 Crystal structure of ADAMTS13 MP domain 
My work was based on the model of structure of ADAMTS13 catalytic domain. 

Whether other residues play an important role in the interaction between VWF and 

ADAMTS13 remains unknown. Therefore, it will be interesting to crystallize 

ADAMTS13 for that purpose. I attempted to optimise expression of the correctly 

folded ADAMTS13 catalytic domain for crystal structure trials during the work of my 

thesis. I have explored using several alternative approaches such as bacterial 

expression system (pET SUMO protein expression system) and insect cells expression 

system (Drosophila expression system), and various purification strategies and 

methods involving in Ni2+ column, heparin column, gel filtration, and hydrophobic 

interaction chromatography based on FPLC. Now I have established a stable line of 

insect cells, which I confirmed to be capable of expressing comparatively high yields 

of ADAMTS13 MP-Dis domains. The generation of larger amounts of protein using 

the strategies outlined above raises the prospect of determining a number of 

ADAMTS13 MP and MP-Dis crystal structures. Crystallography can be high risk. 

Nevertheless, given the successful crystallisation of ADAMTS1, 4 and 5 and non-

catalytic domains of ADAMTS13, and the extremely interesting structures that could 

be determined would transform our understanding of ADAMTS13 and its interaction 

with VWF. This is a worthy goal. The crystallisation of: (i) wild type ADAMTS13 

MP-Dis; (ii) ADAMTS13 MP-Dis with active-site catalytic Glu (E225A) mutated to 

prevent autolysis; (iii) the ADAMTS13 MP domain (with and without E225A); (iv) 

these proteins (i-iii) in complex with VWF115 mutant with Y1605A-M1606A; (v) 

these proteins (i-iii) in complex with VWF115 mutant with L1603A;  (vi) these 

proteins (i-iii) in the presence and absence of Ca2+ [76, 205]; and (vii) these proteins 

(i-iii) containing a mutation in a Ca2+-binding site (e.g. Glu83 or Asp173) [76, 206] 

will all be attempted. These experiments, if successful, will provide structures for 
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ADAMTS13 MP domain, show how the metalloprotease can bind and interact with its 

substrates, and will further undoubtedly illustrate the mechanism of VWF scissile 

bond cleavage by this interesting metalloprotease, ADAMTS13.   



 153 

REFERENCES 

1. Seré KM, Hackeng TM. Basic mechanisms of hemostasis. Semin Vasc Med. 

2003;3:3-12. 

2. Kedzierski RM, Yanagisawa M. Endothelin system: the double-edged sword 

in health and disease. Annu Rev Pharmacol Toxicol. 2001; 41:851-76. 

3. Ruggeri ZM. Platelets in atherothrombosis. Nat Med. 2002;8:1227-34. 

4. Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the central 

receptor? Blood. 2003; 102:449-61. 

5. Rendu F, Brohard-Bohn B. The platelet release reaction: granules' constituents, 

secretion and functions. Platelets. 2001;12:261-73. 

6. Nemerson Y. Tissue factor and hemostasis. Blood. 1988; 71:1-8. 

7. Vassalli JD, Sappino AP, Belin D. The plasminogen activator/plasmin system. 

J Clin Invest. 1991;88:1067-72 

8. Gebbink MF. Tissue-type plasminogen activator-mediated plasminogen 

activation and contact activation, implications in and beyond haemostasis. J Thromb 

Haemost. 2011; 9:174-81.  

9. Blasi F, Vassalli JD, Danø K. Urokinase-type plasminogen activator: 

proenzyme, receptor, and inhibitors. J Cell Biol. 1987; 104:801-4. 

10. Sprengers ED, Kluft C. Plasminogen activator inhibitors.Blood.1987;69:381-7. 

11. Bajzar L. Thrombin activatable fibrinolysis inhibitor and an antifibrinolytic 

pathway. Arterioscler Thromb Vasc Biol. 2000;20:2511-8. 

12. Sadler JE. von Willebrand factor: two sides of a coin. J Thromb Haemost. 

2005;3:1702-9. 

13. Dayananda KM, Singh I, Mondal N, Neelamegham S. von Willebrand factor 

self-association on platelet GpIbalpha under hydrodynamic shear: effect on shear-

induced platelet activation. Blood. 2010;116:3990-8.  

14. Siedlecki CA, Lestini BJ, Kottke-Marchant KK, Eppell SJ, Wilson DL, 

Marchant RE. Shear-dependent changes in the three-dimensional structure of human 

von Willebrand factor. Blood. 1996;88:2939-50.  

15. Ruggeri ZM. von Willebrand factor. J Clin Invest.1997; 99:559-564. 



 154 

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

Biochem. 1998; 67:395-424. 

17. Ruggeri ZM. Structure and function of von Willebrand factor. Thromb 

Haemost. 1999; 82:576-84. 

18. Ginsburg D, Handin RI, Bonthron DT, Donlon TA, Bruns GA, Latt SA, Orkin 

SH.  Human von Willebrand factor (vWF): isolation of complementary DNA (cDNA) 

clones and chromosomal localization. Science. 1985;228:1401-6. 

19. Bonthron DT, Handin RI, Kaufman RJ, Wasley LC, Orr EC, Mitsock LM, 

Ewenstein B, Loscalzo J, Ginsburg D, Orkin SH. Structure of pre-pro-von Willebrand 

factor and its expression in heterologous cells. Nature. 1986;324:270-3. 

20. Moake JL, Turner NA, Stathopoulos NA, Nolasco LH, Hellums JD.  

Involvement of large plasma von Willebrand factor (vWF) multimers and unusually 

large vWF forms derived from endothelial cells in shear stress-induced platelet 

aggregation. J Clin Invest. 1986;78:1456-61. 

21. Rehemtulla A, Kaufman RJ. Preferred sequence requirements for cleavage of 

pro-von Willebrand factor by propeptide-processing enzymes.Blood.1992;79:2349-55. 

22. Verweij CL, Hart M, Pannekoek H. Expression of variant von Willebrand 

factor (vWF) cDNA in heterologous cells: requirement of the pro-polypeptide in vWF 

multimer formation. EMBO J. 1987; 6:2885-90. 

23. Voorberg J, Fontijn R, van Mourik JA, Pannekoek H. Domains involved in 

multimer assembly of von willebrand factor (vWF): multimerization is independent of 

dimerization. Embo J. 1990;9:797-803. 

24. Rosenberg JB, Haberichter SL, Jozwiak MA, Vokac EA, Kroner PA, Fahs SA, 

Kawai Y, Montgomery RR. The role of the D1 domain of the von Willebrand factor 

propeptide in multimerization of VWF. Blood. 2002;100:1699-706. 

25. Pietu G, Ribba AS, Meulien P, Meyer D. Localization within the 106 N-

terminal amino acids of von Willebrand factor (vWF) of the epitope corresponding to 

a monoclonal antibody which inhibits vWF binding to factor VIII. Biochem Biophys 

Res Commun. 1989;163:618-626. 

26. Takahashi Y, Kalafatis M, Girma JP, Sewerin K, Andersson LO, Meyer D. 

Localization of a factor VIII binding domain on a 34 kilodalton fragment of the N-

terminal portion of von Willebrand factor. Blood. 1987;70:1679-82. 



 155 

27. Foster PA, Fulcher CA, Marti T, Titani K, Zimmerman TS. A major factor 

VIII binding domain resides within the amino-terminal 272 amino acid residues of 

von Willebrand factor. J Biol Chem. 1987;262:8443-6. 

28. Vlot AJ, Koppelman SJ, Meijers JC, Dama C, van den Berg HM, Bouma BN, 

Sixma JJ, Willems GM. Kinetics of factor VIII-von Willebrand factor association. 

Blood. 1996;87:1809-16. 

29. Zanardelli S, Chion AC, Groot E, Lenting PJ, McKinnon TA, Laffan MA, 

Tseng M, Lane DA. A novel binding site for ADAMTS13 constitutively exposed on 

the surface of globular VWF. Blood. 2009;114:2819-28. 

30. Emsley J, Cruz M, Handin R, Liddington R. Crystal structure of the von 

Willebrand Factor A1 domain and implications for the binding of platelet 

glycoprotein Ib. J Biol Chem. 1998;273:10396-401. 

31. Huizinga EG, Martijn van der Plas R, Kroon J, Sixma JJ, Gros P. Crystal 

structure of the A3 domain of human von Willebrand factor: implications for collagen 

binding. Structure. 1997;5:1147-56. 

32. Zhang Q, Zhou YF, Zhang CZ, Zhang X, Lu C, Springer TA. Structural 

specializations of A2, a force-sensing domain in the ultralarge vascular protein von 

Willebrand factor. Proc Natl Acad Sci U S A. 2009;106:9226-231.  

33. Luken BM, Winn LY, Emsley J, Lane DA, Crawley JT. The importance of 

vicinal cysteines, C1669 and C1670, for von Willebrand factor A2 domain function. 

Blood. 2010;115:4910-3. 

34. Huizinga EG, Tsuji S, Romijn RA, Schiphorst ME, de Groot PG, Sixma JJ, 

Gros P. Structures of glycoprotein Ibalpha and its complex with von Willebrand factor 

A1 domain. Science. 2002;297:1176-79. 

35. Mohri H, Yoshioka A, Zimmerman TS, Ruggeri ZM. Isolation of the von 

Willebrand factor domain interacting with platelet glycoprotein Ib, heparin, and 

collagen and characterization of its three distinct functional sites. J Biol Chem. 

1989;264:17361-7. 

36. Sixma JJ, Schiphorst ME, Verweij CL, Pannekoek H. Effect of deletion of the 

A1 domain of von Willebrand factor on its binding to heparin, collagen and platelets 

in the presence of ristocetin. Eur J Biochem. 1991;196:369-75. 



 156 

37. Fujimura Y, Titani K, Holland LZ, Russell SR, Roberts JR, Elder JH, Ruggeri 

ZM, Zimmerman TS. von Willebrand factor. A reduced and alkylated 52/48-kDa 

fragment beginning at amino acid residue 449 contains the domain interacting with 

platelet glycoprotein Ib. J Biol Chem. 1986;261:381-5. 

38. Sugimoto M, Ricca G, Hrinda ME, Schreiber AB, Searfoss GH, Bottini E, 

Ruggeri ZM. Functional modulation of the isolated glycoprotein Ib binding domain of 

von Willebrand factor expressed in Escherichia coli. Biochemistry. 1991;30:5202-9. 

39. Sugimoto M, Dent J, McClintock R, Ware J, Ruggeri ZM. Analysis of 

structure-function relationships in the platelet membrane glycoprotein Ib-binding 

domain of von Willebrand's factor by expression of deletion mutants. J Biol Chem. 

1993;268:12185-92. 

40. Berndt MC, Ward CM, Booth WJ, Castaldi PA, Mazurov AV, Andrews RK. 

Identification of aspartic acid 514 through glutamic acid 542 as a glycoprotein Ib-IX 

complex receptor recognition sequence in von Willebrand factor. Mechanism of 

modulation of von Willebrand factor by ristocetin and botrocetin. Biochemistry. 

1992;31:11144-51. 

41. Adachi T, Matsushita T, Dong Z, Katsumi A, Nakayama T, Kojima T, Saito H, 

Sadler JE, Naoe T. Identification of amino acid residues essential for heparin binding 

by the A1 domain of human von Willebrand factor. Biochem Biophys Res Commun. 

2006;339:1178-83. 

42. Furlan M, Robles R, Lämmle B. Partial purification and characterization of a 

protease from human plasma cleaving von Willebrand factor to fragments produced 

by in vivo proteolysis. Blood. 1996;87:4223-34. 

43. Bienkowska J, Cruz M, Atiemo A, Handin R, Liddington R. The von 

Willebrand factor A3 domain does not contain a metal ion-dependent adhesion site 

motif. J Biol Chem. 1997; 272:25162-7.  

44. Nishida N, Miyazawa M, Sumikawa H, Sakakura M, Shimba N, Takahashi H, 

Terasawa H, Suzuki E, Shimada I. Backbone 1H, 13C, and 15N resonance 

assignments of the von Willebrand factor A3 domain. J Biomol NMR. 2002; 24:357-8. 

45. Riddell AF, Gomez K, Millar CM, Mellars G, Gill S, Brown SA, Sutherland 

M, Laffan MA, McKinnon TA. Characterization of W1745C and S1783A: 2 novel 

mutations causing defective collagen binding in the A3 domain of von Willebrand 

factor. Blood. 2009; 114:3489-96. 



 157 

46. Lankhof H, van Hoeij M, Schiphorst ME, Bracke M, Wu YP, Ijsseldijk MJ, 

Vink T, de Groot PG, Sixma JJ.A3 domain is essential for interaction of von 

Willebrand factor with collagen type III Thromb Haemost. 1996;75:950-8. 

47. Romijn RA, Bouma B, Wuyster W, Gros P, Kroon J, Sixma JJ, Huizinga EG. 

Identification of the collagen-binding site of the von Willebrand factor A3-domain. 

Biol Chem. 2001;276:9985-91.  

48. Romijn RA, Westein E, Bouma B, Schiphorst ME, Sixma JJ, Lenting PJ, 

Huizinga EG. Mapping the collagen-binding site in the von Willebrand factor-A3 

domain. J Biol Chem. 2003; 278:15035-9. 

49. Beacham DA, Wise RJ, Turci SM, Handin RI. Selective inactivation of the 

Arg-Gly-Asp-Ser (RGDS) binding site in von Willebrand factor by site-directed 

mutagenesis. J Biol Chem. 1992; 267:3409-15. 

50. Katsumi A, Tuley EA, Bodó I, Sadler JE. Localization of disulfide bonds in 

the cystine knot domain of human von Willebrand factor. J Biol Chem. 

2000;275:25585-94. 

51. Koppelman SJ, van Hoeij M, Vink T, Lankhof H, Schiphorst ME, Damas C, 

Vlot AJ, Wise R, Bouma BN, Sixma JJ. Requirements of von Willebrand factor to 

protect factor VIII from inactivation by activated protein C. Blood. 1996;87:2292-300. 

52. Eaton D, Rodriguez H, Vehar GA. Proteolytic processing of human factor VIII. 

Correlation of specific cleavages by thrombin, factor Xa, and activated protein C with 

activation and inactivation of factor VIII coagulant activity. Biochemistry. 

1986;25:505-12. 

53. Vehar GA, Keyt B, Eaton D, Rodriguez H, O'Brien DP, Rotblat F, Oppermann 

H, Keck R, Wood WI, Harkins RN, Tuddenham EG, Lawn RM, Capon DJ. Structure 

of human factor VIII. Nature. 1984;312:337-42. 

54. Hill-Eubanks DC, Parker CG, Lollar P. Differential proteolytic activation of 

factor VIII-von Willebrand factor complex by thrombin. Proc Natl Acad Sci U S A. 

1989;86:6508-12. 

55. Myles T, Yun TH, Leung LL. Structural requirements for the activation of 

human factor VIII by thrombin. Blood. 2002;100:2820-6. 

56. Precup JW, Kline BC, Fass DN. A monoclonal antibody to factor VIII inhibits 

von Willebrand factor binding and thrombin cleavage. Blood.1991;77:1929-36. 



 158 

57. Sadler JE, Budde U, Eikenboom JC, Favaloro EJ, Hill FG, Holmberg L, 

Ingerslev J, Lee CA, Lillicrap D, Mannucci PM, Mazurier C, Meyer D, Nichols WL, 

Nishino M, Peake IR, Rodeghiero F, Schneppenheim R, Ruggeri ZM, Srivastava A, 

Montgomery RR, Federici AB; Working Party on von Willebrand Disease 

Classification. Update on the pathophysiology and classification of von Willebrand 

disease: a report of the Subcommittee on von Willebrand Factor. J Thromb Haemost. 

2006;4:2103-14. 

58. Sadler JE.A revised classification of von Willebrand disease. Thromb 

Haemost. 1994;71:520-5. 

59. Jenkins PV, Pasi KJ, Perkins SJ. Molecular modeling of ligand and mutation 

sites of the type A domains of human von Willebrand factor and their relevance to 

von Willebrand's disease. Blood. 1998;91:2032-44. 

60. Hassenpflug WA, Budde U, Obser T, Angerhaus D, Drewke E, 

Schneppenheim S, Schneppenheim R. Impact of mutations in the von Willebrand 

factor A2 domain on ADAMTS13-dependent proteolysis. Blood. 2006;107:2339-45. 

61. Sadler JE. New concepts in von Willebrand disease. Annu Rev Med. 

2005;56:173-91. 

62. Moake JL, Rudy CK, Troll JH, Weinstein MJ, Colannino NM, Azocar J, Seder 
RH, Hong SL, Deykin D. Unusually large plasma factor VIII: von Willebrand factor 
multimers in chronic relapsing thrombotic thrombocytopenic purpura. N Engl J Med. 
1982;307:1432-5. 

63. Levy GG, Nichols WC, Lian EC, Foroud T, McClintick JN, McGee BM, 

Yang AY, Siemieniak DR, Stark KR, Gruppo R, Sarode R, Shurin SB, 

Chandrasekaran V, Stabler SP, Sabio H, Bouhassira EE, Upshaw JD Jr, Ginsburg D, 

Tsai HM. Mutations in a member of the ADAMTS gene family cause thrombotic 

thrombocytopenic purpura. Nature. 2001;413:488-94. 

64. Zheng X, Chung D, Takayama TK, Majerus EM, Sadler JE, Fujikawa K. 

Structure of von Willebrand Factor-cleaving Protease (ADAMTS13), a 

Metalloprotease Involved in Thrombotic Thrombocytopenic Purpura. J Biol Chem. 

2001;276:41059-63. 

65. Gerritsen HE, Robles R, Lämmle B, Furlan M. Partial amino acid sequence of 

purified von Willebrand factor-cleaving protease. Blood. 2001;98:1654-61.  



 159 

66. Fujikawa K, Suzuki H, McMullen B, Chung D.Purification of human von 

Willebrand factor-cleaving protease and its identification as a new member of the 

metalloproteinase family. Blood. 2001;98:1662-6. 

67. Furlan M, Robles R, Morselli B, Sandoz P, Lämmle B. Recovery and half-life 

of von Willebrand factor-cleaving protease after plasma therapy in patients with 

thrombotic thrombocytopenic purpura. Thromb Haemost. 1999;81:8-13. 

68. Porter S, Clark IM, Kevorkian L, Edwards DR. The ADAMTS 

metalloproteinases. Biochem J. 2005;386:15-27. 

69. Gerhardt S, Hassall G, Hawtin P, McCall E, Flavell L, Minshull C, Hargreaves 

D, Ting A, Pauptit RA, Parker AE, Abbott WM. Crystal structures of human 

ADAMTS-1 reveal a conserved catalytic domain and a disintegrin-like domain with a 

fold homologous to cysteine-rich domains. J Mol Biol. 2007;373:891-902. 

70. Mosyak L, Georgiadis K, Shane T, Svenson K, Hebert T, McDonagh T, 

Mackie S, Olland S, Lin L, Zhong X, Kriz R, Reifenberg EL, Collins-Racie LA, 

Corcoran C, Freeman B, Zollner R, Marvell T, Vera M, Sum PE, Lavallie ER, Stahl 

M, Somers W. Crystal structures of the two major aggrecan degrading enzymes, 

ADAMTS4 and ADAMTS5. Protein Sci. 2008;17:16-21.  

71. Shieh HS, Mathis KJ, Williams JM, Hills RL, Wiese JF, Benson TE, Kiefer 

JR, Marino MH, Carroll JN, Leone JW, Malfait AM, Arner EC, Tortorella MD, 

Tomasselli A. High resolution crystal structure of the catalytic domain of ADAMTS-5 

(aggrecanase-2). J Biol Chem. 2008;283:1501-7. 

72. Akiyama M, Takeda S, Kokame K, Takagi J, Miyata T. Crystal structures of 

the noncatalytic domains of ADAMTS13 reveal multiple discontinuous exosites for 

von Willebrand factor. Proc Natl Acad Sci U S A. 2009;106:19274-9. 

73. Bode W, Gomis-Ruth FX, Stockler W. Astacins, serralysins, snake venom and 

matrix metalloproteinases exhibit identical zinc-binding environments 

(HEXXHXXGXXH and Met-turn) and topologies and should be grouped into a 

common family, the 'metzincins'. FEBS Lett. 1993;331:134-40. 

74. Solomon A, Akabayov B, Frenkel A, Milla ME, Sagi I. Key feature of the 

catalytic cycle of TNF-alpha converting enzyme involves communication between 

distal protein sites and the enzyme catalytic core. Proc Natl Acad Sci U S A. 

2007;104:4931-6. 



 160 

75. Di Stasio E, Lancellotti S, Peyvandi F, Palla R, Mannucci PM, De Cristofaro 

R. Mechanistic studies on ADAMTS13 catalysis. Biophys J. 2008;95:2450-61. 

76. Gardner MD, Chion CK, de Groot R, Shah A, Crawley JT, Lane DA.A 

functional calcium-binding site in the metalloprotease domain of ADAMTS13. Blood. 

2009;113:1149-57. 

77. Pruss CM, Notley CR, Hegadorn CA, O'Brien LA, Lillicrap D.ADAMTS13 

cleavage efficiency is altered by mutagenic and, to a lesser extent, polymorphic 

sequence changes in the A1 and A2 domains of von Willebrand factor.Br J Haematol. 

2008;143:552-8. 

78. Schechter I, Berger A. On the size of the active site in proteases. I. Papain. 

Biochem Biophys Res Commun. 1967;27:157-62. 

79. Schechter I, Berger A.On the active site of proteases. 3. Mapping the active 

site of papain; specific peptide inhibitors of papain. Biochem Biophys Res Commun. 

1968;32:898-902. 

80. de Groot R, Lane DA, Crawley JT. The ADAMTS13 metalloprotease domain: 

roles of subsites in enzyme activity and specificity. Blood. 2010;116:3064-72. 

81. de Groot R, Bardhan A, Ramroop N, Lane DA, Crawley JT. Essential role of 

the disintegrin-like domain in ADAMTS13 function. Blood. 2009;113:5609-16. 

82. Bornstein P. Thrombospondins: structure and regulation of expression. 

FASEB J. 1992;6:3290-9. 

83. Schultz DR, Arnold PI, JyW, Valant PA, Gruber J, Ahn YS, Mao FW, Mao 

WW, Horstman LL. Anti-CD36 autoantibodies in thrombotic thrombocytopenic 

purpura and other thrombotic disorders: identification of an 85 kD form of CD36 as a 

target antigen. Br J Haematol. 1998;103:849-57. 

84. Tandon NN, Rock G, Jamieson GA. Anti-CD36 antibodies in thrombotic 

thrombocytopenic purpura. Br J Haematol. 1994;88:816-25. 

85. Davis AK, Makar RS, Stowell CP, Kuter DJ, Dzik WH. ADAMTS13 binds to 

CD36: a potential mechanism for platelet and endothelial localization of ADAMTS13. 

Transfusion. 2009;49:206-13. 

86. Kokame K, Matsumoto M, Soejima K, Yagi H, Ishizashi H, Funato M, Tamai 

H, Konno M, Kamide K, Kawano Y, Miyata T, Fujimura Y.  Mutations and common 



 161 

polymorphisms in ADAMTS13 gene responsible for von Willebrand factor-cleaving 

protease activity. Proc Natl Acad Sci USA. 2002; 99:11902-7. 

87. Soejima K, Matsumoto M, Kokame K, Yagi H, Ishizashi H, Maeda H, Nozaki 

C, Miyata T, Fujimura Y, Nakagaki T. ADAMTS-13 cysteine-rich/spacer domains are 

functionally essential for von Willebrand factor cleavage. Blood. 2003;102:3232–7. 

88. Zheng X, Nishio K, Majerus EM, Sadler JE. Cleavage of von Willebrand 

factor requires the spacer domain of the metalloprotease ADAMTS13. J Biol Chem. 

2003;278:30136-41. 

89. Luken BM, Turenhout EA, Hulstein JJ, Van Mourik JA, Fijnheer R, Voorberg 

J. The spacer domain of ADAMTS13 contains a major binding site for antibodies in 

patients with thrombotic thrombocytopenic purpura. Thromb Haemost. 2005;93:267-

74. 

90. Klaus C, Plaimauer B, Studt JD, Dorner F, Lämmle B, Mannucci PM, 

Scheiflinger F. Epitope mapping of ADAMTS13 autoantibodies in acquired 

thrombotic thrombocytopenic purpura. Blood. 2004;103:4514-9 

91. Jin SY, Skipwith CG, Zheng XL. Amino acid residues Arg(659), Arg(660), 

and Tyr(661) in the spacer domain of ADAMTS13 are critical for cleavage of von 

Willebrand factor. Blood. 2010;115:2300-10. 

92. Pos W, Crawley JT, Fijnheer R, Voorberg J, Lane DA, Luken BM. An 

autoantibody epitope comprising residues R660, Y661, and Y665 in the ADAMTS13 

spacer domain identifies a binding site for the A2 domain of VWF. Blood. 

2010;115:1640-9. 

93. Jian C, Xiao J, Gong L, Skipwith CG, Jin SY, Kwaan HC, Zheng XL. Gain-

of-function ADAMTS13 variants that are resistant to autoantibodies against 

ADAMTS13 in patients with acquired thrombotic thrombocytopenic purpura. Blood. 

2012;119:3836-43. 

94. Zhou Z, Yeh HC, Jing H, Wang C, Tao Z, Choi H, Aboulfatova K, Li R, Dong 

JF. Cysteine residues in CUB-1 domain are critical for ADAMTS13 secretion and 

stability. Thromb Haemost. 2011;105:21-30. 

95. Feys HB, Anderson PJ, Vanhoorelbeke K, Majerus EM, Sadler JE. Multi-step 

binding of ADAMTS-13 to von Willebrand factor. J Thromb Haemost. 2009;7:2088-

95. 



 162 

96. Ai J, Smith P, Wang S, Zhang P, Zheng XL.The proximal carboxyl-terminal 

domains of ADAMTS13 determine substrate specificity and are all required for 

cleavage of von Willebrand factor. J Biol Chem. 2005;280:29428-34. 

97. Gregory LA, Thielens NM, Arlaud GJ, Fontecilla-Camps JC, Gaboriaud C. X-

ray structure of the Ca2+-binding interaction domain of C1s. Insights into the 

assembly of the C1 complex of complement. J Biol Chem. 2003;278:32157-64. 

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

Willebrand factor in normal plasma. Blood. 1994;83:2171-9. 

99. Di Stasio E, De Cristofaro R. The effect of shear stress on protein 

conformation: Physical forces operating on biochemical systems: The case of von 

Willebrand factor. Biophys Chem. 2010;153:1-8.  

100. Crawley JT, de Groot R, Xiang Y, Luken BM, Lane DA.Unraveling the 

scissile bond: how ADAMTS13 recognizes and cleaves von Willebrand factor. Blood. 

2011;118:3212-21. 

101. Furlan M, Robles R, Galbusera M, Remuzzi G, Kyrle PA, Brenner B, Krause 

M, Scharrer I, Aumann V, Mittler U, Solenthaler M, Lämmle B. von Willebrand 

factor-cleaving protease in thrombotic thrombocytopenic purpura and the hemolytic-

uremic syndrome. N Engl J Med. 1998;339:1578-84. 

102. Tsai HM, Lian EC. Antibodies to von Willebrand factor-cleaving protease in 

acute thrombotic thrombocytopenic purpura. N Engl J Med. 1998;339:1585-94. 

103. Lotta LA, Wu HM, Mackie IJ, Noris M, Veyradier A, Scully MA, Remuzzi G, 

Coppo P, Liesner R, Donadelli R, Loirat C, Gibbs RA, Horne A, Yang S, Garagiola I, 

Musallam KM, Peyvandi F. Residual plasmatic activity of ADAMTS13 correlates 

with phenotype severity in congenital thrombotic thrombocytopenic purpura. Blood. 

2012 [Epub ahead of print]. 

104. Plaimauer B, Zimmermann K, Völkel D, Antoine G, Kerschbaumer R, Jenab P, 

Furlan M, Gerritsen H, Lämmle B, Schwarz HP, Scheiflinger F. Cloning, expression, 

and functional characterization of the von Willebrand factor-cleaving protease 

(ADAMTS13). Blood. 2002;100:3626-32. 

105. Bestetti G, Stellari A, Lattuada A, Corbellino M, Parravicini C, Calzarossa C, 

Cenzuales S, Moroni M, Galli M, Rossi E. ADAMTS 13 genotype and vWF protease 

activity in an Italian family with TTP. Thromb Haemost. 2003;90:955-6. 



 163 

106. Schneppenheim R, Budde U, Oyen F, Angerhaus D, Aumann V, Drewke E, 

Hassenpflug W, Häberle J, Kentouche K, Kohne E, Kurnik K, Mueller-Wiefel D, 

Obser T, Santer R, Sykora KW. von Willebrand factor cleaving protease and 

ADAMTS13 mutations in childhood TTP. Blood. 2003;101:1845-50. 

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

Congenital thrombotic thrombocytopenic purpura in association with a mutation in 

the second CUB domain of ADAMTS13. Blood. 2004;103:627-9. 

108. Camilleri RS, Cohen H, Mackie IJ, Scully M, Starke RD, Crawley JT, Lane 

DA, Machin SJ. Prevalence of the ADAMTS-13 missense mutation R1060W in late 

onset adult thrombotic thrombocytopenic purpura. J Thromb Haemost. 2008;6:331–8. 

109. Mahdian R, Rayes J, Girma JP, Houllier A, Obert B, Meyer D, Veyradier A. 

Comparison of FRETSVWF73 to full-length VWF as a substrate for ADAMTS13 

activity measurement in human plasma samples. Thromb Haemost. 2006;95:1049-51. 

110. Kentouche K, Budde U, Furlan M, Scharfe V, Schneppenheim R, Zintl F. 

Remission of thrombotic thrombocytopenic purpura in a patient with compound 

heterozygous deficiency of von Willebrand factor-cleaving protease by infusion of 

solvent/detergent plasma. Acta Paediatr. 2002;91:1056-9. 

111. Assink K, Schiphorst R, Allford S, Karpman D, Etzioni A, Brichard B, van de 

Kar N, Monnens L, van den Heuvel L. Mutation analysis and clinical implications of 

von Willebrand factor-cleaving protease deficiency. Kidney Int. 2003;63:1995-9. 

112. Schneppenheim R, Kremer Hovinga JA, Becker T, Budde U, Karpman D, 

BrockhausW, Hrachovinová I, Korczowski B, Oyen F, Rittich S, von Rosen J, 

Tjønnfjord GE, Pimanda JE, Wienker TF, Lämmle B. A common origin of the 

4143insA ADAMTS13 mutation. Thromb Haemost. 2006;96:3-6. 

113. Savasan S, Lee SK, Ginsburg D, Tsai HM. ADAMTS13 gene mutation in 

congenital thrombotic thrombocytopenic purpura with previously reported normal 

VWF cleaving protease activity. Blood 2003;101:4449-51. 

114. Matsumoto M, Kokame K, Soejima K, Miura M, Hayashi S, Fujii Y, Iwai A, 

Ito E, Tsuji Y, Takeda-Shitaka M, Iwadate M, Umeyama H, Yagi H, Ishizashi H, 

Banno F, Nakagaki T, Miyata T, Fujimura Y. Molecular characterization of 

ADAMTS13 gene mutations in Japanese patients with Upshaw-Schulman syndrome. 

Blood. 2004;103:1305-10. 



 164 

115. Uchida T, Wada H, Mizutani M, Iwashita M, Ishihara H, Shibano T, Suzuki M, 

Matsubara Y, Soejima K, Matsumoto M, Fujimura Y, Ikeda Y, Murata M; Research 

Project on Genetics of Thrombosis. Identification of novel mutations in ADAMTS13 

in an adult patient with congenital thrombotic thrombocytopenic purpura. Blood. 

2004;104:2081-3. 

116. Licht C, Stapenhorst L, Simon T, Budde U, Schneppenheim R, Hoppe B. Two 

novel ADAMTS13 gene mutations in thrombotic thrombocytopenic 

purpura/hemolytic-uremic syndrome (TTP/HUS). Kidney Int. 2004;66:955-8. 

117. Snider CE, Moore JC, Warkentin TE, Finch CN, Hayward CP, Kelton JG. 

Dissociation between the level of von Willebrand factor-cleaving protease activity 

and disease in a patient with congenital thrombotic thrombocytopenic purpura. Am J 

Hematol. 2004;77:387-90. 

118. Noris M, Bucchioni S, Galbusera M, Donadelli R, Bresin E, Castelletti F, 

Caprioli J, Brioschi S, Scheiflinger F, Remuzzi G; International Registry of Recurrent 

and Familial HUS/TTP. Complement factor H mutation in familial thrombotic 

thrombocytopenic purpura with ADAMTS13 deficiency and renal involvement. J Am 

Soc Nephrol. 2005;16:1177-83. 

119. Liu F, Jin J, Dong NZ, Wang YG, Ruan CG. Identification of two novel 

mutations in ADAMTS13 gene in a patient with hereditary thrombotic 

thrombocytopenic purpura. Zhonghua Xue Ye Xue Za Zhi. 2005;26:521-4. 

120. Donadelli R, Banterla F, Galbusera M, Capoferri C, Bucchioni S, Gastoldi S, 

Nosari S, Monteferrante G, Ruggeri ZM, Bresin E, Scheiflinger F, Rossi E, Martinez 

C, Coppo R, Remuzzi G, Noris M; International Registry of Recurrent and Familial 

HUS/TTP. In-vitro and in-vivo consequences of mutations in the von Willebrand 

factor cleaving protease ADAMTS13 in thrombotic thrombocytopenic purpura. 

Thromb Haemost. 2006;96:454-64. 

121. Peyvandi F, Lavoretano S, Palla R, Valsecchi C, Merati G, De Cristofaro R, 

Rossi E, Mannuccio Mannucci P. Mechanisms of the interaction between two 

ADAMTS13 gene mutations leading to severe deficiency of enzymatic activity. Hum 

Mutat. 2006;27:330-6. 

122. Plaimauer B, Fuhrmann J, Mohr G, Wernhart W, Bruno K, Ferrari S, 

Konetschny C, Antoine G, Rieger M, Scheiflinger F. Modulation of ADAMTS13 



 165 

secretion and specific activity by a combination of common amino acid 

polymorphisms and a missense mutation. Blood. 2006;107:118-25. 

123. Shibagaki Y, Matsumoto M, Kokame K, Ohba S, Miyata T, Fujimura Y, 

Fujita T. Novel compound heterozygote mutations (H234Q/R1206X) of the 

ADAMTS13 gene in an adult patient with Upshaw-Schulman syndrome showing 

predominant episodes of repeated acute renal failure. Nephrol Dial Transplant. 

2006;21:1289-92. 

124. Tao Z, Anthony K, Peng Y, Choi H, Nolasco L, Rice L, Moake JL, Dong JF. 

Novel ADAMTS-13 mutations in an adult with delayed onset thrombotic 

thrombocytopenic purpura. J Thromb Haemost. 2006;4:1931-5. 

125. Hommais A, Rayes J, Houllier A, Obert B, Legendre P, Veyradier A, Girma 

JP, Ribba AS. Molecular characterization of four ADAMTS13 mutations responsible 

for congenital thrombotic thrombocytopenic purpura (Upshaw-Schulman syndrome). 

Thromb Haemost. 2007;98:593-9. 

126. Manea M, Kristoffersson A, Tsai HM, Zhou W, Winqvist I, Oldaeus G, 

Billström R, Björk P, Holmberg L, Karpman D. ADAMTS13 phenotype in plasma 

from normal individuals and patients with thrombotic thrombocytopenic purpura. Eur 

J Pediatr. 2007;166:249-57. 

127. Meyer SC, Jeddi R, Meddeb B, Gouider E, Lammle B, Kremer Hovinga JA. A 

first case of congenital TTP on the African continent due to a new homozygous 

mutation in the catalytic domain of ADAMTS13. Ann Hematol. 2008;87:663-6. 

128. Kokame K, Aoyama Y, Matsumoto M, Fujimura Y, Miyata T. Inherited and 

de novo mutations of ADAMTS13 in a patient with Upshaw-Schulman syndrome. J 

Thromb Haemost. 2008;6:213-5. 

129. Garagiola I, Valsecchi C, Lavoretano S, Oren H, Bohm M, Peyvandi F. 

Nonsense-mediated mRNA decay in the ADAMTS13 gene caused by a 29-nucleotide 

deletion. Haematologica. 2008;93:1678-85. 

130. Fujimura Y, Matsumoto M, Kokame K, Isonishi A, Soejima K, Akiyama N, 

Tomiyama J, Natori K, Kuranishi Y, Imamura Y, Inoue N, Higasa S, Seike M, 

Kozuka T, Hara M, Wada H, Murata M, Ikeda Y, Miyata T, George JN. 

Pregnancyinduced thrombocytopenia and TTP, and the risk of fetal death, in Upshaw-

Schulman syndrome: a series of 15 pregnancies in 9 genotyped patients. Br J 

Haematol. 2009;144:742-54. 



 166 

131. Palla R, Lavoretano S, Lombardi R, Garagiola I, Karimi M, Afrasiabi A, 

Ramzi M, De Cristofaro R, Peyvandi F. The first deletion mutation in the TSP1-6 

repeat domain of ADAMTS13 in a family with inherited thrombotic 

thrombocytopenic purpura. Haematologica. 2009;94:289-93. 

132. Lee SH, Park JH, Park SK, Lee EH, Choi JI, Visentin GP, Park TS, Oh SH, 

Kim SR. A novel homozygous missense ADAMTS13 mutation Y658C in a patient 

with recurrent thrombotic thrombocytopenic purpura. Ann Clin Lab Sci. 2011;41:273-

6 

133. Kokame K, Kokubo Y, Miyata T. Polymorphisms and mutations of 

ADAMTS13 in the Japanese population and estimation of the number of patients with 

Upshaw-Schulman syndrome. J Thromb Haemost. 2011;9:1654-6. 

134. Lotta LA, Garagiola I, Palla R, Cairo A, Peyvandi F. ADAMTS13 mutations 

and polymorphisms in congenital thrombotic thrombocytopenic purpura. Hum Mutat. 

2010;31:11-9. 

135. Lancellotti S, De Cristofaro R. Structure and proteolytic properties of 

ADAMTS13, a metalloprotease involved in the pathogenesis of thrombotic 

microangiopathies. Prog Mol Biol Transl Sci. 2011;99:105-44. 

136. Groot E, Fijnheer R, Sebastian SA, de Groot PG, Lenting PJ. The active 

conformation of von Willebrand factor in patients with thrombotic thrombocytopenic 

purpura in remission. J Thromb Haemost. 2009;7:962-9. 

137. Moake JL. Mechanisms of disease - Thrombotic microangiopathies  N Engl J 

Med. 2002;347:589-600 

138. Noris P, Balduini CL. Investigational drugs in thrombotic thrombocytopenic 

purpura. Expert Opin Investig Drugs. 2011;20:1087-98. 

139. Scully M, McDonald V, Cavenagh J, Hunt BJ, Longair I, Cohen H, Machin SJ. 

A phase 2 study of the safety and efficacy of rituximab with plasma exchange in acute 

acquired thrombotic thrombocytopenic purpura. Blood. 2011;118:1746-53. 

140. George JN. Corticosteroids and rituximab as adjunctive treatments for 

thrombotic thrombocytopenic purpura.  Am J Hematol. 2012;87:S88-91.  

141. Tun NM, Villani GM. Efficacy of rituximab in acute refractory or chronic 

relapsing non-familial idiopathic thrombotic thrombocytopenic purpura: a systematic 

review with pooled data analysis. J Thromb Thrombolysis. 2012 May 1. 



 167 

142. Bhagirath VC, Kelton JG, Moore J, Arnold DM. Rituximab maintenance for 

relapsed refractory thrombotic thrombocytopenic purpura. Transfusion. 2012 Apr 4.  

143. Cataland SR, Jin M, Lin S, Kraut EH, George JN, Wu HM. Effect of 

prophylactic cyclosporine therapy on ADAMTS13 biomarkers in patients with 

idiopathic thrombotic thrombocytopenic purpura. Am J Hematol.2008;83:911-5. 

144. Graham RM. Cyclosporine: mechanism of action and toxicity. Cleve Clin J 

Med. 1994;61:308-13 

145. Plaimauer B, Kremer Hovinga JA, Juno C, Wolfsegger MJ, Skalicky S, 

Schmidt M, Grillberger L, Hasslacher M, Knöbl P, Ehrlich H, Scheiflinger F. 

Recombinant ADAMTS13 normalizes von Willebrand factor-cleaving activity in 

plasma of acquired TTP patients by overriding inhibitory antibodies. J Thromb 

Haemost. 2011;9:936-44. 

146. Cataland SR, Peyvandi F, Mannucci PM, Lämmle B Hovinga J, Machin SJ, 

Scully M, Rock G, Gilbert J, Knoebl P,Yang S, Wu H, Jilma B. A randomized, 

double-bind, placebo-controlled, clinical outcome study of ARC1779 in patients with 

thrombotic thrombocytopenic purpura. Blood. 2010;116:abstract 726. 

147. Jilma-Stohlawetz P, Gilbert JC, Gorczyca ME, Knöbl P, Jilma B.A dose 

ranging phase I/II trial of the von Willebrand factor inhibiting aptamer ARC1779 in 

patients with congenital thrombotic thrombocytopenic purpura. Thromb Haemost. 

2011;106:539-47. 

148. Bartunek J, Barbato E, Vercruysse K, Duby C, Wijns W, Heyndrickx G, Holz 

JB. Safety and efficacy of anti-von Willebrand Factor Nanobody ALX-0081 in stable 

angina patients undergoing percutaneous coronary intervention. Circulation. 

2010;122:A15084. 

149. Chen J, Reheman A, Gushiken FC, Nolasco L, Fu X, Moake JL, Ni H, López 

JA. N-acetylcysteine reduces the size and activity of von Willebrand factor in human 

plasma and mice. J Clin Invest. 2011;121:593-603. 

150. Schiviz A, Wuersch K, Piskernik C, Dietrich B, Hoellriegl W, Rottensteiner H, 

Scheiflinger F, Schwarz HP, Muchitsch EM. A new mouse model mimicking 

thrombotic thrombocytopenic purpura: correction of symptoms by recombinant 

human ADAMTS13. Blood. 2012 Apr 23. 



 168 

151. Torok TJ, Holman RC, Chorba TL. Increasing mortality from thrombotic 

thrombocytopenic purpura in the United States—analysis of national mortality data, 

1968-1991. Am J Hematol. 1995;50:84-90. 

152. Spiel AO, Gilbert JC, Jilma B. von Willebrand factor in cardiovascular disease: 

focus on acute coronary syndromes. Circulation. 2008;117:1449-59. 

153. De Meyer SF, Stoll G, Wagner DD, Kleinschnitz C. von Willebrand factor: an 

emerging target in stroke therapy. Stroke. 2012;43:599-606.  

154. Miura M, Kaikita K, Matsukawa M, Soejima K, Fuchigami S, Miyazaki Y, 

Ono T, Uemura T, Tsujita K, Hokimoto S, Sumida H, Sugiyama S, Matsui K, 

Yamabe H, Ogawa H. Prognostic value of plasma von Willebrand factor-cleaving 

protease (ADAMTS13) antigen levels in patients with coronary artery disease. 

Thromb Haemost. 2010;103:623-9. 

155. Bongers TN, de Bruijne EL, Dippel DW, de Jong AJ, Deckers JW, 

Poldermans D, de Maat MP, Leebeek FW. Lower levels of ADAMTS13 are 

associated with cardiovascular disease in young patients. Atherosclerosis. 

2009;207:250-4. 

156. Gombos T, Makó V, Cervenak L, Papassotiriou J, Kunde J, Hársfalvi J, 

Förhécz Z, Pozsonyi Z, Borgulya G, Jánoskuti L, Prohászka Z. Levels of von 

Willebrand factor antigen and von Willebrand factor cleaving protease (ADAMTS13) 

activity predict clinical events in chronic heart failure. Thromb Haemost. 

2009;102:573-80. 

157. Feys HB, Canciani MT, Peyvandi F, Deckmyn H, Vanhoorelbeke K, 

Mannucci PM. ADAMTS13 activity to antigen ratio in physiological and pathological 

conditions associated with an increased risk of thrombosis. Br J Haematol. 

2007;138:534-40. 

158. Chion CK, Doggen CJ, Crawley JT, Lane DA, Rosendaal FR.ADAMTS13 

and von Willebrand factor and the risk of myocardial infarction in men. Blood. 

2007;109:1998-2000. 

159. Bongers TN, de Maat MP, van Goor ML, Bhagwanbali V, van Vliet HH, 

Gómez García EB, Dippel DW, Leebeek FW. High von Willebrand factor levels 

increase the risk of first ischemic stroke: influence of ADAMTS13, inflammation, and 

genetic variability. Stroke. 2006;37:2672-7. 



 169 

160. Andersson HM, Siegerink B, Luken BM, Crawley JT, Algra A, Lane DA, 

Rosendaal FR. High VWF, low ADAMTS13, and oral contraceptives increase the risk 

of ischemic stroke and myocardial infarction in young women. Blood. 

2012;119:1555-60. 

161. Chauhan AK, Kisucka J, Brill A, Walsh MT, Scheiflinger F, Wagner 

DD.ADAMTS13: a new link between thrombosis and inflammation. J Exp Med. 

2008;205:2065-74. 

162. Chauhan AK, Motto DG, Lamb CB, Bergmeier W, Dockal M, Plaimauer B, 

Scheiflinger F, Ginsburg D, Wagner DD. Systemic antithrombotic effects of 

ADAMTS13. J Exp Med. 2006;203:767-76. 

163. Banno F, Chauhan AK, Miyata T. The function of ADAMTS13 in 

thrombogenesis in vivo: insights from mutant mice. Int J Hematol. 2010;91:30-5.  

164. Zhao BQ, Chauhan AK, Canault M, Patten IS, Yang JJ, Dockal M, 

Scheiflinger F, Wagner DD. von Willebrand factor-cleaving protease ADAMTS13 

reduces ischemic brain injury in experimental stroke. Blood. 2009;114:3329-34. 

165. Favaloro EJ. Diagnosis and classification of von Willebrand disease: a review 

of the differential utility of various functional von Willebrand factor assays. Blood 

Coagul Fibrinolysis. 2011;22:553-64. 

166. Gao W, Anderson PJ, Sadler JE. Extensive contacts between ADAMTS13 

exosites and von Willebrand factor domain A2 contribute to substrate specificity. 

Blood. 2008;112:1713-9. 

167. Gao W, Anderson PJ, Majerus EM, Tuley EA, Sadler JE. Exosite interactions 

contribute to tension-induced cleavage of von Willebrand factor by the antithrombotic 

ADAMTS13 metalloprotease. Proc Natl Acad Sci USA. 2006;103:19099-104. 

168. Zanardelli S, Crawley JT, Chion CK, Lam JK, Preston RJ, Lane DA.  

ADAMTS13 substrate recognition of von Willebrand factor A2 domain. J Biol Chem. 

2006; 281:1555-63. 

169. Wu JJ, Fujikawa K, McMullen BA, Chung DW. Characterization of a core 

binding site for ADAMTS-13 in the A2 domain of von Willebrand factor. Proc Natl 

Acad Sci U S A. 2006;103:18470-4. 



 170 

170. Kokame K, Matsumoto M, Fujimura Y, Miyata T.VWF73, a region from 

D1596 to R1668 of von Willebrand factor, provides a minimal substrate for 

ADAMTS-13. Blood. 2004;103:607-12. 

171. Eswar N, Eramian D, Webb B, Shen MY, Sali A. Protein structure modelling 

with MODELLER. Methods Mol Biol. 2008;426:145-59. 

172. Crawley JT, Lam JK, Rance JB, Mollica LR, O'Donnell JS, Lane DA. 

Proteolytic inactivation of ADAMTS13 by thrombin and plasmin. Blood. 

2005;105:1085-93. 

173. Iwaki T, Castellino FJ. A single plasmid transfection that offers a significant 

advantage associated with puromycin selection in Drosophila Schneider S2 cells 

expressing heterologous proteins. Cytotechnology. 2008;57:45-9. 

174. Iwaki T, Umemura K.A single plasmid transfection that offers a significant 

advantage associated with puromycin selection, fluorescence-assisted cell sorting, and 

doxycycline-inducible protein expression in mammalian cells. Cytotechnology. 

2011;63:337-43 

175. Xu AJ, Springer TA. Calcium stabilizes the von Willebrand factor A2 domain 

by promoting refolding. Proc Natl Acad Sci U S A. 2012;109:3742-7. 

176. Zhou M, Dong X, Baldauf C, Chen H, Zhou Y, Springer TA, Luo X, Zhong C, 

Gräter F, Ding J. A novel calcium-binding site of von Willebrand factor A2 domain 

regulates its cleavage by ADAMTS13. Blood. 2011;117:4623-31. 

177. Jakobi AJ, Mashaghi A, Tans SJ, Huizinga EG. Calcium modulates force 

sensing by the von Willebrand factor A2 domain. Nat Commun. 2011;2:385. 

178. Sandy JD, Westling J, Kenagy RD, Iruela-Arispe ML, Verscharen C, 

Rodriguez-Mazaneque JC, Zimmermann DR, Lemire JM, Fischer JW, Wight TN, 

Clowes AW. Versican V1 proteolysis in human aorta in vivo occurs at the Glu441-

Ala442 bond, a site that is cleaved by recombinant ADAMTS-1 and ADAMTS-4. J 

Biol Chem. 2001;276:13372-8.  

179.  Kuno K, Okada Y, Kawashima H, Nakamura H, Miyasaka M, Ohno H, 

Matsushima K.ADAMTS-1 cleaves a cartilage proteoglycan, aggrecan. FEBS Lett. 

2000;478:241-5.  

180.   Xiang Y, de Groot R, Crawley JT, Lane DA. Mechanism of von Willebrand 

factor scissile bond cleavage by a disintegrin and metalloproteinase with a 



 171 

thrombospondin type 1 motif, member 13 (ADAMTS13). Proc Natl Acad Sci U S A. 

2011;108:11602-7. 

181.   Lyons SE, Bruck ME, Bowie EJW, Ginsburg D. Impaired intracellular transport 

produced by a subset of type IIA von Willebrand disease mutations. J Biol Chem. 

1992;267:4424-30. 

182.  Stoddart JH Jr, Andersen J, Lynch DC. Clearance of normal and type 2A von 

Willebrand factor in the rat. Blood. 1996;88:1692-9. 

183.  Donnér M, Kristoffersson AC, Berntorp E, Scheibel E, Thorsen S, Dahlbäck B, 

Nilsson IM, Holmberg L. Two new candidate mutations in type IIA von Willebrand’s 

disease (Arg8343Gly, Gly8463Arg) and one polymorphism (Tyr8213Cys) in the A2 

region of the von Willebrand factor. Eur J Haematol. 1993;51:38-44. 

184.   Kokame K, Nobe Y, Kokubo Y, Okayama A, Miyata T. FRETS-VWF73, a first 

fluorogenic substrate for ADAMTS13 assay. Br J Haematol. 2005;129:93-100. 

185.   Zhou W, Tsai HM. N-Glycans of ADAMTS13 modulate its secretion and von 

Willebrand factor cleaving activity.Blood. 2009;113:929-35. 

186. Rawlings ND, O'Brien E, Barrett AJ. MEROPS: the protease database. Nucleic 

Acids Res. 2002;30:343-6. 

187. Stanton H, Rogerson FM, East CJ, Golub SB, Lawlor KE, Meeker CT, Little 

CB, Last K, Farmer PJ, Campbell IK, Fourie AM, Fosang AJ. ADAMTS5 is the 

major aggrecanase in mouse cartilage in vivo and in vitro. Nature. 2005; 434:648-52. 

188. Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma HL, Flannery 

CR, Peluso D, Kanki K, Yang Z, Majumdar MK, Morris EA. Deletion of active 

ADAMTS5 prevents cartilage degradation in a murine model of osteoarthritis. Nature. 

2005;434:644-8. 

189. Porter S, Span PN, Sweep FC, Tjan-Heijnen VC, Pennington CJ, Pedersen TX, 

Johnsen M, Lund LR, Rømer J, Edwards DR. ADAMTS8 and ADAMTS15 

expression predicts survival in human breast carcinoma. Int J Cancer. 2006; 

118:1241-7. 

190. Colige A, Nuytinck L, Hausser I, van Essen AJ, Thiry M, Herens C, Adès LC, 

Malfait F, Paepe AD, Franck P, Wolff G, Oosterwijk JC, Smitt JH, Lapière CM, 

Nusgens BV. Novel types of mutation responsible for the dermatosparactic type of 



 172 

Ehlers-Danlos syndrome (Type VIIC) and common polymorphisms in the ADAMTS2 

gene. J Invest Dermatol. 2004;123:656-63. 

191. Dagoneau N, Benoist-Lasselin C, Huber C, Faivre L, Mégarbané A, Alswaid 

A, Dollfus H, Alembik Y, Munnich A, Legeai-Mallet L, Cormier-Daire V. 

ADAMTS10 mutations in autosomal recessive Weill-Marchesani syndrome.Am J 

Hum Genet. 2004;75:801-6.  

192. Jones GC, Riley GP. ADAMTS proteinases: a multi-domain, multi-functional 

family with roles in extracellular matrix turnover and arthritis. Arthritis Res Ther. 

2005;7:160-9. 

193. Kuno K, Kanada N, Nakashima E, Fujiki F, Ichimura F, Matsushima 

K.Molecular cloning of a gene encoding a new type of metalloproteinase-disintegrin 

family protein with thrombospondin motifs as an inflammation associated gene. J Biol 

Chem. 1997;272:556-62. 

194. Russell DL, Doyle KM, Ochsner SA, Sandy JD, Richards JS. Processing and 

localization of ADAMTS-1 and proteolytic cleavage of versican during cumulus 

matrix expansion and ovulation. J Biol Chem. 2003;278:42330-9.  

195. Vázquez F, Hastings G, Ortega MA, Lane TF, Oikemus S, Lombardo M, 

Iruela-Arispe ML. METH-1, a human ortholog of ADAMTS-1, and METH-2 are 

members of a new family of proteins with angio-inhibitory activity. J Biol Chem. 

1999;274:23349-57. 

196. Krampert M, Kuenzle S, Thai SN, Lee N, Iruela-Arispe ML, Werner S. 

ADAMTS1 proteinase is up-regulated in wounded skin and regulates migration of 

fibroblasts and endothelial cells. J Biol Chem. 2005;280:23844-52.  

197. Tang BL. ADAMTS: a novel family of extracellular matrix proteases. Int J 

Biochem Cell Biol. 2001;33:33-44. 

198. Bondeson J, Wainwright S, Hughes C, Caterson B. The regulation of the 

ADAMTS4 and ADAMTS5 aggrecanases in osteoarthritis: a review. Clin Exp 

Rheumatol. 2008;26:139-45.  

199. Shieh HS, Tomasselli AG, Mathis KJ, Schnute ME, Woodard SS, Caspers N, 

Williams JM, Kiefer JR, Munie G, Wittwer A, Malfait AM, Tortorella MD. Structure 

analysis reveals the flexibility of the ADAMTS-5 active site. Protein Sci. 2011; 

20:735-44. 



 173 

200. Rodríguez-Manzaneque JC, Westling J, Thai SN, Luque A, Knauper V, 

Murphy G, Sandy JD, Iruela-Arispe ML. ADAMTS1 cleaves aggrecan at multiple 

sites and is differentially inhibited by metalloproteinase inhibitors. Biochem Biophys 

Res Commun. 2002; 293:501-8. 

201. Torres-Collado AX, Kisiel W, Iruela-Arispe ML, Rodríguez-Manzaneque JC. 

ADAMTS1 interacts with, cleaves, and modifies the extracellular location of the 

matrix inhibitor tissue factor pathway inhibitor-2. J Biol Chem. 2006; 281:17827-37. 

202. Nakamura H, Fujii Y, Inoki I, Sugimoto K, Tanzawa K, Matsuki H, Miura R, 

Yamaguchi Y, Okada Y. Brevican is degraded by matrix metalloproteinases and 

aggrecanase-1 (ADAMTS4) at different sites. J Biol Chem. 2000;275:38885-90. 

203. Westling J, Fosang AJ, Last K, Thompson VP, Tomkinson KN, Hebert T, 

McDonagh T, Collins-Racie LA, LaVallie ER, Morris EA, Sandy JD. ADAMTS4 

cleaves at the aggrecanase site (Glu373-Ala374) and secondarily at the matrix 

metalloproteinase site (Asn341-Phe342) in the aggrecan interglobular domain. J Biol 

Chem. 2002;277:16059-66.  

204. Tortorella MD, Liu RQ, Burn T, Newton RC, Arner E. Characterization of 

human aggrecanase 2 (ADAM-TS5): substrate specificity studies and comparison 

with aggrecanase 1 (ADAM-TS4). Matrix Biol. 2002;21:499-511. 

205. Anderson PJ, Kokame K, Sadler JE. Zinc and calcium ions cooperatively 

modulate ADAMTS13 activity. J Biol Chem. 2006;281:850-7. 

206. Bode W, Kress LF, Meyer EF, Gomis-Ruth FX. The crystal structure of 

adamalysin II, a zinc-endopeptidase from the snake venom of the eastern 

diamondback rattlesnake Crotalus adamanteus. Braz J Med Biol Res. 1994;27:2049-

68. 



 174 

APPENDIX 

Appendix I:  VWF 115 pET100/D-TOPO vector 
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Appendix II: Primers used for site-directed mutagenesis  
L1603A: 5'- GAGCAGGCGCCCAACGCGGTCTACATGGTCACC -3' 

L1603Ar: 5'- GGTGACCATGTAGACCGCGTTGGGCGCCTGCTC -3' 

L1603K:  5'- GAGCAGGCGCCCAACAAGGTCTACATGGTCACC -3' 

L1603Kr: 5'- GGTGACCATGTAGACCTTGTTGGGCGCCTGCTC -3' 

L1603N:  5'- GGGAGCAGGCGCCCAACAACGTCTACATGGTCACCGG-3' 

L1603Nr: 5'- CCGGTGACCATGTAGACGTTGTTGGGCGCCTGCTCCC-3' 

L1603S:   5'- GAGCAGGCGCCCAACTCGGTCTACATGGTCACCGG -3' 

L1603Sr: 5'- CCGGTGACCATGTAGACCGAGTTGGGCGCCTGCTC -3' 

DREQ/SSSS:   5'- TCGTCGGCGCCCAACCTGGTCTACATG-3' 

DREQ/SSSSr:  5'-CGAGCTACCCTGGCTGACCAAGAAGC-3' 

N1602A:   5'- CGAGCAGGCGCCCGCCCTGGTCTACATG -3' 

N1602Ar: 5'- CATGTAGACCAGGGCGGGCGCCTGCTCG -3' 

V1604S:   5'- GCAGGCGCCCAACCTGTCCTACATGGTCACCGG -3' 

V1604Sr:  5'- CCGGTGAC ATGTAGGACAGGTTGGGCGCCTGC -3' 

Y1605A:   5'-GGCGCCCAACCTGGTCGCCATGGTCACCGGAA-3' 

Y1605Er: 5'-GGATTTCCGGTGACCATGGCGACCAGGTTGGC-3' 

L152A:   5'- CTCAC TCGTCCCTGGCGAGCGTCTGTGGGTGG -3' 

L152Ar: 5'- CCACCCACAGACGCTCGCCAGGGACGAGGTGAG -3' 

L152R:  5'- CTCACCTCGTCCCTGCGGAGCGTCTGTGGGTGG -3' 

L152Rr: 5'- CCACCCACAGACGCTCCGCAGGGACGAGGTGAG -3' 

W206A:   5'- GCCTGCTCCCCAACGCGAGCTGCCTCATTACC -3' 

W206Ar: 5'- GGTAATGAGGCAGCTCGCGGTTGGGGAGCAGGC -3' 

W206R:  5'- GCCTGCTCCCCAACCCGGAGCTGCCTCATTACC -3' 

W206Rr: 5'- GGTAATGAGGCAGCTCCGGGTTGGGGAGCAGGC -3' 

L198A:  5'- GGCGTCACCCAGGCGGGCGGTGCCTGC -3' 

L198Ar: 5'- GCAGGCACCGCCCGCCTGGGTGACGCC -3' 

L198S:  5'- GGCGTCACCCAGTCGGGCGGTGCCTGC -3' 

L198Sr: 5'- GCAGGCACCGCCCGACTGGGTGACGCC -3' 

L198E:  5'- GGCGTCACCCAGGAGGGCGGTGCCTGC -3' 

L198Er: 5'- GCAGGCACCGCCCTCCTGGGTGACGCC -3' 



 176 

PUBLICATIONS ARISING FROM WORK IN THIS 

THESIS 

1．Xiang Y, de Groot R, Crawley JT, Lane DA. Mechanism of von Willebrand factor 

scissile bond cleavage by a disintegrin and metalloproteinase with a 

thrombospondin type I motif, member 13 (ADAMTS13). Proc Natl Acad Sci U S 

A. 2011, 108(28):11602-7 

2． Crawley JT, de Groot R, Xiang Y, Luken BM, Lane DA. Unravelling the scissile 

bond: how ADAMTS13 recognises and cleaves von Willebrand factor. Blood 

2011, 118(12):3212-21. 

 

 



Mechanism of von Willebrand factor scissile bond
cleavage by a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13 (ADAMTS13)
Yaozu Xiang, Rens de Groot, James T. B. Crawley, and David A. Lane1

Centre for Haematology, Department of Medicine, Imperial College London, Hammersmith Hospital Campus, London W12 ONN, United Kingdom

Edited* by David Ginsburg, University of Michigan Medical School, Ann Arbor, MI, and approved June 2, 2011 (received for review December 10, 2010)

The platelet-tethering function of von Willebrand factor (VWF) is
proteolytically regulated by ADAMTS13 (a disintegrin and metal-
loproteinase with a thrombospondin type 1 motif, member 13),
which cleaves the Tyr1605-Met1606 (P1-P1′) bond in the VWF A2
domain. To date, most of the functional interactions between
ADAMTS13 and VWF that have been characterized involve VWF
residues that are C terminal to the scissile bond. We now demon-
strate that the substrate P3 position in VWF, Leu1603, is a critical
determinant of VWF proteolysis. When VWF Leu1603 was sub-
stituted with Ser, Ala, Asn, or Lys in a short VWF substrate,
VWF115, proteolysis was either greatly reduced or ablated (up to
400-fold reduction in kcat/Km). As Leu1603 must interact with resi-
dues proximate to the Zn2+ ion coordinated in the active center of
ADAMTS13, we sought the corresponding S3 interacting residues.
Substitution of 10 candidate residues in the metalloprotease do-
main of ADAMTS13 identified two spatially separated clusters cen-
tered on Leu198 or Val195 (acting with Leu232 and Leu274, or with
Leu151, respectively), as possible subsites interacting with VWF.
These experimental findings using the short VWF115 substrate
were replicated using full-length VWF. It is hypothesized that VWF
Leu1603 interacts with ADAMTS13 Leu198/Leu232/Leu274 and
that Val195/Leu151 may form part of a S1 subsite. The recognition
of VWF Leu1603 by ADAMTS13, in conjunction with previously
reported remote exosites C terminal of the cleavage site, suggests
a mechanism whereby the VWF P1-P1′ scissile bond is brought into
position over the active site for cleavage. Together with recently
characterized remote exosite interactions, these findings provide
a general framework for understanding the ADAMTS family sub-
strate interactions.

microvascular thrombosis | thrombotic thrombocytopenia purpura

Von Willebrand factor (VWF) is a large multimeric glyco-
protein that is essential for normal hemostasis (1). Following

vessel injury, VWF binds to exposed subendothelial collagen.
Thereafter, in response to the shear forces exerted by the flowing
blood, it unfolds from its inactive globular conformation into an
active string-like form that can specifically recruit platelets (2–4).
VWF multimeric size is a primary determinant of its platelet-
tethering function and is proteolytically controlled by the plasma
metalloprotease ADAMTS13 (a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13) (5–8). The phys-
iological importance of this system is highlighted by the clinical se-
quelae associated with dysfunction of the VWF/ADAMTS13 axis.
Whereas ADAMTS13 deficiency can cause fatal microvascular
thrombosis-thrombotic thrombocytopenic purpura (7), excessive
VWF proteolysis causes bleeding (i.e., type 2A von Willebrand
disease) (1).
ADAMTS13 circulates in plasma as a constitutively active en-

zyme, which is unusual. Despite this behavior, plasma VWF
remains essentially resistant to ADAMTS13 proteolysis in free
circulation. This resistance is because shear-dependent unfolding
of the VWF A2 domain is first required to expose both ADA-
MTS13 binding sites and the Tyr1605-Met1606 scissile bond
before cleavage can occur. Once the A2 domain has unraveled,

however, multiple exosite interactions contribute to the approxi-
mation of ADAMTS13 metalloprotease domain with the VWF
Tyr1605-Met1606 scissile bond (9–16). The characterized func-
tionally important interactions include the binding of the
ADAMTS13 spacer domain with amino acids in the C-terminal
region of the VWF A2 domain (9, 12, 14), and the interaction of
the ADAMTS13 disintegrin-like domain with Asp1614 in VWF
(11). Remarkably, little is known of the molecular interactions
between the substrate and the metalloprotease domain of
ADAMTS13. A quantitative study of cleavage of VWF short and
full-length substrates showed the importance of the P1 and P1′
residues (Tyr1605 and Met1606, respectively), as substitution of
these appreciably reduced proteolysis by ADAMTS13 (17). We
recently provided further evidence for the importance of the ac-
commodation of the P1′ residue, Met1606, within the S1′ pocket
adjacent to the active site (10).
Most attention to date has been paid to regions and residues of

VWF that are C terminal to the cleavage site. We hypothesized
that a necessary feature of enzymatic cleavage of VWF will be
a docking point for ADAMTS13 that is N terminal to the scissile
bond. This finding is essential because cleavagemust be associated
with a reduction in binding affinity of the substrate to enable the
protease to recycle, a reduction that will then be provided by bond
cleavage. To investigate further the VWF residues important for
cleavage by ADAMTS13, we have considered the activities of
previously reported short VWF A2 domain fragments that span
the cleavage site. One, VWF64 (1605–1668), could not be cleaved
by ADAMTS13 (13), but others, such as VWF73 (1596–1668),
VWF76 (1593–1668), and VWF115 (1554–1668) are all proteo-
lysed efficiently (14, 18, 19). The difference between the substrates
that are and those that are not cleaved resides in the sequence N
terminal to the scissile bond. Therefore, we conjectured that the
VWF1596–1604 N-terminal sequence must contain a structural
determinant that is essential for proteolysis.

Results
We introduced a panel of single and multiple amino acid sub-
stitutions into the shortA2domain substrate,VWF115,which spans
residues Glu1554-Arg1668 (Fig. S1). The synthetic peptide desig-
natedN-terminal peptide (NTP) that spansAsp1596-Tyr1605 is also
shown.VWF115 and its variants were expressed, purified, and quan-
tified as previously described, before functional analyses (11, 18).
Cleavage of WT VWF115 by ADAMTS13 was rapid when ex-

amined by SDS/PAGE to visualize the cleavage products (Fig.
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1A). TheVWF115 variants inwhich the P10-P7 residues,VWF115
Asp1596-Gln1599, were all replaced by Ser (DREQ1596-9SSSS),
or the P4 residue, VWF115Asn1602, was substituted forAla, were
both cleaved rapidly, very similar toWTVWF115 (Fig. 1A). Point
substitution of VWF115 Val1604 (the P2 residue) to Ser resulted
in a modest reduction in proteolysis, whereas substitution of the
P1 residue, VWF115 Tyr1605, to Ala predictably reduced ap-
preciably the rate of cleavage (Fig. 1A). However, substitution of
VWF115 Leu1603 (at the P3 position) with Ser abolished pro-
teolysis (Fig. 1A). In additional experiments, VWF115 Leu1603
was also substituted with Ala, Asn, and Lys: all of these variants
had severely reduced (Leu1603Ala) or undetectable (Leu1603Asn
and Leu1603Lys) cleavage (Fig. 1B, Upper). In contrast, sub-

stitution of VWF Leu1603 with large hydrophobic residues Met
and Phe had minimal influence on cleavage (Fig. 1B, Lower).
Cleavage of selected variants was studied quantitatively by HPLC
under conditions in which the catalytic efficiency, kcat/Km, could be
determined (Fig. 1C). Minimal cleavage of VWF115 Leu1603Ser
was observed (Fig. 1C). Table 1 summarizes the specificity con-
stants derived from replicate experiments. The proteolysis of the
VWF115 Leu1603Ser mutant was essentially ablated (>400 fold
reduction in catalytic efficiency).Although this reduction in kcat/Km
was appreciably larger even than the 38-fold reduction of the
VWF115 Tyr1605Ala variant with the substituted P1 residue, the
P1 residue substitution to Ser in a VWF115 Tyr1605Ser variant
also had barely detectable cleavage when examined by SDS/
PAGE (Fig. S2). In additional quantitative experiments, the
cleavage of VWF115 Leu1603Ala was studied by HPLC. Time-
course experiments with 1 nM ADAMTS13 indicated that even
this conservative residue change produced ∼100-fold reduction in
cleavage efficiency (Fig. 1C); however, quantitation of such low
level of proteolysis is imprecise. Using higher concentrations (10
nM) of ADAMTS13 to induce sufficient cleavage of the VWF115
Leu1603Ala variant, substrate titration of the initial rate of pro-
teolysis (Fig. 1D) of the variant demonstrated reduced (n=3) kcat
of 0.11 ± 0.07 (compare with WT ADAMTS13, 0.33 ± 0.18) s−1

and increased Km of 6.8 ± 3.6 (compare with WT ADAMTS13,
0.91 ± 0.51) μM.
Results from the literature are summarized in the lower part

of Table 1. The reduction in cleavage constant for the VWF115
Leu1603Ser variant is appreciably greater than the 18-fold re-
duction for the VWF115 Met1606Ala variant in which the P1′
residue was substituted (10), the 6.5-fold reduction for the
VWF115 Asp1614Ala that disrupts the disintegrin-like domain
binding exosite (11), and the 12.5- to 15-fold reduction for the
Δ1660–1668 C-terminal deletion variant that abolishes the
spacer domain binding exosite (9, 13). Together, these results
clearly demonstrate an essential role for VWF residue Leu1603,
which is N terminal to the scissile bond, acting with VWF P1
residue, Tyr1605, in the cleavage process.
Further evidence for an important docking site within VWF

Asp1596-Tyr1605 was obtained using an NTP containing this
sequence to inhibit ADAMTS13 cleavage of VWF115. Addition
of 1 mM WT NTP clearly reduced cleavage of VWF115 by
ADAMTS13 when visualized by SDS/PAGE (Fig. 2A). In con-
trast, an NTP variant containing the Leu1603Ala substitution
was without apparent effect, confirming Leu1603 as the key
residue in this sequence. The influence of the NTP upon the
initial rate of VWF115 proteolysis by ADAMTS13 was quanti-
fied by HPLC (Fig. 2B). Although WT NTP produced a large

Fig. 1. Cleavage of VWF115 and its variants by ADAMTS13. (A) Composite
and point substitution variants of VWF115 (6μM), N terminal to and in-
cluding the scissile bond, are incubated with 3.5 nM ADAMTS13 and reaction
products visualized by SDS/PAGE. (B) Proteolysis of different point sub-
stitution variants of VWF115 Leu1603 by ADAMTS13 was analyzed as in A.
(Upper) Cleavage of VWF115 Leu1603Ala, -Asn, and -Lys; (Lower) Cleavage
of VWF115 Leu1603Met and -Phe. (C) Graph showing the time course of
cleavage of 2.5 μM VWF115 point and composite substitution variants by
1nM ADAMTS13. VWF115 proteolysis was quantified by HPLC. (D) De-
termination of kcat and Km for WT VWF115 and for the VWF115 Leu1603Ala
variant. High concentrations of ADAMTS13 (10 rather than 1 nM) were used
to induce proteolysis of VWF Leu1603Ala, the initial rates of which were
determined by HPLC, corrected for protease concentration and plotted as
a function of substrate concentration.

Table 1. Quantitative analysis of scissile bond cleavage by
ADAMTS13 for WT VWF and its variants

VWF115 kcat/Km (×105 M−1s−1) Fold reduction

WT 9.3 ± 2.3 —

DREQ/SSSS 6.4 ± 0.7 1.4
N1602A 4.3 ± 0.4 2.2
L1603S <0.02 >400
L1603A 0.1 ± 0.04 100
V1604S 1.8 ± 0.1 5.1
Y1605A 0.2 ± 0.05 38
M1606A * 18
D1614A ** 6.5
Δ1660–8 *** 12.5–15

Specificity constants, kcat/Km, (±SD) were determined by HPLC quantitation
of VWF115 proteolysis by ADAMTS13 (n ≥ 3). Values for VWF115 Leu1603
variants must be regarded as approximate because of very low cleavage
rates. Results indicated by asterisks are from the literature: *, ref. 10; **,
ref. 11; ***, refs. 9 and 13.
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concentration dependent reduction in cleavage rate, the effect of
NTP Leu1603Ala was very modest.
The VWF P3 residue, Leu1603, is located within ∼10 Å of the

scissile bond. It must therefore interact with residues on the
surface of the ADAMTS13 metalloprotease domain in close
proximity to the catalytic Zn2+ ion coordinated within the active
site. Using a model of ADAMTS13, we identified 10 candidate
S3 residues in ADAMTS13 (Leu151, Leu152, Val195, Thr196,
Gln197, Leu198, Trp206, Leu232, L273, and L274) that might
interact with VWF Leu1603 because of their proximity to the
active site (Fig. 3A). ADAMTS13 residues Thr196 and Gln197
were substituted in a recent report and the variants found to
have normal proteolytic activity against VWF115 (10), and
therefore were excluded from further investigation. When the
activities of ADAMTS13 variants Leu151Ser, Leu152Arg,
Val195Ser, Leu198Ser, Trp206Arg, Leu232Asn, Leu273Asn,
and Leu274Ser were examined by SDS/PAGE using WT
VWF115 (Fig. 3B), we found that ADAMTS13 variants
Leu151Ser, Val195Ser, Leu198Ser, Leu232Asn, and Leu274Ser
exhibited reduced ability to cleave VWF115. The activities of
these selected variants were therefore examined quantitatively
by HPLC (Fig. 3C). This experiment revealed an approximately
fivefold reduction in kcat/Km for ADAMTS13 Leu198Ser com-
pared with WT ADAMTS13 (9.3 ± 2.3 × 105 M-1·s−1, n = 3) and
a 13- to 16-fold, reduction in kcat/Km for ADAMTS13 variants
Val195Ser and Leu274Ser. No proteolytic cleavage fragments
could be detected for the ADAMTS13 Leu232Asn and
Leu151Ser variants, which had poor secretion. The ADAMTS13
residues which, when substituted resulted in reduced protease
activity, fall into two clusters: Leu198/Leu232/Leu274 and
Val195/Leu151.
The approximately fivefold reduction in kcat/Km for proteolysis

of VWF115 by the ADAMTS13 Leu198Ser variant is very similar
to that for the cleavage of VWF115 Val1604Ser by WT
ADAMTS13 (Table 1). This finding raised the possibility that
ADAMTS13 Leu198 might interact with VWF Val1604 (P2 resi-
due) rather than VWF Leu1603 (P3 residue). However, this con-

tention was excluded by experiments in which WT VWF115 and
VWF115 Val1604Ser were proteolysed by catalytic amounts (1–3
nM) of WT ADAMTS13 or ADAMTS13 Leu198Ser (Fig. S3).
These results clearly suggest that the effects of both of these sub-
stitutions were independent of each other, making the interaction
between the residues unlikely.
In a similar manner, we next examined whether the

ADAMTS13 variants Leu198Ser, Val195Ser, and Leu274Ser in-
duce cleavage of the VWF115 Leu1603Ser variant, which is of
decreased magnitude compared with that of WT ADAMTS13.
For these experiments, it was necessary to use high concentrations
(30 nM) of the ADAMTS13 variants, as the usual catalytic con-
centrations (1–3 nM) failed to induce proteolysis of VWF115
Leu1603Ser. For the ADAMTS13 Leu198Ser variant, similar,
minimal cleavage of the VWF115 Leu1603Ser occurred to that
observed for WT ADAMTS13 (Fig. S4). For the ADAMTS13
Val195Ser and Leu274Ser variants, there was a suggestion of less
cleavage of the VWF115 Leu1603Ser variant.
To verify our findings of the importance of the P3 residue

in VWF proteolysis by ADAMTS13, we introduced both the
Leu1603Ala and Leu1603Ser substitutions into full-length re-
combinantVWF. These variants were expressed normally and had
normal multimer distribution (Fig. 4A). Full-lengthWTVWFwas

Fig. 2. Inhibition of cleavage of VWF115 by the NTP. (A) Proteolysis of 6 μM
VWF115 by 3.5 nM ADAMTS13 in the presence and absence of 1 mM NTP
and NTP(Leu1603Ala). VWF115 cleavage is visualized by SDS/PAGE. (B) In-
hibition of the initial rate of cleavage of 2.5 μM VWF115 by 1 nM ADAMTS13
in the presence of 0 to 1 mM NTP or NTP(Leu1603Ala). The initial rate of
proteolysis was quantified using HPLC.

Fig. 3. Determinants of VWF cleavage by ADAMTS13 and its variants. (A)
Model of the metalloprotease domain of ADAMTS13 showing 10 candidate
S3 residues: the catalytic Zn2+ ion and proposed S1′ pocket are also labeled.
The VWF sequence around the scissile bond is indicated below the model. (B)
Proteolysis of 6 μM VWF115 by 1 nM WT ADAMTS13 and ADAMTS13 var-
iants Leu151Ser, Leu152Arg, Val195Ser, Leu198Ser, Trp206Arg, Leu232Asn,
Leu273Asn, and Leu274Ser. VWF proteolysis is visualized by SDS/PAGE. (C)
HPLC quantitation of 2.5 μM VWF115 proteolysis by 3 nM WT ADAMTS13
and by ADAMTS13 variants Leu151Ser, Val195Ser, Leu198Ser, Leu232Asn,
and Leu274Ser.
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rapidly and effectively cleaved byADAMTS13 (Fig. 4B, visualized
on SDS/PAGE and Western blotting following reduction of the
protein), whereas minimal cleavage was observed with the VWF
Leu1603Ala and Leu1603Ser variants (Fig. 4B). Additional ex-
periments examining the ability of ADAMTS13 Leu198Ser,
Val195Ser, andLeu274Ser variants to cleave full-lengthWTVWF
were also performed. These experiments showed a small reduction
inVWF cleavage byADAMTS13 Leu198Ser, but large reductions
for the other two ADAMTS13 variants (Fig. 4C).
Further support for an essential role of VWF Leu1603 and

ADAMTS13 Leu198 and Val195 residues in the cleavage re-
action is provided by species alignments showing their structural
conservation. VWF Leu1603 is perfectly conserved in all species
(Fig. S5). Interestingly, complete conservation of the functionally
important P9′ residue in VWF, Asp1614, can also be noted.
Similar regional alignment of the ADAMTS13 metalloprotease
domains also shows strong conservation of Leu151, Val195,
Leu198, Leu232, and Leu274 (Fig. S6).

Discussion
Cleavage of VWF by ADAMTS13 requires approximation of the
substrate and protease. As ADAMTS13 circulates as a constitu-
tively active enzyme, VWF cleavage is not driven by changes in
the protease, such as an activation step that characterizes most
zymogen to protease transitions in blood coagulation factors.
Rather, proteolysis is uniquely influenced by changes in the con-
formation of VWF, which must first unfold. A critical feature of
VWF unfolding has been shown to be the unfolding of the A2
domain itself. This domain is stabilized by a hydrophobic plug
comprised of vicinal Cys residues located at the C terminus of
the domain, which is inserted in the center of the domain near to
the scissile bond (3, 20). This hydrophobic plug must first be
removed for the A2 domain. Only once unfolded does VWF

reveal the Tyr1605-Met1606 scissile bond and enable access of
ADAMTS13. As with many reactions in hemostasis, remote
exosites assist the cleavage process by bringing the active center
of the protease into position over the scissile bond (9–11, 13, 14,
21). These exosite interactions which are C terminal to the
scissile bond, either directly or indirectly facilitate the P1-P1′
bond positioning and cleavage. We recently provided evidence
that P1′ residue, VWF Met1606, interacts with ADAMTS13
metalloprotease domain residues Asp252-Pro256 that form the
S1′ pocket, and that specificity of ADAMTS13 can be altered by
substituting these residues (10).
A small number of residues N terminal to the VWF scissile

bond have previously been examined for their influence on
cleavage by ADAMTS13, although this has been done in the
context of polymorphisms that might influence VWF function
rather than exploring specific exosite interactions (17). In-
terestingly, the report containing these results also demonstrated
the requirement for the P1 residue to have an aromatic side
chain, which is a determinant of its accommodation in the S1
pocket. This finding very likely explains the 38-fold reduction in
proteolysis of the VWF115 Tyr1605Ala variant and minimal
proteolysis of the VWF115 Tyr1605Ser variant. We reasoned
that an N-terminal docking site other than the P1 residue must
also be essential for scissile bond cleavage. Our systematic in-
vestigation reported here of the influence of residues N terminal
to the scissile bond, prompted by examination of the reported
activities of small VWF substrates, enabled us to identify the
functional importance of VWF Leu1603 at the P3 substrate
position. Remarkably, substitution of this single residue has the
largest effect of any prior reported residue change in VWF. In-
deed, the reduction in cleavage specificity of the variant VWF
Leu1603Ser is far greater (>400-fold) than those of composite
substitutions or deletions of prior identified exosites within the
VWF sequence (Table 1). This finding is further supported by
strict sequence conservation of VWF Leu1603 between species,
which is greater even than the cleavage site residues (Fig. S5).
The functional importance of VWF Leu1603 points to an im-
portant role in the cleavage mechanism, acting together with the
P1 residue, Tyr1605, to orient and anchor the scissile bond. To
identify potential interacting residues for the P3 residue on the
ADAMTS13 protease domain, we substituted potential hydro-
phobic interacting partners close to the active center and ex-
amined VWF cleaving activity of these variants, which suggested
that two separate clusters of ADAMTS13 residues involving
residues Leu198 and Val195 may provide interaction sites for
VWF. Although mutation of these residues did not induce
a comparable reduction in cleaving activity as replacement of
VWF Leu1603, mutation of adjacent residues Leu274, Leu232,
and Leu151 in ADAMTS13 either reduced or abolished
cleavage. The very low expression levels of these two latter
ADAMTS13 mutants suggests that mutation-induced misfolding
of the ADAMTS13 metalloprotease domain cannot be excluded
as a contributor to reduced activity.
We now propose a provisional mechanism for cleavage of VWF

usingamodel of theADAMTS13metalloprotease anddisintegrin-
like domains (Fig. 5). Thismechanism showsADAMTS13Arg349
(green) thatprovides adockingpoint forVWFAsp1614Cterminal
to the catalytic center (orange with Zn2+ shown). Based on our
results, two potential VWF interaction sites, involving Leu198 and
Val195, are shown. We postulate that ADAMTS13 Val195 and
Leu151 may be positioned to form part of the S1 rather than S3
subsite andmight therefore interactwith the aromatic ringofVWF
Tyr1605, rather than with VWF Leu1603. If so, we propose that
ADAMTS13 Leu198, Leu232, and Leu274 contribute to the S3
subsite for VWF Leu1603. Based on a prior report, the likely po-
sition of the S1′ pocket flanked by ADAMTS13 Asp252-Pro256
(purple) is shown: this subsite is predicted to accommodate
Met1606 (10). Underneath is shown the VWF1603-1614 poly-

Fig. 4. Proteolysis of full-length VWF by ADAMTS13. (A) Recombinant WT
VWF and VWF Leu1603Ala and Leu1603Ser were examined for their multi-
mer composition using SDS-agarose gel electrophoresis and Western blot-
ting for VWF. (B) Proteolysis of recombinant full-length WT VWF, VWF
Leu1603Ala, and Leu1603Ser (1.0 μg/mL) by 20 nM ADAMTS13. Changes in
VWF were examined by SDS/PAGE under reducing conditions with Western
blotting for VWF. (C) Proteolysis of full-length WT VWF (1.0 μg/mL) by 15 nM
WT ADAMTS13 and ADAMTS13 Val195Ser, Leu198Ser, and Leu274Ser var-
iants examined by SDS/PAGE with Western blotting, as in B.
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peptide with potentially complementary interacting residues color
coordinated. It is proposed, therefore, that VWF Leu1603,
Tyr1605, and Asp1614 contact ADAMTS13 Leu198, Val195, and
Arg349 in ADAMTS13, respectively, ensuring that the scissile
bond is brought into position over the active center for cleavage to
occur. Our results suggest that VWF Leu1603 interaction with the
metalloprotease is absolutely essential forproteolysis tooccur.The
interactions ofADAMTS familymemberswith their substrates are
generally not well understood and the detailed understanding
of how VWF is positioned and cleaved by ADAMTS13 may
provide a useful general model for this multidomain metal-
loprotease family.
Cleavage of the VWF scissile bond by ADAMTS13 is essential

for normal hemostasis. An absence of cleavage, caused by
inherited or acquired deficiencies of ADAMTS13, predisposes to
thrombotic thrombocytopenic purpura. Numerous point muta-
tions in the ADAMTS13 gene have now been identified in
patients with this disorder. Mostly, these mutations reduce the
synthesis/secretion of ADAMTS13 and it is believed that accu-
mulation of ultra large VWF multimer contributes to the acute
microvascular thrombotic occlusions by forming platelet clumps.
The present results suggest that residue substitutions within
VWF could also potentially play a role in microvascular throm-

bosis. It will be of interest to screen families and individuals
suffering from microvascular thrombosis for mutations in the
VWF gene around the cleavage site, particularly any cases of
thrombosis known to be without gene mutations in ADAMTS13.

Materials and Methods
Expression and Purification of VWF115 and VWF115 Variants. An expression
vector for the VWF A2 domain cleavage fragment, VWF115 (spanning VWF
residues 1554–1668), its mutagenesis, and expression have been previously
described (18).

Expression of Recombinant Full-Length VWF and the VWF(Leu1603Ser and
Leu1603Ala) Mutants. An expression vector for full-length human VWF and
its mutagenesis have been previously described (22). Recombinant full-length
WT VWF and these variants were expressed transiently in HEK293T cells
(23). The concentration of VWF was determined by a specific ELISA (24), and
VWF multimer analysis was assessed as previously described (24).

Expression of Recombinant ADAMTS13 and ADAMTS13 Variants. The expression
vector forWTADAMTS13 and its mutagenesis have been described elsewhere
(25). WT ADAMTS13 and ADAMTS13 variants were transiently expressed
in HEK293T cells (23). Expression and secretion of ADAMTS13 was confirmed
by Western blotting using a polyclonal rabbit anti-ADAMTS13 antibody
(26). After 3 to 4 d, conditioned medium was harvested, cleared, and con-
centrated using 50-kDa molecular weight centrifugal filter devices (Milli-

Fig. 5. Model of the ADAMTS13 active center aligned with VWF. ADAMTS13 metalloprotease (MP, light blue) and disintegrin-like (Dis, gray) domains is
shown with the area in the box enlarged to illustrate specific positioning of the scissile bond and potential docking points for the VWF peptide around the
scissile bond. ADAMTS13 residues implicated in VWF proteolysis derived from the present and other reports are highlighted; Leu198, Leu232, Leu274 (dark
blue), Val195, Leu151 (dark brown), Arg349 (green), active center (light blue, with Zn2+ shown in brown) with catalytic Glu225 and residues flanking the S1′
pocket (purple). The S1 pocket that harbors the P1 residue Tyr1605 is predicted to lie around the Val195/Leu151 cluster in this model. We propose that the
cluster of Leu198, Leu232, and Leu274 provides the S3 subsite for VWF Leu1603. Beneath the figure is the VWF1603-1614 polypeptide (shown to scale), with
identified interacting residues (P3, P1, P1′, and P9′) highlighted in complementary colors.
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pore). ADAMTS13 concentration was determined using a specific in-house
ADAMTS13 ELISA, as previously described (26, 27).

VWF115 Cleavage by ADAMTS13. WT ADAMTS13 or ADAMTS13 variant (1 or
3.5 nM, unless otherwise indicated) in 20 mM Tris, 150 mM NaCl (pH 7.8) was
incubated for 1 h with 5 mM CaCl2. Next, 6 μM VWF115, or VWF115 variant
was added and at regular intervals aliquots of 15 μL were removed and
stopped with 5 μL 30 mM EDTA. Thereafter, proteolysis of VWF115 was vi-
sualized by SDS/PAGE with Coomassie staining to detect cleavage products.
Quantitative analysis of VWF115 proteolysis was performed by reactions
that were set up similarly, except 2.5 μM VWF115 were used and samples
were analyzed by HPLC from which the catalytic efficiencies for proteolysis
(kcat/Km) were derived, as previously described (18). Determination of in-
dividual catalytic constants, kcat and Km, were also performed as described
(18), using 1 nM ADAMTS13 with WT VWF115 and 10 nM ADAMTS13 with
VWF Leu1603Ala. The protease was titrated with increasing concentrations
of the substrates, initial rates of proteolysis determined by HPLC, and these
were corrected for differences in protease concentrations. All functional
assays were repeated a minimum of three times and with different prepa-
rations of VWF115 and ADAMTS13.

Cleavage of Full-Length Multimeric VWF by ADAMTS13. To compare the
cleavage of full-length WT VWF and VWFLeu1603Ser and Leu1603Ala var-
iants, ADAMTS13 (20 nM) was preincubated for 30 min in 20 mM Tris, 0.5%
BSA, 5 mM CaCl2. Recombinant WT VWF or VWF variant, 1.0 μg/mL, were
preincubated in the presence of 3.0 M urea (final concentration 1.0 M) at
37 °C. For the analysis of the ADAMTS13 Val195Ser, Leu198Ser, and
Leu274Ser variants, WT VWF (1.0 μg/mL) and 15 nM of the variants were

used. Subsamples were removed reactions were stopped with EDTA.
Changes in VWF resulting from ADAMTS13 proteolysis were analyzed by
SDS/PAGE under reducing conditions and Western blotting for VWF, as
previously described (14).

Peptide Inhibition Assay. For peptide inhibition assay, 1 mM synthetic peptide
containing VWF Asp1596-Tyr1605 sequence (termed NTP) (Alta Bioscience) or
NTP(Leu1603Ala) was incubated with 3.5 nM ADAMTS13 and 5 mM CaCl2 at
37 °C for 30 min, and 6 μM VWF115 was then added. The reaction was
stopped (from 0–60 min) with EDTA and analyzed by SDS/PAGE with Coo-
massie staining. To quantify the effect of peptides on VWF115 proteolysis by
ADAMTS13, 0 to 1 mM NTP or NTP(Leu1603Ala) were individually incubated
with 1 nM ADAMTS13 and CaCl2 at 37 °C for 30 min, and 2.5 μMVWF115 was
then added. After 15 min, the reaction was stopped with EDTA. Thereafter,
VWF115 proteolysis was quantified by HPLC.

Sequence Alignments and Molecular Modeling. Amino acid sequences of either
VWF or ADAMTS13 from different species retrieved from PubMed were
aligned using AlignX software (Informax).

The ADAMTS13 metalloprotease domain was initially modeled using the
HHPred server based on its sequence homology to ADAMTS1, -4, and -5, for
which the crystal structures are available (28–30). Models were manipulated
with Pymol software (Delano Scientific LLC).
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Fig. S1. Partial primary sequence of the ADAMTS13 substrate VWF115. VWF amino acids are shown as single letter, the ADAMTS13 cleavage site is indicated,
substitutions/deletions referred to in the text are annotated below the sequence, and the N-terminal peptide (NTP) is represented by the horizontal arrow.
VWF115 spans residues 1554Glu–1668Arg, but residues shown are only for VWF73, spanning1596Asp–1668Arg.

Fig. S2. Cleavage of WT VWF115, VWF115 Leu1603Ser, and VWF115 Tyr1605Ser by ADAMTS13. Cleavage of 6 μM WT VWF115 and variants was performed
with 1 nM (Upper) and 10 nM (Lower) WT ADAMTS13 and reactions visualized by SDS/PAGE.

Fig. S3. Studies with VWF115 Val1604Ser, the P2 residue, and ADAMTS13 Leu198Ser. Cleavage of 6 μM WT VWF115 and VWF115 Val1604Ser by 1 nM WT
ADAMTS13 and ADAMTS13 Leu198Ser visualized by SDS/PAGE.

Fig. S4. Cleavage of VWF115 Leu1603Ser by ADAMTS13 Val195Ser, Leu198Ser, and Leu274Asn. Cleavage of 6 μM VWF115 Leu1603Ser by 30 nM WT
ADAMTS13 and ADAMTS13 Val195Ser, Leu198Ser, and Leu274Ser are visualized by SDS/PAGE.
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Fig. S5. Regional alignment of the VWF sequence in different species. The amino acid residues within VWF1593–1615 were aligned to identify highly con-
served residues. The position of the scissile bond, Leu1603, and Asp1614 are indicated at the top of the figure.

Fig. S6. Regional alignment surrounding the active site of the ADAMTS13 sequence in different species. The active site, conserved Ca2+ binding site and
residue Arg349 are indicated, along with hydrophobic residues implicated in ADAMTS13 function, Leu151, Val195, Leu198, Leu232, and Leu274.
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Review article

Unraveling the scissile bond: how ADAMTS13 recognizes and cleaves
von Willebrand factor
James T. B. Crawley,1 Rens de Groot,1 Yaozu Xiang,1 Brenda M. Luken,1 and David A. Lane1

1Centre for Haematology, Imperial College London, London, United Kingdom

von Willebrand factor (VWF) is a large
adhesive glycoprotein with established
functions in hemostasis. It serves as a
carrier for factor VIII and acts as a vascu-
lar damage sensor by attracting platelets
to sites of vessel injury. VWF size is
important for this latter function, with
larger multimers being more hemostati-
cally active. Functional imbalance in mul-
timer size can variously cause microvas-
cular thrombosis or bleeding. The
regulation of VWF multimeric size and

platelet-tethering function is carried out
by ADAMTS13, a plasma metalloprotease
that is constitutively active. Unusually,
protease activity of ADAMTS13 is con-
trolled not by natural inhibitors but by
conformational changes in its substrate,
which are induced when VWF is subject
to elevated rheologic shear forces. This
transforms VWF from a globular to an
elongated protein. This conformational
transformation unfolds the VWF A2 do-
main and reveals cryptic exosites as well

as the scissile bond. To enable VWF pro-
teolysis, ADAMTS13 makes multiple inter-
actions that bring the protease to the
substrate and position it to engage with
the cleavage site as this becomes ex-
posed by shear. This article reviews re-
cent literature on the interaction between
these 2 multidomain proteins and pro-
vides a summary model to explain proteo-
lytic regulation of VWF by ADAMTS13.
(Blood. 2011;118(12):3212-3221)

Many of the coordinated processes involved in hemostasis are
driven by proteolytic reactions in which proteases cleave specific
substrate bonds. Bond cleavage can lead to activation, propagation,
or inactivation of a biochemical process. Control of proteolytic
reactions is complex and, in its broadest sense, embraces localiza-
tion of the protease and substrate, recruitment of cofactors for the
purpose of acceleration of cleavage and then, direct or indirect
inhibition of the protease to terminate its action. The plethora of
proteolytic reactions in hemostasis provides examples of both
general and process-specific mechanisms of control, which are all
needed to ensure effective coordination. The proteolytic regulation
of von Willebrand factor (VWF) function by its cleaving protease,
ADAMTS13, falls into the latter category (ie, process-specific
control), as it has certain unique features that set it apart from other
hemostatic reactions. VWF is a large adhesive glycoprotein,
necessary for initial platelet tethering and subsequent platelet
adhesion.1 It is a multiadhesive protein that can interact with cell
surface, extracellular matrix, and plasma protein ligands through
specific domain binding sites.2-6 VWF is synthesized as a multi-
meric protein, which is central to its physiologic role. VWF function as a
vessel wall damage sensor and initiator of primary hemostasis is highly
dependent on its multimeric size.7 The larger VWF multimers in plasma
are the most hemostatically reactive not only because they contain more
ligand binding sites, but also because they are more conformationally
responsive to vascular shear forces.1

In circulation, a first level of functional control of VWF is
provided by its adoption of a globular conformation.8 The conse-
quence of a globular fold is that certain interaction sites are buried
and inaccessible to their ligands, which enables VWF to patrol the
intact vasculature without binding unnecessarily to platelets or to
plasma proteins. The functional quiescence of circulating VWF is
perturbed by vessel damage, which results in the exposure of the
collagen-rich matrix that normally underlies the protective endothe-
lial cell monolayer. Globular VWF recognizes this newly exposed

collagen leading to its specific recruitment to the damaged vessel
wall. VWF then undergoes a unique structural transition whereby it
is unfolded by local shear forces exerted on the tethered molecule
by the flowing blood.8 In this way, VWF adopts an elongated,
“active” conformation that exposes previously hidden platelet
binding sites that mediate the capture of circulating platelets to the
site of vascular injury. These first steps in the genesis of the primary
platelet plug illustrate the importance of VWF conformation for its
hemostatic function. Intriguingly, this same process of shear-
dependent unfolding that activates VWF into a functional hemo-
static protein also represents a primary determinant of the proteo-
lytic regulation that controls VWF function.9

VWF is synthesized in a multimeric form that is essentially too
large and thus too reactive for its routine functions. Although the
largest plasma VWF multimers have generally been considered to
range from 20- to 40-mers, more recent measurements have
estimated that 100- or 200-mers may also exist, suggesting that
stored endothelial and platelet VWF multimers may even exceed
this.10 Control of VWF size, therefore, requires a specific regula-
tory mechanism. The plasma metalloprotease, ADAMTS13, pro-
vides this function by cleavage of a single peptide bond (Tyr1605-
Met1606) located within the central VWF A2 domain (Figure
1A-B).11,12 However, while in its globular conformation VWF is
essentially resistant to proteolysis, and only when VWF unfolds in
response to shear does the scissile bond become accessible for
ADAMTS13 to cleave. Proteolysis reduces VWF multimer size
and, consequently, also its hemostatic function. The clinical
importance of the regulation of VWF multimeric size by
ADAMTS13 is exemplified by the clinical manifestation of
dysfunction of the VWF-ADAMTS13 axis. ADAMTS13 defi-
ciency (with consequent loss of VWF proteolysis) is associated
with thrombotic thrombocytopenia purpura (TTP),13 a disease
caused by clumping of platelets by ultra large (UL)–VWF and
defined clinically by microangiopathic hemolytic anemia and
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thrombocytopenia.14 In contrast, excessive ADAMTS13-mediated
VWF proteolysis precipitates type 2A von Willebrand disease15 in
persons carrying mutations in VWF that increase the cleavage
susceptibility of the scissile bond. There have also been sugges-
tions that the hemostatic imbalance caused by reduced ADAMTS13
cleavage of VWF may contribute to thrombosis associated with
cardiovascular diseases, but the evidence is currently conflicting.16,17

Control of VWF function by proteolysis depends on themes that
are well rehearsed in hemostasis, including both the interaction of
remote exosites and recognition of the scissile bond by the
substrate-binding pocket of the protease. However, unlike the vast
majority of hemostatic proteases, ADAMTS13 activity is not
subject to direct regulation by a specific inhibitor. Although free
hemoglobin18 and IL-619 can both inhibit ADAMTS13 function,
these do not represent normal physiologic regulators (but may
inhibit ADAMTS13 under pathophysiologic circumstances). Cer-
tain coagulation proteases, such as thrombin and plasmin,20 might
play a role in controlling activity because ADAMTS13 is sensitive
to proteolysis by these serine proteases at defined cleavage
inactivation sites.21 However, as evidence of ADAMTS13 proteol-
ysis in vivo has only been observed in patients with severe sepsis22

or in a very rare case of �2-antiplasmin deficiency,23 it is probable
that this remains a pathologic phenomenon rather than a normal
control mechanism. The absence of a specific inhibitor, therefore,
implies that in the normal physiologic context, ADAMTS13 is
essentially unregulated and that its activity is primarily controlled
by both the availability of the scissile bond of VWF and the

specificity of the VWF-ADAMTS13 interaction. Substrate control
of protease function represents an intriguing and less familiar
mechanism in the setting of hemostasis, and yet this is central to
control and coordination of platelet tethering. Over the past decade,
much attention has been paid to the molecular mechanisms
underlying the control of VWF function by ADAMTS13, the focus
of this review.

The substrate, VWF

Synthesis of VWF is restricted to endothelial cells and megakaryo-
cytes.24,25 The nascent polypeptide monomer (� 310 kDa) contains
a signal peptide, a propeptide and the now familiar mature VWF
domain organization that contains a variety of specific ligand
binding sites (Figure 1A). Covalent dimerization of VWF mono-
mers takes place in the endoplasmic reticulum, mediated through
intermolecular disulphide pairing of Cys residues in the cysteine
knot domain.26,27 Multimerization of the dimers in the Golgi, in a
process catalyzed by the propeptide (D1 and D2 domains), which
acts as a protein disulphide isomerase to form disulphide bonds
between the N-termini of VWF dimers.28,29 During its synthesis,
VWF undergoes extensive glycosylation with 12 N-linked and
10 O-linked glycan side chains on each mature monomer unit
(Figure 1A-C). Glycosylation is essential for secretion of the
protein and 4 N-linked sites (Asn99, Asn857, Asn2400, and
Asn2790) have been identified that are of particular importance for

Figure 1. The substrate, VWF. (A) Domain organization
of VWF. N-linked and O-linked glycosylation sites are
represented by green and orange lollipops, respectively.
The propeptide (yellow represents D1 and D2) is marked.
S-S indicates sites of intermolecular disulphide bond
pairing. Vertical arrows indicate the location of cleavage
sites (furin and ADAMTS13). Ligand binding sites (FVIII,
GPIb�, collagen, and �IIb�III) are labeled below. (B) Sche-
matic representation of the VWF A1, A2, and A3 do-
mains. The paired cysteines in A1 and A3 are shown. The
vicinal disulphide bond that forms the molecular plug in
the A2 domain and the Tyr1605-Met1606 (YM)
ADAMTS13 cleavage site are also represented. (C) Struc-
ture of the VWF A2 domain highlighting the N-linked
glycosylation sites (green), vicinal disulphide bond (blue),
and the ADAMTS13 cleavage site (red) hidden in the
center of the folded domain. (D) Molecular models of the
unfolding of the VWF A1-A2-A3 domains. In globular
VWF, the A3 domain collagen binding site is exposed.
Elevated shear forces on VWF cause uncoupling of the A
domains, extraction of the Cys1669-Cys1670 vicinal
disulphide plug, and unraveling of the A2 domain. This
exposes the GPIb� binding site in the A1 domain, cryptic
ADAMTS13 binding sites, and the cleavage site in the A2
domain (red).
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synthesis/secretion.30,31 A small proportion of the N- and O-linked
glycans contain the ABO(H) blood sugars.32 Not only do these
influence plasma VWF levels, their presence also influences VWF
proteolysis by ADAMTS13, as shown by the increased proteolysis
of patients with the rare Bombay blood group.33 The most
important N-linked glycan in this respect is that attached to
Asn1574 within the A2 domain (Figure 1C), which, if removed,
appreciably increases the susceptibility of the VWF A2 domain to
unfold and be proteolysed.30 This glycan may help stabilize the
folding of the VWF A2 domain and therefore also influence the
domain unfolding necessary for proteolysis. The O-linked glycans
are clustered either side of the VWF A1 domain and probably play
a role in stiffening the hinge between the adjacent domains.34

After glycosylation, furin removes the VWF propeptide, which
then assists in the trafficking of both the mature multimeric VWF
and cleaved propeptide to Weibel-Palade bodies of endothelial cells
or �-granules of platelets.35 VWF is stored in these organelles in
UL form. These UL-VWF multimers can be released constitutively
from the endothelium into the bloodstream,36 or on demand in
response to a variety of different physiologic agonists capable of
activating the endothelium or platelet.

On secretion, a proportion of VWF released from endothelial
cells remains tethered to the cell surface, from which it is
proteolytically cleaved and released by ADAMTS13.37 Once in
free circulation, VWF adopts its globular conformation. In this
respect, the behavior of the VWF A1-A2-A3 domains is central to
VWF function. In its globular form, one can envisage that the
collagen-binding site within the A3 domain is constitutively
exposed on the surface, as it must provide the initial contact point
for the newly exposed collagen. Conversely, the glycoprotein Ib�
(GPIb�) binding site in the VWF A1 domain remains largely
hidden until required to prevent spontaneous or unnecessary
platelet binding. The intervening VWF A2 domain that harbors the
ADAMTS13 cleavage site (Tyr1605-Met1606) is folded such that
the cleavage site and VWF A2 domain exosites are hidden/buried
(Figure 1B-C). While in this globular form, VWF exhibits func-
tional quiescence.

Mechanical shear forces in the bloodstream act on the VWF
molecule, thereby stretching it and changing its conformation. This
modulates the exposure of both VWF A1 domain platelet binding
sites and the VWF A2 domain ADAMTS13 binding/cleavage
site(s).38,39 Larger VWF multimers unravel more readily under high
shear.38 Furthermore, attachment of VWF multimers to collagen
and/or platelets further facilitates unfolding because of increased
tensile force acting on the VWF molecule. VWF unfolding is
thought to involve both the uncoupling of the VWF A1-A2-A3
tridomain cluster, and conformational changes within individual
domains,39 most notably the VWF A2 domain40 (Figure 1D).

The protease, ADAMTS13

ADAMTS13 is synthesized in hepatic stellate cells41 and vascular
endothelial cells42 as an � 180-kDa glycoprotein. Its domain
structure is depicted in Figure 2A. ADAMTS13 is a member of the
ADAMTS family of Zn2�-dependent metalloproteases, which all
contain (from the mature N-terminus) a metalloprotease, disintegrin-
like, thrombospondin type 1 (TSP) repeats, cysteine-rich and
spacer domains.13,43-45 Thereafter, different family members con-
tain variable numbers and types of domains.

The metalloprotease domains of the ADAMTS family are
characterized by a reprolysin-type Zn2� binding signature (HEXX-
HXXGXXHD) involving 3 perfectly conserved His residues
(Figure 2B). This sequence also contains an active-site Glu residue
(at position 225 in ADAMTS13), which polarizes a water molecule
that is stabilized by the coordinated Zn2� ion, and is part of the
proteolytic machinery. The Zn2�-binding motif is followed in all
ADAMTS metalloprotease domains by a tight “Met-turn,” which is
a further structural characteristic of these metalloproteases.

Whereas these common structural features in ADAMTS family
members are critical for substrate recognition and hydrolysis of the
scissile bond, differences in the substrate binding exosites and in the
architecture of the catalytic site allow eachADAMTS family member to
recognize and proteolyse its physiologic substrate at a particular site.

Figure 2. The protease, ADAMTS13. (A) Domain organization of
ADAMTS13. From the N-terminus are the metalloprotease domain (MP;
red), disintegrin-like domain (Dis; yellow), TSP repeats (1-8; green),
cysteine-rich domain (Cys; blue), spacer domain (purple), and CUB
domains (orange). Binding sites and function of specific domains are
labeled below. (B) Structure of ADAMTS13 N-terminal domains (MDTCS)
based on the crystal structure of DTCS and homology modeling of the MP
domain. Surface representation is shown. Domains are colored according
to panel A. (Insets) Cartoon representation of the location of the high-
affinity calcium binding site and coordinating residues (green) in the MP
domain, the active site containing 3 His residues (red) and catalytic
Glu225 (mauve), the disintegrin-like domain exosite, and spacer domain
exosite.
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ADAMTS13 requires divalent cations for its activity.12 In
addition to the Zn2� ion in the active center, Ca2� ions are also
required for enzyme function. On the basis of ADAMTS family
sequence conservation and structural analyses of the metallopro-
tease domains of ADAMTS1, ADAMTS4, and ADAMTS5,46-48 a
double Ca2� binding site within the ADAMTS13 metalloprotease
domain coordinated by Glu83, Asp173, Cys281, and Asp284 was
predicted.49,50 However, functional evaluation of this Ca2� binding
site revealed that mutating either Glu83 or Asp173 to Ala did not
appreciably diminish proteolysis of a short VWF substrate.50 This
suggests that the binding of Ca2� to this site is not of major
importance for ADAMTS13 function. Conversely, mutation of
another candidate site composed of Asp182, Asp187, and Glu212
had a major influence on ADAMTS13 activity.50 Single point
substitutions of these residues increased the KD(app) for Ca2� from
� 72�M (for wild-type ADAMTS13) up to 720�M, indicating a
large reduction in functional binding affinity for Ca2�. That these
residues are present in a loop adjacent to the ADAMTS13 active
site (Figure 2B) suggests that Ca2� binding provides structural
integrity to this loop that is necessary for efficient proteolysis of the
VWF substrate.

Adjacent to the metalloprotease domain in ADAMTS family
members are disintegrin-like domains, which share similarity with
snake venom disintegrins but lack the canonical cysteine arrange-
ment. Despite its name, the disintegrin-like domain of ADAMTS
family members does not appear to function like a disintegrin and
bears greater structural similarity to the cysteine-rich domains51:
this is evident from the recently published crystal structure of the
ADAMTS13 noncatalytic domains spanning the disintegrin to
spacer domains.52 In addition, and unlike the ADAM family
metalloproteases, the disintegrin-like domain of the ADAMTS
family contains a linker region that extends around the back of the
metalloprotease domain and positions the disintegrin-like domain
at one end of the active-site cleft.

The TSP repeats of ADAMTS13 are homologous to the type
1 repeat of thrombospondin-1 and -2. The first TSP repeat (48-
54 residues) is very similar in all members and generally contains
6 cysteines. The downstream TSP repeats (after the spacer domain) are
much more variable in sequence. The 4th TSP repeat of ADAMTS13
contains just 4 Cys residues, 2 of which are predicted to remain
unpaired. Four TSP domains in ADAMTS13 contain a CSVSCG motif
in which the second serine is O-linked glycosylated and forms a
consensus binding sequence for the CD36 cell surface receptor.53

The cysteine-rich domain of ADAMTS13 demonstrates high
sequence homology with the other ADAMTS family members,
which contain 10 conserved cysteines (except ADAMTS10). This
precedes the spacer domain, which contains no cysteines and is of
highly variable length among family members. It is the least
homologous of all the domains and is globular with 10 �-strands in
a jelly roll topology, forming 2 antiparallel �-sheets.

ADAMTS13 is the only member of theADAMTS family to contain
CUB domains, of which there are 2 located at the C-terminus. CUB
domains are present on proteins known to be important for developmen-
tal regulation, such as bone morphogenetic protein-1.

ADAMTS13 recognition of globular VWF

Recognition of VWF by ADAMTS13 is complex, yet highly
specific and involves multiple interactions between distinct do-
mains of both ADAMTS13 and VWF, with some of the interaction

sites on VWF only becoming exposed during shear. Much of the
structure-function work on ADAMTS13 has used domain deletion
mutants that retained the metalloprotease domain but were progres-
sively truncated from the C-terminus. Despite the limitations of
potential conformational changes induced by domain deletion,
these mutants have provided valuable initial tools for exploring
ADAMTS13 domain function. Early results with deletion mutants
of ADAMTS13, however, provided inconsistent and condition-
dependent evidence for a functional role for the C-terminal TSP
repeats and CUB domains. For example, it was widely held that
truncation mutants of ADAMTS13 with deletions after the spacer
domain (MDTCS) retained most of their activity in cleaving VWF
under static denaturing conditions, implying that these domains
might be dispensable.54-56 Another study reported activity of
deletion mutants in flow based, but not in static assays.57 However,
the C-terminal TSP and CUB domains have been claimed to be
important for optimal cleavage activity of ADAMTS13 under flow
conditions,58 against full-length murine VWF59 and for cleaving
platelet decorated strings in vivo.60 Finally, a peptide sequence
from first CUB domain was found to inhibit VWF proteolysis
under flow conditions.61 To resolve such conflicting results,
Zanardelli et al prepared deletion mutants of both VWF and of
ADAMTS13 and performed binding and activity studies under
both static and flow conditions.62 These experiments showed
that full-length ADAMTS13 could bind with a KD � 86nM to
VWF in its quiescent/globular (as opposed to its unraveled)
conformation. This binding is mediated in part by the VWF D4
domain and the TSP5-8 and/or the CUB domains of ADAMTS13.
Similar conclusions were drawn by Feys et al using immunopre-
cipitation of VWF-ADAMTS13 complexes in solution to deter-
mine a KD � 79nM.63 This interaction was dependent on the
ADAMTS13 TSP2-8 repeats. Both studies demonstrated the
specific binding of ADAMTS13 to globular VWF, and that in the
absence of shear-induced unfolding of VWF this interaction is
nonproductive in terms of VWF proteolysis.

Feys et al demonstrated that a proportion of globular VWF
and ADAMTS13 normally circulate in plasma in complex with
each other.63 The stoichiometry of ADAMTS13 to globular
VWF is low (� 1 ADAMTS13 molecule per 250 VWF mol-
ecules).63 This suggests that the larger, more hemostatically
active VWF multimers are the most probably globular VWF
forms to circulate in complex with ADAMTS13.64 It is also
these larger species that contribute most to platelet plug
formation. Consequently, although only a small percentage of
plasma ADAMTS13 (� 3%) actually circulates bound to VWF,
this pool may be particularly effective at colocalizing VWF and
ADAMTS13 to the site of vessel damage. Evidence that this
may be of functional significance was provided by Banno et al,65

who examined mice with an Adamts13 gene that expresses a
truncated form of the enzyme (ADAMTS13S) that lacks the
TSP(7/8) and CUB domains.66 Neither the Adamts13�/� nor
Adamts13S/S mice had discernible differences in their plasma
VWF multimers, suggesting that the TSP(7/8) and the CUB
domains may not be necessary for modulating normal plasma
VWF size.65 However, mice expressing the truncated
ADAMTS13 were more thrombogenic in experimental throm-
bus formation under high shear conditions, suggesting that the
loss of the TSP(7/8) and CUB domains impaired the ability of
ADAMTS13 to regulate VWF-dependent development of the
platelet plug.
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VWF A2 domain unfolding is required for
proteolysis by ADAMTS13

Although ADAMTS13 can bind globular VWF, it cannot cleave it12

because further binding sites and the scissile bond are hidden inside
the folded VWF A2 domain.67,68 The folded VWF A2 domain
adopts an atypical Rossman fold in which amphipathic �-helices
surround a central �-sheet in which the ADAMTS13 cleavage site
is buried67 (Figure 1B-C). Although the VWF A2 domain is highly
homologous to the VWF A1 and A3 domains, it is more prone to
unfolding because it lacks an intradomain disulphide bond that
connects the N- and C-termini and further destabilized because one
of the amphipathic �-helices has been replaced by a less-ordered
loop (�4-less loop)67 (Figure 1B-C). The VWF A2 domain crystal
structure has also revealed a very rare vicinal disulphide bond
between adjacent Cys1669 and Cys1670 at the C-terminus of the
last �-helix in the A2 domain. This vicinal disulphide bond forms
an 8-membered ring that bends the peptide backbone in an
unusually strained conformation and forms a “molecular plug” that
directly interacts with hydrophobic residues in the core of the
domain.67 This disulphide bond was therefore hypothesized to
stabilize the VWF A2 domain fold. Luken et al indeed showed that
when this disulphide bond is removed by mutagenesis, the VWF
A2 domain more readily unfolds and is more susceptible to
proteolysis by ADAMTS13.69 When VWF encounters elevated
rheologic shear forces, this “molecular plug” is pulled out,
allowing water molecules to enter and destabilize the hydrophobic
core resulting in VWF A2 domain unfolding (Figure 1D).

Of all the VWF A2 domains that are present in a long VWF
multimer, it is those in the middle that are most likely to unfold and
therefore be cleaved. Under shear the tensile forces that are applied
on VWF increase with the distance from the nearest end of the
multimer.38 This means that the force is highest in the middle, but
also that an VWF A2 domain in the middle of a large multimer is
more prone to unfolding than one in the middle of a short multimer.
This provides a mechanism that distinguishes VWF multimers that
need to be cleaved (larger ones) from those that do not (shorter
ones).

Zhang et al investigated the forces necessary to unfold the VWF
A2 domain using laser tweezers.38 They applied force to a single
VWF A2 domain and measured the increase in length at different
forces. They found that the VWF A2 domain typically unfolds at
approximately 11pN. Their analysis predicted that this tensile force
might correspond to that encountered in the middle of a free
flowing 200-mer VWF multimer in arterioles and capillaries. Apart
from during transit through arterioles and capillaries, such high
shear rates are also encountered when VWF is bound to platelets,
collagen or during secretion from endothelial cells. VWF bound to
platelets has indeed be shown to be more susceptible to cleavage by
ADAMTS13,70 and VWF multimers are cleaved by ADAMTS13
on secretion from endothelial cells.37

Zhang et al also found that when force was relaxed after domain
unfolding, the VWF A2 domains could refold.38 Refolding after a
high shear encounter in the circulation is probably important in
preventing excessive cleavage. Interestingly, the VWF A2 domain
contains a cis-proline (Pro1645) that when exposed to high forces
(eg, when VWF is bound to platelets) could potentially become a
trans-proline, which could last long enough (100-1000 seconds) to
delay refolding and, in turn, enhance the opportunity for proteoly-
sis by ADAMTS13. The biophysical balance between unfolding
and refolding represents a key determinant of VWF function.

The ADAMTS13 spacer domain binds to a
cryptic VWF A2 domain exosite that is
revealed on unfolding

Once the VWF A2 domain is unfolded, additional binding sites for
ADAMTS13 on VWF are revealed. To investigate where within the
VWF A2 domain these binding sites reside, short VWF A2 domain
fragments, such as VWF115 and VWF73, have been used as
substrates.68,71 C-terminal deletion mutants of these fragments
demonstrated that VWF A2 domain residues Glu1660-Arg1668
appreciably contribute to the cleavage of the Tyr1605-Met1606
scissile bond.71 Gao et al found that the ADAMTS13 spacer
domain binds to this sequence, referred to as a VWF A2 domain
exosite, and that deletion of either the spacer domain from
ADAMTS13, or deletion of the VWF A2 domain exosite reduced
cleavage of VWF73 by approximately 20-fold.72 Wu et al isolated
short peptides containing the VWF A2 domain exosite that were
able to inhibit cleavage of short substrates and of full-length
multimeric VWF.72,73 This VWF A2 domain exosite is cryptic
inasmuch as it is not exposed in the isolated folded VWF A2
domain or in globular VWF.62,69 Exposure of this cryptic exosite
requires the extraction of the adjacent molecular plug formed by
the vicinal disulphide bond, Cys1669-Cys1670 (Figure 1D) and

Figure 3. ADAMTS13 recognition of the VWF cleavage site. (A) Molecular model
of the ADAMTS13 metalloprotease (MP; light red) and disintegrin-like (Dis; yellow)
domains. (Inset) The active site cleft. Active site residues (Zn2� ion, its 3 coordinating
His residues His224, His228, and His234, as well as the catalytic Glu225 residue)
and disintegrin-like domain exosite residues are labeled. The high-affinity functional
Ca2�-binding loop is also marked. Regions of the metalloprotease domain that are
predicted to harbor the S3, S2, S1, S1�, and S2� subsites are labeled marked in
different colors. (B) Below the active site cleft, VWF A2 domain residues Leu1603-
Asp1614 are depicted as sticks and transparent spacefill. The P3, P2, P1, P1�, P2�,
and P9� residues in VWF that are important for proteolysis are labeled and colored
according to their predicted complementary subsites (S) in the metalloprotease
domain.
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uncoupling of the C-terminal �-helix in which residues Glu1660-
Arg1668 reside. As this region is predicted to unfold first, even
partial unfolding of the VWF A2 domain could be sufficient for the
spacer to bind.

Further insight into the nature of the ADAMTS13 spacer
domain exosite that binds this VWF A2 domain site came from the
study of autoantibodies that arise in acquired TTP. The ADAMTS13
Cys and spacer domains were shown to be the primary autoimmune
target in TTP.74 Using both monoclonal and polyclonal antibodies
isolated from patients with acquired TTP, Pos et al demonstrated
that ADAMTS13 spacer domain residues Arg660, Tyr661, and
Tyr665 represent a core binding site for autoantibodies.75 The
ADAMTS13 spacer domain residues Arg660, Tyr661, and Tyr665
reassuringly align as a surface cluster on the structure of the
noncatalytic domains,52 available for both antibody and VWF A2
exosite interactions75 (Figure 2B). Substitution of these amino
acids resulted in a 12-fold reduction in catalytic efficiency (kcat/Km)
of VWF115 proteolysis and a 25-fold reduction in VWF115
binding.75 This suggested that the core binding site for TTP
autoantibodies overlapped with a functional spacer domain exosite.
Jin et al used similar mutagenesis approaches and suggested that
Arg659 of ADAMTS13 might also contribute to ADAMTS13
spacer-VWF A2 interactions.76 Although ADAMTS13 can bind
globular VWF with a KD of � 80nM via interactions of the
C-terminal TSP and CUB domains, once VWF is unfolded this
binding increases appreciably (KD � 5-10nM) because of the
cooperative effects of the spacer domain and the C-terminal TSP
and CUB domains.

An interesting point is that, although the ADAMTS13 spacer
domain exosite undoubtedly engages with the cryptic VWF A2
exosite and is a major determinant of short substrate binding and
proteolysis, mutation of this exosite in full-length ADAMTS13
(rather than in the ADAMTS13 truncation, MDTCS) does not
greatly influence proteolysis of full-length multimeric VWF.75

Therefore, the interaction between the ADAMTS13 spacer domain
and the VWF A2 domain exosites makes a modest, rather than
pivotal, contribution to the proteolysis of full-length VWF. This
may suggest some functional redundancy between the spacer
domain and C-terminal TSP and CUB domain binding sites and
further highlights the importance of additional functional exosites
in both molecules.

The ADAMTS13 disintegrin-like domain
interacts with a VWF exosite to orient the
scissile bond toward the active-site

The shear induced extraction of the vicinal Cys1669-Cys1670 plug
from the hydrophobic core of the VWF A2 domain not only
exposes the VWF Glu1660-Arg1668 A2 domain exosite, but also
destabilizes the domain fold to enable exposure of additional
sequences that act as additional exosites. Gao et al used deletion
mutants of VWF73 to propose a number of discreet interactions
between ADAMTS13 domains and the VWF polypeptide.77 Simi-
lar conclusions were drawn by Akiyama et al based on their crystal
structure of the ADAMTS13 DTCS domains and functional
analyses of ADAMTS13 mutants.52 Both studies suggested that the
cysteine-rich domain contains a functional exosite that may interact
with residues adjacent to the VWF A2 domain exosite that binds the
spacer domain.52,77 However, at the time of writing, it is not yet
clear what the nature of this interaction is, or what its relative
contribution to the proteolysis of full-length VWF might be.

The role of the ADAMTS13 disintegrin-like domain was
investigated in detail by de Groot et al using both deletion and
substitution mutagenesis.78 A role for this domain had been
suggested by earlier reported domain deletion studies54,55 and
confirmed by de Groot et al.78 The use of molecular modeling and
sequence homology alignments with ADAMTS family members
helped identify potential exosite residues in this domain that might
make interactions with VWF. Kinetic analysis of point substitu-
tions revealed that mutation of Arg349 or Leu350 in the ADAMTS13
disintegrin-like domain reduced cleavage of VWF115 by approxi-
mately 10- to 20-fold because of both an increase in Km and
decrease in kcat, suggesting changes in both functional substrate
binding and substrate turnover.78 The effect of mutating this exosite
is very similar to the magnitude of the disruption of the spacer
domain exosite in proteolysis of short A2 domain fragments, but
appreciably greater when examining the proteolysis of full-length
multimeric VWF.75

The proximity of these amino acids in the disintegrin-like
domain to the active site in the adjacent ADAMTS13 metallopro-
tease domain (Figures 2B, 3A) suggested that they would likely
interact with VWF residues approximately 26Å C-terminal to the
scissile bond.78 Fortuitously, previous work by Zanardelli et al had
identified Asp1614 (located 9 residues C-terminal to the cleavage
site) in the VWF A2 domain as functionally important to the
cleavage of VWF115.68 Based on this, de Groot et al explored
whether Asp1614 in VWF forms a charged interaction with
Arg349. They showed that substituting either residue produced an
equivalent reduction in VWF115 cleavage, suggesting a mutual
and dependent interaction between these residues. This defined a
functional exosite on the ADAMTS13 disintegrin-like domain that
interacts with a complementary exosite on VWF involving Asp1614
and that this helps orientate the scissile bond toward the active
center of ADAMTS1378 (Figure 3).

Role of the VWF P1-P1� scissile bond
residues and the ADAMTS13 S1-S1� pockets

Notwithstanding the importance of the aforementioned remote
exosite interactions for binding and for guiding the substrate to the
active site of ADAMTS13, the metalloprotease domain itself must
also necessarily interact with the substrate in the vicinity of the
cleavage site and therefore harbor sites that contribute to scissile
bond specificity. Indeed, interactions between the metalloprotease
domain and VWF scissile bond have been demonstrated to be
critical for VWF proteolysis, as mutagenesis of the Tyr1605 (P1)
and Met1606 (P1�) residues to alanine predictably greatly reduce
proteolytic efficiency.79,80 The comparatively normal proteolysis of
VWF115 Tyr1605Phe and Tyr1605Trp variants79 demonstrated the
importance of the aromatic side chain of the P1 residue. Undoubt-
edly, the P1 and P1� residues must be accommodated in specific
complementary binding pockets on ADAMTS13. The ADAMTS13
S1 pocket that accommodates the P1 residue probably involves
hydrophobic residues Leu151 and Val195.80 Furthermore, molecu-
lar modeling has suggested that this may also be made up by
elements of the loop containing the high-affinity Ca2� binding site
(Figure 3).

Similar analysis using VWF115 Met1606Leu highlighted the
requirement for a large and hydrophobic amino acid in the P1�
position.79 The nature of the S1� subsite that accommodates the P1�
residue of the substrate has been recently investigated by de Groot
et al.81 This report showed that a VWF115 P1� variant, Met1606Ala,
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was proteolysed 15- to 18-fold less efficiently than wild-type
VWF115. However, when ADAMTS13 residues Asp252-Pro256
were substituted with the corresponding residues of ADAMTS1,
the variant exhibited ADAMTS1-like P1� specificity by efficiently
cleaving a VWF115 mutant with Ala at the P1� site.81 This strongly
implied that amino acids Asp252-Pro256 of ADAMTS13 are
important in shaping the docking site of the P1� (Met) residue of the
VWF scissile bond and contribute to the S1� pocket (Figure 3).

Positioning of the VWF scissile bond: role of
the P3 residue

It is interesting to note that, in the literature to date, most attention
has been paid to regions and residues of VWF that are C-terminal to
the cleavage site. This approach has successfully identified the
importance of the VWF cleavage site residues, the ADAMTS13
disintegrin-like domain binding site and the VWF A2 domain
exosite that binds the spacer domain. Xiang et al hypothesized that
another necessary feature of enzymatic cleavage of VWF must be a
docking point for ADAMTS13 that is N-terminal to the scissile
bond.80 They considered the cleavage susceptibilities of previously
reported short VWF A2 domain fragments that span the cleavage

site. One, VWF64 (1605-1668), cannot be cleaved by
ADAMTS13,77 whereas others, such as VWF73 (1596-1668),
VWF76 (1593-1668), and VWF115 (1554-1668) are all proteoly-
sed efficiently.68,71,82 The difference between the substrates that are,
and those that are not cleaved, resides in the sequence N-terminal to
the scissile bond. Therefore, Xiang et al conjectured that the
VWF1596-1604 sequence immediately N-terminal to the cleavage
site must contain a structural determinant that is essential for
proteolysis.80 Accordingly, by systematic substitution of all of the
amino acids in this region, they showed that VWF P3 residue,
Leu1603, has an essential role in proteolysis of the scissile bond,
and the adjacent P2 residue (Val1604) plays an additional minor
role. Remarkably, substitution of Leu1603 alone to Ser, Asn, or Lys
all reduced the cleavage efficiency, up to ADAMTS13 � 400-
fold.80 Molecular modeling identified candidate interacting resi-
dues for VWF Leu1603 on the surface of ADAMTS13 adjacent to
the active site. Mutagenesis studies identified ADAMTS13 resi-
dues Leu198, Leu232, and Leu274 as elements that together may
make up the S3 subsite (Figure 3).

Because the VWF P3 residue is functionally so important, it
suggested a role in the cleavage mechanism of the VWF scissile
bond. Xiang et al have proposed a model of cleavage in which the
VWF P3 (Leu1603), P2 (Val1604), and P9� (Asp1614) residues act

Figure 4. Proteolysis of VWF by ADAMTS13. VWF
circulates in plasma as a multimeric molecule (A) that
adopts a quiescent globular conformation. Each multi-
mer is composed of disulphide linked VWF monomers
(B). In its globular conformation, the A3 domain colla-
gen binding site is exposed. ADAMTS13 can bind to
this globular VWF via its TSP (5-8) and CUB domains
(C), step 1. This enables VWF and ADAMTS13 com-
plexes to form and circulate in plasma. Under elevated
shear forces (which can occur on secretion, collagen
binding, or passage through the microvasculature),
VWF can unravel to expose A1 domain binding site for
GPIb�. These shear forces also remove molecular plug
formed by the vicinal disulphide bond in the A2 domain,
which causes A2 domain unfolding (D), step 2 (see
Figure 1). This unfolding reveals cryptic exosites that
enable residues in the ADAMTS13 spacer domain to
bind to the unfolded A2 domain (E), step 3 (see Figures
1D, 2B). Thereafter, a critical low-affinity interaction
between D1614 and the Dis domain helps approximate
and position the cleavage site (F), step 4 (see Figure 3).
This enables further interactions between the MP
domain to occur, including an essential interaction via
an S3 subsite with L1603 in VWF (G), step 5 (see
Figure 3). Together, these interactions allow the MP
to engage via S1 and S1� subsites with the cleavage
site (YM; H), step 6, after which proteolysis can
occur, step 7.
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as docking sites on either side of the scissile bond.80 This brings the
P1 and P1� residues into position over the active site-coordinated
Zn2� ion and the catalytic Glu225 of ADAMTS13 for cleavage. A
model of the ADAMTS13 metalloprotease-disintegrin domains
aligned with the VWF sequence, including and surrounding the
scissile bond, is shown in Figure 3.

A multidomain, conformation-driven model of
VWF bond proteolysis by ADAMTS13

A summary model of VWF and ADAMTS13 interactions, encom-
passing binding at multiple sites, ultimately leading to scissile bond
cleavage can now be proposed that involves 7 potentially distinct
steps. Under normal physiologic conditions, VWF circulates in
plasma in a globular conformation in which the VWF A2 domain is
hidden within the core of the molecule. A binding site for
ADAMTS13 within the D4-cysteine knot domains of VWF is
nevertheless constitutively exposed, and a small proportion of
ADAMTS13 can reversibly associate with the globular protein
(step 1), with binding mediated by its TSP5-CUB domains
(KD � 80nM; Figure 4A-C). When shear forces begin to induce the
transition of VWF from a globular to a fibrillar conformation (ie,
when secreted, when tethered to the site of vessel injury by its A3
domain or during passage through the microvasculature under high
shear), additional exosite binding sites on VWF are revealed that
present themselves (step 2) to complementary sites on ADAMTS13.
The ADAMTS13 spacer domain recognizes residues VWF resi-
dues Glu1660-Arg1668 (step 3), revealed when the vicinal Cys
disulphide bond plug is extracted from the hydrophobic core of the
A2 domain. This increases the affinity of ADAMTS13 for VWF
(KD � 10nM). An ADAMTS13 disintegrin-like domain exosite
involving Arg349 recognizes a complementary exosite on VWF
composing Asp1614 in a critical, but low affinity, interaction (step
4). Thereafter, an essential contact is made between VWF Leu1603
and a complementary S3 subsite in ADAMTS13 involving Leu198,
Leu232, and Leu274 (step 5). Together, these interactions bring the

Tyr1605-Met1606 scissile bond over the ADAMTS13 active site.
This allows the P1 and P1� residues to engage with their respective
S1 and S1� subsite pockets, involving ADAMTS13 Leu151/Val195
(S1) and Asp252-Pro256 (S1�), respectively (step 6). Steps 3 to 6
can be envisaged to represent a “molecular zipper” that ends in the
precise delivery of the scissile bond to the active site. Once
cleavage has taken place (step 7), there is a consequent reduction in
affinity of protease and substrate, enabling the protease to recycle.

Location specific cleavage of VWF by
ADAMTS13

Three distinct locations of VWF proteolysis by ADAMST13 can be
considered: (1) newly secreted VWF strings from the endothelial
cell surface, (2) UL-VWF in free circulation, and (3) unraveled
VWF at sites of platelet plug formation (Figure 5). Although
proteolysis in each of these instances could fulfill a somewhat
different purpose, the cleavage reaction is driven by local shear
forces that reveal the VWF A2 exosites that enable productive
ADAMTS13 binding. That ADAMTS13 proteolysis is dependent
on shear-induced unfolding may seem paradoxical inasmuch as the
very unfolding process that is required for platelet tethering is also
the primary determinant of proteolysis that counteracts this func-
tion. However, the recent advances in our understanding of the
biochemistry of the interactions of ADAMTS13 and VWF have
provided a potential explanation for this.

Vessel damage exposes collagen, to which VWF binds and
subsequently unravels in response to shear forces. This, in turn,
allows circulating platelets to bind. The binding of GPIb� to VWF
occurs rapidly, involving both fast on- and off-rates that exceed the
rate of VWF proteolysis by ADAMTS13.39,83 It should be noted
that, despite the high-affinity binding of ADAMTS13 to VWF
(KD � 10nM), the Km for proteolysis is appreciably higher
(Km � 0.16-1.6�M).38,68,78,81 Moreover, at sites of vessel damage,
the presence of collagen and thrombin generated by activation of
the coagulation cascade can act as potent local activators of

Figure 5. Location of VWF cleavage by ADAMTS13. Cartoon depicting the sites of VWF proteolysis by ADAMTS13. (UL)VWF is synthesized by the endothelium and stored
within Weibel-Palade bodies (WPB; green). VWF multimers of various sizes, including UL-VWF, can be secreted directly into the circulation. (1) Alternatively, a proportion of
UL-VWF may attach to the endothelial surface during exocytosis and unravel in response to shear forces. Under such circumstances, the VWF A2 domain unfolds to enable
ADAMTS13 (red scissors) to cleave VWF and release the VWF string. Whether directly secreted or proteolytically released, VWF can adopt a globular fold in the plasma
circulation. However, during passage through the microvasculature, globular UL-VWF in free circulation will probably unravel (at least partially/transiently). (2) Such unraveling
permits the processing of the largest, most hemostatically active forms of VWF, resulting in their conversion to smaller plasma VWF multimers. Mutations in VWF that
precipitate type 2A von Willebrand disease are particularly influenced by such proteolysis. This group of mutations enhances the propensity of VWF to unfold in free circulation,
leading to excessive proteolysis and loss of hemostatically functional VWF. Conversely, ADAMTS13 deficiency results in the loss of such plasma processing. Under these
circumstances, platelets (Pl) can become bound to transiently unraveled VWF, leading to the accumulation of VWF-platelet aggregates that occlude the microvasculature, as
seen in patients presenting with TTP. At sites of vessel damage, endothelial damage results in exposure of subendothelial collagen. Plasma VWF binds to this, unravels, and, in
turn, recruits platelets. The presence of collagen and thrombin induces rapid platelet activation, which consolidates the platelet plug. Thrombin further stabilizes this through the
deposition of fibrin and the proteolytic inactivation of ADAMTS13. (3) Downstream of the site of injury (ie, in the absence of collagen and thrombin), VWF-platelet strings may
still be proteolysed by ADAMTS13, which in turn limits/regulates platelet plug formation. Low or reduced ADAMTS13 levels may impair this process and consequently influence
the pathophysiology of arterial thrombosis.
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recruited platelets that prompt further VWF-independent adhesion
and aggregation. These recruited platelets can thereby become
resistant to the consequences of ADAMTS13-mediated VWF
proteolysis. As the platelet plug develops, however, it grows
beyond the site of injury (and also the primary source of collagen
and thrombin). In these locations, although unraveled VWF may
tether platelets through GPIb�, binding is not consolidated as
effectively by the effects of collagen and thrombin. This probably
provides more time for ADAMTS13 to cleave VWF, and so
regulate platelet plug growth by confining it to the site of vessel
damage. This is further supported by the visualization of
ADAMTS13 function on the surface of developing thrombi using
whole blood flow models.84

The scenario is different for VWF that is either newly secreted
from the endothelium, or larger VWF multimers that are present in
free circulation, which may naturally unravel to expose their
GPIb� binding site. In these cases, such unraveling takes place in
the absence collagen or thrombin that could otherwise activate
bound platelets. As platelet tethering in these instances is not
consolidated by the effects of such agonists, and, furthermore, as
this process also promotes VWF A2 domain unfolding, the
proteolysis of VWF by ADAMTS13 can occur, albeit relatively
slowly. The consequent decrease in VWF multimer size reduces the

shear forces exerted on the proteolysed molecules, enabling them
to adopt a quiescent globular conformation. This plasma proteoly-
sis thereby counteracts the formation of unwanted platelet-rich
thrombi in the microvasculature, thrombi such as occurs in persons
with TTP/ADAMTS13 deficiency.
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