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ABSTRACT

ADAMTS13 regulates the multimeric size of Von Willebrand Factor (VWF) in plasma by
specific, shear-dependent proteolysis. Despite circulating in a seemingly proteolytically
competent form, and with a very long active plasma half-life, ADAMTS13 is specific for VWF,
and is resistant to plasma inhibitors. This unprecedented specificity has been attributed to
exosite interactions between the ADAMTS13 Spacer, Cysteine-rich, Disintegrin-like and
Metalloprotease domains and the unraveled VWF A2 domain, which serve to direct proteolysis.
[ hypothesized that one or more exosite interactions allosterically activate ADAMTS13 by
modulating the conformation of its active site, specifically shaping it to accommodate the VWF

scissile bond.

My first aim was to characterise the independent contribution of each ADAMTS13 exosite to
VWF binding and proteolysis. I generated a new VWF A2 domain fragment (VWF96) as a
substrate for ADAMTS13, with/without mutations that ablate each exosite interaction
separately. I developed a novel ELISA that specifically detects VWF96, and optimized protocols
for monitoring the kinetics of proteolysis. My data show that disruption of the Spacer and
Cysteine-rich domain exosite interactions reduces proteolysis by ~15-to-20-fold. These deficits
were due to reductions in VWF binding. Intriguingly, a remarkable role in proteolysis was
revealed for the Disintegrin-like domain exosite interaction; when ablated, this exosite caused
a ~780-fold reduction in proteolysis, due to a ~15-fold reduction in binding (Km), and a ~56-
fold reduction in substrate turnover (kcat), consistent with the existence of an allosteric link

between the Disintegrin-like domain exosite and the active site in the Metalloprotease domain.

ADAMTS13 was previously shown to adopt a folded conformation, maintained by inter-domain
interactions. My second aim was to characterise the mechanism by which anti-Spacer/anti-
CUB domain monoclonal antibodies unfold ADAMTS13, enhancing proteolysis. I showed that
the antibody-induced unfolding primarily enhances the substrate turnover (Kcat), rather than
substrate binding (Km), which would be consistent with an allosteric link between the non-

catalytic domains and the active site.

Taken together, these findings provide insights into the molecular mechanisms by which the
non-catalytic domains of ADAMTS13 influence the active site and confer specificity to VWF
proteolysis, and highlight the importance of conformational changes in ADAMTS13 to its

enzymatic function.
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1 INTRODUCTION

1.1 OVERVIEW OF HAEMOSTASIS

The term haemostasis is derived from the Greek words haema (aipa) that means blood, and
stasis (otdomng) that means to stop. It is a homeostatic process, involving complex interactions
between the vessel wall, plasma proteins, and platelets, and aims at maintaining
thrombohaemorrhagic balance (ie. maintaining the fluidity of blood while preventing its loss
from sites of vessel damage). Under normal conditions, the endothelial cells lining the blood
vessels are naturally antithrombotic (they present multiple components that assist in
inhibiting haemostasis on their surface). Upon damage to the vascular endothelium, exposure
of the thrombogenic subendothelial matrix (potent activators of haemostasis) and tissue
factor-exposing cells to the circulation initiates blood clotting to prevent blood loss from the
damaged site. The consequent haemostatic response can be divided into three phases; primary

haemostasis, secondary haemostasis and fibrinolysis.
1.1.1 Primary haemostasis

The key players in primary haemostasis are platelets, the multimeric glycoprotein von
Willebrand Factor (VWF) and collagen. Following vessel damage, primary haemostasis starts
with local contraction of the vasculature to reduce the blood flow at the site of damage. At the
same time, an unstable platelet plug forms to temporarily prevent bleeding. Circulating
platelets in their resting state display multiple glycoproteins (Gp) on their surfaces that are
important in recruiting platelets to the site of vessel damage to form the platelet plug. At low
shear rates platelets can interact directly (via GpVI and a2$1) with collagen present in the
subendothelial matrix. However, at higher shear rates, platelets can form transient interactions
(via their Gplba) with collagen-bound VWF, which reduces their velocity and allows more
stable interactions with collagen to take place. Collagen binding activates platelets, resulting in
the release of their granule content, including VWF. Endothelial activation at the site of vessel
damage also releases VWF. Release of endothelial- and platelet-derived VWF allows repeated
VWEF-platelet binding that is necessary to form the platelet plug. Activation of platelets also
activates their membrane integrin ambf33, which can interact with fibrinogen to facilitate
platelet aggregation and the platelet plug formation. During platelet degranulation potent
platelet agonists are released that amplify platelet activation within the growing platelet plug,

where collagen is not accessible. Primary haemostasis must be a regulated process so that the
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platelet plug does not grow indefinitely. The enzyme ADAMTS13 has the ability to regulate the
growth of the platelet plug by proteolysing VWF and restricting platelet accumulation to the

site of vessel damage.
1.1.2 Secondary haemostasis

Secondary haemostasis, or coagulation, is a proteolytic cascade involving the sequential
activation of numerous enzymes (coagulation factors) from their circulating zymogen or
procofactor form. The endpoint of this haemostatic phase is the generation of thrombin, which
converts fibrinogen into fibrin, stabilising the haemostatic clot. At the site of vessel wall
damage, tissue factor (TF) is exposed to the circulation, which can interact with coagulation

factor VIla (FVIIa) and initiate the coagulation cascade through activation of FIX and FX.

Coagulation is highly dependent on assembly of coagulation complexes on negatively charged
phospholipid surfaces. Part of platelet activation within the growing plug is the conversion of
their membrane into negatively charged surfaces (by presenting phosphatidylinositol and
phosphatidylserine). These negatively charged phospholipid surfaces of activated platelets act

as cofactors for the activation of coagulation factors and the propagation of coagulation.

Coagulation is very tightly regulated/coordinated. There are three anticoagulant pathways
ensuring regulated coagulation, namely tissue factor pathway inhibitor (TFPI), antithrombin

and protein C pathway. These inhibit different stages during coagulation.
1.1.3 Fibrinolysis

Formation of the blood clot enables the prevention of blood loss from the site of vessel damage
while allowing wound healing. The clot is a transient structure and is eventually dissolved by a
process called fibrinolysis. This is catalysed by the enzyme plasmin. Plasmin proteolytically

degrades the fibrin within the clot into fibrin degradation products.

Thorough understanding of the molecular mechanisms that underpin the haemostatic system
is important, as pathological situations (such as inflammation, trauma, surgical intervention,
infection, haematological disorders, hypoxia, etc.) can challenge the haemostatic balance and
cause thrombotic or bleeding complications. For example, it is well established that
dysregulation of the VWF-ADAMTS13 axis can distort the haemostatic balance and cause both

thrombotic and/or bleeding complications. As a result, the interaction between ADAMTS13
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and VWF has been extensively studied over the last three decades. This thesis focuses on the

molecular mechanisms that dictate the recognition and proteolysis of VWF by ADAMTS13.
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1.2 VWF MOLECULE/STRUCTURE
1.2.1 VWF gene expression

Human VWF was sequenced in 1984. The gene is ~180kb and located on chromosome 12
(12p13.2). Out of a total of 52 exons, exon 1 is the 5’ untranslated sequence, exons 2-18 encode
the signal peptide and propeptide, and exons 19-52 encode the mature VWF protein.
Expression of VWF only occurs in endothelial cells(t) and megakaryocytes.(3) This cell type
specificity is the result of transcriptional regulation, controlled by a 734bp promoter region (-
487 to +247 relative to the transcription start site).(4-12) VWF is differentially expressed in

endothelial cells of different vascular beds and tissues.(13-16)
1.2.2 VWF domain organisation and structure

The primary structure of the translated VWF mRNA consists of 2813 amino acids (aa); a 22aa
signal peptide, a 741aa propeptide and a 2050aa mature subunit.(17) Figure 1-1 illustrates how
VWF is organised into different domains. The propeptide is made up of the D1 and D2
assemblies, and is followed by the mature subunit, which is organised into the D’D3
assemblies, three A domains (numbered Al to A3), the D4 assembly, six C domains and the C-
terminal cystine knot (CTCK).(18) VWF multimerises intracellularly during synthesis, and its
multimeric size dictates its ability to exist in either a globular fold or an unravelled string-like
structure.(1% 20) The globular conformation is adopted through weak intra-molecular
interactions (hydrogen bonding). The transformation into an extended molecule is reversible
and depends on rheological forces; this ‘mechanically switchable’ conformational transition
has crucial physiological/pathophysiological implications.(21. 22) The multidomain, modular
structure of VWF subunits facilitates a range of physiological functions, including biosynthesis,
post-translational modifications, dimer-/multimerisation, intracellular trafficking, storage,

secretion, haemostasis and more.
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Figure 1-1 Domain organisation of VWF.

The D assemblies are made up of different modules, namely the VWD, C8, TIL and E and D4N. The D1D2
domains make up the propeptide, which is subject to furin cleavage. Dimerisation of VWF monomers
depends on inter-molecular disulphide bond formation between the CTCK domains. Multimerisation
depends on disulphide bond formation mediated by the N-terminal D assemblies. The plasma
metalloprotease ADAMTS13 interacts with binding sites and cleaves the scissile bond within the VWF

A2 domain, subject to A2 domain unravelling. VWF domains make functional interactions with multiple
ligands, which are included in brackets.
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1.2.2.1 VWF D regions

D regions are four distinct assemblies, namely the D1, D2, D’D3 and D4 assemblies. They have
been termed assemblies, rather than domains, since they are made up of different modules,
namely the Von Willebrand D (VWDn"), 8-cysteine (C8"), trypsin inhibitor-like (TIL") and
fibronectin type 1-like (E?) modules, which are present in each assembly in this order (see
Figure 1-1). The modules are numbered (n) to refer to the assembly they belong to (eg. VWD1,
C81, TIL! and E! belong to the D1 assembly). The D’ lacks a VWD’ and a C8’, while the D4
assembly lacks the E* module but possesses a unique segment, D4N, which is disulphide
bonded N-terminally to the VWD# Electron microscopy analysis showed that D assemblies
have a lobular structure. The correct folding of the modules within each D assembly seems to

be interdependent, as their expression is only successful when all modules are present.(18)

The very large propeptide (D1 and D2 assemblies, 741aa) is not part of the mature protein as it
is, eventually, proteolytically removed by furin in the trans-Golgi network.(23-25) [t is important
for intracellular processing; it is directly involved in the multimerisation and storage of VWF,
even when expressed in trans. For effective multimerisation, Weibel-Palade body (WPB)
(endothelial-specific organelles that store VWF multimers prior to secretion, see section

1.2.3.2) formation and storage to take place, both D1 and D2 domains need to be present.(17,26-

31)

The D’'D3 assemblies are also critical for the multimerisation of VWF dimers (D1-D3 assemblies
are the only VWF regions involved in multimerisation).32) Cysteines in D1D2, and two
cysteines in D3 (C1099 in C83 and C1142 in TIL3) participate in an oxidoreductase mechanism
that facilitates ‘head-to-head’ N-terminal multimerisation of VWF dimers.(33-35) D1-D3
assemblies are also the minimum requirement for WPB formation and storage.(36:37) The D'D3
assemblies in mature VWF also bind and stabilise coagulation Factor VIII (FVIII) in

circulation.(38-40)

The D4 assembly might form non-productive interactions (interactions that do not lead to
proteolysis) with ADAMTS13, which are thought to prime ADAMTS13-mediated proteolysis(41
42) and to induce a conformational change in ADAMTS13 that enhances its activity (see section

1.8.1).(43-46)
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1.2.2.2 VWF A domains

Von Willebrand A (VWA) domains are found in multiple proteins and are implicated in ligand
binding in various processes, including haemostasis (A domains in VWF), the complement
system (A domain of complement protein component C2a), cell adhesion (I domain in
integrins) and cell surface receptors for anthrax toxins. VWA domains commonly have a central
B-sheet, which is flanked by amphipathic a-helices. A common structural feature of these
domains is a metal ion-dependent adhesion site (MIDAS) motif, which coordinates a Mg2* at
the C-terminus of the (-sheet, and facilitates interactions with ligands.(#7) The structures of all
A domains in VWF have been solved by X-ray crystallography,(#8-54) and show a similar
arrangement of a central (3-sheet (made up of six 3-strands) and surrounding a-helices. Unlike
other VWA domains, the A domains in VWF do not possess a classical MIDAS motif to
coordinate a metal ion (the VWF A2 domain coordinates a Ca?* in a different fashion), and they
form interactions with their ligands at a different site in the domain. Both VWF A1l and A3
domains have an intra-domain long-range disulphide bond that stabilises the domain
conformation; the absence of this disulphide bond in the VWF A2 domain accounts for
increased domain flexibility, lower stability and the propensity to unfold, which are crucial to

the regulation of VWF function by ADAMTS13.(47, 55, 56)
VWF A1 domain

In the initial stages of haemostasis, the A1 domain forms a well-characterised interaction with
platelet Gplba receptors, which results in platelet tethering to the site of vessel damage.(57-61)
The Gplba-binding sites in A1l are naturally cryptic when VWF is globular, due to intra-
molecular shielding by the D’D3 domains and the A2 domain, and become exposed when VWF
unravels.(62-66) The crystal structure of the A1 domain (see Figure 1-2) shows two points of
contact between VWF A1 and platelet Gplba, which are electrostatic interactions between
oppositely charged sites in the two molecules. For the first interaction, the A1 domain a3 helix,
a3p4 loop and (3 strand interact with the (-switch around the leucine-rich repeats (LRR)5-8
of Gplba. The second interaction involves the A1 domain loops a1B2, f3a2 and a34 and the (-
finger around the Gplba LRR1.(52,59,60,67,68) A third point of contact between the A1 domain
and central LRR’s in the Gplba was predicted, as a result of a proposed shear-induced
conformational change in the A1 domain.(6% 70) Other binding partners of the A1 domain

include collagen(71-83) and heparin.(73-79)
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VWF A1 domain
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Figure 1-2 The crystal structure of the VWF A1 domain (cartoon view)
The binding sites that interact with Gplba are coloured red. The intra-domain, long-range disulphide
bond (C1272-C1458) is coloured yellow. The structure was obtained from (67) and adapted.
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VWF A2 domain

The VWF A2 domain is a structurally and functionally unique VWA domain. Unlike VWF A1, A3
and other VWA domains, it does not have an a4-helix but an ‘a4-less’ loop instead. It also lacks
the intra-domain long-range disulphide bond seen in VWF A1l and A3 domains.(5%84) These
features explain the ability of this domain to unfold.(21,55.56) On the other hand, the VWF A2
domain uniquely possesses a vicinal disulphide linkage (C1669-C1670), a Ca*-binding site
(D1498, D1596, R1597, A1600 and N1602) and the N-linked glycan at N1574(54 85-87) (3]]
annotated on Figure 1-3), which increase its thermostability and stabilise its globular
structure, resisting the unfolding until a tensile force threshold is reached. A functional role in
the domain’s conformational stability was inferred for the N-linked glycan N1515, as loss of the
glycan enhanced the clearance of VWF, but not when the domain was structurally constrained
by introducing a long-range disulphide bond C1493-C1669.(88) These properties, therefore,
make it a force-sensing domain, and the shear forces acting on it in the circulation determine
whether it unfolds or not.(53.85,89,90) The conformational transition of the VWF A2 domain
contributes to the extension and flexibility of the VWF multimers in a string-like arrangement
that is a prerequisite for primary haemostasis to occur. Most importantly, the VWF A2 domain
contains the cleavage site, as well as multiple interaction sites for ADAMTS13, which are only
exposed for proteolysis upon domain unfolding.(5%56) How the conformation of the A2 domain
dictates the haemostatic function of VWF and the balance in the VWF-ADAMTS13 axis will be

discussed in section 1.8.2.
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VWF A2 domain

A8n1574

Asn1515

Figure 1-3 The crystal structure of the globular VWF A2 domain (cartoon view)

The scissile bond Y1605-M1606 (red), is buried in the centre of the globular A2 domain. The N-linked
glycosylations (green), the Ca2?+-binding site (teal) and the vicinal disulphide bond C1669-C1670
(vellow) stabilise the globular fold of the domain, until a tensile force threshold is reached. The
structure was obtained from 53) and adapted.
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VWF A3 domain

The structure of the VWF A3 domain resembles that of the VWF A1l domain. It has a similar
fold, it lacks the MIDAS motif seen in the VWA domains of integrins, it does not lack the a4
helix and it has an intra-domain long-range disulphide bond (see Figure 1-4).(47. 84) [ts
importance in forming physiological cation-independent interactions with collagen during
primary haemostasis has been established. For these, the residues Q1734, 11738, T1740, 11741,
D1742, P1744, V1760, E1764, F1776, Y1780, S1783 and H1786 were shown to be important.

All interacting residues are located at the front face of the domain.(83,91-97)

VWF A3 domain

Collagen
binding
residues

Figure 1-4 The crystal structure of the VWF A3 domain (cartoon view).

The binding sites in the VWF A3 domain that interact with collagen are coloured red. The intra-domain,
long-range disulphide bond C1686-C1872 is coloured yellow. The structure was obtained from ©7) and
adapted.
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1.2.2.3 VWF C domains

The VWF C domains are six tandem homologous domains (C1 to C6), which were only recently
annotated as distinct domains in the VWF structure.(18) These domains are rich in cysteines
and form multiple intra-domain disulphide linkages. In C1-C6, there are nine unpaired
cysteines in total, which have been shown to be important for the secretion of VWF.(98)
Electron microscopy identified that VWF dimers form a bouquet-like structure in the Golgi (see
section 1.2.3.2)(Figure 1-5). In this bouquet, the C domains form the stem (~32nm) as a result
of non-covalent inter-subunit interactions between the same C domains (C1-C1’, C2-C2’
etc.).(18) The physiological function of the C domains is not clear. It is likely that they are
structural components that make VWF long and flexible, and in combination with the lack of a
hydrophobic core, they allow for the rope-like structure of VWEF.(18,99,100) The C4 domain
contains an RGD sequence that can bind the activated ambf3 integrin on platelets, and is

implicated in the platelet plug formation during primary haemostasis.(18, 101, 102)

683

Figure 1-5 The D4-CK domains of VWF in complex with a3, arranged in a dimeric
bouquet structure.

The C1-C6 domains of one monomer form non-covalent, inter-subunit interactions with the respective
C1’-C6’ domains of the second monomer in the same dimer. One o33 interacts with the RGD sequence
of each of the C4 domains in the dimer.

24



1.2.2.4 VWF CTCK domain

CTCK domains are found at the C-terminus of various extracellular proteins, including the
transforming growth factor-f, mucins and norrie disease protein. CTCK-containing proteins
are typically known to form homo- or heterodimers. The CTCK also causes the proteins to
adopt a folding that resists a globular conformation, exposing hydrophobic residues that
mediate protein-protein interactions.(103,104) The CTCK domain in VWF possesses 11 cysteines,
eight of which involved in intra-chain disulphide linkages. The remaining three cysteines are
oxidized into three inter-chain disulphide bridges in the endoplasmic reticulum (ER) resulting
in ‘tail-to-tail’ dimers with their long axes anti-parallel.(18 105, 106) Along with the C1-C6
domains, the CTCK domain forms the base of the stem in the bouquet-like homodimeric

structure of VWF in the acidic compartments of the cell (Figure 1-5).(100)

1.2.3 VWF biosynthesis

VWEF biosynthesis and secretion are summarized in Figure 1-6.

1.2.3.1 VWF post-translational modifications and intracellular trafficking

The product of translation is preproVWF, which contains the signal peptide and the
propeptide. After the signal peptide guides preproVWF to the ER, it gets cleaved, generating a
260kDa protein termed proVWF, which still has its propeptide covalently linked. ProVWF is N-
linked glycosylated with high mannose carbohydrates (16 N-linked glycosylation sides; three
in the propeptide and 13 in the mature monomer).(197) Dimerisation then occurs, involving
‘tail-to-tail’ covalent disulphide linkage of two proVWF molecules at the CTCK domains.(105,108,
109) In the Golgi, proVWF is O-linked glycosylated at 10 sides,(197) and its N-glycans further
processed to convert high mannose carbohydrates into complex carbohydrates. The processing

of the N-linked glycans increases the molecular weight of proVWF to 275kDa.(109)

Multimerisation takes place in the low pH environment of the trans-Golgi network (TGN), and
is independent of dimerization.(32) This occurs by inter-dimer disulphide bonds between the
D3 domains of the proVWF dimers, in parallel orientation, and the two cysteines C1099 (in
C8%) and C1142 (in TIL3) are important in the oxidoreductase mechanism.(33. 349) The
propeptide, D1-D2, is indispensable in the multimerisation. The mechanism of its involvement
is similar to protein disulphide-isomerases; in the ER, propeptide cysteines facilitate transient

intra-molecular disulphide bonds with the D3 domain that are later rearranged to permanent
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multimeric bonds between the inter-dimer D3 cysteines. Furthermore, evolutionarily
conserved His residues in the propeptide participate in the pH-sensing mechanism that drives
multimerisation. Initially, the propeptide is still covalently linked to the mature subunit.
Concurrently to multimerisation, furin proteolytically removes the propeptides, generating
multimers constituted by mature subunits, which are now 220kDa. The propeptide remains

non-covalently associated to the mature VWF and can still promote multimerisation in

trans.(23-25,28-30, 33, 35,108-113)

1.2.3.2 VWF storage and secretion

After post-translational processing, the VWF multimers are stored in the WPB, which are
endothelial-specific, cigar-shaped organelles.(114.115) This maintains an intracellular pool of
VWF that is releasable upon stimulation.(198) The D1-D3 domains are the minimum
requirement for WPB formation.(36:37) Both D1-D2 propeptide domains need to be present for
successful WPB formation and storage.(30,116,117) The propeptide signals for multimerisation

and storage are independent.(29)

A model of the WPB formation has been proposed.(84100) The lower pH of the Golgi favours the
adoption of bouquet-like structures, as a result of non-covalent association between the CTCK-
A2 domains of two monomers within a dimer; the A2, A3 and D4 resemble the flower, and the
C1-6 and CTCK domains form the stem (Figure 1-5).(100) The VWF multimers assemble in a
helical tubular fashion, with a high degree of organization and folding, and bud off to form

WPB. (84, 118-120)

VWEF circulates in plasma at 5-10pg/ml and has a half-life of ~12 hours.(121,122) [t is secreted
from endothelial cells via three pathways: the constitutive pathway (non-stimulated
basolateral secretion of mainly low molecular weight VWF multimers not packed in WPB), the
basal pathway (apical secretion of WPB-derived VWF in the absence of stimulus) and the
regulated pathway (secretion of WPB-derived VWF following a stimulus).(123) Upon a
haemostatic stimulus (eg. thrombin, histamine), different modes of regulated WPB exocytosis
are believed to occur; single WPB exocytosis (fusion of one WPB with plasma membrane), or
multigranular exocytosis (intracellular homotypic fusion of several WPB to form a secretory
pod containing pooled VWF).(124) During WPB content release, VWF has the potential to form
platelet-coated strings on the endothelial cell membrane, which are made up of multiple

multimers arranged in networks. The formation of these strings on the endothelial cell is
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dependent on the tubular structure of VWF within the WPB.37) ADAMTS13 prevents the

persistence of such strings.(125)

VWEF is also synthesized in megakaryocytes.(?:3) Like endothelial cells, megakaryocytes can
secrete VWF constitutively, or store it for regulated secretion. Megakaryocyte-derived VWF is
stored in platelet a-granules, where it adopts a tubular arrangement that resembles the WPB.

This pool of VWF is only released upon platelet activation, contributing to clot formation.(26,

127)

WPB-(123,128) and a-granule-derived(129 VWF is composed of a range of multimeric species, but
contains a higher proportion of unusually large multimers, which is estimated to reach up to
~100-200 subunits.(17:19-21,56) Such enormous species, termed ultra-large VWF (ULVWF), are
potent haemostatic activators. Since the multimeric size of VWF is not well regulated at the
level of synthesis, this necessitates regulation in plasma; proteolytic regulation by ADAMTS13
in plasma ensures that ULVWF multimers do not accumulate in the circulation. How the
enhanced haemostatic potential of ULVWF, as well as the proteolytic regulation by ADAMTS13,

are manifest will be discussed in later sections.
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Figure 1-6 The polarity of the different endothelial VWF secretion pathways.

WPB-derived VWF is secreted apically, either following a stimulus (regulated pathway), like thrombin
or histamine, or in the absence of stimulus (basal secretion). Apically secreted VWF is composed of
higher molecular weight multimers. Lower molecular weight VWF that is not derived from WPB is
secreted constitutively at the basolateral side of the endothelial cell, and is a natural constituent of the
subendothelial matrix.
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1.3 VWF FUNCTION

VWF has two main functions in haemostasis. Firstly, it is a key player in primary haemostasis,
facilitating the formation of the platelet plug. Secondly, it is the carrier molecule for FVIII in

circulation, which has implications in the coagulation cascade.

1.3.1 Primary haemostasis

The role of VWF in primary haemostasis is summarised in Figure 1-7.
1.3.1.1 Platelet adhesion/capture

Damage to the vessel wall results in extravascular structures (ie. the subendothelial matrix or
deeper tissues) becoming exposed to the circulation. Thrombogenic extravascular molecules,
such as collagens that are normally not in contact with blood, initiate primary haemostasis. The
very first event after vessel damage is platelet attachment to these thrombogenic surfaces, and
this can be either VWF-independent or VWF-dependent. Platelets can form interactions with
collagen directly, independent of VWF. These interactions have been shown to rely on the
platelet collagen-binding receptors GpVI(130-133) and o3231.(131-135) With the help of synthetic
receptor-specific collagen fragments, a primarily signaling role in platelet activation was
assigned to GpVI at all shear conditions, whereas an adhesive role at low shear conditions was
demonstrated for az[31.(136) Interactions of platelets with other extravascular substrates, such
as laminin (via GpVI and asf1) and fibronectin (via asp1 and activated ainf33),(137) as well as
fibrinogen found within the growing plug (via non-activated aubf33),(138 1390 have been
described.(68,137,140) As these interactions cannot withstand higher shear forces, they can only

mediate tethering at lower venous shears.

At elevated shear rates, it is now established that the primary mode of initial platelet
recruitment to the site of vascular injury is VWF-dependent, with an absolute requirement of
the interaction between platelet Gplba and the A1 domain of VWEF.(57-61, 101,141, 142) Sp]uble
VWEF (circulating in plasma) localises at the site of vessel damage in various ways. Firstly, VWF
can sense the site of vessel damage and becomes immobilised by interacting with exposed
collagen. For this to happen, the VWF Al and A3 domains(143, 144) interact with multiple
collagen types, such as I, 111(76,91-95,97,145,146) [V(71) and VI(83,147,148), To date, no study has
concluded on the relative importance of the Al- and A3-mediated interactions with the

different collagens, but immobilisation of VWF is likely to be a complex process, where all the
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types of interaction characterised act synergistically.(81) Although other extravascular
molecules could potentially interact with soluble VWF, none was proven to be physiologically
important, leaving collagen as the most likely candidate for immobilising VWF. In response to
endothelial cell and platelet activation as a result of a haemostatic trigger, VWF can also be
released from WPBs and a-granules, respectively, which contributes to platelet adhesion to the
site (see regulated pathway in section 1.2.3.2).37) Basolaterally secreted VWF (through the
endothelial constitutive secretion pathway) is a natural constituent of the endothelial
extracellular matrix and becomes exposed when the vessel wall is impaired. Direct interactions
have been reported between platelets and VWF within the extracellular matrix, but the

physiological haemostatic relevance of this type of platelet adhesion is not clear.

High shear rates are important for VWF-dependent platelet adhesion. Following
immobilisation, VWF undergoes a shear-dependent conformational change, in which its
globular structure unfolds to a more extended, string-like arrangement.(21 22, 36, 37, 84) Thijs
exposes the platelet Gplba binding sites within the VWF A1 domain (previously shielded by the
D’'D3 and A2 domains), which enables VWF to interact with circulating platelets.(62-66) Apart
from overcoming the intra-molecular shielding, shear rates were shown to have another, more
direct role in this interaction. Increasing shear stress activates Gplba, by inducing a
conformational transition that changes its $-switch from a loop to a hairpin; this increases its
affinity for the VWF A1 domain.(149.150) More recently, it was shown that the tensile force can
also change the VWF A1 domain conformation, modulating its affinity for Gplba in a ‘two state
flex-bond’ fashion. The first state of this interaction is between the Gplba 3-switch and B-finger
regions with different sites on the VWF A1l domain, and takes place at lower shear rates. As
shear rates increase, the VWF Al domain undergoes a conformational change, forming a

second state interaction with a higher affinity site within Gplba LRR2-4.(69,70)

The VWF Al-platelet Gplba dissociation rate is relatively fast, which means that binding is
transient and cannot sustain firm and stable platelet adhesion.(*51) The fast on and off rates of
the Gplba bonds give platelets a characteristic tethering or rolling movement over immobilised
VWF in the same direction as the flow.(136,138,151,152) The Gplba-A1l interaction is the only
interaction that can occur at high shear rates to enable subsequent platelet adhesion. This is
vital to stop bleeding at locations of naturally elevated shear rates (eg. arterioles).
Furthermore, the narrowing of a vessel lumen during haemostasis (due to obstruction from the

growing thrombus and vasoconstriction) necessitates an adhesion mechanism that can resist
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the consequent higher shear rates.(137) While the first layer of VWF is immobilised by
interacting with collagen, subsequent layers of VWF in the growing plug are immobilised by

interacting with VWF and platelets.
1.3.1.2 Platelet stable adhesion, activation and aggregation

As already stressed, the platelet Gplba-VWF A1l interaction is crucial for transient platelet
adhesion under high shear rates and does not require platelet activation to occur. As it cannot
sustain stable platelet adhesion, platelets roll over the immobilized VWF surface.(138,151) The
velocity of rolling platelets is reduced, allowing interactions that require lower shear rates to
take place. Such interactions include platelet az2f31 with collagen,(153) and platelet GPVI with
collagen,(54) and are necessary for stable platelet adhesion and optimal VWF-dependent
response.(133,136) Platelet Gplba is also a mechanosensitive domain that undergoes a shear-
induced conformational change upon VWF Al binding that induces platelet activation
signals.(155) Together with the azB1- and GPVI-mediated signaling, they contribute to the
activation of platelet aunf33; this integrin can now form essential interactions to facilitate stable
platelet adhesion, platelet aggregation, and platelet plug and thrombus formation.(136,140, 141,
156, 157) The ligands for oumB3 that support inter-platelet linkage and aggregation include
fibrinogen,(138, 158-161) fjbrin,(162) and VWF (via the C4 domain RGDS).(158, 163-170) Activated

platelets secrete more VWF that can contribute to stabilising the clot.(129,171)
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Figure 1-7 Haemostasis

(A) Healthy vessel, with intact endothelium and circulating resting platelets and globular VWF. (B)
Upon vascular damage, thrombogenic extravascular molecules (eg. collagens) become exposed.
Globular VWF interacts (via the VWF A1 and A3 domains) with exposed collagen, becomes immobilised,
and undergoes shear-induced unravelling. This exposes the VWF A1 domain binding sites, which can
interact with platelet Gplba receptors under high shear rates and cause platelet adhesion. The VWF A1-
Gplba interactions are transient, giving platelets a rolling movement along the unravelled VWF. (C) At
the inner layers of the growing thrombus, direct interactions of platelets (via GPVI and azf31) with
collagen transduce activation signals. As a result of this, as well as activation signals following the
conformational change of Gplba, platelets become activated, change shape and release their granule
content, which includes VWF (contributing to stabilising the clot) and more platelet activators (that
induce platelet activation at the outer layers of the thrombus, where collagen is not available). Platelets
aggregate as a result of inter-platelet interactions (crosslinking of au33 by fibrinogen and VWF). More
VWF immobilisation and platelet adhesion takes place at the outer layer of the thrombus. (D) Activated
platelets present negatively charged phospholipid surfaces, which act as cofactors for the coagulation
cascade. The end-product of coagulation, fibrin, stabilises the thrombus.
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1.3.1.3 VWF multimeric size and function

The multimeric composition of VWF in circulation is heterogeneous, meaning that VWF
circulates in a range of multimeric sizes (Figure 1-8). As already explained, the different
secretory pathways secrete VWF of different molecular weight multimers. Endothelial-derived
VWF that is constitutively secreted is of relatively lower multimeric size. In contrast,
endothelial WPB-derived VWF, secreted apically, either basally or upon stimulation,(123,128) 35
well as VWF found in platelet granular content,(129) are of higher multimeric size (including
ULVWEF). From this, it is inferred that multimerisation of VWF is a heterogeneous process,
yielding a range of VWF multimers. Furthermore, cleavage by ADAMTS13 upon VWF secretion
and/or in circulation also creates VWF multimers of varying molecular weights (see section

1.6).

The multimeric size of VWF positively correlates with its haemostatic function; the larger the
VWF multimers are, the greater the prothrombotic activity they possess. Larger multimers
have higher binding affinity to collagen and extracellular matrix,(172:173) as well as to platelet
Gplba and amnbf3 receptors.(13% 174, 175) Two mechanisms exist to explain this phenomenon.
Firstly, larger VWF multimers have more platelet and collagen binding sites. This increases the
local concentration/density of the domains available for binding, giving a multivalent nature to
these interactions. Secondly (and probably most importantly), the tensile force acting on the
molecule increases exponentially with increasing multimeric size;(56) as a result, ULVWF is
more prone to unravelling, exposing its platelet-binding sites in the A1 domains. In fact,

ULVWEF can be adhesive even in the absence of shear stress.(139,176)

In pathological settings, a shift of equilibrium towards smaller or larger VWF multimers can
cause bleeding disease (Von Willebrand disease, see section 1.4) or a thrombotic
microangiopathy (Thrombotic Thrombocytopenic Purpura, see section 1.7.1), respectively. It is,

therefore, vital that the multimeric composition of VWF is constantly regulated.
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Figure 1-8 The multimeric size composition of VWF in plasma

Analysis of the multimeric composition of VWF by electrophoresis on 1% agarose gel. Each band
corresponds to a linear VWF multimer molecule of different multimeric size. Densitometry was used for
estimation of the relative percentage of low molecular weight VWF multimers (LMW, ~35%), mid-
range molecular weight VWF multimers (~40%), higher molecular weight VWF multimers (HMW,
~22%) and unusually large VWF multimers (~3%) in circulation. VWF exists as a range of differently
sized multimers, mainly as a result of the heterogeneity of the multimerisation process. Higher
molecular weight multimers have increased haemostatic potential, due to possessing a greater number
of collagen and platelet binding sites, as well as due to higher propensity to unravel. The figure was
taken from (177) and adapted (For permission, see Table B Appendix II).
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1.3.1.4 Factor VIII

VWF is a carrier for FVIII in circulation through non-covalent high affinity bonds (Kp=0.2-
0.5nM) involving the VWF D’D3 domains, with a stoichiometry of one FVIII molecule per 50-
100 VWF subunits.(39 40, 178-180) Thjs association is negatively regulated by the VWF D1D2
propeptide, as its proximity to D’ may cause steric hindrance.(181-183) VWF binding enhances
the stability and half-life of FVIII in the circulation, mainly via an immunoprotective effect,
where VWF prevents the uptake of FVIII by dendritic cells.(184) Another way VWF offers
stability is by preventing FVIII cleavage by proteases. VWF association prevents FVIII binding
to phospholipids (phospholipid membranes act as cofactors for the proteolysis of coagulation
factors),(185.186) and /or hinders protease binding sites, thus protecting FVIII from APC/Protein
S-,(179, 187-191) FXa- and FIXa-mediated proteolysis.(192:193) The physiological importance of
VWEF for FVIII function is apparent in the moderate haemophilia-like phenotype as a result of
the functional deficiency of VWF in Von Willebrand disease (VWD)(see section 1.4). In type 3
VWD patients (quantitative deficiency of VWF), the FVIII levels are low, and are elevated
following administration of VWF.(194.195) [n type 2N VWD, mutations ablate FVIII binding to
VWEF, causing moderate haemophilia-like symptoms through FVIII clearance, while levels of
VWF are normal.(196) Interestingly, FVIII binding to VWF seems to enhance VWF cleavage by
ADAMTS13.(197,198)

1.4 VON WILLEBRAND DISEASE

Von Willebrand disease (VWD) refers to the inherited or acquired deficiency of VWF associated
with a bleeding phenotype. The bleeding pattern is mainly mucosa-associated, including
epistaxis, bruising, menorrhagia, haematoma, bleeding from minor wounds, and surgery- or
trauma-associated bleeding, and varies according to sex and age, but also the severity of VWF
deficiency. Unlike haemophilia, internal and joint bleeding is uncommon, but can be a type-
specific symptom. VWD is divided into several types according to the causal mutations in the
VWF gene, the pathophysiology and bleeding phenotype. Mutations are characterised by
autosomal inheritance, and can have a dominant effect due to multimerisation. Rarely, VWD
can be acquired; this can be due to excessive antibody-mediated VWF clearance, antibody-
mediated interference with VWF functions (platelet or collagen binding), increased high
molecular weight VWF multimer adsorption to abnormal cells associated with haematologic

disorders (eg. myeloma cells), or excessive VWF proteolysis caused by high shear rates
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associated with aortic valve stenosis (Heyde’s syndrome).(19%,200) Diagnosis of VWD is based on
bleeding symptoms and family history of bleeding, as well as laboratory analysis of VWF and
FVIII levels and function. Treatment strategies include administration of desmopressin to
stimulate WPB release of VWF and FVIII, and administration of factor concentrate, which

contains plasma-derived VWF and FVIII.(201-203)

Type 1 VWD is used to describe the quantitative deficiency of VWF. It is the most common (70-
80%), and at the same time most phenotypically heterogeneous, type of VWD. The majority of
cases are the result of heterozygous missense VIWF mutations that impair the transcriptional
regulation, splicing, intracellular processing, trafficking, storage, secretion and/or clearance of
VWEF. Evidence implicates mutations in other loci that control intracellular trafficking of

vesicles and exocytosis, as well as the ABO blood group, in the pathophysiology of VWD.(202)

In type 2 VWD, the VWF is functionally impaired, without necessarily a reduction in circulating
levels. It is the second commonest type of VWD (20%), however, due to the existence of
multiple mechanisms leading to dysfunctional VWF and pathogenicity, type 2 VWD has been
further categorised into subtypes. Type 2A VWD is characterised by loss of high molecular
weight VWF multimers (see Figure 1-9) in the circulation,(204) as a result of mutations in the
CTCK, propeptide (D1D2), D'D3 and A2 domains that impair multimer assembly, or mutations
in the A2 domain that accelerate proteolysis by ADAMTS13.38) For example, mutation of the
two cysteines (C1099 and C1149) in the D3 domain, which are important in the oxidoreductase
mechanism for multimerisation, lead to smaller circulating VWF multimers, due to impaired
multimer assembly.(33:205) Heyde’s syndrome is a form of acquired type 2A VWD; stenotic
aortic valves increase the shear rate, enhancing the tendency of VWF A2 domain to unravel and

get cleaved by ADAMTS13.(199)

Mutations in the Gplba-binding region of the VWF A1 domain enhancing VWF-platelet binding
give rise to type 2B VWD.B38) Consequently, the greater tendency to form VWF-platelet
complexes leads to increased VWF clearance, as well as proteolysis by ADAMTS13, thus, a
reduction in the higher molecular weight multimer levels (see Figure 1-9).204) Platelet
signaling defects have also been reported. A similar phenotype can arise from gain-of-function
mutations in platelet Gplba that enhance adhesion to VWF, causing the so-called platelet-type
VWD. Loss-of-function mutations in the VWF A1l and A3 domains can impair the Gplba-binding
and collagen-binding capacity of VWF.(38) In this subtype, termed 2M VWD, supranormal
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multimers can be found.(204.206) [ astly, type 2N VWD is caused by mutations in, or proximal to,
the FVIII-binding domains of VWF (ie. the propeptide and D’D3).(38) As already mentioned,
defective binding to FVIII has implications in FVIII stability and survival, and presents as a mild
haemophilia-like phenotype, while an abnormal multimeric pattern is only seen with specific

mutations.(196)

Type 3 VWD is the most severe, but at the same time most rare (<5%), type of VWD. Deletions
or missense mutations affecting VWF synthesis account for essentially undetectable VWF
(<5%)(see Figure 1-9), and suboptimally low FVIII (<10%) levels. Bleeding symptoms in this
type of VWD lay at the most severe end of the spectrum, and include internal and joint

bleeding.(201)

—
| |
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| | ] |
NP 1 2A 2B 3
VWD Type

Figure 1-9 Schematic representation of the multimeric pattern of VWF in the plasma of
different types of VWD.

The multimeric profile of VWF in plasma can be analysed by agarose/SDS gel electrophoresis and
Western blotting. On the left is the multimeric pattern of VWF in normal plasma. Type 1 VWD is caused
by quantitative deficiency of VWF, which can form normal multimers. In type 2A VWD, impaired
multimer assembly or accelerated ADAMTS13-mediated proteolysis causes loss of high molecular
weight multimers. Type 2B VWD is associated with reduced higher molecular weight VWF multimers
due to mutations in the VWF A1 domain that enhance Gplba-VWF binding, and, hence, VWF clearance
and ADAMTS13 cleavage. Type 3 VWD arises from severe quantitative deficiency of VWF, which leads
to undetectable levels of VWF in plasma.
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1.5 ADAMTS13 MOLECULE/STRUCTURE
1.5.1 The discovery

It took around two decades to establish that VWF multimeric size is regulated by proteolysis in
the circulation, and that certain bleeding (VWD) and thrombotic (thrombotic
thrombocytopenic purpura, TTP) diseases are associated with an imbalance in the regulation

of VWF multimeric size, and for ADAMTS13 to be recognised as the VWF-cleaving protease.

Initially, it was noted that VWF inside endothelial cells is of higher molecular
weight/multimeric size than VWF circulating in plasma. This soon led to the understanding
that a significant proportion of VWF was released as ULVWF, which was subsequently cleaved
into smaller multimers in the circulation. Abnormalities in the proteolysis of circulating VWF
were associated with VWD.(207-212) At the time, it had been known that another pathology of
thrombotic phenotype, TTP (see section 1.7.1), was associated with the presence of circulating
ULVWEF.(213,214) [n 1990, the cleavage site in VWF was identified, and 140kDa and 176kDa
fragments of VWF were shown to exist as a result of cleavage.(215) The importance of shear

stress and calcium in VWF cleavage was also shown.(216)

The first partial purification of the VWF-cleaving protease was published by two groups, Furlan
et al and Tsai et al, in 1996. The isolated protease was dependent on the presence of divalent
metal ions and shear stress, and cleaved VWF at the Y1605-M1606 bond, corroborating earlier
results.(217.218) The same groups later reported the functional deficiency of the VWF-cleaving
protease,(219) as well as the presence of inhibitory autoantibodies,(220-222) in TTP patient

plasma.

Eventually, the VWF-cleaving protease was purified, its primary structure sequenced, and its
gene found, identifying it as ADAMTS13.(223-225) Since its discovery, ADAMTS13 has generated
a wave of extensive research on its structure, its mode of action, its involvement in pathology

and its potential therapeutic role in cardiovascular disease.
1.5.2 ADAMTS13 gene expression

ADAMTS13 belongs to the ADAMTS family of metalloproteases, which consists of 19 genes in
humans.(226) ADAMTS13 is located on chromosome 9q34 and has a size of 37kb. It consists of
29 exons that are transcribed into a 4.7kb mRNA. Several alternatively spliced variants have

been described, however, whether these are translated has not been determined.(225,227-229)
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ADAMTS13 is mainly expressed in the hepatic stellate cells of the liver,(228.229) but expression
in other cells, like cultured endothelial cells,(230; 231) platelets,(232) and glomerular

podocytes,(233) has also been reported.
1.5.3 ADAMTS13 domain organisation and structure

ADAMTS13 is translated into a precursor 1427aa protein and has a modular, multidomain
structure that resembles that of other ADAMTS family members.(234) From N- to C-terminus,
ADAMTS13 possesses a signal peptide, a propeptide, the catalytic Metalloprotease (MP)
domain, a Disintegrin-like (Dis) domain, a Thrombospondin type 1 repeat (TSP1), a Cysteine-
rich (Cys-rich) domain, a Spacer domain, seven more TSP domains (TSP2-8) and two CUB
(Complement components C1lr/C1s, sea urchin Uegf protein, Bone morphogenic protein-1)
domains (see Figure 1-10A).(227) The crystal structure of the entire enzyme is yet to be solved.
In 2009, the crystal structure of the proximal non-catalytic domains of ADAMTS13 (Dis to
Spacer domains, DTCS) was published.(235) Even though the MP and Dis domains of the
ADAMTS], -4 and -5 had been crystallised at the time,(236-238) this was the first time that the
crystal structure of the TSP1, Cys-rich and Spacer domains in any ADAMTS family member was
solved.(235) Based on that, and on homology modelling with other ADAMTS family proteases, a
model structure for the MP domain fused to the crystal structure of the DTCS domains was

created (Figure 1-10B).(239)
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Active site

Figure 1-10 ADAMTS13 domain organisation.

(A) Domain organisation of ADAMTS13. From the N-terminus: the Metalloprotease (MP), the
Disintegrin-like (Dis), one Thrombospondin type 1 repeat (TSP1), the Cysteine-rich (Cys-rich), the
Spacer, seven more TSP domains (TSP2-8) and two CUB domains. All members of the ADAMTS family of
metalloproteases possess the domains MP to Spacer. (B) The model structure of the MP domain, fused
to the crystal structure of the Dis to Spacer domains, solved by Akiyama et al.(235)
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1.5.3.1 Metalloprotease domain

Figure 1-11 shows the model of the ADAMTS13 MP domain, as predicted based on homology to
ADAMTS], -4 and -5, which have been crystallised.(236-238)

The ADAMTS13 MP domain contains structural elements that are conserved in the Reprolysin
family of proteases.(249) It has the Zn?*-binding motif, HEXXHXXG/N/SXXHD, in which X is any
residue and the three His residues (H224, H228, H234 in ADAMTS13) coordinate a Zn?*
ion.(226) Zn2+ is essential for activity, and forms part of the catalytic centre.(241) Also perfectly
conserved in this motif, a catalytic Glu residue (E225 in ADAMTS13) is indispensable in
forming the active site and coordinating a water molecule for the proteolytic hydrolysis
reaction to occur.(242.243) Adjacent to the Zn2*-binding motif, a perfectly conserved Met residue
(M249 in ADAMTS13) forms a characteristic turn (‘Met-turn’); this is a structural element that

preserves the structural integrity of this family of enzymes.(226,227,244)

For optimal activity, ADAMTS13 requires divalent cations. Beyond the Zn2* in the active site,
Ca2+ is also functionally important.(218.245) A low affinity Ca2+ cluster site exists, where two CaZ*
are predicted to be coordinated by the residues E83, D166, D173, C281 and D284, all of which
are perfectly conserved in other ADAMTS proteases, like ADAMTS]1, -4 and -5. A second, high-
affinity Ca?*-binding site exists, where one Ca?* is predicted to be coordinated by E212 and
D182. The residues E184 and R190 are predicted to form a salt bridge, stabilising a loop that
shapes this Ca%* binding site. In ADAMTS1, -4 and -5 there are Cys residues at these positions,
which form an analogous loop by a disulphide bond, and not a salt bridge. This Ca2*-binding

site is adjacent to the active site and may offer conformational stability.(241,246,247)

The MP domain alone does not bind nor cleave VWF specifically(248-251) as proteolysis is
dependent on multiple interactions between exosites in the ADAMTS13 non-catalytic domains
(Dis to Spacer domains) and the A2 domain of VWF.(239) Nevertheless, the MP domain contains
subsites that form low affinity interactions with residues around the cleavage site of VWF,
which are crucial in directing proteolysis. Substitutions of the residues D187, R190 and R193
reduce proteolysis suggesting important contribution to the structure or function of
ADAMTS13.(242) The S1’ subsite, which accommodates the P1’ residue M1606 (where n’ is the
nth residue C-terminal to the scissile bond), is probably shaped by the residues D252-P256.(242)
Two more subsites, the S1 and the S3, were proposed to exist in the MP domain; the S1 is

believed to be formed by L151/V195 and to accommodate the P1 residue Y1605 (where n is
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the nth residue N-terminal to the scissile bond), and the S3 to be formed by L198/L232/L274

and to accommodate the P3 residue L1603.(252)

A) MP domain B) MP domain

Active site

Figure 1-11 ADAMTS13 MP domain model

The low and high affinity Ca?+-binding sites are shown in yellow. The H224/H228/H234 (red) that
coordinate the Zn2* (blue) together with the catalytic E225 (teal), form the active site. The M249 that
forms the characteristic ‘Met-turn’ is shown in magenta. (A) Cartoon view. (B) Surface view.
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1.5.3.2 Disintegrin-like domain

The crystal structures of the ADAMTS1, -4 and -5 Dis domains were solved first,(236-238) then
the Dis domain of ADAMTS13 (residues 306-383) followed (Figure 1-12).(235 253) What is
intriguing about the Dis domains of these ADAMTS proteases is that, despite the domain name,
there is no homology to the Dis domain of ADAM proteases. Instead, they show a similar fold to
the Cys-rich domains of ADAM proteases. Furthermore, while there is low sequence homology
between ADAMTS13 Dis and Cys-rich domains, they have similar tertiary structures.
ADAMTS13 Dis domain is made up of an a-helix, two pairs of antiparallel 3-sheets and four
disulphide bridges. There are also two poorly conserved regions, the variable (V)-loop and the

hypervariable region (HVR).(235,254)

The Dis domain is functionally important for ADAMTS13 activity. While the MP domain by
itself is not functional, addition of just the Dis domain is enough to restore specific, though
inefficient, VWF cleavage.(249, 251, 255) Mutagenesis of the variable regions identified the
interaction between the R349 residue in the ADAMTS13 Dis domain HVR, and the D1614
located in the VWF A2 domain, which is part of a functional exosite interaction involving the
Dis domain, that is important for VWF proteolysis by ADAMTS13.(250,256) Mutations in the
vicinity of the Dis domain exosite, namely R349C and P353L, have been shown to be associated

with the functional deficiency of ADAMTS13 in congenital TTP (see section 1.7.1).(257-259)
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Figure 1-12 ADAMTS13 MP-Dis domains

The ADAMTS13 MP domain model (see Figure 1-11) was fused to the crystal structure of the Dis
domain (yellow).(235) The Dis domain is made up of an a-helix and two pairs of antiparallel 3-sheets. The
R349 residue (red) that interacts with the D1614 of the VWF A2 domain is located in the hypervariable
region (orange). The variable loop is shown in grey. (A) Cartoon view. (B) Surface view.
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1.5.3.3 Thrombospondin-type 1 repeats

All ADAMTS family proteases have their first TSP domain between the Dis and Cys-rich
domains, but have a variable number of TSP domains C-terminal to the Spacer domain, with
the exception of ADAMTS4, which has none.(226) ADAMTS13 has eight TSP domains (TSP1-8),
however only the crystal structure of TSP1 is available. It is an elongated domain, which
resembles the structure of the second TSP in thrombospondin type 1 (which gave the name to
the TSP domains). It is made up of three long and twisted strands, which are positioned anti-
parallel to each other. There are two pairs of disulphide bonds in the structure. Hydrogen
bonding involving three Ser residues stabilises the first strand. The remaining two strands fold
into a B-sheet, which interacts with a (-sheet in the Cys-rich domain. The core of the TSP1
domain is made up of Trp, Arg and hydrophobic residues and is stabilised by two pairs of
disulphide bonds; it was, thus, termed CWR-layered core. The sequence of the CWR-layered
core is almost perfectly conserved between the TSPs of thrombospondin type 1 and the TSPs of

the ADAMTS family of proteases.(235,260)

In other ADAMTS family members, like ADAMTS1, the TSPs mediate interactions with the
extracellular matrix.(261) In ADAMTS4, the TSP is important for glycosaminoglycan binding in
aggrecan, as well as for the enzymatic activity.262) For ADAMTS13, the data on the role of TSPs
has not been very consistent. In the earlier studies using ADAMTS13 truncation variants, no
obvious contribution of any of the TSPs could be demonstrated to the secretion of the enzyme,
nor to the specificity and rate of cleavage.(263,264) A role in substrate binding and cleavage was
later proposed for the TSP1, as it was shown to enhance interaction with VWF.(248,249) sing
truncation variants of both ADAMTS13 and VWF, it was proposed that TSP1 interacts with the
region Q1624-V1630 in the VWF A2 domain.(255) Whether there is a functional exosite in the
TSP1, which residues are implicated in the interaction with VWF, and how much this
interaction contributes to VWF proteolysis, remains to be definitively concluded. Current

thinking supports that TSP1 provides stability and spacing to the Dis/Cys-rich domains.

The role of the TSP2-8 has mostly been investigated together with the CUB domains, using
ADAMTS13 C-terminal truncation variants that lack the domains C-terminal to the Spacer
domain. The TSP2-8 region contains three linkers (L1 after the TSP2, L2 after the TSP4 and L3
after the TSP8), which give flexibility to these domains.(265) This flexibility is important in

allowing ADAMTS13 to exist in both folded and extended conformations that have functional
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implications.(#3.46) TSP8 was recently shown to be a major binding site for D4-CK domains in
globular VWF; this interaction is believed to cause ADAMTS13 to transition from a folded to an

extended fold#4) and will be covered in more detail in section 1.8.1.
1.5.3.4 Cysteine-rich domain

As already mentioned, the structure of the Cys-rich domain of ADAMTS13 is similar to its Dis
domain (Figure 1-13); they both contain an a-helix, a V-loop, HVR and two pairs of antiparallel
B-sheets. The Cys-rich domain differs in that it possesses a Cys-rich domain-specific protruding
(P)-loop (12 residues), a Cys-rich unique (U)-loop, its V-loop is well defined in the crystal
structure (in contrast to the disordered V-loop in the Dis domain), and it possesses three

disulphide bonds (instead of four seen in the Dis domain).(235)

Several studies have shown the importance of the Cys-rich domain in ADAMTS13 for the
specificity of VWF cleavage, which depends on the [1642-R1659 region in the VWF A2 domain,
C-terminal to the cleavage site.(248,249,251,255,263) De Groot et al identified the exosite in the
Cys-rich domain non-conserved region (G471-V474), and its complementary binding site in the
VWF A2 domain, which is formed by the hydrophobic residues 11642, W1644, 11649, L1650,
[1651.(266) Interestingly, the polymorphism P475S in ADAMTS13, immediately adjacent to the
exosite identified, causes a 16% reduction in ADAMTS13 plasma levels, and a reduced affinity
for VWF, which compromises the rate of proteolysis. The crystal structure of this polymorphic
Cys-rich domain, solved by Akiyama et al, shows that the structure of the V-loop (where the
identified exosite G471-V474 and the polymorphic residue P475 are located) is significantly
altered, as compared to the wild-type domain; these structural alterations are in close
proximity to the interacting exosite and may explain both the reduced affinity for VWF, as well

as the reduced plasma levels due to misfolding.(253)
1.5.3.5 Spacer domain

The Spacer domain of ADAMTS13 contains no cysteines and is not homologous to any other
known structural motif. It is made up of ten 3-strands that form two anti-parallel 3-sheets. Its

globular, jelly-roll fold brings its two termini in close proximity (Figure 1-13).(235)

The Spacer domain contains an exosite that interacts with the VWF A2 domain to facilitate
proteolysis. Creating truncation constructs of ADAMTS13 lacking the Spacer domain

compromises cleavage significantly, by losing its affinity for VWF. In acquired TTP (see section
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1.7.1) autoantibodies against the Spacer domain directly inhibit, or enhance the clearance of,
ADAMTS13. Mapping the epitope of these antibodies in combination with mutagenesis, led to
the contention that the residues R659, R660, Y661 and Y665 form an exosite in the ADAMTS13
Spacer domain that binds to the VWF A2 domain and promotes proteolysis.(267.268) The Spacer
binding region, E1660-R1668, in the VWF A2 domain was the earliest exosite binding site to be
discovered.(248, 249, 251, 255, 263, 264, 269) Recent studies have also demonstrated an interaction
between the Spacer domain and the C-terminal CUB domains, which gives ADAMTS13 a folded
conformation. Disruption of this interaction was shown to extend the conformation of
ADAMTS13 and enhance its activity by ~2-10 times (see section 1.8.1).(43.44,46) That the Spacer
domain contains the major epitopes targeted by autoantibodies in acquired TTP is, perhaps,

explained by the presence of cryptic epitopes in this domain.(263, 268,270-274)

A) Cys-rich domain B) Cys-rich domain

G471-v474  Spacer domain

R659/R660/Y661/Y665 R659/R660/Y661/Y665

Figure 1-13 ADAMTS13 Cys-rich and Spacer domains

The crystal structures were solved by Akiyama et al.(235 The Cys-rich domain (blue) is made up of an a-
helix and two pairs of anti-parallel (3-sheets. The hydrophobic region G471-V474 (red) interacts with
the VWF A2 domain. The Spacer domain (pink) contains ten (-strands that form two anti-parallel -
sheets. The solvent exposed residues R659/R660/Y661/Y665 (red) were proposed to interact with the
VWF A2 domain. (A) Cartoon view. (B) Surface view. (C) Cartoon view, rotated. (D) Surface view,
rotated.
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1.5.3.6 CUB domains

The CUB domains are ~110aa long and, based on crystallization studies, they contain two pairs
of disulphide bonds, a Ca2+-binding site, and are arranged in two 3-sheets.(275-278) ADAMTS13 is
unique amongst the ADAMTS family members to possess CUB domains.(226) The two CUB

domains of ADAMTS13 are located at the C-terminus of the enzyme.

As already mentioned, ADAMTS13 CUB domains were proposed to interact with the Spacer
domain of the same molecule, maintaining the folded conformation of ADAMTS13, which, when
disrupted, enhances the activity of ADAMTS13. Binding of the TSP8-CUBZ domains of
ADAMTS13 to the VWF D4-CK domains was proposed to interfere with the Spacer-CUB
interaction and unfold ADAMTS13 to its more active, extended conformation (see section

1.8.1).(43,44,46)

The CUB domains of ADAMTS13 may be implicated in intracellular trafficking and secretion. In
endothelial cells, apical secretion was demonstrated; a nucleotide insertion, 4143-4144insA,
that deletes the second CUB domain results in reduced secretion with amended polarity.(231)

The same insertion occurs in congenital TTP.(279)
1.5.4 ADAMTS13 biosynthesis, post-translational modification and secretion

ADAMTS13 undergoes extensive post-translational modifications, with at least one glycan
present in each of its domains. Ten N-linked glycans, mostly of the complex type, were
reported; two in the MP, one in the Cys-rich, three in the Spacer, one in the TSP2, one in the
TSP4 and two in the CUB domains. Five out of a total of six O-linked glycans identified are
attached to a Ser residue, and are present in the MP domain, TSP4/5 linker, TSP6 and CUB
domains. One O-linked glycan that is attached to a Thr residue was found in the Dis domain.
There are eight O-fucosylation sites, one in the Dis domain, and the rest in the TSP domains
(except TSP4).(280,281) Altering the O-fucosylation sites in the TSP domains was shown to
impair ADAMTS13 secretion, highlighting that correct post-translational modifications and
folding of the TSP domains has functional implications.(282) Lastly, three C-mannosylation sites
are present in the TSP1, TSP4/5 linker and TSP7.(280.281) Modification of the C-mannosylation
site in the TSP1 reduced the expression and proteolytic activity of ADAMTS13.(283)
Glycosylated ADAMTS13 is secreted into the blood and circulates at a concentration of 5nM
(1pg/ml).(264, 284-286)
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Figure 1-14 Post-translational modifications of ADAMTS13
ADAMTS13 possesses ten N-linked glycans, six O-linked glycans, eight O-fucosylation sites and three C-
mannosylation sites. The figure was developed based on the results of (280,281),

1.6 ADAMTS13 FUNCTION

The physiological function of plasma ADAMTS13 is to cleave VWF, and in so doing regulate its
multimeric size. As already explained, the multimeric size of VWF correlates positively with its
haemostatic potential. Therefore, dysregulation of VWF cleavage can shift the equilibrium
towards VWF species of higher or lower multimeric sizes than physiological, causing TTP or

VWD, respectively.

VWF circulates in a folded, globular conformation, and undergoes a shear-dependent
extension, which is a prerequisite for platelet adhesion and primary haemostasis to occur.
Platelet adhesion is dependent on VWF unfolding for abolishing the inter-domain steric
hindrance, to expose the Gplba binding sites in the VWF Al domain. Intriguingly, the
proteolytic activity of ADAMTS13 is also dependent on shear-induced VWF unfolding, however,
a distinct molecular mechanism exists. This is the ability of the A2 domain to undergo a shear-
dependent conformational transition, which extends the previously globular domain, to expose

binding sites that interact with different exosites in ADAMTS13, directing proteolysis.
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Additionally, the scissile bond is cryptic within the globular A2 domain of VWF and is only

exposed upon domain unravelling (see section 1.8.2).(239)

Factors that promote VWF unravelling enhance its proteolysis by ADAMTS13. Such factors are
fluid shear stress on VWF (the physiological mechanism that unravels VWF),(216) as well as
chemical (non-physiological) denaturants. In vitro proteolysis of multimeric VWF is minimal
unless flow or chemical denaturants are provided.(217.218) Platelets enhance the forces exerted
on VWF, contributing to its shear-dependent unravelling. VWF proteolysis is also enhanced by
the presence of FVIII. As expected, platelets, FVIII and fluid shear act synergistically to enhance
VWEF proteolysis by ADAMTS13.(197, 287-289)

Since VWF unravelling is a prerequisite for proteolysis, it follows that ADAMTS13 activity is
location-specific, and occurring at physiological scenarios, where VWF is expected to have a

higher propensity to favour an extended, as opposed to a globular, conformation:

a) During ULVWF multimer secretion from the endothelial WPB, unravelling as a result of
the shear stress causes VWF string formation. The string-like VWF structures can potentially
adhere to, and become decorated with, platelets in a Gplba-dependent fashion. ADAMTS13
interacts with the ULVWF strings, cleaving and releasing heterogeneously smaller VWF
multimers; this cleavage of WPB-derived VWF is believed to be a physiological mechanism of
multimeric size regulation at secretion.(125,290-295) [t js important that ULVWF is processed as
soon as it is secreted, as its high multimeric size makes it hyperactive and able to cause platelet

adhesion/aggregation spontaneously, even under low shear.(176)

b) ULVWEF that is not cleaved upon secretion, as well as the higher molecular weight VWF
multimers that arise as a result of ULVWF cleavage, circulate in a globular conformation but
have higher propensity to unravel and cause platelet adhesion. Spontaneous, fluid-phase
unravelling can be more common at locations of relatively elevated shear stresses, like the
microvasculature, in the absence of collagen, surface interactions or other haemostatic
agonists. Proteolysis by ADAMTS13 is thought to be protective against the generation of VWF-
platelet aggregates resulting from the spontaneous unravelling of VWF at these sites.(239) In
TTP, ULVWF can persist (no cleavage at ULVWF secretion due to ADAMTS13 deficiency) and
cause pathological thrombi in the microvasculature (also due to deficient regulation of
spontaneous ULVWF unravelling by ADAMTS13 at these sites).(296) Fluid-phase platelet-VWF

complexes enhance VWF proteolysis, independent of surface interactions. While this is likely to
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act as a feedback inhibition mechanism for regulating spontaneous platelet adhesion at these
sites, it is also believed to contribute to maintaining the physiological VWF multimeric

composition in circulation.(288)

c) ADAMTS13 regulates primary haemostasis at the site of vascular damage, where
collagen initiates the VWF-dependent platelet adhesion. At the initial stages of primary
haemostasis after deendothelisation and exposure of the subendothelial matrix, ADAMTS13
regulates the adhesion of resting platelets to immobilised VWF. This could be due to cleavage
of subendothelial (basolaterally secreted) VWF, or regulation of soluble VWF immobilisation to
the site.(292) The platelet plug grows outwards by repeated VWF immobilisation and further
platelet adhesion. Concurrently to this, coagulation, activation of platelets and thrombin
generation in the core of the thrombus encourage VWF-independent platelet
adhesion/aggregation, making ADAMTS13 regulation of the growing thrombus irrelevant at
these inner layers. With further growth of the thrombus size, away from the site of vessel
injury, the local concentration of thrombin and platelet activators is reduced, and the effect of
the endothelial cell-associated anticoagulant pathways is more potent. At these sites
ADAMTS13 can regulate the size of the growing thrombus, to avoid vessel occlusion and
thrombosis, by cleaving VWF and inhibiting further VWF-dependent platelet adhesion. This
regulatory role of ADAMTS13 was illustrated in vitro, by flowing blood over immobilised
collagen, which showed ADAMTS13-specific regulation of the platelet plug growth size during
thrombogenesis.(239, 297, 298) The ability of ADAMTS13 to limit thrombus growth was also
shown in vivo; ADAMTS13 deficiency in mice significantly reduces the time for thrombus

formation and vessel occlusion following arteriolar injury.(92)

Figure 1-15 illustrates ADAMTS13 function in circulation.
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Figure 1-15 Location-specific VWF unravelling promotes cleavage by ADAMTS13

(A) WPB-derived ULVWF strings adhere to the endothelium upon secretion and are subject to cleavage
by ADAMTS13. (B) In the microvasculature, elevated shear stress causes spontaneous fluid-phase
unravelling of higher molecular weight VWF species, allowing cleavage by ADAMTS13. Deficiency of the
protective effect of ADAMTS13 in TTP results in the accumulation of pathological thrombi. (C)
ADAMTS13 regulates primary haemostasis by preventing the growth of the thrombus away from the
site of vessel damage.
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1.7 ADAMTS13 IN DISEASE
1.7.1 Thrombotic thrombocytopenic purpura

TTP was described almost a century ago, and the original definition included a pentad of
clinical and laboratory characteristics: fever, microangiopathic haemolytic anaemia with
schistocytosis, thrombocytopenia, neurological complications, renal failure.(299-301) [t is caused
by the functional deficiency of ADAMTS13, resulting in the persistence of hyperactive ULVWF
species that cause excessive platelet adhesion and aggregation, and, consequently,

microvascular thrombosis.

The appearance of ULVWF had been associated with TTP from as early as 1982, many years
before the discovery of ADAMTS13.(213) [t was not until around 15 years later that the
functional deficiency of ADAMTS13 (then referred to as the VWF-cleaving protease) was linked
to the impaired processing of ULVWF released from the endothelium.(217,219,221) The pentad of
clinical findings has been the basis of diagnosis, until recently, when greater understanding of
the pathophysiology led to the inclusion of severe ADAMTS13 deficiency of <10% in the
definition. In fact, now severe ADAMTS13 deficiency of <10% specifically diagnoses TTP.(302-

304)

The incidence of TTP is rare, ~6 cases per million in the UK.(305) Untreated, 90% of the cases
lead to death, which can be as early as within 24 hours from presentation. This was the
mortality rate for many years until it was understood that TTP could be treated by plasma
therapy, which impressively reduced the mortality rate to 10-20%.(305-307) TTP can be either
congenital (cTTP) or acquired (aTTP).

1.7.1.1 Congenital TTP

cTTP, also known as Upshaw-Schulman syndrome,(308. 309) is the most rare type of TTP,
accounting for only ~5% of all cases.(305,310) [t is caused by mutations in the ADAMTS13 gene
that impair the secretion and activity of ADAMTS13.(311-315) The first report of mutations in the
ADAMTS13 gene, and their association to TTP, was published in 2001.(225) Since then, >100
mutations have been reported in the coding regions for all domains of ADAMTS13 apart from
the signal peptide. The majority (>60%) of the reported mutations are missense, and the rest
include frameshift, nonsense and splice site mutations,(316) which cause misfolding and

intracellular retention of ADAMTS13. Some mutations allow secretion, but have an additional
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functional deficit in ADAMTS13 activity. Notably, the mutations R349C and P353L affect the Dis
domain exosite (see section 1.8.3.3) that is involved in the productive interaction between

ADAMTS13 and the unravelled VWF A2 domain.(257-259)

cTTP has an autosomal recessive inheritance with most cases being compound heterozygous,
and a minority being homozygous.(296.313) cTTP mainly presents at neonatal and childhood age,
and only 20% of the cases present later than 18 years of age.(313) Adult-onset cTTP is most
frequently associated with pregnancy.(310) Besides the characteristic clinical presentation, the
severe ADAMTS13 deficiency <5% and the absence of antibodies, there are currently molecular

tests that detect causal mutations in ADAMTS13 to aid the diagnosis of cTTP.(307)

In cTTP patients, the levels of ADAMTS13 activity are always low (<5%); most frequently,
ADAMTS13 antigen levels are also very low. Acute episodes generally occur as a result of
concurrent precipitating factors, like infections. Further episodes can be prevented by
prophylactic plasma infusions.(307) Recombinant ADAMTS13 (commercially known as BAX930)
is being trialled as a potential therapy in cTTP patients. A prospective phase 1 clinical trial
(singe-dose study) demonstrated that BAX930 was a safe treatment for cTTP, and was well
tolerated by all patients. BAX930 treatment increased the ADAMTS13 antigen and activity
levels in patient plasma within 1 hour, reduced the large VWF multimers detected in plasma,
and no immune response against the administered recombinant ADAMTS13 was reported in
any patient. The pharmacokinetics and plasma half-life of BAX930 were similar to those

associated with administration of plasma-derived ADAMTS13.317)
1.7.1.2 Acquired TTP

Most commonly, TTP presents as an acquired disorder, which accounts for >95% of adult-
onset TTP episodes.319) [t is primarily caused by the appearance of anti-ADAMTS13
autoantibodies. IgG autoantibodies in TTP were first described in 1998.(220-222) Autoantibodies,
mainly directed against the Spacer domain, can be inhibitory, reducing the activity of
ADAMTS13. Interestingly, non-inhibitory antibodies have been shown to be associated with
severely reduced ADAMTS13 antigen levels in aTTP patient plasma. Non-inhibitory
autoantibodies probably enhance the clearance of ADAMTS13.(273) In epitope mapping studies
it was shown that multiple domains are targeted, however, the Spacer domain is now
considered to be the major target of these autoantibodies.(27%: 273, 274) The Spacer residues

R660, Y661 and Y665, which purportedly bind to the unravelled A2 domain of VWF and are
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important for proteolysis (see section 1.8.3.1), are part of the epitope targeted by the
antibodies. This offers an explanation as to how the inhibitory effect of the autoantibodies is
manifest. Residues R568 and F592 were also shown to be targets of these autoantibodies.(268,
318) Besides the IgG positive cases, a minority of aTTP patients have no detectable IgG, and have

been referred to as ‘aTTP of unknown cause’.(310)

While >50% of the cases are idiopathic, aTTP can also appear secondary to another
precipitating factor (eg. autoimmune disease, HIV, drugs, infection, cancer, transplantation). In
contrast to the congenital form, aTTP is very uncommon before the age of 18. Other
predisposing factors for the acquired disease are ethnicity (black), gender (women),

underlying autoimmune disease and genetic background. (305,310,319, 320)

aTTP is primarily treated with plasma exchange. The aim of this treatment is to increase the
ADAMTS13 levels, and also remove pathogenic factors, like autoantibodies and ULVWF. Other
treatments are used in combination with plasma exchange, which aim at targeting the

autoimmune component of the disease; such treatments are corticosteroids and rituximab.(307)
1.7.1.3 Cardiovascular disease

VWEF levels were first associated with myocardial infarction (MI) and coronary heart disease
(CHD) in the 1990s.321-323) The discovery of ADAMTS13 as the VWF-cleaving protease
generated interest into whether the VWF-ADAMTS13 axis has a role in cardiovascular disease
(CVD). In 2003, the first report of the association of low ADAMTS13 activity with CVD was
published,(324) and, since then, many case-control, prospective and meta-analysis studies have
linked high VWEF,(325-340) Jow ADAMTS13,(325-330, 333, 334,339-342) gand/or high VWF:ADAMTS13
ratio(339.343) to the risk of MI, ischaemic stroke (IS) and/or CHD. In studies where both VWF
and ADAMTS13 levels were associated (positively and negatively, respectively) with CVD, their
risks were independent and synergistic.(333,340-342) Denorme et al analysed the composition of
thrombi obtained from stroke patients; VWF was distinctly one of the main components of
these pathologic thrombi, further corroborating the involvement of VWF-ADAMTS13 axis in
thrombus formation and the pathophysiology of CVD.(344)

Studies in mice appear to be in agreement with the results of the abovementioned clinical
studies in associating VWF and ADAMTS13 with CVD. VWF deficiency (VWF-/-) and
neutralization of VWF by inhibitory polyclonal anti-VWF antibodies reduced the volume of

infarcts in mouse models that had been subjected to cerebral or myocardial
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ischaemia/reperfusion injuries (by middle cerebral artery occlusion or left anterior descending
artery ligation, respectively).(345 346) [n contrast, ADAMTS13 deficiency (ADAMTS13-/-)
increased the volume of the infarcts,(345-347) and this effect was VWF-dependent.(345, 346) In
addition, impaired spontaneous endogenous thrombolysis was observed in ADAMTS13-/-
mice, which suggested that ADAMTS13 has a role in thrombolysis and recanalization of the
obstructed vessels.(344) To test its thrombolytic potential, recombinant human (rh) ADAMTS13
was administered to mice with occluded middle cerebral artery or left anterior descending
artery; this reduced the infarct size, (344 345,347,348) dose-dependently,(344) and even at delayed
administration.(344. 348) The thrombolytic activity of rhADAMTS13 was compared to tissue
plasminogen activator (tPA), currently the only approved treatment for acute ischaemic stroke.
While tPA can induce haemorrhagic complications if administered outside the therapeutic time
window, rhADAMTS13 was not associated with any haemorrhagic complications, (344 345, 348)
which suggested a wider therapeutic time window and highlighted its potential suitability in
therapy. rhADAMTS13 was also shown to reverse platelet crosslinking in in vitro VWF-platelet

aggregates.(344)

The role for VWF-ADAMTS13 in inflammation and atherosclerosis is also being studied. A
significant association between the degree of atherosclerosis and VWF levels was shown in
patients with transient ischaemic attack and ischaemic stroke.(349) In mice treated with
rhADAMTS13 a significantly lower degree of neutrophil infiltration was demonstrated.(347) On
the other hand, greater degree of inflammation and atherosclerosis was observed in

ADAMTS13-deficient mice, (346, 350-352) which occurred via a VWF-dependent mechanism.(350)
1.8 VWF RECOGNITION AND PROTEOLYSIS BY ADAMTS13

ADAMTS13 has attracted an enormous amount of scientific attention, owing to its
extraordinary specificity for VWF; no other known physiological substrate for ADAMTS13
exists. It is unusual for a plasma protease to exhibit no known off-target proteolysis. For this
reason, plasma proteases are usually specifically activated and inactivated, and further
regulated by co-factors. The biochemistry of VWF recognition and proteolysis by ADAMTS13
has been extensively studied. It is now understood that, for a productive proteolytic event to
take place, the VWF A2 domain must undergo a shear-dependent unfolding that exposes the
previously cryptic scissile bond and binding sites for ADAMTS13. ADAMTS13 contains exosites

in its proximal non-catalytic domains (Dis, Cys-rich and Spacer domains), which interact with
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the exposed binding sites within the VWF A2 domain; these exosite interactions play a crucial
role in proteolysis. The research has not been limited to solely identifying the contributing
exosite residues; multiple studies aimed at also characterising the contribution of the exosite
interactions to the rate and kinetics of proteolysis. A more recent discovery is that the activity
of ADAMTS13 is regulated by a conformational activation mechanism, which involves

unfolding of the C-terminal tail of the enzyme (TSP2-CUB2 domains).
1.8.1 The conformational activation of ADAMTS13

ADAMTS13 has recently been shown to be a conformationally flexible molecule, with the
ability to adopt both folded and extended conformations (Figure 1-16). The works of South et
al and Muia et al suggested that the folded conformation depends on interactions between the
Spacer and CUB domains.(#3; 44 46) Three linker regions, present between the TSP2-CUB2
domains, give ADAMTS13 its conformational flexibility.(265) Various conditions abolish the
Spacer-CUB interaction, extending the ADAMTS13 molecule; these are lower pH, certain anti-
ADAMTS13 monoclonal antibodies, mutations in ADAMTS13 Spacer domain and/or the
interaction with the VWF D4(-CK) domain(s). Interestingly, this extension enhances
ADAMTS13 activity ~2-to-10-fold, which was suggested to be due to abolishing the negative
effect of the CUB domain interaction proximal to the Spacer exosite that is implicated in VWF

binding and proteolysis (see section 1.8.3.1).(43, 44, 46)

While both CUB1 and CUB2 interact with the Spacer domain, the interaction between CUB1
with, most probably, Y661/Y665, is of most relevance to the folded conformation of
ADAMTS13.44) The D4-CK domain in globular VWF was already known to be involved in non-
productive interactions with the C-terminal tail of ADAMTS13 and to enhance the proteolysis
of multimeric VWF under flow.(#1 42) South et al demonstrated that the ADAMTS13 TSP8
domain is the major binding site for the D4-CK domains of VWF, and that this interaction
disrupts the Spacer-CUB interaction to unfold ADAMTS13 and enhance its activity.(#4
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1. Gain-of-function mutations in the Spacer domain
2. pH<7.4
3. anti-ADAMTS13 monoclonal antibodies
4. VWF D4(-CK) domains
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Figure 1-16 The conformational activation of ADAMTS13.

ADAMTS13 adopts a folded conformation, mediated by inter-domain interactions between the
C-terminal tail and the N-terminal domains (proposed Spacer-CUB interaction). Mutations in
the Spacer domain, lower pH, anti-ADAMTS13 monoclonal antibodies and binding of the VWF
D4(-CK) domain(s), can disrupt the interactions and cause extension of the molecule. This was
termed conformational activation, as it enhances the activity of ADAMTS13 ~2-to-10-fold.
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1.8.2 The conformational transition of the A2 domain activates cleavage

It has already been mentioned that VWF unravelling dictates when and where proteolysis will
take place. The ability of the A2 domain, under flow conditions, to undergo an intra-domain
conformational adaptation that exposes its previously cryptic ADAMTS13 binding sites and
scissile bond is now established to be the first molecular event and an absolute requirement
for proteolysis to occur. Various observations have led to this conclusion. Firstly, VWF cleavage
occurs under shear flow but not static conditions, which is in accordance with a shear-
dependent VWF unravelling mechanism that allows cleavage by ADAMTS13.(216,218) Secondly,
platelets in complex with VWF enhance cleavage; this was explained by an increase in the
hydrodynamic forces acting on the VWF molecule, which increase the propensity of VWF to
unravel.(287.288) Thirdly, in static conditions, chemical denaturants allow the cleavage of the
otherwise resistant multimeric VWF by ADAMTS13 by chemically exposing cryptic cleavage
and binding sites for ADAMTS13 and mimicking the physiological shear-dependent
conformational transition mechanism.(55 218) Lastly, mutations in the A2 domain are known to
increase its susceptibility to cleavage by ADAMTS13, and, as a result, cause type 2A VWD.(353)
Molecular modelling of the effect of type 2A mutations hypothesized structural alterations that
destabilise the A2 domain structure and make the scissile bond and binding sites for
ADAMTS13 more accessible for proteolysis.(354-356) Xu et al 357) and Lynch et al (358) showed
experimentally that type 2A VWD mutations compromised the VWF A2 domain stability, which
would explain the enhanced susceptibility to proteolysis by ADAMTS13.

All of the above, taken together, support that the A2 domain is conformationally elastic; it
exists as a folded domain that is resistant to proteolysis, but this resistance is abolished by a
shear-dependent conformational change that unfolds the domain. The nature of this
conformational transition was first described definitively in 2009. The crystal structure of the
A2 domain revealed that the cleavage site is buried in a hydrophobic core, and that unfolding is
required for proteolysis to occur. The structure also suggested that unfolding would begin from
the C-terminus.®4) Single molecule experiments to study the effect of elongational forces on
isolated A2 domains confirm that the A2 domain is a mechanosensitive domain, which, above a
tensile force threshold, transitions from a folded to an unfolded structure. What is more, this
study confirmed that cleavage by ADAMTS13 depends on VWF A2 domain unfolding. The
tensile force threshold was predicted to be reachable during the transit of free circulating VWF

through healthy vessels.(56) As explained in section 1.2.2.2, the unique force-sensing properties
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of the A2 domain are attributed to various unique structural features (‘a4-less’ loop, lack of
intra-domain long-range disulphide bond, vicinal disulphide linkage (C1669-C1670), a Ca2*-
binding site (D1498, D1596, R1597, A1600 and N1602) and an N-linked glycan N1574-
GIcNAc), which determine its tensile force threshold and influence its stability. Figure 1-17
shows the structural transition that extends the VWF A2 domain, exposing the binding sites for

the ADAMTS13 domain exosites, as well as the scissile bond.

11642/W1644/11649/L.1650/11651

/ / C1669-C1670
Y1605-M1606 E1660-R1668
Scissile bond

Figure 1-17 The conformational transition of A2 domain

A model of the VWF A1l (globular, green), A2 (unravelled, pink) and A3 (globular, blue) domains. The
VWF A2 domain is a mechanosensitive domain that unravels as a result of tensile forces acting upon the
molecule. Domain unravelling exposes previously cryptic binding sites that form functional interactions
with exosites in the Spacer (E1660-R1668), Cys-rich (11642/W1644/11649/1.1650/11651), Dis
(D1614) and MP (L1603) domains of ADAMTS13. These interactions lead to proteolysis of the scissile
bond, Y1605-M1606. The binding sites and scissile bond within the unravelled VWF A2 domain are
shown in red. The vicinal disulphide linkage (C1669-C1670) is shown in yellow.
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1.8.3 The role of exosite interactions in VWF recognition and proteolysis
1.8.3.1 Spacer domain binding to the unfolded A2 domain

The Spacer domain was the first domain whose functional importance in ADAMTS13 activity
was established. Removal of the Spacer domain significantly reduced the rate of VWF
proteolysis, still maintaining the specificity of the reaction (cleavage at the scissile bond).(249
263,264,269) This was later corroborated by equilibrium binding experiments, where losing the
Spacer domain caused a ~10-fold reduction in the equilibrium binding affinity.(248) The Spacer
exosite residues involved in the interaction with the VWF A2 domain were identified by
looking into the Spacer domain epitope targeted by anti-ADAMTS13 antibodies in aTTP
patients (Y658-Y665 region).(359) Mutagenesis identified the solvent exposed R659, R660, Y661

and Y665 residues as the putative exosite residues that interact with the VWF A2 domain. (235,

267,268)

The Spacer domain exosite binding site in the VWF A2 domain spans the region E1660-
R1668.(251,255,360) Removal of this region causes a reduction in the rate of proteolysis, similar
to that seen when removing the Spacer domain in ADAMTS13; this functional deficit is lost
when using an ADAMTS13 variant truncated after the Cys-rich domain (MDTC), confirming the
functional binding between this region and the Spacer domain exosite. Furthermore, short
peptides spanning the region P1645-R1668 (includes the Spacer exosite binding site, E1660-
R1668) are inhibitory to the proteolysis.(361). Kinetic analysis showed that the Spacer exosite
interaction contributes ~15-to-20 fold to the rate of proteolysis, mainly by influencing the
functional substrate binding affinity (Km of the reaction).(251,255) Despite these biochemical

data the precise interactions are not known.
1.8.3.2 Cysteine-rich domain binding to the unfolded A2 domain

In early ADAMTS13 truncation studies, the contribution of the Cys-rich domain to the activity
of ADAMTS13 was not obvious.(248, 263, 264) [n pull-down assays, purified isolated Cys-rich
domains could bind to VWF A2 domain-derived peptides; whether this binding contributed to
the productive interaction between ADAMTS13 and VWF was still unclear.(249) It was later
shown that the Cys-rich domain contains an exosite that contributes to ADAMTS13 activity; the
contribution of the entire domain was measured to be ~10-fold.(255 The Cys-rich domain
exosite spans a hydrophobic region, G471-V474, which is poorly conserved in the ADAMTS

family of proteases. Using engineered N-linked glycans in this region, as well as swapping this
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region with the corresponding sequence in ADAMTS1, a ~6-to-11 fold reduction in the rate of
proteolysis was measured.(266) Furthermore, the polymorphism P475S increases the Km of the
proteolysis reaction, showing that the region identified contributes to the functional binding

between VWF and ADAMTS13.(253)

The functionality of the Cys-rich exosite was initially shown to be dependent on the VWF A2
domain region 11642-R1659, which indicated the location of the complementary binding
site.(255) Based on the hypothesis that a functional hydrophobic interaction exists, the
hydrophobic residues in this region were substituted to Ser residues (IWILI1642/1644/1649-
51SSSSS). This reduced the binding affinity and the rate of proteolysis by ~12-fold. No
additional proteolytic deficit was observed when the G471-V474 were mutated in ADAMTS13,
confirming a functional exosite interaction, of hydrophobic nature, between the G471-V474
residues in the Cys-rich domain and [11642/W1644/11649/L1650/11651 in the VWF A2

domain.(266)
1.8.3.3 Disintegrin-like domain binding to the unfolded A2 domain

Different studies reported that the isolated MP domain lost its specificity for VWF, but addition
of just the Dis domain could restore the specificity.(249-251) This highlights the highly important
role of the Dis domain for specific proteolysis to occur. A panel of point mutations in the
variable regions of the Dis domain showed that the R349, L350 and V352 residues (in the
ADAMTS13 Dis domain HVR) are important for ADAMTS13 activity; mutating these residues
individually reduced the rate of proteolysis by up to ~20-fold. Creating the D1614A
substitution in the VWF A2 domain, the functional deficit associated with a mutation at R349
was lost, demonstrating the functional interaction between the ADAMTS13 Dis domain R349
and the VWF A2 domain D1614. This interaction contributes to the functional binding affinity
between VWF and ADAMTS13 (ie. Km of the reaction). The D1614A mutation in the VWF A2
domain does not abolish the functional deficit associated with mutating L350 and V352 in
ADAMTS13 Dis domain.(259) Furthermore, mutating other residues in the VWF A2 domain in
proximity to the D1614 (E1615/K1617) also reduces the binding affinity and the rate of
proteolysis.(256) These indicate that the Dis domain exosite interaction has not been fully
characterised, and more residues, in both ADAMTS13 and the VWF A2 domain, are likely to be

identified to contribute to this interaction.

62



1.8.3.4 Metalloprotease domain binding to the unfolded A2 domain

The loss of the proximal, non-catalytic domains of ADAMTS13 (Dis to Spacer domains) by
truncation, whose great contribution towards binding affinity and specific proteolysis is now
established, leaves the isolated MP domain unable to bind/cleave VWF specifically (at least
detectably).(248-251, 263, 264) Nevertheless, the MP domain must form specific, lower affinity
functional interactions with the VWF A2 domain for proteolysis to occur, since mutating VWF
A2 domain residues that are predicted to interact with the ADAMTS13 MP domain is
detrimental to the rate of proteolysis. Mutating the P1 and P1’ residues that make the scissile
bond in the VWF A2 domain (Y1605-M1606) reduced the rate of cleavage by up to 300-
fold.(362) Furthermore, deletion of the P9-P2 residues, R1597-V1604, in the VWF A2 domain

abolishes proteolysis.(255)

Subsites were identified in the MP domain, which form lower affinity interactions with the
VWF A2 domain, close to the cleavage site, contributing to the specificity of the reaction.
Swapping non-conserved regions in the MP domain with the corresponding sequences in
ADAMTS1 and ADAMTS2, in combination with point mutations, reduced/abolished proteolysis.
Mutating the residues D187, R190 and R193 in the MP domain independently reduced the rate
of proteolysis (10-fold, 2-fold and 4-fold, respectively). Swapping the M252-L256 region in
ADAMTS13 with the corresponding sequence in ADAMTS1, enhances the ability of the enzyme
to cleave VWF substrates with a substituted P1’ residue, M1606A. Based on this, the V252-
L256 region was proposed to be part of the S1’ pocket that accommodates the P1’ residue,
M1606.(242)

Residues in the VWF A2 domain located N-terminal to the cleavage site (P9-P2 residues,
R1597-V1604) are critical for proteolysis,(255) which suggests that they act as a docking site for
ADAMTS13. Substituting the P3 residue, Leu1603, with Ser, Asn, Ala and Lys almost abolished
proteolysis (up to >400-fold reduction); substitutions with the hydrophobic residues Met and
Phe did not have a significant influence on the rate of proteolysis. That the synthetic peptide
spanning D1596-Y1605 inhibited proteolysis, but less when it contained the L1603A
substitution, confirmed the functionality of the P3 residue as a functional exosite binding site.
Multiple residues, estimated to be in proximity to the active site in the MP domain, were
targeted by mutagenesis individually to identify the S1 and S3 subsites that accommodate the
Y1605 and L1603 residues, respectively. Two clusters of residues, namely L198/1L232/L274

63



and V195/L151, appeared to influence the activity of ADAMTS13. However, further evidence

demonstrating direct interactions involving these residues is required.(252)
1.8.3.5 The modularity and portability of the exosite interactions

Gao et al were the first to describe the modular nature of the interactions between ADAMTS13
domain exosites and their complementary binding sites in the VWF A2 domain.(255) Instead of
an extended interaction site, distinct segments/modules of interactions exist. These exosite
interactions are portable and act independently of each other. Proteolysis can occur even after
internally deleting any of the Dis to Spacer domains.(249) Furthermore, certain internal
deletions that change the relative distances between the exosite binding sites in the VWF A2
domain do not prevent proteolysis from taking place. That the exosite interactions are
independent events could be of functional relevance. The VWF unfolding (a requirement for
cleavage) is thought to involve multiple conformational transitions, during which the exposure
of the interaction sites may not always happen in the same order; each interaction being an
independent event would allow any exosite binding site exposed first to interact, irrespective

of whether another exosite interaction has taken place.(255)

In a recent study by Kretz et al, all possible substitutions were introduced to the D1596-R1668
region in the VWF A2 domain by oligonucleotide synthesis. Using substrate phage display and
high-throughput sequencing, they measured the effect of all possible point mutations to the
rate of proteolysis, which was used to generate a heat map. This clearly showed the modularity
of the exosite binding sites within the VWF A2 domain sequence; there are four distinct
regions, in which mutations compromise the rate of proteolysis, corresponding to the binding
sites for the MP, Dis, Cys-rich and Spacer domains of ADAMTS13. While prior studies using
conventional mutagenesis were limited by the number of mutations analysed, this study
impressively provided a complete dataset of the effect of any mutation at any position in the
VWF A2 domain region of interest, redefining the boundaries of the exosite binding sites
important for the specificity of ADAMTS13 proteolysis.(363.364) This will be discussed further in
Chapter 4.

1.8.3.6 ADAMTS13 - a uniquely specific enzyme

Perhaps the most intriguing fact about ADAMTS13 is its unprecedented specificity; it is only
proteolytically active against a single physiological substrate, VWF. This specificity becomes

more striking when considering some unique properties that characterise ADAMTS13.
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ADAMTS13 is secreted and circulates as a constitutively active enzyme. This is different to
other haemostatic proteases, which circulate as zymogens and are specifically activated on
demand by proteolytic removal of their activation peptide. ADAMTS proteases do possess a
propeptide, which regulates their function, until it is eventually cleaved for activation.(365) In
ADAMTS13, the propeptide is unusually short, non-conserved, and functionally redundant.(366)
Also quite uniquely, ADAMTS13 has a long active plasma half-life of several days.(367) If
ADAMTS13 persists active for such a long period (with its active site ‘open’ and accessible) one
would expect some inhibition (at least non-specific) by the large range of inhibitors found in
plasma. However, no natural inhibitors are known to regulate ADAMTS13 function. In vitro,
known endogenous inhibitors of MMPS, ADAMs, ADAMTSs proteases (tissue inhibitors of
metalloproteases, TIMPs) and broad-spectrum MMP inhibitors (batimastat and iliomastat) do
not seem to inactivate ADAMTS13.(368) [t is unlikely that a physiological cofactor for
ADAMTS13 exists (purified recombinant ADAMTS13 retains its specific activity in vitro, in the

absence of plasma).

The well-characterised exosite interactions that precede proteolysis have a central role to play
in the specificity; they give ADAMTS13 its affinity to interact with VWF, and also direct the
cleavage site into the active site with precision. We know that the activity of the isolated MP
domain is almost abolished, and on some occasions it was shown to lack specificity. Addition of
the proximal non-catalytic domains (Dis to Spacer domains) restores the catalytic efficiency
and specificity of ADAMTS13. Could the exosite interactions facilitate an allosteric activation
mechanism that opens and reshapes the active site for efficient and specific cleavage?
Conformational flexibility within the active site has already been demonstrated in the crystal
structures of ADAMTS4. In the presence of an active site inhibitor, the active site adopts an
open conformation. In contrast, in the absence of an inhibitor, the active site adopts a rather

closed conformation.(237)
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1.9 Hypothesis and aims

[ hypothesize that the active site of ADAMTS13 is flexible, and can exist in an active/’open’ or a
latent/’closed’ state. Whether proteolysis occurs or not depends on where the equilibrium
between these two conformational states lies; is an active/’open’ conformation or a
latent/’closed’ conformation favoured? Upon one or more exosite interactions, a
conformational change is transduced to the active site that shifts the equilibrium from
favouring a latent/’closed’ state (that cannot cleave VWF), to favouring an active/‘open’ state
(that can cleave VWF) - a model of allosteric activation. This would explain the resistance of
ADAMTS13 to off-target proteolysis (the specific exosite binding sites are only present in the
VWF A2 domain and are exposed upon domain unravelling) and inhibition (active site is
otherwise latent/’closed’, inaccessible by inhibitors). The combination of this hypothetical
exosite-dependent allosteric activation mechanism of ADAMTS13, with the need for a shear-
dependent unravelling of the VWF A2 domain, and the C-terminal tail-mediated
conformational activation of ADAMTS13, would explain the enormous specificity that

characterises the ADAMTS13-VWF axis.

In this project, the precise contribution of each exosite interaction to the recognition of VWF
and its proteolysis by ADAMTS13 will be investigated. A new VWF A2 domain peptide
substrate, VWF96, will be generated as a substrate for ADAMTS13. Variants of this substrate,
which have the entire exosite binding sites mutated individually, will also be generated; these
will ablate the entire exosite interactions without interfering with the structure of ADAMTS13.
[ hypothesize that, if an exosite interaction is important in allosterically activating ADAMTS13,
ablating that interaction not only will it influence the binding affinity between VWF and
ADAMTS13, but it will also significantly influence the functionality of the enzyme’s active site.
Certain kinetic parameters can be used as measures of active site functionality and the
substrate binding affinity; the kcat (substrate turnover number, measures the functionality of
the active site), the Km (Michaelis constant, measures functional substrate binding affinity) and
the Kbp (dissociation constant, measures equilibrium binding affinity). In-house ELISA-based
assays will be developed that monitor the proteolysis of the VWF96 variants to derive these
kinetic constants. If an exosite that allosterically activates ADAMTS13 exists, then its ablation

would be expected to significantly reduce the keat of proteolysis.
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2 MATERIALS AND METHODS

2.1 GENERATION OF VWF96 VARIANTS
2.1.1 Generation of pET SUMO-VWF96 bacterial expression vector
2.1.1.1 PCR amplification of VWF96 cDNA

The cDNA for VWF96 (G1573-R1668) was generated by PCR amplification, using the OneTaq
HotStart Quick load 2x Master Mix with standard buffer (NEB), according to the manufacturer’s
instructions. 1ng of the pET-100 vector, which had the cDNA for a longer VWF A2 domain
fragment (VWF115, E1554-R1668) inserted and was already available in the lab,(256) was used
as the DNA template. The primers were produced by Thermo Fisher Scientific and were used at
0.2uM, in a final reaction volume of 50ul (‘VWF96 PCR amp’ primers in Table A, Appendix I).
The conditions of the PCR reaction were: initial denaturation at 94°C for 30 seconds, then 28
cycles of denaturation at 94°C for 30 seconds, annealing at 56°C for 15 seconds and extension
at 68°C for 15 seconds, and then a final extension step at 68°C for 5 minutes. The PCR products
were separated from the rest of the reaction components by agarose gel electrophoresis

(section 2.1.1.2). The bands were excised and DNA was extracted from the gels (section 2.1.1.3).
2.1.1.2 Agarose gel electrophoresis

1.2% (w/v) agarose gels (Sigma) were prepared using Tris-Borate-EDTA buffer (89mM Tris-
borate and 2mM EDTA, pH 8.3, Sigma) mixed with 5pg/ml SYBR safe gel stain (Invitrogen).
DNA samples were mixed with Gel Loading Dye 6X (NEB) and loaded on the gel. The Quick-
Load 2-Log DNA ladder (NEB) was used as a reference for molecular size. Electrophoresis was
performed at 100V for 35 minutes and DNA bands were visualised on a Safe Imager blue light

transilluminator (Invitrogen).
2.1.1.3 Agarose gel DNA extraction

The QIAquick Gel Extraction Kit (QIAGEN) was used to extract the DNA from the agarose gels.
DNA bands of the desired molecular size were excised from the agarose gel, weighed and
placed into a 1.5ml Eppendorf tube. 3 volumes of Solubilisation Buffer QG were added to 1
volume gel (where 1mg gel ~ 1ul) followed by incubation at 50°C until the gel completely
dissolved. 1 gel volume of isopropanol was added and mixed. The mixture was transferred to a

QIAquick spin column and centrifuged at 13000rpm for 1 minute to allow the DNA to bind to
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the column. This was followed by centrifugation with 750ul of the ethanol-containing PE buffer
at 13000rpm for 1 minute to wash the column. An extra centrifugation step ensured removal of
any remaining ethanol from the column. To elute the bound DNA, 50ul Elution Buffer EB was
added to the column and allowed to stand at room temperature for 1 minute to equilibrate the

membrane, followed by centrifugation at 13000rpm for 1 minute.
2.1.1.4 Cloning of VWF96 cDNA into the pET SUMO vector

The PCR-amplified VWF96 cDNA was inserted into the pET SUMO bacterial expression vector,
which fused N-terminal HisG and SUMO (small ubiquitin-related modifier) peptides (map in
Figure 2-1). The pET SUMO TA cloning kit (Invitrogen) was used according to the
manufacturer’s instructions. The pET SUMO vector was supplied linearized, and contained
single 3’ deoxythymidine residues (T). The VWF96 cDNA, which had 3’ deoxyadenosine (A)
overhangs added by the Taqg polymerase during PCR amplification, was cloned into the TA
cloning site of the pET SUMO vector in a single step. In 5pl of ligation reaction, 1ul of PCR
product, 0.5ul of ligation buffer, 1ul of pET SUMO vector, 0.5ul of T4 DNA Ligase (Invitrogen)
and 2yl of sterile water, were used. The reaction was incubated at room temperature for 30

minutes.
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5 3 .
VWF96 A
A PCR product
p
3 5 ”

121 ATAGGCGCCA GCAACCGCAC CTGTGGCGCC GGTGATGCCG GCCACGATGC GTCCGGCGTA GAGGATCGAG ATCTCGATCC

T7 promoter lac operator
201 CGCGAMT"I‘A ATACGACTCA CTATA‘GGrGGA ATTGTGAGCG GATAACAATT CC‘ECTCTAGA AATAATTTTG TTTAACTTTA
HisG epitope
RBS ] Polyhistidine region 1

—— r 1
281 AGAAGGAGAT ATACAT ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC GGC AGC GGC CTG GTG CCG CGC GGC AGC
Met Gly Ser Ser His His His His His His Gly Ser Gly Leu Val Pro Arg Gly Ser

SUMO fusion protein

r
354 GCT AGC ATG TCG GAC TCA GAA GTC AAT CAA GAA GCT AAG CCA GAG GTC AAG CCA GAA GTC AAG CCT GAG ACT
Ala Ser Met Ser Asp Ser Glu Val Asn Gln Glu Ala Lys Pro Glu Val Lys Pro Glu Val Lys Pro Glu Thr

426 CAC ATC AAT TTA AAG GTG TCC GAT GGA TCT TCA GAG ATC TTC TTC AAG ATC AAA AAG ACC ACT CCT TTA AGA
His Ile Asn Leu Lys Val Ser Asp Gly Ser Ser Glu Ile Phe Phe Lys Ile Lys Lys Thr Thr Pro Leu Arg
SUMO forward priming site
r
498 AGG CTG ATG GAA GCG TTC GCT AAA AGA CAG GGT AAG GAA ATG GAC TCC TTA lAGA TTC TTG TAC GAC GGT ATT
Arg Leu Met Glu Ala Phe Ala Lys Arg Gln Gly Lys Glu Met Asp Ser Leu Arg Phe Leu Tyr Asp Gly Ile

e |
570 AG}\ ATT CAA GCT GAT CAG ACC CCT GAA GAT TTG GAC ATG GAG GAT AAC GAT ATT ATT GAG GCT CAC AGA GAA
Arg Ile Gln Ala Asp Gln Thr Pro Glu Asp Leu Asp Met Glu Asp Asn Asp Ile Ile Glu Ala His Arg Glu

642 CAG ATT GGT GGT|
GTC TAA CCA CC

Gln Ile Gly Gly

V]

\ 96 ACAAG CTTAGGTATT TATTCGGCGC AAAGTGCGTC GGGTGATGCT
PCR product

TCTGTTC GAATCCATAA

SUMO cleavage site
701 GCCAACTTAG TCGAGCACCA CCACCACCAC CACTGAGATC CGGCTGCTAA CAAAGCCCGA AAGGAAGCTG AGTTGGCTGC

T7 reverse priming site

r 1
781 TGCCACCGCT GAGCAATAAC TAGCATAACC

Figure 2-1 pET-SUMO map.

Features: T7 promoter (T7), lac operator (lacO), ribosome binding site (RBS), initiation codon (ATG),
HisG epitope, SUMO ORF, TA cloning site, T7 terminator (T7 term), Kanamycin resistance gene, pPBR322
origin, ROP ORF, lacl ORF. TA cloning site: pET SUMO is supplied linearised with a deoxythymidine (T)
at its 3’ ends. This allows quick and efficient one-step ligation of a Tag-amplified insert, which has one
deoxyadenosine (A) at the 3’ ends.
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2.1.1.5 One Shot Mach1-T1 Chemically Competent E. coli transformation

The ligation reaction product (VWF96 pET SUMO vector) (section 2.1.1.4) was used to
transform One Shot Mach1-T1 Chemically Competent E. coli (Invitrogen). After 50pl of bacteria
were thawed on ice, 2pl of the ligation reaction was added, mixed gently and incubated on ice
for 30 minutes. The mixture was then incubated at 42°C for 30 seconds to heat shock the
bacteria. 250pl of S.0.C. outgrowth medium (NEB) was added and the bacteria were cultured at
37 °C, with shaking, for 1 hour. 150ul of the culture was spread on LB Agar (Sigma) medium. As
the pET SUMO vector possesses a kanamycin resistance gene for selection in E. coli, 50pg/ml

kanamycin was included in the LB Agar.
2.1.1.6 Plasmid DNA isolation

The QIAprep Spin Miniprep kit (QIAGEN) was used for DNA plasmid isolation. Single colonies
were picked from the LB Agar plates to inoculate 5ml of LB Broth (Sigma) containing 50 pg/ml
kanamycin, and were grown overnight at 37°C with shaking. The overnight cultures were
centrifuged at 13000rpm for 3 minutes at room temperature, keeping the pellets and
discarding the supernatants. The pellets were resuspended in 250ul of RNase-containing
resuspension buffer (P1) and transferred to a 1.5ml microcentrifuge tube. 250l of lysis buffer
(P2) was added to the resuspended sample, mixed and incubated for 5 minutes at room
temperature to allow complete bacterial lysis. 350pl of neutralisation buffer (N3) was added
followed by mixing and centrifugation at 13000rpm for 10 minutes. The pellet was discarded
and the supernatant was applied to a QIAprep spin column and span for 1 minute, discarding
the flow-though. 750ul of buffer PE washed the column by centrifugation at 13000rpm for 1
minute. An extra centrifugation step was performed to remove any remaining ethanol from the
column. The bound plasmids were eluted by adding 50pl of elution buffer (EB) to the column,
standing for 1 minute at room temperature to equilibrate the membrane and eluting by
centrifugation at 13000rpm for 1 minute. Successful cloning of the VWF96 cDNA into the pET

SUMO vector was verified by sequencing (‘Sequencing’ primers in Table A, Appendix I).
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2.1.2 Subcloning into the pET-25b(+) bacterial expression vector
2.1.2.1 PCR amplification of HisG-SUMO-VWF96 cDNA

The verified VWF96 pET SUMO vector was used as template for PCR amplification (section
2.1.1.1) of the sequence encoding the HisG-SUMO-VWF96 peptide, to subclone this into the
bacterial expression vector pET-25b(+), which fuses C-terminal HSV and 6xHis tags (map in
Figure 2-2). The primers for the PCR amplification introduced a 3’ Xhol restriction site for
subcloning (‘VWF96-Xhol’ primers in Table A, Appendix I). The PCR components were
separated by agarose gel electrophoresis (section 2.1.1.2) and extracted from the gel (section

2.1.1.3).
2.1.2.2 Double restriction digest

Double restriction digests were set up, using the restriction enzymes Xhol and Ndel (NEB). In
50pul and 30yl restriction digest reactions, 43l of the PCR product (HisG-SUMO-VWF96 cDNA
with 3’ Xhol restriction site)(section 2.1.2.1) and 6ul of the pET-25b(+) vector, respectively,
were digested. Each reaction contained 1pl of each restriction enzyme and 1X CutSmart buffer
(NEB), and was incubated at 37°C for 3 hours. The DNA fragments were separated by agarose
gel electrophoresis (section 2.1.1.2) and extracted from the gel (section 2.1.1.3).

2.1.2.3 DNA ligation

DNA ligation was performed to ligate the Ndel- and Xhol-digested pET-25b(+) vector and HisG-
SUMO-VWF96 cDNA insert (molar ratio 1 vector : 3 insert). In a final reaction volume of 20],
1ul T4 DNA Ligase (NEB) and 1X ligase buffer were used, according to the manufacturer’s
instructions. A ‘no insert’ control ligation reaction was performed to assess vector self-ligation.
After incubation at room temperature for 1 hour, 4l of each of the reactions were transformed
into 50ul of NEB Turbo competent E. coli (NEB)(section 2.1.1.5). The pET-25b(+) vector
possesses an ampicillin resistance gene for selection in E. coli, therefore, 100pg/ml ampicillin
was added to the media. The emergence of colonies from the ‘no insert’ control ligation
reaction indicated self-ligation of the parent vector and, hence, the presence of empty vectors.
For this reason, multiple colonies were screened by PCR for successful ligation. Single colonies
were picked and directly suspended in a PCR reaction containing OneTaq HotStart Quick load
2x Master Mix and 0.4pM T7 forward and reverse primers (‘Sequencing’ primers in Table A,

Appendix I), at a final volume of 50pul. The following conditions were used: initial denaturation
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at 94°C for 2 minutes, then 30 cycles of denaturation at 94°C for 30 seconds, annealing at 50°C
for 15 seconds and extension at 68°C for 45 seconds, and then a final extension step at 68°C for
5 minutes. The PCR reactions were analysed by agarose gel electrophoresis (section 2.1.1.2).
Plasmids from the positively screened colonies were isolated as described (section 2.1.1.3),
using 100pg/ml ampicillin in the media, and verified by sequencing (‘Sequencing’ primers in

the Table A, Appendix I).
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Figure 2-2 pET-25b(+) map

The HisG-SUMO-VWF96 cDNA was subcloned into the T7 cloning/expression region (sequence at the
bottom) of the pET-25b(+) vector, using the Ndel and Xhol restriction sites (squared red). The
cloning/expression region includes the following features: T7 promoter, lac operator, ribosome binding

site (rbs), HSV tag ORF, 6xHis tag ORF, T7 terminator. Other features of the pET-25b(+) vector: pBR322
origin (ori), ampicillin resistance gene (Ap 4092-4949).
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2.1.2.4 VWF96 mutagenesis by inverse PCR amplification of the pET-25b(+)

pET-25b(+) expression vectors expressing variants of VWF96 were generated by inverse PCR,
using primers that introduce mutations/deletions into the VWF96 cDNA sequence. In a final
volume of 50ul, 1ng of template DNA (VWF96-pET-25b(+)) (section 2.1.2.3), 2mM
deoxynucleotides, 25mM magnesium sulphate, 0.3uM of forward and reverse primers (‘Inverse
PCR’ primers in Table A, Appendix I), 1X buffer for KOD polymerase (Merck Millipore) and 1l
KOD DNA polymerase (Merck Millipore), were added. The following conditions were used:
initial denaturation at 95°C for 2 minutes, then 25 cycles of denaturation at 95°C for 20
seconds, annealing at 55°C for 10 seconds and extension at 70°C for 3 minutes, and then a final
extension step at 70°C for 5 minutes. The PCR products (~6065bp) were separated by agarose
gel electrophoresis (section 2.1.1.2) and extracted from the gel (section 2.1.1.3). The products
of inverse PCR using the KOD polymerase were linear, with non-phosphorylated blunt ends. To
circularise the gel extracted PCR products, 5’ phosphorylation followed by ligation reactions
were set up. 8ul of gel extracted PCR products were mixed with 10ul of Quick Ligase buffer
(NEB) and 1l of T4 PNK (NEB), and were incubated at 37°C for 30 minutes. At the end of the
incubation, 1ul of Quick Ligase was added to the same tubes followed by a 5-minute incubation
at room temperature. The reactions were used to transform One Shot™ TOP10 Chemically
Competent E. coli (Invitrogen) using 100pg/ml ampicillin in the media for selection (section
2.1.1.5). Multiple colonies were picked and used for plasmid isolation (section 2.1.1.6), and

successful mutagenesis was verified by sequencing (‘Sequencing’ primers in Table A, Appendix

I).
2.1.2.5 Large-scale expression of the VWF96 variants

50ul BL21 (DE3) E. coli were transformed with the pET-25b(+) vectors containing the inserts
encoding VWF96 variants, and plated on LB Agar medium containing 100ug/ml ampicillin
(section 2.1.1.5). Single colonies were picked to inoculate 10ml of fresh LB Broth containing
100ug/ml ampicillin, which were grown at 37°C for 5 hours with shaking. The 10ml cultures
were used to inoculate 200ml of fresh LB Broth containing 100pg/ml ampicillin, followed by
shaking overnight at 37°C. The overnight cultures were used to inoculate 2.5L of fresh LB Broth
containing 100pg/ml ampicillin and incubated with shaking at 37°C. At log phase (~2 hours
after inoculation), VWF96 variant expression was induced by the addition of 1mM IPTG,

followed by further incubation for 5 hours. The cultures were centrifuged at 3500g for 30
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minutes, discarding the supernatants and freezing the bacterial pellets at -80°C overnight. The
pellets were thawed and lysed with BugBusterTM Protein Extraction Reagent (NOVAGEN),
containing Benzonase (25 units per ml of BugBuster mix) (NOVAGEN), Chicken Egg White
Lysozyme (NOVAGEN) and Protease Inhibitor Cocktail for use in purification of Histidine-
tagged proteins (Sigma Aldrich), according to the manufacturer’s instructions. BugBuster is a
mixture of non-ionic detergents, which can perforate the cell wall of bacteria. Benzonase is a
nuclease that degrades DNA and RNA, and is used to reduce the viscosity of the bacterial lysate
for easier processing. Chicken Egg White Lysozyme catalyses the hydrolysis of polysaccharides
in the peptidoglycan of the bacterial cell wall, facilitating lysis. The Protease Inhibitor Cocktail
inhibits endogenous bacterial proteases and phosphatases, which could degrade the extracted
VWF96. 2.5ml of the BugBuster mix was used per 50ml of culture. Insoluble cell debris was
removed by centrifugation at 10000rpm at 4°C for 30 minutes, followed by filtration of the
supernatant using the 0.2uM Minisart® Syringe Filters, keeping the filtrate.

2.1.2.6 Purification of the VWF96 variants
Immobilised Metal Ion Affinity Chromatography (IMAC)

VWF96 variants were initially purified from the bacterial lysates (soluble fraction) (section
2.1.2.5) using Nickel HiTrap Chelating HP columns (GE Healthcare Life Sciences) and the AKTA
start FPLC system. The column was charged with 0.1M Nickel(II) sulphate heptahydrate (Sigma
Aldrich) and equilibrated with 20mM Tris (pH 7.6)/500mM NaCl/20mM Imidazole (Sigma
Aldrich). The bacterial lysates were passed over the column to allow 6xHis-tagged proteins
(VWF96 variants have two 6xHis tags, one at each terminus) to bind the Ni2* on the column,
and the column was washed with 20mM Tris (pH 7.6)/500mM NaCl/20mM Imidazole. Elution
of the VWF96 variants was performed with 20mM Tris (pH 7.6)/500mM NaCl/300mM
Imidazole and the eluted fractions were dialysed in 20mM Tris (pH 7.6)/50mM NaCl twice at
room temperature for 3 hours, and once at 4°C overnight, using the 10kDA MWCO SnakeSkin™
Dialysis Tubing (Thermo Fisher Scientific). The efficiency of the purification was assessed by
SDS-PAGE (section 2.1.2.7) and Coomassie staining using Imperial protein stain (Thermo

Fisher Scientific)(section 2.1.2.8).
Anion Exchange Chromatography

A second purification step was performed using HiTrap Capto Q ImpRes anion exchange

column (GE Healthcare Life Sciences). The column was equilibrated with 20mM Tris (pH
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7.6)/50mM NaCl, the samples were passed over and elution steps were performed with
increasing NaCl concentrations in the buffer (20mM Tris (pH 7.6)/0.05-2M NacCl) to separate
the VWF96 variants from impurities. VWF96 variants eluted at 540mM NaCl. The purified
samples were analysed using SDS-PAGE (section 2.1.2.7) and Coomassie staining using
Imperial stain (Thermo Fisher Scientific)(section 2.1.2.8), and dialysed in 20mM Tris (pH
7.6)/50mM NaCl/5mM CaCl: twice at room temperature for 3 hours, and once at 4°C overnight,
using the 12-14kDa MWCO D-Tube™ Dialyzers (Merck Millipore).

2.1.2.7 SDS-PAGE

Proteins were separated according to molecular weight by SDS-PAGE. Samples were first
diluted in NuPAGE 4X LDS Sample Buffer (Invitrogen) and incubated at 95°C for 5 minutes to
cause protein denaturation. Denatured protein samples were loaded on NuPAGE Bolt Bis-Tris
Plus 4-12% or 12% precast polyacrylamide gels (Invitrogen) and electrophoresed in MES
Running Buffer (Invitrogen) at 200V for 25 minutes.

2.1.2.8 Coomassie staining

After SDS-PAGE (section 2.1.2.7), three 5-minute gel washes were performed with water on a
shaking platform and at room temperature. The proteins on the gel were stained with Imperial
protein stain (Thermo Fisher Scientific) by shaking at room temperature for 1 hour. The gels
were destained with water by shaking at room temperature until all stained protein bands on

the gel were clearly visible, and the background staining was removed.
2.1.2.9 Western blotting

The purified VWF96 variants were analysed by Western blotting. Following SDS-PAGE (section
2.1.2.7), proteins were transferred onto nitrocellulose membranes using the Trans-Blot Turbo
Transfer System (Bio-Rad) ‘MIXED MW’ pre-defined protocol (1.3A, up to 25V, for 7 minutes).
The membranes were blocked in blocking buffer: 5% (w/v) non-fat milk (PanReac AppliChem)
in phosphate buffered saline (PBS)(Sigma) for 1 hour on a shaking platform. To detect the C-
terminal HSV tag on VWF96 variants, the membranes were incubated with goat polyclonal
(pAb) anti-HSV whole IgG conjugated with horseradish peroxidase (HRP)(A190-136P, Bethyl).
The N-terminal SUMO peptide was detected using chicken pAb anti-SUMO/SUMOstar IgY
(AB7002, Life Sensors) followed by 3 washes in PBS containing 0.1% Tween
(PBS/0.1%Tween), and then incubating with HRP-conjugated goat pAb anti-chicken IgY
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(abcam). Alternatively, the N-terminal HisG tag was detected using the mouse mAb anti-HisG
IgG2a (R940-25, Thermo Fisher Scientific) followed by 3 washes in PBS/0.1% Tween, and then
incubating with HRP-conjugated rabbit pAb anti-mouse IgG (Dako). All antibodies were diluted
1:5000 in blocking buffer containing 0.1% Tween, and were incubated with the membrane for
1 hour with shaking. Following 5 washes, chemiluminescent detection was carried out using
the Immobilon Western Chemiluminescent HRP substrate (Merck), and the ChemiDoc™

Imaging System (BIO-RAD).
2.1.2.10 VWF96 variant quantification

Purified VWF96 variants were quantified using predicted extinction coefficients and
absorbance at 280nm (Nanodrop, Thermo Fisher Scientific), as well as using the in-house

developed ELISA (section 2.1.2.11).
2.1.2.11 VWF96 Enzyme-linked immunosorbent assay (ELISA)

As part of this project, an ELISA assay was developed and optimised to detect VWF96 variants,
exploiting the terminal SUMO and HSV peptides. Optimisation of the ELISA assay conditions
involved identifying sensitive, commercially available antibodies, establishing the orientation
of the ELISA antibodies, antibody concentrations, and a VWF96 concentration range that is
linearly associated with absorbance. Details of all the conditions/parameters that were

optimised are provided in Chapter 3 (section 3.6).
Optimised ELISA (anti-SUMO) conditions

In a Nunc Maxisorp™ 96 well ELISA plate (Thermo Fisher Scientific), 100ul of affinity-purified,
chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors), diluted in 50mM sodium
bicarbonate buffer (pH 9.6) to a concentration of 0.5ug/ml, were incubated overnight at 4°C.
The coated wells were washed three times with 400ul PBS/0.1% Tween and blocked with
300ul 3% BSA/TBS buffer (20mM Tris pH 7.6/50mM NaCl containing 3% (w/v) Bovine Serum
Albumin) for two hours, at room temperature, with shaking. The wells were washed, and 100ul
of VWF96 diluted in 1% BSA/TBS buffer (20mM Tris pH 7.6/50mM NaCl) to the concentrations
of OnM, 0.01nM, 0.03nM, 0.05nM, 0.08nM, 0.1nM, 0.13nM and 0.15nM were added and
incubated at room temperature for 1.5 hours, with shaking. Following washing, 100ul of pAb
HRP-conjugated anti-HSV goat whole IgG (A190-136P, Bethyl), diluted in 1% BSA/TBS buffer
(20mM Tris pH 7.6/50mM NaCl) to a concentration of 0.5ug/ml, were added and incubated for
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one hour, at room temperature, with shaking. The antibodies were removed by washing and
170l SIGMAFAST" OPD (o-Phenylenediamine dihydrochloride) HRP substrate was used for
the detection of VWF96. Colour development was stopped using 2.5M H2S04 and measured
spectrophotometrically at 492nm. A ‘buffer-only’ sample, to which no VWF96 was added, was
used as blank for each plate, and was used to remove the background absorbance from all

samples in the same plate.
Optimised ELISA (anti-HisG) conditions

An alternative ELISA protocol was developed, exploiting the N-terminal HisG tag of VWF96 (as
opposed to the SUMO tag) for capturing VWF96 on the plate. This was because the affinity of
the chicken pAb anti-SUMO/SUMOstar (AB7002, Life Sensors) for the SUMO tag on VWF96
varied across batches/LOTs, rendering the VWF96 ELISA too insensitive to monitor

proteolysis.

The optimised ELISA protocol above was modified. Mouse mAb anti-HisG IgG2a (1.18pug/ml)
(R940-25, Thermo Fisher Scientific) were immobilized on the 96-well plate for capturing
VWF96. To generate the standard curve, OnM, 0.1nM, 0.2nM, 0.4nM, 0.6nM, 0.8nM, 1nM and
1.2nM VWF96 were used.

2.2 PRODUCTION OF ADAMTS13 and MDTCS
2.2.1 Mammalian protein expression
2.2.1.1 Expression of full-length ADAMTS13 in HEK 293 cells

Human embryonic kidney (HEK) 293 cells stably transfected with the ADAMTS13 pcDNA
3.1/myc-his construct (map in Figure 2-3) were already available and stored in 10% Dimethyl
sulfoxide (DMSO) in liquid nitrogen. Cells were thawed at room temperature. The DMSO and
dead cells were removed by centrifugation at 100g for 5 minutes, discarding the supernatant
and resuspending the pelleted cells in fresh growth medium (Eagle Minimal Essential Medium
(Sigma) supplemented with 10% fetal bovine serum (FBS)(Labtech), 5mM L-Glutamine (Gibco
Life Technologies), 1X MEM non-essential amino acids (Gibco Life Technologies) and 5mM
penicillin/streptomycin (Sigma)). Cells were seeded in cell culture flasks and incubated
overnight at 37°C, 5% CO2. At >70% confluence, cells were washed with PBS, detached from the
flask using TrypLE™ Express Enzyme (Gibco Life Technologies), resuspended into growth

media containing FBS, and seeded for further expansion.
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When enough cells were available at 70% confluence, cells were washed with PBS, growth
medium was replaced by OptiMEM reduced serum medium (Gibco Life Technologies) with
5mM penicillin/streptomycin, and cells were incubated for three to five days at 37°C, 5% CO-.

All tissue culture was performed using aseptic technique.

The conditioned media containing ADAMTS13 were harvested, filtered using MF Millipore
0.45uM MCE filter units (Merck Millipore) and concentrated through a 10kDa MWCO Pellicon®
XL Ultracel®-10 membrane (Merck Millipore) using the Labscale® TFF System (Merck
Millipore). The samples were further concentrated using the Amicon Ultra Centrifugal Filter

Units (Merck Millipore).
2.2.1.2 Enzyme-linked immunosorbent assay (ELISA) for ADAMTS13 quantification

To establish the concentration of full-length ADAMTS13 in conditioned media, an ELISA assay
was used, which had been optimised prior to this project.339) In a Nunc Maxisorp™ 96 well
ELISA plate (Thermo Fisher Scientific), 100ul of rabbit pAb anti-ADAMTS13 (depleted of anti-
ADAMTS13 TSP2-4 domain antibodies), diluted in 50mM sodium bicarbonate buffer (pH 9.6)
to a concentration of 5ug/ml, were incubated overnight at 4°C. The coated wells were washed
three times with 400pl PBS/0.1% Tween and blocked with PBS/3% BSA for two hours, at room
temperature, with shaking. The wells were washed, and 100l of various dilutions (in PBS/1%
BSA) of concentrated conditioned media containing ADAMTS13 were added and incubated at
room temperature for 1.5 hours, with shaking. To generate a standard curve, dilutions of
normal human plasma (Technoclone, Austria) were used instead (the concentration of
ADAMTS13 in normal pooled human plasma was previously measured to be 900ng/ml).(330)
Following washing, 100ul of biotinylated rabbit pAb against ADAMTS13 TSP2-4 domains
(diluted in PBS/1% BSA to a concentration of 0.2pug/ml) were added and incubated for one
hour, at room temperature, with shaking. The antibodies were removed by washing, and 100pl
of Pierce™ Streptavidin-HRP (Thermo Fisher Scientific) diluted 1:1000 in PBS/1% BSA was
added to the wells and incubated for 1 hour, at room temperature, with shaking. A final wash
was performed and 170pl SIGMAFAST" OPD (o-Phenylenediamine dihydrochloride) HRP
substrate was used for detection of ADAMTS13. Colour development was stopped using 2.5M
H2S04 and was measured spectrophotometrically at 492nm. A buffer-only well was used as
blank in each plate, and the background absorbance was subtracted from all samples on the

same plate.
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Figure 2-3 pcDNAT™3.1 Mammalian expression vector map.

Features: cytomegalovirus enhancer-promoter (PCMV) for expression in mammalian cells, multiple
cloning site, myc epitope, polyhistidine tag (6xHis), BGH polyadenylation signal and transcription
termination sequence for mRNA stability, SV40 origin of replication/promoter/polyadenylation signal,
neomycin resistance gene, ampicillin resistance gene, pUC origin for replication in bacteria.
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2.2.2 Drosophila Schneider (S2) insect cell expression of truncated ADAMTS13 variants
(MDTCS and MDTCS(E225Q))

2.2.2.1 Thawing cells

The cDNA for the MDTCS domains of ADAMTS13 lacking the signal peptide/propeptide (G78-
P682, with or without the inactivating E225Q substitution) was cloned into the pMT-BiP-PURO
(map in Figure 2-4),369) which was used to stably transfect Drosophila Schneider (S2) insect
cells using calcium phosphate (by Dr Frank Xu). Stably transfected S2 insect cells were already
available and stored in 10% DMSO in liquid nitrogen. Cells were thawed at room temperature,
added to a T25 flask containing 5ml of room temperature Schneider’s Drosophila Medium,
Modified, with L-Glutamine (Lonza), supplemented with 10% FBS, 10ug/ml Gibco™ Sterile
Puromycin Dihydrochloride (Life Technologies) and 5mM penicillin/streptomycin, and
incubated at room temperature in the dark for 30 minutes. After detaching the cells from the
flask by pipetting, the cultures were centrifuged at 100g for 2-3 minutes, discarding the
supernatant to remove DMSO and dead cells. The cells were resuspended in 5ml of fresh
complete Schneider’s Drosophila medium, added to a T25 flask and incubated at room

temperature in the dark, until reaching a density of 6-20x10° cells/ml.
2.2.2.2 Cell passage

Any cells that attached to the flask were detached by pipetting. Cells were washed twice by
centrifugation at 100g (keeping the supernatant from the conditioned media aside) and
resuspending the pellet in fresh room temperature complete Schneider’s Drosophila medium.
The cells were passaged into new culture flasks using 20% conditioned media and 80% fresh
room temperature complete Schneider’s Drosophila medium, splitting them so as to reach a
density of 2-4x10° cells/ml, and incubated at room temperature in the dark. This procedure

was repeated to expand the culture from T25 to T75 to T175 flasks.
2.2.2.3 Protein expression

Prior to protein expression induction, the cells from each T175 flask were washed and
resuspended in 250ml EX-CELL® 420 Serum-Free Medium for Insect Cells with L-Glutamine
(Sigma), supplemented with 10pg/ml Gibco™ Sterile Puromycin Dihydrochloride and 5mM
penicillin/streptomycin, and transferred to 2L Corning® Erlenmeyer Shake Flasks with Vent

Cap (Corning). The cultures were incubated in the dark, at 28°C with shaking until reaching a
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density of 6-20x10° cells/ml, when more media were added to reduce cell density to a density
of 2-4x106 cells/ml. Protein expression was induced with the addition of 0.5mM CuSO4. 7 days
after protein expression induction, the conditioned media were harvested, centrifuged at

5000rpm for 20 minutes and filtered through a 0.2um filter.
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Figure 2-4 pMT-BiP-PURO vector map

Features: Metallothionein promoter (PMT), BiP signal sequence; multiple cloning site (MCS) V5 peptide
tag, polyhistidine tag (His6), SV40 late polyadenylation signal (SV40 pA), copia promoter (PCOPIA),
ampicillin resistance gene (AMP), pUC origin for replication in bacteria (pUCori), puromycin N-acetyl-
transferase gene for puromycin resistance (PURO).
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2.3 VWF96 variant proteolysis by ADAMTS13
2.3.1 Qualitative analysis

Concentrated ADAMTS13 in conditioned medium (section 2.2.1.1) and purified VWF96 variants
(section 2.1.2.6) were incubated separately in TBSC buffer (20mM Tris pH 7.6/50mM
NaCl/5mM CaClz) at 37°C for 15 minutes. Reactions (final volume 135ul) were set up between
0-53nM ADAMTS13 and 3uM VWF96 variants in TBSC buffer (20mM Tris pH 7.6/50mM
NaCl/5mM CaClz2). 25ul reaction sub-samples were stopped every 30 minutes for 1.5 hours by
mixing with 55mM EDTA. The sub-samples were analysed on 4-12% or 12% Bis-Tris gels by
SDS-PAGE (section 2.1.2.7) and Coomassie staining (section 2.1.2.8).

2.3.2 Kinetic analysis
2.3.2.1 Catalytic efficiency by time course analysis of proteolytic reactions

The catalytic efficiency of VWF96 proteolysis by ADAMTS13 was quantified using the novel
VWF96 ELISA protocols developed as part of this project.

ADAMTS13 in conditioned medium and purified VWF96 variants were incubated separately in
1% BSA/TBSC buffer (20mM Tris pH 7.6/50mM NaCl/5mM CaClz) at 37°C for 15 minutes.
Reactions (final volume 100ul) were set up between 0.75-187.5nM ADAMTS13 and VWF96
variants (for each VWF96 variant I chose concentrations that were lower than the Km) in 1%
BSA/TBSC buffer (20mM Tris pH 7.6/50mM NaCl/5mM CaClz). 10ul reaction sub-samples
were stopped between 0-120 minutes by mixing with 25mM EDTA buffer/1% BSA/TBS buffer
(20mM Tris pH 7.6/50mM NaCl). The stopped sub-samples were diluted to 0.09nM VWF96 in
1% BSA/TBS buffer (20mM Tris pH 7.6/50mM NacCl) and analysed by VWF96 ELISA using the
chicken pAb anti-SUMO/SUMOstar (AB7002, Life Sensors) for capturing VWF96 by the N-
terminal SUMO tag. Alternatively, the stopped sub-samples were diluted to 0.75nM VWF96 and
analysed by VWF96 ELISA using the mouse mAb anti-HisG IgG2a (R940-25, Thermo Fisher
Scientific) for capturing VWF96 by the N-terminal HisG tag (section 2.1.2.11). The
concentration of uncleaved substrate at each time point was measured and, from this, the
fraction of substrate proteolysed was calculated and plotted as a function of time. The catalytic
efficiency, Kcat/Km, was determined using Graphpad Prism by fitting the data from the time
course reactions into the equation P =1—exp(—1 X [ADAMTS13] X t X k.q:/Ky,) .(256)
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[ADAMTS13] is the concentration of ADAMTS13 (uM), t is the time in seconds, and P is the

proteolysed substrate fraction.
2.3.2.2 Michaelis Menten Kinetic analysis of VWF96 variant proteolysis

To obtain the separate kinetic constants, kcat and Km, for VWF96 variant proteolysis, multiple
time course reactions were performed as described above (section 2.3.2.1), between
ADAMTS13 (0.2-505nM) and VWF96 variants (0.2-350uM). From each time course analysis,
the initial rate of proteolysis (at <15% proteolysis) was calculated (in nMs-1), normalized per
unit (nM) of enzyme in the reaction, and plotted as a function of substrate concentration. The
Michaelis Menten equation was used to fit the data in Graphpad Prism:

Vinax X [substrate]

Vi =
' K,, + [substrate]

Vi is the initial rate of proteolysis (nMs1). Vmax is the maximum rate of proteolysis (nMs-1) that
can be achieved (ie. the highest initial rate that occurs at enzyme saturation). [substrate] is the

concentration of VWF96 variant in the reaction (uM). Km, or Michaelis constant, is the

concentration of substrate that achieves half maximal rate of proteolysis (%)(HM).

The keat (s1) is the catalytic constant, or turnover number, which measures the functionality of
the active site of each unit of enzyme (ie. the number of reactions each active site catalyses per

unit of time). It can be calculated by dividing the Vmax by enzyme concentration (k.. =

M). Since the initial rates of proteolysis had been normalized (per unit of enzyme)
[ADAMTS13]

prior to plotting and fitting into the Michaelis Menten equation, [ADAMTS13] is equal to 1, and

Kcat is numerically equal to the Vmax.
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2.4 ELISA-based assays to measure equilibrium binding affinity between ADAMTS13 and
VWF96 variants

2.4.1 Equilibrium binding affinity between immobilised VWF96 variants and soluble
full-length ADAMTS13

In a Nunc Maxisorp™ 96 well ELISA plate (Thermo Fisher Scientific), 100ul of purified VWF96
variants, diluted in 50mM sodium bicarbonate buffer (pH 9.6) to a concentration of 100nM,
were incubated overnight at 4°C. The coated wells were washed three times with 400ul
PBS/0.1% Tween and blocked with 300ul PBS/3% BSA for two hours, at room temperature,
with shaking. The wells were washed, and 100ul of concentrated conditioned media containing
ADAMTS13, diluted to 0-600nM in PBS/1% BSA/80mM EDTA (EDTA was included in the
buffer to prevent proteolysis of the immobilized VWF96 variants by ADAMTS13), were added
and incubated at room temperature for 1.5 hours, with shaking. The same concentrations of
ADAMTS13 were also added to uncoated, blocked wells, to later subtract the absorbance
associated with the non-specific binding of ADAMTS13 to the wells. A buffer-only sample was
added to a coated well to be used as blank in each plate, and was used to remove the
background absorbance from all samples in the same plate. Detection of bound ADAMTS13
was performed as described in section 2.2.1.2. After subtracting the absorbance from the blank
and non-specific binding control wells, the data were fitted in Graphpad Prism using the one

site binding equation,

_ By X [ligand]
"~ Kp + [ligand]

B is the percentage specific binding (after subtracting the absorbance associated with non-
specific binding and blank, the absorbance associated with specific binding is expressed as
percentage of absorbance at Bmax). Bmax is the point where all binding sites are occupied (the
maximum absorbance associated with specific binding that can be reached, plotted as 100%
binding). [ligand] is the concentration of the soluble ligand (full-length ADAMTS13). Kp is the

equilibrium dissociation constant, which is the concentration of the soluble ligand that gives

Bmax

half maximal binding ( 5

), in the same units as [ligand].
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2.4.2 Equilibrium binding affinity between immobilised VWF96 variants and MDTCS
(E225Q)

The protocol in section 2.4.1 was adapted to measure the equilibrium binding affinity between
immobilised VWF96 variants and soluble MDTCS (E225Q). 0-600nM MDTCS (E225Q)
(expressed in Drosophila Schneider S2 insect cells and purified to homogeneity by Dr Frank
Xu) were used instead of full-length ADAMTS13, and no EDTA was included in the buffers, as
the E225Q mutation inactivates the active site of the enzyme. MDTCS (E225Q) binding to the
immobilised VWF96 variants was detected using 1.29pg/ml rabbit pAb anti-ADAMTS13
(depleted of anti-ADAMTS13 TSP2-4 domain antibodies), followed by 0.125pg/ml HRP-
conjugated goat pAb anti-rabbit IgG (P0448, Dako).

2.5 Characterising the activating effect of anti-Spacer domain (3E4) and anti-CUB
domain (17G2) monoclonal antibodies on the proteolysis of VWF96 by ADAMTS13

The protocols in sections 2.3.2.1 and 2.3.2.2 were adapted to measure the activating effect of
the anti-Spacer domain (mAb 3E4) and anti-CUB domain (mAb 17G2) monoclonal antibodies
on the catalytic efficiency (kcat/Km) and Michaelis Menten kinetics (kcat, Km and kcat/Km) of
VWF96 proteolysis. Purified ADAMTS13 (0.4-11nM) (expressed and purified to homogeneity
by my collaborator An-Sofie Schelpe) or concentrated MDTCS in Drosophila Schneider
conditioned media (~1.2nM, as assessed qualitatively) were used instead of ADAMTS13 in
conditioned media. The monoclonal antibodies (provided by my collaborator An-Sofie Schelpe)
were incubated together with the enzyme prior to the initiation of the reaction, and were used
at a final concentration of 10pg/ml to be in excess. Negative control reactions were set up

using a non-activating, non-inhibitory anti-Spacer antibody (mAb 15D1).
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3 RESULTS: GENERATION OF VWF96 AND DEVELOPMENT OF VWF96
ELISA

3.1 INTRODUCTION

The overarching aim of my project was to define the molecular mechanisms that dictate the
proteolytic specificity exhibited by ADAMTS13. Despite apparently circulating in its
proteolytically competent form, and in the absence of evidence to suggest on-demand
activation/inhibition, ADAMTS13 cleaves only one substrate, VWF, at only one site, Y1605-
M1606. I, therefore, formed the hypothesis that ADAMTS13 actually circulates in a latent
conformation that is allosterically activated upon interaction of one or more of its functional
exosites with their complementary binding sites in the VWF A2 domain. This induces a
conformational transition within the active site in the MP domain, which enables scissile bond
access and proteolysis. To test this hypothetical mechanism biochemically, I investigated the
effect of ablating each entire ADAMTS13 exosite interaction on the kinetics of proteolysis of a

VWF A2 domain fragment.

Circulating VWF in its globular conformation is resistant to proteolysis, unless there is shear-
induced unfolding of the A2 domain to expose the exosite binding sites and scissile bond for
ADAMTS13. For this reason, flow-based assays have been used to study the activity of
ADAMTS13 against full-length VWF in vitro.(125,216,267,370) The use of denaturing agents, like
Gdn-HCI and urea, can also unfold the VWF A2 domain, mimicking to some extent the shear-
induced extended conformation, and allowing proteolysis of full-length VWF under static
conditions.(55 87,218) Alternatively, VWF A2 domain fragments have been used as substrates for
ADAMTS13. Conveniently, these also mimic the unfolded conformation of the VWF A2 domain
and they can be cleaved by ADAMTS13 in the absence of flow or chemical denaturants. (242,250,
251,255, 266,268,360, 371,372) The first aim of this project was to develop a new ELISA-based assay
that monitors the kinetics of ADAMTS13-mediated proteolysis of a new VWF A2 domain-
derived peptide substrate, VWF96. VWF96 spans the region G1573-R1668 in the VWF A2
domain, which possesses all functional complementary binding sites for ADAMTS13 exosites
and the scissile bond (Figure 3-3A). The modular nature of the exosite binding sites within
VWF96 allows for specifically targeting/ablating each one of them independently by mutation;

this would allow me to generate VWF96 variants in order to characterise the contribution of
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each exosite interaction to the kinetics of proteolysis, and, hence, probe the functionality of

each exosite interaction.

Kokame et al were the first to show that peptides derived from the VWF A2 domain could be
cleaved by ADAMTS13. Knowing that the scissile bond lies within the VWF A2 domain, they
methodically sought for the minimal VWF peptide that could be cleaved by ADAMTS13. They
generated VWF A2 domain fragments, of various lengths, and assessed the ability of
ADAMTS13 to cleave these substrates. The 73aa region D1596-R1668 was identified as the
minimal substrate for ADAMTS13; this peptide was termed VWF73.360) [n a subsequent study,
the same group created the fluorescent substrate FRETS-VWF73. In FRETS-VWF73, the P7
residue (Q1599) is substituted by a 2,3-diaminopropionic residue (A2pr) that contains a 2-(N-
methylamino)benzoyl group (Nma), which, when excited at 340nm, fluoresces at 450nm. The
P5’ (N1610) residue in FRETS-VWF73 is substituted by A2pr that contains a 2,4-dinitrophenyl
group (Dnp), which can quench the fluorescence resonance energy emitted by the Nma. Since
the Nma and Dnp are on opposite sides of the scissile bond, quenching only occurs in the
uncleaved FRETS-VWF73. Upon proteolysis, separation of the Nma and Dnp allows
fluorescence emission, which can be monitored to quantify the rate of proteolysis in real-
time.(372) Despite having been used for Kinetic analysis of ADAMTS13 activity in the past, (235
253,373) and also currently being a standardized tool for measuring ADAMTS13 activity in
plasma for the diagnosis of TTP,(296,:374) FRETS-VWF73 was not an appropriate substrate for
the purposes of this project. Firstly, it is a commercially available synthetic substrate. Multiple
substrate variants would need to be generated for the purposes of this project, which justifies
an adaptable and cost-effective in-house system for substrate production. Secondly, only a
narrow range of substrate concentrations (0-65uM) has been used in the FRETS-VWF73 assay.
[ anticipated that ablating entire exosite interactions would substantially compromise the rate
of proteolysis, which would necessitate performing reactions over a much wider range of
substrate concentrations. The sensitivity and specificity of the FRETS-VWF73 assay at higher
substrate concentrations have not been assessed/optimized; in fact inner filter effect was

reported at FRETS-VWF73 concentrations >20uM, which can be problematic.(373)

Another VWF A2 domain-derived peptide, termed VWF115, that spans the region E1554-
R1668, was also used as substrate for ADAMTS13 in prior studies.(241,242,250, 252,256, 266, 268, 362)
Sub-samples from reactions between VWF115 and ADAMTS13 were stopped at multiple time

points, and the percentage proteolysis in each sample was determined by HPLC; this was
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plotted as a function of time to calculate the initial rate of proteolysis, and used to perform
kinetic analysis. In theory, this approach would work for my project, since generating VWF115
variants could be performed in-house, and no further optimisation of the HPLC method should
be required for working with high substrate concentrations. However, this technique is
laborious and time-consuming, as it involves analysing one sub-sample at a time. Considering
the number of substrate variants to be characterised, and the large number of reactions that

would need to be performed, this approach was judged overly time-consuming,.

To circumvent this issue, I chose to develop a new ELISA-based assay that allows quantitative
analysis of ADAMTS13 activity. To do this, | aimed at fusing different tags to the two termini of
VWF96 (N-terminal SUMO and C-terminal HSV peptides), which could then be exploited for
specific detection of the full-length, uncleaved substrate in the ELISA. Assays could then be
performed, in which reactions containing ADAMTS13 and VWF96 are stopped at multiple time
points. The amount of uncleaved VWF96 at each time point could be measured to derive the
percentage proteolysis by ELISA. The ELISA-based approach allows for analysis of multiple
reaction sub-samples in parallel, and would therefore be a more efficient and less laborious
way of performing kinetic analysis than the abovementioned alternative techniques. The N-
terminal SUMO tag would also assist in both expression and solubility. Additionally, this
method would allow reactions to be performed at high substrate concentrations, since
remarkable reductions in the proteolytic rates were anticipated as a result of the mutations in

the functional ADAMTS13 exosite binding sites in VWF96.

In this chapter, I describe the cloning, bacterial expression and purification of VWF96, its
quantification by extinction coefficients and the qualitative assessment of its proteolysis by
ADAMTS13. I also describe the development of the VWF96 ELISA, and assays showing how this
ELISA can monitor VWF96 proteolysis and quantify the catalytic efficiency.
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3.2 Cloning of VWF96 cDNA into the pET SUMO bacterial expression vector

Bacterial expression vectors expressing VWF96 were generated as described in section 2.1.1
and 2.1.2. The cDNA encoding VWF96 (G1573-R1668) was amplified by PCR (section 2.1.1.1),
from a template cDNA encoding a longer VWF A2 domain fragment, VWF115 (E1554-
R1668)(‘VWF96 PCR amp’ primers in Table A, Appendix I). The amplified VWF96 cDNA was
separated from the rest of the PCR components by agarose gel electrophoresis on a 1.2%
agarose gel (section 2.1.1.2), and the single predominant band migrating at the expected size

(288bp)(Figure 3-1) was excised for gel DNA extraction (section 2.1.1.3).

Figure 3-1 Agarose gel electrophoresis of VWF96 cDNA PCR amplification

The products of VWF96 cDNA PCR amplification were electrophoresed at 100V for 35 minutes, through
a 1.2% agarose gel. Quick-Load 2-Log DNA ladder was used as a reference for the molecular size. A
single predominant band was visible, which was consistent with the molecular size of VWF96 (288 bp).

The amplified VWF96 cDNA was cloned into the pET SUMO bacterial expression vector. Taq
polymerase amplification added single 3’ A overhangs to the VWF96 cDNA; this facilitated
ligation into the TA cloning site of the linear pET SUMO vector, which possessed single 3’ T
overhangs (section 2.1.1.4). The VWF96-pET SUMO vectors were transformed into One Shot
Mach-1 Chemically Competent E. coli (section 2.1.1.5), isolated using the QIAprep Spin
Miniprep kit (section 2.1.1.6) and verified by sequencing (‘Sequencing’ primers in Table A,
Appendix I).

The pET SUMO vector fused N-terminal HisG and SUMO tags to the VWF96 peptide. The SUMO
tag would assist in expression and solubility, as well as be used for antibody detection of the N-
terminus of VWF96 in the development of the ELISA-based assay that monitors VWF96
proteolysis. The HisG tag would be used for the purification of VWF96 on a Ni?* -charged
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HiTrap Chelating HP column, and for alternative antibody detection of the N-terminus of
VWF96 in the ELISA-based assay that monitors proteolysis. A C-terminal tag was needed for
antibody detection in the VWF96 ELISA; I chose the short, 12aa HSV tag, which would be fused
to VWF96 by subcloning the HisG-SUMO-VWF96 cDNA fragment into the pET-25b(+) vector.

3.3 Subcloning of HisG-SUMO-VWF96 cDNA into the pET-25b(+) by restriction digests

A restriction digest strategy was followed for subcloning the HisG-SUMO-VWF96 cDNA
fragment into the pET-25b(+) vector. The Ndel restriction site was used, which was present
both in the VWF96-pET SUMO vector (at the 5’ end of the HisG-SUMO-VWF96 sequence), as
well as in the multiple cloning site of the pET-25b(+). However, there was no second common
restriction site in the two vectors that could facilitate the cloning at the 3’ end of the HisG-
SUMO-VWF96 cDNA. I introduced a 3’ Xhol restriction site (already present in the pET-25b(+))
immediately downstream of the HisG-SUMO-VWF96 cDNA by PCR amplification, using the
VWF96-pET SUMO vector as template (section 2.1.2.1)(‘'VWF96-Xhol’ primers in Table A,
Appendix I). The PCR reaction was analysed by electrophoresis on a 1.2% agarose gel (section
2.1.1.2); the single DNA band (743bp) corresponded to the amplified HisG-SUMO-VWF96 cDNA
flanked by 5’ Ndel and 3’ Xhol restriction sites (Figure 3-2A). Restriction digests were set up to
generate complementary sticky ends in both the amplified HisG-SUMO-VWF96 cDNA fragment
and the pET-25b(+) vector (section 2.1.2.2). The digested HisG-SUMO-VWF96 insert (~650bp)
and pET-25b(+) vector (~5000bp) were isolated by agarose gel electrophoresis (section
2.1.1.2)(Figure 3-2B) and extracted from the gel (section 2.1.1.3). DNA ligation reactions were
performed (section 2.1.2.3), which were used to transform NEB Turbo competent E.coli. pET-
25b(+) possesses an ampicillin resistance gene, therefore, 100pg/ml ampicillin was used in the
culture media for selecting successfully transformed bacteria. To distinguish colonies
transformed with pET-25b(+) vectors that were successfully cloned with the HisG-SUMO-
VWF96 insert, as opposed to empty, self-ligated pET-25b(+) vectors, multiple colonies were
screened by PCR amplification (section 2.1.2.3)(‘PCR screening’ primers in Table A, Appendix I)
and analysed by agarose gel electrophoresis (section 2.1.1.2). Empty vectors produced bands of
~211bp, while successfully cloned pET-25b(+) vectors produced bands of ~950bp, due to the
insertion of the HisG-SUMO-VWF96 cDNA (Figure 3-2C). The positively screened colonies were
expanded and the plasmids isolated using 100pg/ml ampicillin in the culture media (section
2.1.1.6), and successful subcloning verified by sequencing (‘Sequencing’ primers in Table A,

Appendix I).
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Figure 3-2 Subcloning of HisG-SUMO-VWF96 cDNA from the pET-SUMO vector to the
pET-25b(+)

All samples were electrophoresed at 100V for 35 minutes, through a 1.2% agarose gel. Quick-Load 2-
Log DNA ladder was used as a reference for the molecular size. (A) The cDNA encoding HisG-SUMO-
VWF96 (~743bp) was amplified from the VWF96-pET SUMO vector. The PCR amplification introduced
a 3’ Xhol restriction site. (B) The amplified HisG-SUMO-VWF96 cDNA (~650bp) and the pET-25b(+)
vector (~5000bp) were digested using Xhol and Ndel restriction enzymes. (C) Ligation reactions were
set up between the digested HisG-SUMO-VWF96 cDNA and pET-25b(+) vector. The ligation products
were transformed into NEB Turbo competent E. coli. Colonies were picked, and screened by PCR
amplification. The PCR product from the successfully cloned pET-25b(+) vectors (~950bp) was
distinguished from the PCR product from empty pET-25b(+) vectors (~211bp) based on size.
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3.4 Expression and purification of VWF96

VWF96 was expressed in 2.5L of BL21 (DE3) E. coli. Bacteria were harvested and lysed using
the BugBuster reagent mixed with Benzonase, Chicken Egg White Lysozyme and a Protease

Inhibitor Cocktail (section 2.1.2.5).

VWF96 was purified from the soluble bacterial fraction in two steps (section 2.1.2.6). Firstly,
immobilised metal ion affinity chromatography was used to purify 6xHis-tagged proteins. The
sample was passed over a HiTrap Chelating HP column charged with Ni%*. 6xHis-tagged
proteins (VWF96 has an N-terminal HisG tag and a C-terminal 6xHis tag) bind to the Ni2*on the
column, while the rest of the soluble bacterial proteins remain in the flow-through. To elute the
immobilised VWF96 from the column, 300mM Imidazole was used. The eluted material was
analysed by SDS-PAGE (section 2.1.2.7) and Coomassie staining (section 2.1.2.8). The
predominant band at ~28kDa corresponds to VWF96. The presence of both higher and lower
molecular weight impurities in the eluted sample prompted me to use a second purification

step in order to increase the purity of VWF96 (Figure 3-3B+C).

| purified the VWF96 further by anion exchange chromatography, using the HiTrap Capto Q
Impres column (section 2.1.2.6). The column contains quaternary ammonium that is a strong
anion exchanger (positively charged). Negatively charged proteins bind to the column with
different affinities. Increasing NaCl concentrations (0.05-2M) were used to elute the proteins;
the Cl- in the salt solution displace the proteins on the column. The elution fractions were
analysed by SDS-PAGE (section 2.1.2.7) and Coomassie staining (section 2.1.2.8). VWF96 was
eluted with 540mM NaCl. Lower molecular weight impurities (than VWF96) were eluted from
the column at lower salt concentrations, while higher molecular weight impurities were eluted
from the column using 2M NaCl. The purity of the eluted VWF96 was estimated to be >95%
(Figure 3-3D+E). This meant that its concentration could be determined by absorbance using
extinction coefficients. The expression yield of VWF96 was predicted to be ~25mg per litre of

bacterial culture, and the concentration of purified material was ~320uM.
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Figure 3-3 VWF96 purification

(A) The amino acid sequence of VWF96 (G1573-R1668). VWF96 possesses N-terminal HisG and SUMO
tags, and C-terminal HSV and 6xHis tags. The scissile bond, Y1605-M1606, is shown in bold. Enlarged
residues indicate the predicted binding sites for ADAMTS13 MP, Dis, Cys-rich and Spacer domain
exosites. (B) Following expression, VWF96 was purified from the soluble fraction of bacterial cell
lysates by immobilised metal ion affinity chromatography using HiTrap Chelating HP columns charged
with NiSOs. VWF96 had affinity for the column due to the possession of the HisG and 6xHis tags.
Unbound bacterial proteins remained in the flow-through (labelled on the chromatogram). VWF96 was
eluted using 300mM Imidazole (arrow on the chromatogram). (C) The eluted material was analysed by
SDS-PAGE and Coomassie staining. The predominant band at ~28kDa corresponds to VWF96. Other
bands correspond to impurities. (D) The partially purified VWF96 was purified further using the Capto
Q Impres column (positively charged). Negatively charged proteins, including VWF96, bound to the
column. Elution steps were performed using 0.5-2M NaCl (elution peaks labelled on the
chromatogram). VWF96 was eluted using 540mM NaCl. (E) The analysis of the eluted fractions by SDS-
PAGE and Coomassie staining showed that VWF96 (28kDa) was >95% pure in the 540mM eluted
fractions, and that all impurities were successfully separated in the rest of the eluted fractions.
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3.5 Qualitative assessment of VWF96 proteolysis by ADAMTS13

VWF96 is a new VWF A2 domain-derived peptide, and its suitability as a substrate for
ADAMTS13 has not been validated. Both longer (VWF115, E1554-R1668) and shorter (VWE76,
S1593-R1668) ADAMTS13 substrates had been proteolysed with similar catalytic efficiencies
in prior studies.(?56) [t was unlikely that the length of VWF96 would affect the rate of
proteolysis, since the difference in length did not interfere with any known functionally
important sites. However, VWF96 possesses N- and C-terminal tags, which could potentially

influence proteolysis.

[ performed parallel time course cleavage assays using 0.5nM ADAMTS13 in conditioned media
and 3pM of either VWF96 or VWF115, to ensure that the specificity and rate of VWF96
proteolysis had not been affected (section 2.3.1). ADAMTS13 and the two substrates were
preincubated separately in TBSC buffer, at 37°C for 15 minutes. Reactions were initiated by
addition of the substrates to the enzyme, and stopped in 55mM EDTA between 0-90 minutes.
Stopped sub-samples were analysed by SDS-PAGE (section 2.1.2.7) and Coomassie staining
(section 2.1.2.8)(Figure 3-4). At 0 minutes, only single bands were visible at 28kDa (Lane 1)
and 16.9kDa (Lane 6), representing uncleaved VWF96 and VWF115, respectively. The higher
molecular weight of VWF96 (despite being a shorter VWF A2 domain fragment) than VWF115
is due to the possession of the N-terminal SUMO (~12kDa) tag. Specific cleavage was visible at
30 minutes, as the specific cleavage products for both substrates emerged. Cleavage of
VWF115 produced the expected 10kDa N-terminal cleavage product (but not the 7kDa C-
terminal cleavage product)(266). Cleavage of VWF96 produced the expected 18kDa N-terminal
cleavage product (but not the 10kDa C-terminal cleavage product). The C-terminal cleavage
products of both substrates have the same primary structure (but different tags); the inability
to detect any of the C-terminal cleavage products suggests inefficient staining of smaller
peptides. The two substrates were proteolysed at similar rates, since the bands corresponding
to the uncleaved substrates disappeared, and the bands corresponding to the cleavage
products emerged, at similar rates. This assay showed that VWF96 could be cleaved specifically
by ADAMTS13, and the possession of N- and C-terminal tags did not affect the rate of

proteolysis.
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Figure 3-4 Qualitative assessment of VWF96 and VWF115 proteolysis by ADAMTS13

3uM VWF96 or VWF115 were incubated with 0.5nM ADAMTS13 (concentrated in conditioned
medium). Reaction sub-samples were stopped in 55mM EDTA between 0-90 minutes. The sub-samples
were analysed by SDS-PAGE and Coomassie staining. At 0 minutes, the single bands at 28kDa (Lane 1)
and 17kDa (Lane 6) correspond to uncleaved VWF96 and VWF115, respectively. As the VWF96 and
VWEF115 are proteolysed with time, these bands diminish in intensity, at similar rates. Proteolysis of
VWF96 produces 18kDa (N-terminal) and 10kDa (C-terminal) cleavage products. Proteolysis of
VWF115 produces 10kDa (N-terminal) and 7kDa (C-terminal) cleavage products. In both reactions the
C-terminal cleavage products are not visible on the gel. The rate of appearance of the N-terminal
cleavage product is similar in both reactions. This assay shows that VWF96 and VWF115 are cleaved by
ADAMTS13 with the same efficiency.
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3.6 VWF96 ELISA development and optimisation

Multiple attempts were required to develop and optimise an ELISA protocol that would
sensitively and accurately detect VWF96. To do this, the N- and C-terminal tags fused on
VWF96 were exploited; VWF96 would be captured on a 96-well plate using antibodies against
one of its tags and detected using antibodies against the tag on the opposite terminus. I used
different commercially available antibodies against the SUMO and HSV tags, to find a
combination with satisfactory affinity to the tags. I tried both orientations and different
concentrations of the antibodies, and aimed at finding a range of VWF96 concentrations that

was linearly associated with absorbance.

Certain conditions (coating conditions, washing buffer and conditions, blocking buffer and
conditions, buffers used for antibody and VWF96 sample dilutions, detection) remained fixed

during the optimization of the ELISA protocol (detailed in section 2.1.2.11).

Table 3-1 summarises all the conditions that were varied for the development and
optimization of the VWF96 ELISA. The first antibody combination assessed was coating a
rabbit pAb against the SUMO tag (A00640, GenScript) and detecting with a goat pAb antibody
against the HSV tag (ab19354, abcam), followed by a secondary mAb anti-goat/sheep IgG
conjugated with HRP (A9452-1VL, Sigma). I used 2.5pg/ml rabbit pAb anti-SUMO antibody
(A00640, GenScript), 0.5pg/ml goat pAb anti-HSV antibody (ab19354, abcam) and 0-100nM
VWF96, and allowed colour development for 20 minutes (ELISA #1, Table 3-1). There was a
positive (non-linear) association between VWF96 concentration and absorbance up to ~10nM
VWEF96; after this point the signal plateaued. The maximum absorbance reached was ~0.25Au,
which was too low for a sensitive ELISA assay. In subsequent attempts (ELISA #2-3, Table 3-1),
I increased the concentration of rabbit pAb anti-SUMO antibody (A00640, GenScript) up to
15pg/ml, and the concentration of goat pAb anti-HSV antibody (ab19354, abcam) up to
1.33pug/ml. However, these conditions did not improve the sensitivity of the ELISA, as the
maximum absorbance reached was still too low (<0.15 Au) for sensitively detecting VWF96

(Figure 3-5).
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Figure 3-5 VWF96 ELISA optimisation - ELISA #3

15ug/ml rabbit pAb anti-SUMO antibody (A00640, GenScript) was coated on a 96-well plate to capture
0-10nM VWF96. 1.33pug/ml goat pAb anti-HSV antibody (ab19354, abcam) and mAb anti-goat/sheep
IgG (HRP) were used to detect bound VWF96. After 20 minutes of substrate development, a poor signal
<0.15Au indicated that an ELISA protocol using this antibody combination was insensitive.

I reversed the orientation of the antibodies (ELISA #4-5, Table 3-1), coating goat pAb anti-HSV
antibody (ab19354, abcam)(up to 4ug/ml) and detecting with and rabbit pAb anti-SUMO
antibody (A00640, GenScript)(up to 1ug/ml), followed by goat pAb anti-rabbit antibodies
conjugated with HRP (P0448, Dako). This orientation did not improve the sensitivity of the
ELISA, as saturation occurred at low absorbance (<0.35 Au), and a linear association between

the assessed range of VWF96 concentrations and absorbance could not be established.
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The lack of sensitivity indicated that the rabbit pAb anti-SUMO antibody (A00640, GenScript)
and/or the goat pAb anti-HSV antibody (ab19354, abcam) had low affinity against the tags. To
investigate this, [ used a mouse monoclonal antibody against the C-terminal epitope
(VWF1606-1665) of the human VWF A2 domain (anti-CtermA2)(MAB2764, R&D Systems) to
capture VWF96, in combination with 1pg/ml rabbit pAb anti-SUMO antibody (A00640,
GenScript)(ELISA #6, Table 3-1)(Figure 3-6A) or 1.33pg/ml goat pAb anti-HSV antibody
(ab19354, abcam)(ELISA #7, Table 3-1)(Figure 3-6B), followed by their respective secondary
antibodies, for detection. The sensitivity of the anti-CtermAZ2 in ELISA had been established
previously. The two ELISA assays were performed in parallel using the same conditions, and
the same range of VWF96 concentrations (0-10nM). Using the rabbit pAb anti-SUMO antibody
(A00640, GenScript) for detection resulted in weak signal (<0.35Au), even after allowing
colour development for 14 minutes. On the other hand, using the goat pAb anti-HSV antibody
(ab19354, abcam) for detection produced a strong signal (up to 1Au) in only 3 minutes. This
indicated that the low affinity of the rabbit pAb anti-SUMO antibody (A00640, GenScript) for
the SUMO tag was probably the limiting factor in developing a sensitive VWF96 ELISA assay.

A) B)
ELISA #6 ELISA#7

Coating: Mouse mAb anti-CtermA2 (R&D Systems) Coating: Mouse mAb anti-CtermA2 (R&D Systems)
Detection: Rabbit pAb anti-SUMO (GenScript) Detection: Goat pAb anti-HSV (abcam)
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Figure 3-6 VWF96 ELISA optimisation - ELISA #6 and #7

The anti-CtermA2 was coated to capture 0-10nM VWF96. (A) When 1ug/ml rabbit pAb anti-SUMO
antibody (A00640, GenScript) followed by goat pAb anti-rabbit (HRP), were used to detect VWF96, a
weak signal (<0.35Au) was generated after 14 minutes of colour development. (B) In contrast, using
1.33pg/ml goat pAb anti-HSV antibody (ab19354, abcam) followed by mAb anti-goat/sheep IgG (HRP)
to detect VWF96 produced a strong signal (~1Au) after only 3 minutes of colour development. These
results indicate that the pAb anti-SUMO antibody (A00640, GenScript) had low affinity for the SUMO tag
of VWF96, which compromised the sensitivity of the VWF96 ELISA.
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I proceeded by changing the antibody against the SUMO tag. I used the rabbit pAb anti-Smt3
antibody (ab14405, abcam). I tried capturing 0-100nM VWF96 using 1.33pg/ml goat pAb anti-
HSV antibody (ab19354, abcam) and detecting with 1pg/ml rabbit pAb anti-Smt3 antibody
(ab14405, abcam), followed by goat pAb anti-rabbit antibodies conjugated with HRP (P0448,
Dako) (ELISA #8, Table 3-1). Again, after allowing 20 minutes for colour development, the
signal was poor (<0.2Au), which suggested that the rabbit pAb anti-Smt3 antibody (ab14405,
abcam) had also low affinity against the SUMO tag. As previously, I confirmed this by using the
anti-CtermA2 to capture VWF96, and detecting with either 1pg/ml rabbit pAb anti-Smt3
antibody (ab14405, abcam) or 1.33pg/ml goat pAb anti-HSV antibody (ab19354, abcam),
followed by their respective secondary antibodies (ELISA #9 and #10, respectively, Table 3-1).
Again, the rabbit pAb anti-Smt3 antibody (ab14405, abcam) seemed to be the insensitive
antibody, as, after allowing 20 minutes for colour development, the signal plateaued at ~0.3Au.
In contrast, detecting with goat pAb anti-HSV antibody (ab19354, abcam) produced a strong
signal (~1Au) in only 4 minutes, confirming the higher affinity of this antibody for the HSV tag.

[ changed the antibody against the SUMO tag to chicken pAb anti-SUMO/SUMOstar IgY
(AB7002, Life Sensors). Despite the previous experiments suggesting that no affinity issues
were associated with the goat pAb anti-HSV antibody (ab19354, abcam), I also changed this
antibody to a goat pAb anti-HSV antibody conjugated with HRP (A190-136P, Bethyl) for
detection. This would reduce the washing steps in the ELISA protocol, as no secondary
antibody would be required, which could minimise the loss of the VWF96 associated with
washing, and, thus, increase the signal. Furthermore, one detection step would make a shorter

ELISA assay, which would be more convenient.

[ first tested 5pg/ml chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors) for
capturing 0-150nM VWF96, and 0.1ug/ml goat pAb anti-HSV antibody conjugated with HRP
(A190-136P, Bethyl) for detection (ELISA #11, Table 3-1)(Figure 3-7A). Colour development
was stopped at 3 minutes, and a signal up to 1Au was measured; this indicated that this
antibody combination had significantly improved sensitivity in detecting VWF96, compared to
all other antibody combinations tested. However, signal saturation was reached at ~10nM
VWF96, after which point the absorbance stopped increasing with increasing concentrations of
VWEF96. | further optimized this protocol to identify the range of VWF96 concentrations that is

linearly associated with absorbance.
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I repeated the ELISA twice, using 0-5nM (ELISA #12, Table 3-1) and 0-2nM (ELISA #13, Table
3-1) VWF96. I also reduced the chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors)
concentration to 0.5pg/ml, as this would make this protocol more cost-effective. Colour
development was stopped at 5 minutes, resulting in strong signals up to ~0.7Au. However, the

association was still not linear, with signal saturation above 0.75nM VWF96.

In the final attempt, (ELISA #14, Table 3-1)(Figure 3-7B), I reduced the VWF96 concentration
range (0-0.2nM), and also increased the concentration of the goat pAb anti-HSV antibody
conjugated with HRP (A190-136P, Bethyl) by 5 times (0.5ug/ml). Colour development was
stopped at 5 minutes. A strong signal was obtained (up to ~1.13Au), which was linearly
associated with the VWF96 concentration. The antibody combination, the protocol conditions
used, and the VWF96 concentration range made a sufficiently sensitive ELISA assay that
detects VWF96. The full protocol outlining the optimal ELISA conditions is described in section
2.1.2.11.

A) B)

ELISA #11 ELISA#14

Coating: Chicken pAb anti-SUMO/SUMOstar (Life Sensors) Coating: Chicken pAb anti-SUMO/SUMOstar (Life Sensors)
Detection: Goat pAb anti-HSV (HRP-conjugated) (Bethyl) Detection: Goat pAb anti-HSV (HRP-conjugated) (Bethyl)
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Figure 3-7 VWF96 ELISA optimisation - ELISA#11 and ELISA#14

(A) 5pug/ml chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors) was used to capture O-
150nM VWF96, and 0.1pg/ml goat pAb anti-HSV antibody conjugated with HRP (A190-136P, Bethyl)
was used for detection. A strong signal (~1Au) was generated after 5 minutes of substrate
development, indicating that both antibodies bound VWF96 with sufficiently high affinities for a
sensitive ELISA. The positive association between VWF96 concentration and absorbance is lost above
~10nM VWF96. (B) The ELISA conditions were optimized to obtain a linear positive association
between VWF96 concentration and absorbance. 0.5pg/ml chicken pAb anti-SUMO/SUMOstar IgY
(AB7002, Life Sensors) was used to capture 0-0.2nM VWF96, and 0.5pg/ml goat pAb anti-HSV antibody
conjugated with HRP (A190-136P, Bethyl) was used for detection. A strong signal was generated
(>1Au) after ~5 minutes of substrate development. A linear positive association between VWF96 and
absorbance was achieved.
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Table 3-1 VWF96 ELISA optimisation (varied conditions)

ELISA #
CONDITIONS : : ; : : ;
1 : 2 : 3 4 : 5 6 7 8 I 10 11 ¢ 12 ; 13 ; 14
Coating Rab.bit L Goa.t L anti-CtermA2 Goa't PAD anti-CtermAz2 Chicken pAb
antibod anti-SUMO anti-HSV (R&D Science) anti-HSV : (R&D Science) a-SUMO/SUMOstar
y (GenScript) (abcam) (abcam) : (Life Sensors)
(ng/ml) 25 4 i 15 2 | 4 1:200 133 | 1:200 5 {05 05 05
Maximum
[VWF96] 100§ 2 10 100 2 10 100 150 5 2 0.15
(nM) : : i : ; ;
Goat pAb Rabbit pAb | Rabbit pAbé Goat pAb Rabbit pAb Goat pAb Goat pAb
1° antibody a-HSV anti-SUMO | anti-SUMO | o-HSV anti-Smt3 i o-HSV o-HSV (hrp)
(abcam) (abcam) (abcam) : (abcam) (abcam) (abcam) (Bethyl)
(ug/ml) 05: 1 i133| 05 1 1 133 1 133 0.1 05
anti-goat/ . . . . anti-goat/ . . anti-goat/
2° antibody sheep al’lt(lhl;al;blt ant[lht;at])blt :  sheep ant[lhl;al;blt . sheep
(hrp) P P (hrp) P (hrp)
Develop time
; 20 ¢ 20 ¢ 20 20 ¢ 20 14 3 20 20 4 3 5 5 5
(min)
Maximum
Absorbance | 026 0.19 i 0.14 | 0.20 | 0.34 0.32 0.99 018 | 028 1.06 | 096 i 0.59: 0.72 | 1.13
(Au) =
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3.7 Analysis of VWF96 proteolysis by ELISA

A full-length VWF96 ELISA was developed to monitor the proteolysis of VWF96 by ADAMTS13,
and ultimately, as a tool to characterise the kinetics of proteolysis. To verify that the VWF96
ELISA could reproducibly quantify VWF96 in cleavage assays, both sensitively and specifically,
[ incubated 0.5uM VWF96 with or without 0.75nM ADAMTS13, in 1% BSA/TBSC buffer, and
stopped reaction sub-samples in 25mM EDTA between 0-90 minutes (section 2.3.2.1). The
stopped sub-samples were diluted to 0.09nM VWF96 and analysed by VWF96 ELISA using the
chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors). As the ELISA only detects full-
length VWF96 (rather than cleaved), I predicted that, with time, cleavage of VWF96 would
cause signal reduction. I used 0-0.2nM VWF96 to generate a standard curve, which was used to
perform interpolation for quantifying uncleaved VWF96 at each time point. The concentration
of VWF96 was plotted as a function of time, and one-phase exponential decay regression was
performed in Graphpad Prism (Figure 3-8A). At 0 minutes, no proteolysis had occurred,
therefore the concentration of VWF96 is the highest, at 0.09nM; this was expected as all sub-
samples were diluted to 0.09nM VWF96. In the presence of ADAMTS13, the signal decreased
with time, reaching ~0Au/0nM VWF96 at 90 minutes, indicating that the reaction had reached
completion and all VWF96 had been proteolysed by ADAMTS13. The fact that the signal
plateaued at 0Au/OnM VWF96 (and not above) verified that this ELISA only detected
uncleaved VWF96 (and not any other assay component). In the absence of ADAMTS13, there
was no reduction in the absorbance/VWF96 concentration over time, with the regression line
converging at 0.09nM; this also verified the specificity of this ELISA-based assay for monitoring
VWF96 proteolysis.

Using the same protocol, I performed 16 independent reactions using 0.75nM ADAMTS13 and
VWF96 at 0.25uM (n=4), 0.5uM (n=4), 0.75uM (n=4) and 1pM (n=4), stopping eight sub-
samples for each reaction (note: all VWF96 concentrations used were lower than the
previously determined Km for VWF fragment proteolysis, since the equation for deriving
kecat/Km based on proteolytic time course analysis is only valid at substrate concentrations
lower than the Km of proteolysis). The concentration in each sub-sample was used to calculate
the fraction of VWF96 proteolysed and was plotted against time (in seconds). As expected, the
fraction of proteolysis increased to ~100% at 90 minutes (5400 seconds), indicating reaction

completion (Figure 3-8B). I analysed the reaction time course to quantify the catalytic
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efficiency, Kcat/Km, of VWF96 proteolysis, by fitting the data in the equation
P=1-exp(—1x[ADAMTS13] X t X k.q:/K,,), where P is the fraction of proteolysed
substrate, [ADAMTS13] is the concentration of ADAMTS13 in pM, t is the time in seconds, and
keat/Km is the catalytic efficiency in pM-1s-1. The Kkcat/Km of VWF96 proteolysis was 110x10% M-1s-
1(n=16), which was in good agreement with previously published values for similar VWF A2
domain-derived peptide substrates.(#6.242,252,267) These results demonstrated the suitability of

the VWF96 ELISA as a means of quantitatively analysing the time course of VWF96 proteolysis.

A) VWF96
+/- 0.75nM ADAMTS13

-—- No ADAMTS13 (control)

— 0.75nM ADAMTS13

0 2 4 6
Time (x103s)

VWF96
0.75nM ADAMTS13

o

—
o
o

I

~
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Figure 3-8 Analysis of VWF96 proteolysis using VWF96 ELISA

(A) VWF96 (0.5uM) was incubated with or without ADAMTS13 (0.75nM). Reaction sub-samples were
stopped between 0-90 minutes and analysed using the VWF96 ELISA. In the presence of ADAMTS13
(solid line), the concentration of VWF96 decreased with time, indicating proteolysis. The reaction is
complete (~0nM VWF96) at 90 minutes. In the absence of ADAMTS13 (dotted line), there is no
reduction in the concentration of VWF96 since no proteolysis occurred; this confirmed that the ELISA
specifically monitors the proteolysis of VWF96. (B) VWF96 proteolysis (%) by ADAMTS13 was plotted
against time and the data fitted using the equation P = 1 — exp(—1 X [ADAMTS13] X t X koqe/Kim)-
The catalytic efficiency (Kca/Km) of VWF96 proteolysis was 110x104M-1s'! (n=16).
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3.8 An alternative VWF96 ELISA protocol for monitoring VWF96 proteolysis

Although the ELISA conditions using the chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life
Sensors) and goat pAb anti-HSV antibody conjugated with HRP (A190-136P, Bethyl) were
optimized, as described above, I observed variability in the sensitivity of the ELISA, which was
associated with different batches of the chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life
Sensors). I therefore optimized another VWF96 ELISA as a ‘back-up’ protocol, in case the
chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors) was no longer available. To do
this, I used an alternative method to specifically detect the N-terminus of VWF96. Apart from
the SUMO tag, VWF96 also possesses a second N-terminal tag, the HisG; this is 6xHis tag
followed by a Gly residue. I used the commercially available mouse mAb anti-HisG IgG2a

(R940-25, Thermo Fisher Scientific), which was validated for ELISA.

A potential limitation would be that this antibody had affinity for the C-terminal 6xHis tag.
Therefore, before optimizing the ELISA protocol using the mouse mAb anti-HisG IgG2a (R940-
25, Thermo Fisher Scientific), I verified that it detected the N-terminal HisG tag specifically. I
performed an activity assay between 0.4nM ADAMTS13 and 0.5uM VWF96. Sub-samples were
stopped and analysed by Western blot using the mouse mAb anti-HisG IgG2a (R940-25,
Thermo Fisher Scientific), followed by the rabbit pAb anti-mouse IgG conjugated with HRP
(Dako)(section 2.1.2.9). As can be seen in Figure 3-9A, no proteolysis had occurred at 0
minutes, and only a single species at ~28kDa was detected, corresponding to uncleaved
VWF96. With time, VWF96 was proteolysed, producing a single additional band at ~18kDa,
corresponding to the N-terminal cleavage product. This suggested that the mouse mAb anti-
HisG IgG2a (R940-25, Thermo Fisher Scientific) only recognized the N-terminal HisG tag
specifically, and had no affinity for the C-terminal 6xHis tag.

[ then optimized an ELISA protocol using the mouse mAb anti-HisG IgG2a (R940-25, Thermo
Fisher Scientific) (instead of chicken pAb anti-SUMO/SUMOstar IgY (AB7002, Life Sensors)) to
capture VWF96, and the goat pAb anti-HSV antibody conjugated with HRP (A190-136P, Bethyl)
for detection (section 2.1.2.11). I used 1.18pug/ml mouse mAb anti-HisG IgG2a (R940-25,
Thermo Fisher Scientific) to capture OnM, 0.1nM, 0.2nM, 0.4nM, 0.6nM, 0.8nM, 1nM and 1.2nM
VWF96, and 0.5ug/ml goat pAb anti-HSV antibody conjugated with HRP (A190-136P, Bethyl)
for detection. These conditions detected VWF96 sensitively, with absorbance reaching ~0.9Au

in up to 10 minutes, which was linearly associated with VWF96 concentration (Figure 3-9B).
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Figure 3-9 Optimisation of the VWF96 ELISA using anti-HisG antibody.

(A) Western blot analysis of VWF96 proteolysis using antibodies against the N-terminal HisG tag of
VWF96. Stopped reaction sub-samples during VWF96 proteolysis by ADAMTS13 (0.4nM) were
separated by SDS-PAGE and transferred to a nitrocellulose membrane. The HisG tag of VWF96 was
detected using the mouse mAb anti-HisG IgG2a (R940-25, Thermo Fisher Scientific) followed by HRP-
conjugated rabbit pAb anti-mouse IgG antibody (Dako). Only the uncleaved VWF96 (~28kDa) and the
N-terminal cleavage product (~18kDa) were detected, showing that the mouse mAb anti-HisG IgG2a
(R940-25, Thermo Fisher Scientific) was specific for the HisG tag, and did not have affinity for the C-
terminal 6xHis tag. (B) 1.18ug/ml mouse mAb anti-HisG IgG2a (R940-25, Thermo Fisher Scientific) was
used to capture 0-1.2nM VWF96, and 0.1pg/ml goat pAb anti-HSV antibody conjugated with HRP
(A190-136P, Bethyl) was used for detection. A strong signal (~0.9Au) was generated within 10 minutes
of colour development, which had a positive, linear association with VWF96 concentration, indicating
the sensitivity and specificity of this ELISA protocol for VWF96 detection.
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To confirm that VWF96 proteolysis can be monitored using this VWF96 ELISA protocol,
activity assays were set up between 0.4nM ADAMTS13 and 0.5uM VWF96 (section 2.3.2.1).
Sub-samples were stopped in EDTA between 0-90 minutes, diluted to 0.75nM VWF96 and
analysed by ELISA (in duplicate) using the mouse mAb anti-HisG IgG2a (R940-25, Thermo
Fisher Scientific) for capturing VWF96. The concentration of VWF96 in each sub-sample was
plotted against time and analysed by one-phase exponential decay regression (Figure 3-10A).
The profile of proteolysis was similar to that seen previously, with reaction completion at ~90
minutes. Duplicate analysis of each sub-sample generated very similar absorbance readings,
showing that no significant intra-assay variability was associated with this VWF96 ELISA

protocol.

To quantify the rate of proteolysis using this VWF96 ELISA protocol, I repeated the assay three
times, using 0.4nM ADAMTS13 and 0.5uM VWF96. The mean fraction of proteolysed substrate
in each sub-sample was plotted as a function of time, and fitted as before (Figure 3-10B). The
Kcat/Km of 155x10% M-1s-1was very similar to the value obtained when the VWF96 ELISA (anti-
SUMO protocol) was used for analysis (110x10%M-1s-1), showing that the two ELISA protocols
could be used interchangeably to monitor VWF96 proteolysis.
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Figure 3-10 Analysis of VWF96 proteolysis using the VWF96 ELISA (anti-HisG)

(A) VWF96 (0.5uM) was incubated with or without ADAMTS13 (0.4nM). Reaction sub-samples were
stopped in EDTA between 0-90 minutes, which were diluted to 0.75nM VWF96 and analysed using the
VWF96 ELISA. The mouse mAb anti-HisG IgG2a (R940-25, Thermo Fisher Scientific) was used to
capture VWF96. In the presence of ADAMTS13 (solid line), the concentration of VWF96 decreased with
time, indicating proteolysis. The reaction is complete (~0nM VWF96) at ~90 minutes. In the absence of
ADAMTS13 (dotted line), there is no reduction in the concentration of VWF96 since no proteolysis
occurred; this confirmed that the ELISA specifically monitors the proteolysis of VWF96. (B) The fraction
of VWF96 substrate proteolysed was plotted against time and the data fitted using the equation P =
1—exp(—1 X [ADAMTS13] X t X k.4:/Ky) (see section 3.7). The catalytic efficiency (Kcat/Km) of
VWF96 proteolysis was 155x104M-1s-! (n=3).
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3.9 DISCUSSION

The first aim of my project was to design and develop an ELISA-based assay that would allow
me to characterise the kinetics of ADAMTS13 activity. In this chapter, I described how I
generated VWF96, a new substrate for ADAMTS13, and the development of an ELISA assay that

can specifically and sensitively detect VWF96 and monitor its proteolysis.

VWF96 (G1573-R1668) was derived from the A2 domain of VWF and contains the scissile bond
and binding sites for ADAMTS13 exosites (Figure 3-3). This is similar to other VWF A2 domain-
derived substrates for ADAMTS13, including VWF73 (D1596-R1668)(235, 253,296,360, 372-374) and
VWF115 (E1554-R1668),(241, 242, 250, 252, 256, 266, 268, 362) which had been used in prior studies.
VWF96 was cloned in bacterial expression vectors in two steps, in order to fuse the N-terminal
HisG and SUMO tags and the C-terminal HSV and 6xHis tags. I successfully expressed VWF96 in
2.5L of E. coli, which was harvested from the soluble bacterial fraction (Figure 3-3B-E). One
reason the SUMO tag was chosen was its ability to increase the expression yield and solubility
of peptides; this would be of interest as high VWF96 concentrations would be required later
for performing kinetic analysis. The affinity of the 6xHis tags for Ni2+* was exploited to purify
the expressed VWF96 from the bacterial lysate by performing immobilised metal ion affinity
chromatography. VWF96 bound to the Ni2*-charged column to separate it from the rest of the
proteins in the bacterial lysate, and was then eluted using a high concentration of Imidazole.
The presence of impurities in the eluted fractions (likely other bacterial proteins with affinity
for Ni2* and/or VWF96 cleavage products by bacterial proteases), suggested the need for a
second purification step; therefore, VWF96 was purified to homogeneity using anion exchange
chromatography. Due to its high purity (>95%), VWF96 could be quantified by measuring
absorbance at 280nm and using extinction coefficients; based on this, the yield (~25mg per
litre of bacterial culture) and molar concentration (~320uM) of VWF96 were satisfactorily

high.

The first assessment of VWF96 as a suitable substrate for ADAMTS13 was performed
qualitatively (Figure 3-4). I predicted that VWF96 would be proteolysed normally as it is
longer than the minimal substrate for ADAMTS13, VWF73, by 23 N-terminal amino acids. This
means that VWF96 possesses all functionally important sites for proteolysis, and the extra
residues were not expected to induce any structural changes. In fact, even longer substrates

than VWF96, like VWF115, retain their capacity to be cleaved specifically by ADAMTS13.
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Perhaps my only concern with respect to VWF96 proteolysis was the fused tags at the two
termini. In particular, the N-terminal SUMO tag is a relatively large polypeptide, ~12kDa, which
could potentially interfere sterically with functional sites in VWF96; this was the reason for
choosing to include the extra 23 amino acids at the N-terminus, and not fusing the SUMO tag on
the minimal substrate, VWF73. The proteolysis of VWF96 and VWF115 (already available in
the lab) by ADAMTS13, stopped at multiple time points, was analysed by SDS-PAGE and
Coomassie staining. The assay was not sensitive enough to accurately quantify the rate of
proteolysis. However, it could identify gross differences in the rates of proteolysis of different
reactions, qualitatively. No major differences in the rates of VWF96 and VWF115 proteolysis
were evident. This assay could inform on the specificity of VWF96 proteolysis reactions (ie.
whether proteolysis occurred at the scissile bond). There was only one cleavage product,
consistent with the molecular weight of the specific N-terminal cleavage product, which
suggested that cleavage occurred at the scissile bond of VWF96. The absence of the C-terminal
cleavage product was not concerning, since this was also absent in the case of VWF115
proteolysis; perhaps the sequence of this fragment is stained inefficiently or washed out of the

gel, which had also been observed previously.

I developed an ELISA assay, which detects VWF96 specifically. To do this, I had to find a
combination of antibodies with sufficiently high affinities for the SUMO and HSV tags of
VWEF96. I varied the antibody combinations, orientations and concentrations, as well as the
concentration range of VWF96. This ELISA would be used to detect VWF96 during the time
course of proteolysis; therefore, it needed to be equally sensitive in detecting both high (0%
proteolysis) and low (>95% proteolysis) VWF96 concentrations in the same assay. For this, a
strong signal was important, that exploits the entire absorbance range that the
spectrophotometer could detect sensitively (~0.1-1.5Au). The chicken pAb anti-
SUMO/SUMOstar (AB7002, Life Sensors) and the HRP-conjugated goat pAb anti-HSV (A190-
136P, Bethyl) produced a signal above 1.0Au in less than 10 minutes, and were chosen for the
optimal ELISA protocol. Having achieved a strong signal, I then attempted to find a range of
VWF96 concentrations that were linearly associated with absorbance; this was important to
minimise any intra-assay variability. 0-0.2nM VWF96 produced a linear ELISA standard curve,

still retaining a strong signal, and were therefore chosen for the optimal ELISA protocol.

[ attempted to use the VWF96 ELISA to analyse the time course of VWF96 proteolysis. Initially,
[ incubated 0.5pM VWF96 with 0.75nM ADAMTS13 and stopped multiple sub-samples
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between 0-90 minutes. Prior to analysis, the sub-samples needed to be diluted to a
concentration that the ELISA can detect sensitively; I chose 0.09nM, which is in the middle of
the standard curve range. As VWF96 was proteolysed, a reduction in the signal was obtained.
Interpolation on the standard curve showed that there was indeed 0.09nM VWF96 at 0
minutes, which, with time, decreased to OnM. The fact that the curve did not plateau above
OnM shows that this ELISA specifically detects only VWF96, and not any other reaction
component, and that the reaction proceeded to completion, unaffected by potential limitations
like enzyme inactivation. I included a control reaction, where no ADAMTS13 was added. As
expected, at all time points, the concentration of VWF96 remained constant around 0.09nM,
without any significant variability. This was a proof-of-principle, that the VWF96 ELISA can
monitor VWF96 proteolysis sensitively and specifically. To ensure that [ minimized the effect
of variability (associated with the assay itself or human error), I chose to analyse eight time
points for each reaction, and to analyse each sub-sample in duplicate, taking the mean
absorbance. The raw data suggested that no major variability was associated with the ELISA, as
the absorbance readings of the duplicates were very similar. Repeating the assay 16 times, at
four different concentrations of VWF96, produced essentially the same reaction profile, with
reaction completion at ~90 minutes. What was striking was that the fraction of proteolysis in
all sub-samples collected at the same time points of independent assays was very similar,
confirming that there was no major inter-assay variability associated with this method. The
Keat/Km (110x10% M-1s-1) was consistent with previously published values,#6242,252,267) fyrther
validating VWF96 as a suitable substrate for ADAMTS13, and the VWF96 ELISA as an accurate

method of monitoring the proteolysis.

Finally, I optimised a second VWF96 ELISA, using mouse mAb anti-HisG IgG2a (R940-25,
Thermo Fisher Scientific) for capturing VWF96 instead of the chicken pAb anti-
SUMO/SUMOstar (AB7002, Life Sensors), which proved to be an equally sensitive and specific
method of detecting VWF96 and quantifying the rate of proteolysis (kcat/Km=155x104 M-1s1).
The small difference between the kcat/Km values obtained with the two ELISA protocols was
most likely associated with inter-batch variability in the specific activity of ADAMTS13, as well
as with quantification differences between the different batches of ADAMTS13 and VWF96
used in the two assays, and not with the ELISA protocol itself.
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4 RESULTS: GENERATION AND KINETIC CHARACTERISATION OF VWF96
VARIANTS

4.1 INTRODUCTION

In the previous chapter, I described the generation of VWF96, a new VWF A2 domain-derived
substrate for ADAMTS13. I optimised expression and purification strategies, which achieve
high yields of purified VWF96. I verified, qualitatively, that VWF96 is cleaved with similar
efficiency and specificity as VWF115 and that the possession of tags does not influence
proteolysis. I also developed and optimised ELISA assays, which sensitively and specifically

detect VWF96, and can be used to quantify VWF96 proteolysis kinetically.

My next aim was to generate a panel of VWF96 variants, with the intention of ablating the
binding interaction of each ADAMTS13 functional exosite (in the MP, Dis, Cys-rich and Spacer
domains). To do this, I targeted all the residues for which there was evidence for involvement
in a functional interaction with ADAMTS13 exosites (Figure 4-1A). I created amino acid
substitutions with amino acids of similar sizes, with uncharged side-chains, which did not
predict changes in the secondary structure (if any) of VWF96. By endeavouring to ablate the
entire exosite binding interaction | hoped to ascertain the individual contribution of each

interaction to both binding and proteolysis.

For the MP domain exosite interaction, the L1603 (P3), Y1605 (P1) and M1606 (P1’) residues
are all functionally important.(362) I chose not to target the Y1605-M1606 residues that
correspond to the scissile bond, as this would severely impair proteolysis. The L1603 (P3)
residue was proposed to interact with the L198 in the MP domain of ADAMTS13.(252) [ only
targeted the L1603 (L1603N), termed VWF96-MP variant, to ascertain the exosite rather than

the cleavage site function.

In the ADAMTS13 Dis domain, the residues R349, L350 and V352 are all important for
ADAMTS13 activity. An interaction was definitively demonstrated between R349 in the
ADAMTS13 Dis domain and the D1614 in the VWF A2 domain. Other residues in the proximity
of D1614 could be involved in an exosite interaction with the ADAMTS13 Dis domain. It was
proposed that the A1612 in the VWF A2 domain could form a hydrophobic interaction with the
L350 in the ADAMTS13 Dis domain.(259) Furthermore, mutations at the E1615 and K1617

residues of the VWF A2 domain were previously shown to reduce the rate of proteolysis.(256) |
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hypothesized that the entire region A1612-K1617 in the VWF A2 domain served as the
complementary binding site for the Dis domain exosite of ADAMTS13, therefore, I created the
VWF96-Dis1 variant with the substitutions ADEIK1612/1614-1617SNQQQ (in light of
additional data published during the course of this project, this variant was later modified to

the VWF96-Dis2 variant DIKRD1614/1616-1618/1622AQEET, see sections 4.4 and 4.5).

A hydrophobic exosite interaction exists between the residues G471-V474 in the ADAMTS13
Cys-rich domain and the residues 11642/W1644/11649/L1650/11651.(266) [ substituted all
hydrophobic residues in this region of VWF96 (IWAILI1642/1644/1647/1649-1651QYSQQQ)
to generate the VWF96-Cys variant.

The precise residues that are involved in the ADAMTS13 Spacer domain exosite interaction are
not known. In the Spacer domain of ADAMTS13, the R659, R660, Y661, Y665 have been
proposed to be part of the exosite, although this has never been formally demonstrated.(235,267,
268) In the VWFA2 domain, the E1660-R1668 region is important for the functionality of the
Spacer domain exosite.(251,255,360) Previous data suggested that the charged residues in the
E1660-R1668 have little influence on the binding interaction with the Spacer domain.(361)
Therefore, 1 chose to substitute the hydrophobic residues in this region for hydrophilic
(LVL1664-1666TNQ) to create the VWF96-Spacer variant.

In this chapter, I describe the generation of the VWF96 variants. The VWF96 variants were
used as substrates for ADAMTS13 to assess the effect of ablating each exosite interaction on
the rate of proteolysis. The VWF96 ELISA-based assay (described in Chapter 3) was used to
characterise the kinetics of proteolysis of each VWF96 variant. The equilibrium binding affinity

between ADAMTS13 and the VWF96 variants was measured using plate-based binding assays.
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4.2 Generation of VWF96 variants

I performed inverse PCR (section 2.1.2.4) to generate vectors expressing VWF96 variants. |
used primers that introduce mutations to the VWF96 cDNA sequence and amplify the entire

VWEF96 pET-25b(+) vector inversely.

The VWF96 variants were expressed in BL21(DE3) E. coli (section 2.1.2.5), and purified in two
steps in the same way as described for VWF96 (section 2.1.2.6). Figure 4-1B shows the eluted
fractions after the first purification step of the VWF96 variants, analysed by Coomassie
staining. The predominant bands at ~28kDa correspond to the VWF96 variants. The VWF96-
Cys variant migrated slightly slower; this effect was likely to be a result of the specific amino
acid composition of the mutated area in this variant. The main impurities in all partially
purified VWF96 variants are the same as those seen for VWF96. As shown in Figure 4-1C, all
VWF96 variants were purified to homogeneity after the second purification step (estimated
>95% pure). All VWF96 variants were expressed with comparable yields to VWF96 described
in Chapter 3 (section 3.4).
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Figure 4-1 Generation of VWF96 variants

(A) VWF96 (G1573-R1668) possesses N-terminal HisG and SUMO tags, and C-terminal HSV and 6xHis
tags. Mutations were introduced in VWF96 to create the VWF96-MP (L1603N), VWF96-Disl
(ADEIK1612/1614-1617SNQQQ), VWF96-Cys (IWAILI1642/1644/1647/1649-1651QYSQQQ) and
VWF96-Spacer (LVL1664-1666TNQ) variants that ablate the interaction of VWF96 with each
ADAMTS13 exosite independently (in the MP, Dis, Cys-rich and Spacer domains, respectively). (B) The
VWEF96 variants were partially purified by immobilised metal ion affinity chromatography, using Niz+-
charged HiTrap Chelating HP columns. The eluted proteins were analysed by SDS-PAGE and Coomassie
staining. (C) The VWF96 variants were further purified by anion exchange chromatography, using
Capto Q Impres columns. Analysis by SDS-PAGE and Coomassie staining indicated that all variants were
>95% pure.
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4.3 Qualitative assessment of VWF96 variant proteolysis by ADAMTS13

[ performed cleavage assays to qualitatively assess the ability of ADAMTS13 to specifically
proteolyse the VWF96 variants. I initially incubated 3uM of each VWF96 variant with the same
concentration of ADAMTS13 (4nM), and stopped the reactions between 0-120 minutes (section
2.3.1). The proteolysis of VWF96 at each time point was analysed by SDS-PAGE (section 2.1.2.7)
and Coomassie staining (section 2.1.2.8)(Figure 4-2A). At the start of the reaction (0 minutes),
no VWF96 was proteolysed, as seen by the single band at 28kDa, corresponding to the
uncleaved substrate. Both specific cleavage products were visible at 30 minutes (N-terminal
cleavage product at 18kDa and C-terminal cleavage product at 10kDa), and the reaction was
complete between 60-90 minutes. The rate of proteolysis of all VWF96 variants by ADAMTS13
was appreciably slower than that of VWF96, since very little proteolysis had occurred even
after 120 minutes. The VWF96-MP and VWF96-Dis1 variants were proteolysed least efficiently,
while the mutations in VWF96-Cys and VWF96-Spacer were less detrimental to the rate of
proteolysis. Nevertheless, none of the mutations seemed to impair the specificity of
ADAMTS13-mediated proteolysis, since, for all VWF96 variants, the specific N-terminal

cleavage products at 18kDa were visible (squared in Figure 4-2 Left).

[ adjusted the concentration of ADAMTS13 in each reaction to better estimate the relative
effect of the mutations upon the rate of proteolysis, and to improve the detection of the specific
cleavage products for those variants that were proteolysed very inefficiently (Figure 4-2
Right). VWF96 was incubated with 3nM ADAMTS13, and the reaction profile was essentially
the same as previously (complete reaction between 60-90 minutes). VWF96-MP and VWF96-
Dis1 were incubated with 20 times more ADAMTS13 (60nM); this increased the rate of
proteolysis, such that both specific cleavage products were clearly visible. However, the
reactions were still not complete, with a significant proportion of the substrate still uncleaved
after 120 minutes. Apart from the three predominant bands corresponding to the
uncleaved/cleaved substrates, additional bands were visible on the gel. These were proteins
present in the ADAMTS13 expression media. The VWF96-Cys and VWF96-Spacer variants were
incubated with 20nM and 15nM ADAMTS13, respectively. Both specific cleavage products were
visible after 30 minutes, but neither of the reactions was complete after 120 minutes. The
VWF96-Cys reaction, despite containing more ADAMTS13, proceeded slower than the VWF96-

Spacer reaction, indicating that the mutations in the Cys-rich domain exosite binding site
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caused a greater reduction in the rate of proteolysis than the mutations in the Spacer domain

exosite binding site.

The qualitative analysis of the proteolysis of VWF96 variants showed that the MP and Dis
domain exosite interactions have the most important role to play in the proteolysis of VWF by
ADAMTS13. The next most important exosite is found in the Cys-rich domain. The Spacer
domain exosite interaction has the smallest contribution to the rate of proteolysis in relation to
the other exosite interactions. Nevertheless, it enhances the rate of proteolysis considerably

(by ~20-fold, as predicted based on qualitative analysis).
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Figure 4-2 Qualitative assessment of the proteolysis of VWF96 variants by ADAMTS13
(Left) The VWF96 variants (3uM) were incubated with 4nM ADAMTS13, and proteolysis between 0-120
minutes was analysed by SDS-PAGE and Coomassie staining. VWF96 proteolysis was complete between
60-90 minutes. All VWF96 variants were cleaved specifically, as seen by the emergence of the specific
N- and C-terminal cleavage products (18kDa and 10kDa, respectively). The rates of proteolysis of all
VWEF96 variants were significantly lower than VWF96. (Right) The ADAMTS13 concentrations were
adjusted for all VWF96 variants to estimate the relative reduction in the rate of proteolysis associated
with the ablation of the different exosite interactions by mutation.

118



4.4 ‘Massively parallel’ kinetic analysis of VWF73 proteolysis by ADAMTS13

After the VWF96 variants introduced above were generated, a study by Kretz et al was
published,(363) which reported a method for multi-parallel kinetic analysis of VWEF73
proteolysis, and the effect of every possible residue substitution at each position in VWF73 on
the rate of proteolysis by ADAMTS13. Briefly, they created a mutagenized VWF73 phage
display library. The phage displaying VWF73 variant peptides were incubated with
ADAMTS13, and uncleaved variants were selected at multiple time points and sequenced by
high throughput DNA sequencing. The enrichment and reduction in complexity of the library
identified the amino acid residues that, on average, reduce the rate of proteolysis when
mutated. Analysis of the sequenced library at multiple time points during the reaction with
ADAMTS13 provided information on the relative effect of all single amino acid substitutions at
each position on the rate of proteolysis. This allowed generation of the heat map below (Figure
4-3), where red colour signifies mutations that caused the biggest reductions in the rate of
proteolysis, yellow signifies mutations that had no influence on the rate of proteolysis and blue

signifies mutations that enhanced the rate of proteolysis.

The results of this study, to a great extent, corroborated my mutation strategy for the different
exosite binding sites in VWF96. In other words, most of the residues targeted for my project
were present in the red regions on the heat map. However, some residues that appeared to be
important for proteolysis based on the heat map were not targeted for my project. To ablate
the Dis domain exosite interaction, I originally targeted the A1612-K1617 region. Based on the
heat map, it is clear that the region targeted does not fully cover the entire Dis domain exosite
binding site. The region immediately downstream of the targeted residues, R1618-D1622, was
also likely to be involved in the interaction with the Dis domain exosite. Therefore, I generated
the variants VWF47 (G1573-L1619), VWEF57 (G1573-G1629) and VWF96-Dis2
(DIKRD1614/1616-1618/1622AQEET) to investigate the functionality of this region (see

section 4.5).

To ablate the Spacer domain exosite interaction, I originally hypothesized that the L1664,
V1665 and L1666 residues were involved in a hydrophobic interaction with the ADAMTS13
Spacer domain. However, based on the heat map, more residues in the region E1660-R1668
(which includes the targeted L1664, V1665 and L1666 residues) were likely to be involved in

the Spacer domain exosite interaction. Therefore, I generated a further variant that lacks the
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entire region E1660-R1668, termed VWF87(ASpacer) variant, to investigate any additional

functional deficit (see section 4.6).

I decided not to change the VWF96 variants that ablate the MP and Cys-rich domain exosite
interactions. The residues P1601-V1606 appear red on the heat map and could be included as
part of the targeted residues in the VWF96-MP variant. I wanted to avoid interfering with the
Y1605-M1606 of the scissile bond, as this would reduce proteolysis in an exosite independent
manner. I avoided mutating P1601 as this could alter the secondary structure of VWF96 and
also impair the rate of proteolysis in an exosite independent manner. Substitutions of the
N1602 and V1604 were performed in a prior study,(?52) and did not have major effects on the
rate of proteolysis. Substituting the L1603, as seen by the qualitative analysis of the VWF96-MP
variant (L1603N)(section 4.3) and previously,(252) is detrimental to the rate of proteolysis, but
still retaining some quantifiable specific proteolysis. I expect the reduction in the rate of
proteolysis as a result of this mutation to be manifest through a reduction in the functionality
of the active site, which could act as a control for the kinetic studies. In the VWF96-Cys variant,
the residues 11642, W1644, A1647, 11649, L1650 and 11651 were targeted. In the heat map,
the most important residues in this region for proteolysis were likely to be the 11649, L1650
and 11651. Nevertheless, I decided to keep the set of mutations in the VWF96-Cys variant

unchanged.

In the following sections, I describe the revision of the panel of VWF96 variants, in order to
include new variants with mutations that more completely ablate the Dis and Spacer domain

exosite interactions.
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Figure 4-3 Heat map illustrating the effect on the Kcat/Km of substituting each residue in
the VWF73 sequence.

A mutagenized VWF73 phage display library was incubated with ADAMTS13. At multiple time points,
phage displaying uncleaved VWF73 peptides were sequenced and the enrichment and reduction in
complexity of the library quantified and normalised to the keat/Km of wild type VWF73 proteolysis. This
study by Kretz et al(363) provides information on the effect on the kc.:/Km of every possible substitution
at every amino acid residue in the VWF73 sequence. Red indicates subsitutions that most severely
affected the rate of proteolysis. Yellow indicates that substitutions did not have a major influence on the
Keat/Km. Curiously, some substitutions, shown in blue, enhance the rate of proteolysis (discussed in
section 4.13). The regions targeted by mutagenesis to generate the VWF96 variants are squared, and
the arrows indicate the domains in ADAMTS13 these regions were predicted to interact with. The heat
map was obtained from®63) and adapted (for permission, see Table B, Appendix II).
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4.5 Generation of the VWF47, VWF57 and VWF96-Dis2 variants

To corroborate the findings of Kretz et al,363) 1 used a different strategy to investigate the
functionality of the region R1618-D1622, which is immediately downstream of the targeted
region in VWF96-Dis1. I generated two peptides, VWF47 and VWF57, which had the same N-
terminus as the VWF96 variants but are C-terminally truncated at different positions (Figure
4-4A). VWF47 spanned the region G1573-L1619, including only two additional residues
downstream of the targeted region in the VWF96-Dis1 variant. VWF57 spanned the region
G1573-G1629, including 12 additional residues immediately downstream of the targeted
region in the VWF96-Dis1 variant, some of which were predicted to have a functional role in
the ADAMTS13 Dis domain exosite binding and proteolysis. If the additional region in VWF57
was implicated in proteolysis, then VWF57 should be proteolysed faster than VWF47.

The cDNA encoding HisG-SUMO-VWF47 and HisG-SUMO-VWF57 (both with a 3’ Xhol
restriction site introduced) were amplified by PCR using the VWF96-pET SUMO vector as
template (‘VWF47-Xhol’ and ‘VWF57-Xhol’ primers in Table A, Appendix I). The bacterial pET-
25b(+) vectors for the expression of VWF47 and VWF57 were created using the same cloning
strategy already described for VWF96 (section 3.3). VWF47 and VWF57 were expressed and
purified, as previously described for VWF96 (section 3.4) Figure 4-4B+C show Coomassie
staining analysis of the eluted VWF47 and VWF57 after each purification step, migrating on the
gels at ~22kDa and ~23kDa, respectively. VWF47 and VWF57 were also specifically detected
by Western blotting (section 2.1.2.9), using antibodies against the HSV tag (Figure 4-4D).

To investigate any differences in the rates of VWF47 and VWF57 proteolysis, activity assays
were set up between an ADAMTS13 variant truncated after the Dis domain (MP-Dis, 266nM,
purified and already available) and 3uM of each substrate (section 2.3.1). Reactions were
stopped between 0-16 hours, and analysed by SDS-PAGE (section 2.1.2.7) and Coomassie
staining (section 2.1.2.8)(Figure 4-4E). Proteolysis produced the same N-terminal cleavage
product at ~18kDa for both VWF47 and VWF57, and ~4kDa and ~5kDa C-terminal cleavage
products, respectively. The proteolysis of VWF57 was estimated to be ~5-fold more efficient
than the proteolysis of VWF47; this demonstrates that the additional region in VWF57 (P1620-
G1629) is, at least partly, implicated in proteolysis. The use of the MP-Dis variant in the
reaction, as opposed to full-length ADAMTS13, showed that the additional region in VWF57

interacts with the Dis domain of ADAMTS13, and not with an exosite in another domain.
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Figure 4-4 Generation and proteolysis of VWF47 and VWF57

(A) The amino acid sequence of VWF57 (G1573-G1629) and VWF47 (G1573-L1619). Both variants
possess N-terminal HisG and SUMO tags, and C-terminal HSV and 6xHis tags. The enlarged residues
correspond to the proposed MP (L1603) and Dis (ADEIK1612/1614-1617) domain exosite binding
sites. The scissile bond, Y1605-M1606, is enlarged and in bold. (B) VWF47 (22kDa) and VWF57
(23kDa) were expressed in BL21 (DE3) E. coli, partially purified by immobilised metal ion affinity
chromatography using Ni2*-charged HiTrap Chelating HP columns, and elution fractions at 300mM
were analysed by SDS-PAGE and Coomassie staining. (C) VWF47 and VWF57 were further purified by
anion exchange chromatography on CaptoQ Impres columns and analysed by SDS PAGE and Coomassie
staining. (D) Western blot of VWF47 and VWF57 using goat pAb anti-HSV conjugated with HRP (A190-
136P, Bethyl). (E) Qualitative analysis of VWF47 and VWF57 (3uM) proteolysis by MP-Dis (~266nM).
Reaction sub-samples were stopped between 0-16 hours and analysed by SDS-PAGE and Commassie
staining. VWF47 and VWF57 were specifically proteolysed by MP-Dis for 16 hours producing the
specific N-terminal (18kDa) and C-terminal (4kDa and 5kDa, respectively) cleavage products. VWF57
was proteolysed more efficiently by MP-Dis than VWF47.
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[ used the VWF96 ELISA to compare the rates of proteolysis of VWF47 and VWF57
quantitatively (section 2.3.2.1). These fragments possessed the same tags as VWF96, and could
therefore be analysed using the same ELISA protocol (section 2.1.2.11). I normalised the
concentrations of the two fragments using ELISA (Figure 4-5A), to ensure that both fragments
could be detected sensitively, and that the same amount of substrate was used in both
reactions. I then performed activity assays (n=2) between 100nM ADAMTS13 and 1uM of each
substrate. The reactions were stopped between 0-120 minutes and analysed by VWF96 ELISA.
The Figure 4-5B+C shows the percentage of substrate proteolysis plotted as a function of time.
VWF57 was cleaved with keat/Km of 0.72x10% M-1s-1, while VWF47 was cleaved 8.4-fold slower,
with Keat/Km of 0.086x10% M-1s-1,
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Figure 4-5 Quantitative analysis of VWF57 and VWF47 proteolysis by ADAMTS13 using
the VWF96 ELISA.

(A) VWF47 and VWF57 concentrations were normalised using the VWF96 ELISA. (B-C) The proteolysis
of VWF47 and VWF57 (1uM) by 100nM ADAMTS13 was monitored for 120 minutes, using the VWF96
ELISA and fitted to the equation P =1—exp(—1 x [ADAMTS13] x t X k.,:/Ky) (see section 3.7).
ADAMTS13 cleaved VWF57 (Kcat/Km=0.72x10% M-1s-1) 8.4 times more efficiently than VWF47
(Keat/Km=0.086x10% M-1s-1)(n=2).
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The experiments using the truncated variants VWF47 and VWF57 suggested that the P1620-
G1629 region in the VWF A2 domain is functionally important for VWF proteolysis and is
involved in interactions with the Dis domain exosite of ADAMTS13. Therefore, I decided to
generate a new VWF96 variant with mutations that ablate the entire Dis domain exosite
binding site (Figure 4-8A) and chose the residues that are most likely to be involved in the
interaction based on the findings of Kretz et al363)(Figure 4-3). I introduced the substitutions
DIKRD1614/1616-1618/1622AQEET (section 4.2) and successful mutagenesis was verified by
sequencing. The new variant, termed VWF96-Dis2, was expressed and purified as already

described for VWF96 (section 3.4).

To confirm that there was indeed an additional deficit in the rate of proteolysis of the VWF96-
Dis2 variant, when compared to the VWF96-Dis1 variant, associated with the new set of
mutations, I performed activity assays between 100nM ADAMTS13 and 3uM of either substrate
(section 2.3.1). The reaction was stopped using EDTA between 0-120 minutes and analysed by
SDS-PAGE (section 2.1.2.7) and Coomassie staining (section 2.1.2.8). Figure 4-6 shows that the
new mutations introduced in the VWF96-Dis2 variant further reduce the rate of proteolysis
compared to the VWF96-Dis1 variant and confirm the involvement of these residues in the Dis
domain exosite binding site. The VWF96-Dis1 and VWF96-Dis2 variants have the same
molecular weight, ~28kDa, and produced the same ~18kDa and ~10kDa specific cleavage
products upon proteolysis. At 0 minutes, neither of the variants were proteolysed. The VWF96-
Dis1 variant was completely proteolysed after 120 minutes, while the VWF96-Dis2 variant was
only partially proteolysed. I estimated that the VWF96-Dis2 variant was cleaved ~5 times
slower than the VWF96-Dis1 variant. Due to contaminants in the ADAMTS13 preparation, the

gel is not clear.
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Figure 4-6 Qualitative analysis of the proteolysis of the VWF96-Dis1 and VWF96-Dis2
variants by ADAMTS13.

3uM of the VWF96-Dis1 (ADEIK1612/1614-1617SNQQQ) or the VWF96-Dis2 (DIKRD1614/1616-
1618/1622AQEET) variants were incubated with 100nM ADAMTS13. The reactions were stopped
between 0-120 minutes and analysed by SDS-PAGE and Coomassie staining. The VWF96-Dis1 and
VWEF96-Dis2 variants (~28kDa) are cleaved over time, producing the specific cleavage products of
ADAMTS13 proteolysis (~18kDa and ~10kDa). The proteolysis of the VWF96-Dis2 variant was
estimated to be approximately 5 times less efficient than the proteolysis of the VWF96-Dis1 variant.

4.6 Generation and proteolysis of the VWF87(ASpacer) variant

Based on the results of Kretz et al363)(Figure 4-3), the entire VWF region E1660-R1668 is
likely to be implicated in the interaction with the ADAMTS13 Spacer domain exosite, as
opposed to only the L1664, V1665 and L1666 residues that were initially targeted by mutation
to create the VWF96-Spacer variant. 1 decided to generate a truncated variant,
VWEF87(ASpacer), which lacks the entire E1660-R1668 region (Figure 4-8A); if other residues
in this region are indeed involved in the Spacer domain exosite interaction, the

VWF87(ASpacer) variant should be cleaved less efficiently than the VWF96-Spacer variant.

The VWF87(ASpacer)-expressing pET-25b(+) vector was generated using the same cloning
strategy described for the VWF47 and VWF57 variants (section 4.5)(‘VWF87 Xhol’ primers in
Table A, Appendix I), and expressed and purified as already described for VWF96 (section 3.4).

To qualitatively assess whether there was any additional functional deficit associated with
deleting the entire E1660-R1668 (VWF87(ASpacer) variant), as opposed to only introducing
the LVL1664-1666TNQ mutations in the Spacer domain exosite binding site of VWF96
(VWF96-Spacer variant), [ performed cleavage assays (section 2.3.1) between 15nM
ADAMTS13 and 3uM of either substrate. The reaction was stopped in EDTA between 0-120
minutes. Figure 4-7 shows the profile of proteolysis of both substrates. The ~27kDa and
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~28kDa bands corresponding to the uncleaved VWF87(ASpacer) and VWF96-Spacer
substrates, respectively, disappeared at a very similar rate, and both reactions were complete
at 120 minutes. Proteolysis of the two substrates produced the same N-terminal cleavage
products (~18kDa), while the C-terminal cleavage product of the VWF87(ASpacer) variant
(~9kDa) was slightly smaller than the C-terminal cleavage product of VWF96-Spacer variant
(~10kDa). At each time point, the intensity of the bands corresponding to the cleavage
products was comparable between the two reactions. This qualitative assay could not identify
subtle differences in the rate of proteolysis between the VWF87(ASpacer) and VWF96-Spacer
variants. This could mean that, as initially hypothesized, only the hydrophobic residues L1664,
V1665 and L1666 in the VWF A2 domain are implicated in the functional interaction with the
Spacer domain exosite of ADAMTS13. However, due to the lack of sensitivity of this assay, |
decided to investigate this further, by including both variants in the revised panel of

ADAMTS13 substrates that would be characterized kinetically.

VWEF87 (ASpacer) VWF96-Spacer

Time (mins) 0 30 60 90120 0 30 60 90120

VWF96 variants ¥ .. — N-terminal
(27kDa and 28kDa) < Cleavage product
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Figure 4-7 Qualitative analysis of the proteolysis of the VWF96-Spacer and
VWF87(ASpacer) variants by ADAMTS13.

3uM of the VWF96-Spacer (LVL1664-1666TNQ) or VWF87(ASpacer)(delE1660-R1668) variants were
incubated with 15nM ADAMTS13. The reactions were stopped between 0-120 minutes and analysed by
SDS-PAGE and Coomassie staining. The VWF96-Spacer and VWF87(ASpacer) variants (~28kDa and
~27kDa, respectively) were cleaved over time, producing the same N-terminal cleavage products of
ADAMTS13 proteolysis (~18kDa) and slightly different C-terminal cleavage products (~10kDa and
~9kDa, respectively). Based on this assay, the two substrates were proteolysed at apparently
indistinguishable rates.
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4.7 The revised panel of VWF96 variants

Figure 4-8A shows the revised panel of VWF96 variants that would be used as substrates for
ADAMTS13 in this project. These are VWF96, VWF96-MP (L1603N), VWF96-Dis2
(DIKRD1614/1616-1618/1622AQEET), VWF96-Cys (IWAILI1642/1644/1647/1649-
1651QYSQQQ), VWF96-Spacer (LVL1664-1666TNQ) and VWF87(ASpacer) (delE1660-R1668).
As shown in Figure 4-8B, all VWF96 variants were purified to homogeneity and their
concentrations were normalised. Western blotting (section 2.1.2.9) using the chicken pAb anti-
SUMO/SUMOstar (AB7002, Life Sensors)(Figure 4-8C, Left) and the HRP-conjugated goat pAb
anti-HSV (A190-136P, Bethyl)(Figure 4-8C, Right) antibodies verified that all the variants

possessed functional N-terminal SUMO and C-terminal HSV tags, respectively.

I qualitatively assessed the relative reduction in the rate of proteolysis associated with the
revised set of mutations by performing parallel cleavage assays between each of the VWF96
variants at 3uM and ADAMTS13 at adjusted concentrations (section 2.3.1). VWF96 was
incubated with 2nM of ADAMTS13. The VWF96-MP and VWF96-Dis2 variants were incubated
with 53nM ADAMTS13 because these mutations were predicted to cause the most dramatic
reductions in the rate of proteolysis. Smaller reductions in the rates of proteolysis were
predicted for the VWF96-Cys, VWF96-Spacer and VWF87(ASpacer) variants, therefore 20nM
ADAMTS13 was used in these reactions. All reactions were stopped between 0-120 minutes
using EDTA, and analysed by SDS-PAGE (section 2.1.2.7) and Coomassie staining (section
2.1.2.8)(Figure 4-9).

For all VWF96 variants, the single ~28kDa (or ~27kDa) bands at 0 minutes, corresponding to
the uncleaved substrate, were proteolysed to the specific ~18kDa and ~10kDa (or ~9kDa)
cleavage products in later time points. VWF96 was proteolysed with the same efficiency as
seen earlier (section 4.3), and the reaction was complete between 60-90 minutes. The reaction
profiles for the VWF96-Spacer and VWF87(ASpacer) variants were essentially identical to that
of VWF96; based on the differences in the ADAMTS13 concentrations, I estimated that both
sets of mutations in the Spacer domain exosite binding site of VWF96 caused a ~10-fold
reduction in the rate of proteolysis. The VWF96-Cys variant was proteolysed slower, which
allowed me to estimate that the interaction with ADAMTS13 mediated by the mutated residues
in this variant contributes ~20-fold to the rate of proteolysis. Neither of the VWF96-MP and

VWF96-Dis2 variants were completely proteolysed after 120 minutes as both reactions
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proceeded very slowly. Interestingly, as a result of the new set of mutations ablating the Dis
domain exosite interaction, the VWF96-Dis2 variant is proteolysed slower (<50% proteolysis
in 120 minutes) than the VWF96-MP variant (>50% proteolysis in 120 minutes); in contrast,
the VWF96-Dis1 variant was proteolysed more efficiently than the VWF96-MP variant in
section 4.3. Considering the relative amounts of substrates proteolysed at different time points,
as well as the ADAMTS13 concentration used in these reactions, I estimated that the mutations
in the VWF96-MP and VWF96-Dis2 variants reduce the rate of proteolysis by ~150-fold and
>500-fold, respectively. These results reveal the importance of the interaction mediated by the
ADAMTS13 Dis domain exosite as a whole (a remote exosite) for VWF proteolysis, which had

not been reported prior to this project.
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Figure 4-8 The revised panel of VWF96 variants.

(A) The amino acid sequence of the revised panel of VWF96 variants. These are VWF96, VWF96-MP
(L1603N), VWF96-Dis2 (DIKRD1614/1616-1618/1622AQEET), VWF96-Cys
(IWAILI1642/1644/1647/1649-1651QYSQQQ), VWF96-Spacer (LVL1664-1666TNQ) and
VWEF87(ASpacer) (delE1660-R1668). (B) SDS-PAGE and Coomassie staining of the purified VWF96
variants. All variants were purified to homogeneity and their concentrations normalized. (C) Western
blot analysis of all VWF96 variants using antibodies against the SUMO (left) and HSV (right) tags.
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Figure 4-9 Qualitative analysis of the proteolysis of the revised panel of VWF96 variants
by ADAMTS13.

3uM of all VWF96 variants were incubated with adjusted concentrations of ADAMTS13. Reaction sub-
samples were stopped between 0-120 minutes and analysed by SDS-PAGE and Coomassie staining. All
variants were specifically proteolysed. The VWF96-MP, VWF96-Dis2, VWF96-Cys, VWF96-Spacer and
VWF87(ASpacer) variants were predicted to be cleaved ~150-fold, >500-fold, ~20-fold, ~10-fold and
~10-fold, respectively, less efficiently than wild-type VWF96.
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4.8 VWF96 ELISA for VWF96 variant quantification

Prior to quantitatively analysing the rate of proteolysis of the VWF96 variants by ADAMTS13, it
was necessary to ensure that the VWF96 ELISA (section 2.1.2.11) detected all variants with the
same sensitivity and specificity as VWF96. As demonstrated earlier, absorbance and VWF96
concentrations were linearly associated between 0-0.2nM VWF96. I generated standard curves
for all VWF96 variants, between 0-0.2nM (as established by absorbance at 280nm and

extinction coefficients)(section 2.1.2.10).

Figure 4-10 shows that all variants were detected with similar sensitivity to VWF96,
maintaining the linear association between concentration and absorbance. The ability of the
VWF96 ELISA to detect all VWF96 variants in a similar fashion indicated that the
mutations/truncations do not influence the detection by the antibodies. The ELISA was
repeated in order to normalise the concentrations of all VWF96 variants, using the
concentration of VWF96 (as established by absorbance at 280nm and extinction coefficients)

as the baseline.

VWF96 variants

Standard curves
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--- VWF96-Spacer
VWF96-Dis2

--- VWF96-MP

— VWF96

--- VWF87 (ASpacer)
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Figure 4-10 Normalisation of VWF96 variant concentration by VWF96 ELISA

The concentrations of VWF variants were previously estimated using predicted extinction coefficients
and absorbance at 280nm. The VWF96 ELISA was used to further normalise the concentrations of all
VWF96 variants. Linear standard curves (0-0.2nM) were generated for all variants, reaching similar
absorbance levels; this indicates that all VWF96 variants were detected with similar specificity and
sensitivity as VWF96.

132



4.9 Catalytic efficiency of VWF96 variants

The VWF96 ELISA was used to quantitatively analyse the rate of VWF96 variant proteolysis by
ADAMTS13, as described for VWF96 in Chapter 3 (sections 3.7 and 3.8). Briefly, activity assays
were set up using different concentrations of ADAMTS13 and the VWF96 variants. Sub-
samples were stopped at different time points using EDTA, diluted such that the final
concentration of VWF96 variants was 0.09nM or 0.75nM and analysed by VWF96 ELISA (using
the anti-SUMO or anti-HisG protocols, respectively). The fraction of substrate proteolysed in
each sub-sample was plotted against time, and the time course data were fitted as before

(section 2.3.2.1).

Figure 4-11 shows the fitted time course data for each VWF96 variant. VWF96 (<1uM) was
incubated with 0.75nM ADAMTS13. The reaction approached completion at 90 minutes/5400
seconds, giving a kcat/Km of 110x104 M-1s-1 (n=16). The VWF96-Spacer variant (<13uM) was
incubated with 3nM ADAMTS13 and proteolysed with kcat/Km=13.1x10% M-1s-1 (n=3), which
was 8-fold slower than the proteolysis of VWF96. Similarly, the VWF87(ASpacer) variant
(<17.5uM) was incubated with 4nM ADAMTS13, and was proteolysed with kcat/Km=7.5x10% M-
1s-1 (n=4), which was 15-fold slower than the proteolysis of VWF96. Incubating the VWF96-Cys
variant (<25uM) with 5nM ADAMTS13, resulted in a kcat/Km of 7.1x104 M-1s-1 (n=7), which was
~16 times slower than the proteolysis of VWF96. The mutations in the VWF96-MP and
VWF96-Dis2 variants caused the biggest reductions in the rate of proteolysis by ADAMTS13, as
predicted by the qualitative analysis (section 4.7). 75nM ADAMTS13 cleaved the VWF96-MP
variant (<4pM) with a keat/Km of 0.8x104 M-1s-1 (n=4), which was ~138-fold less efficient than
the proteolysis of VWF96. Finally, the most detrimental effect on the rate of proteolysis was
seen with the VWF96-Dis2 variant. ADAMTS13 (188nM) cleaved the VWF96-Dis2 variant
(<30uM) with a Kcat/Km of 0.2x10% M-1s1 (n=8); the ~527-fold reduction in the rate of
proteolysis corroborated the qualitative analysis of the proteolysis of this variant, which
showed that the ADAMTS13 Dis domain exosite is the most important remote exosite
interaction for proteolysis. The catalytic efficiencies measured in this section are in excellent
agreement with the qualitative analysis of proteolysis described in section 4.7. The results are

summarised in Table 4-1, including standard error.
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Figure 4-11 The catalytic efficiency of VWF96 variant proteolysis by ADAMTS13, as
assessed by analysing the proteolytic time course of the reactions.

VWF96 variants (concentration <Kn) were incubated with adjusted concentrations (0.75-188nM) of
ADAMTS13. Reaction sub-samples were stopped between 0-90 minutes and analysed by VWF96 ELISA.
The percentage of substrate proteolysed was plotted as a function of time (seconds) and fitted to the
equation P = 1 — exp(—1 X [ADAMTS13] X t X k¢q:/Km)(see section 3.7) to estimate the Kcat/Km of
proteolysis of each variant: VWF96 Kc./Km=110x104M-1s-1 (n=16). VWF96-Spacer Kcat/Kn=13.1x104M-
151 (n=3). VWF87(ASpacer) Kcat/Km=7.5x10% M-1s1 (n=4). VWF96-Cys Kcat/Km=7.1x10% M-1s1 (n=7).
VWF96-MP  Kcat/Km=0.8x10% M-1s1 (n=4). VWF96-Dis2 Kcat/Km=0.2x10% M-1s1 (n=8). Results are
summarised in Table 4-1.

134



4.10 Michaelis Menten Kinetic analysis of VWF96 variant proteolysis

Analysing the proteolytic time course of single reactions (section 4.9) allowed comparison of
the relative effect of ablating each entire exosite interaction on the catalytic efficiency, ie. the
kcat/Km. This, however, does not inform on the precise contribution of each exosite interaction
to the proteolytic event; whether an exosite is implicated in a high affinity interaction with the
substrate that simply facilitates approximation of the two molecules, or whether it is
implicated in the functionality of the active site. Further information on the precise
contribution of each exosite interaction can be gained by calculating the effect of ablating each
exosite interaction on the separate components of the catalytic efficiency, the Km and Kkcat. The
Km refers to the Michaelis constant, and measures the functional binding affinity between the
substrate and the enzyme. The kcat is @ measure of the substrate turnover, which relates to the
functionality of the active site. If an exosite is involved in simply approximating the enzyme
and substrate, ablation of the exosite interaction would only increase the Km. If, on the other
hand, an exosite only mediates accommodation of the cleavage site in the active site, ablation of
the exosite interaction would only reduce the keat. I hypothesized that ablation of an exosite
interaction that allosterically activates ADAMTS13 would cause both a significant reduction in
the kecat and a significant increase in the Km, because the exosite in binding VWF is also
important in allosterically activating the enzyme by transducing a structural change in the

active site.

I used the VWF96 ELISA to perform Michaelis Menten analysis of the proteolysis of each
VWF96 variant (section 2.3.2.2). Reactions were performed between ADAMTS13 and multiple
concentrations of each variant, and analysed by VWF96 ELISA. The initial rates of proteolysis

were plotted as a function of substrate concentration and fitted to the Michaelis Menten

VimaxX[substrate]
Km+[substrate]

equation Vi = , where Vi is the initial rate of proteolysis (nMs1), Vmaxis the

maximum rate of proteolysis that can be achieved (nMs1), [substrate] is the substrate
concentration (uM), Kmis the concentration of substrate (uM) that achieves half maximum rate

of proteolysis (%). The keat (s1) can be calculated by dividing the maximum rate of

Vmax )

proteolysis Vmax by the enzyme concentration (k.q; = TADAMTS13]

The Michaelis Menten plots for the proteolysis of each VWF96 variant by ADAMTS13 are

shown in Figure 4-12 and the analysis is summarised in Table 4-1, including standard error.
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Incubating 0-140uM VWF96 with ADAMTS13 resulted in a keat of 5.65s1 and a Km of 3.99uM
(n=113). Using these values, I calculated a kcat/Km of 142x10% M-1s-1, which is in good
agreement with the value independently obtained from time course analysis (Kcat/Km=110x104

M-1s-1)(section 4.9).

For the VWF96-Spacer variant (0-135uM, n=41), the kcat was only modestly reduced (1.4-fold)
to 4.1s'1. However, the Km was 8-fold increased to 33uM, giving a kcat/Km of 12.6x104 M-1s-1,
which, again, is very similar to the value obtained by time course analysis (Kkcat/Km=13.1x104 M-
Is-1)(section 4.9). Analysis of the VWF87(ASpacer) variant (0-350uM, n=58) revealed the same
slight reduction in keat (1.4-fold) to 4.0s1, a 12-fold increase in the Km to 46uM, and a kcat/Km of
8.6x104 M-1s-1, which was again consistent with the time course data (kcat/Km=7.5x10%4 M-1s-
D(section 4.9). These data suggest that the reduction in the rate of proteolysis associated with
ablating the Spacer domain exosite interaction is primarily due to reduced substrate binding
affinity (up to 12-fold). Notably, the small difference (~1.4-fold) between the Km of VWF96-
Spacer and VWF87(ASpacer) proteolysis, suggests that the reduced binding of the
VWEF87(ASpacer) was primarily due to the deletion of the residues L1664, V1665 and L1666.

[ incubated 0-230uM of the VWF96-Cys variant (n=41) with ADAMTS13 and obtained a slightly
increased (~1.5-fold) kcat of 8.3s'1 and a Km of 123uM, which is 31-fold increased compared to
VWF96. The kcat/Km based on the Michaelis Menten analysis was 6.7x104 M-1s-1, in accord with
the value obtained by time course analysis (kcat/Km=7.1x10% M-1s-1)(section 4.9). The fact that
the mutations in the Cys-rich domain exosite binding site of VWF96 primarily influenced the
Km of the reaction again shows that the Cys-rich domain exosite interaction, like the Spacer

domain exosite interaction, is also primarily involved in the substrate binding affinity.

The analysis of the VWF96-MP variant (0-65uM, n=28) suggested that the nature of the
contribution of the MP domain exosite interaction to proteolysis is quite different from that of
the Spacer and Cys-rich domain exosite interactions. The L1603N mutation in the VWF96-MP
variant caused a large reduction (66-fold) in the keat to 0.086s1 and a relatively small increase
(3-fold) in the Km to 13uM. The calculated kcat/Km of 0.65x10% M-1s-1 is again similar to the value
obtained by time course analysis (kcat/Km=0.8x10%4 M-1s-1)(section 4.9). This result shows that
the interaction between the MP domain of ADAMTS13 and the P3 (L1603) residue in the VWF
A2 domain mainly contributes to the kcat of the reaction and has implications in the

functionality of the catalytic centre and the precise ‘fit’ of the cleavage site in the active site.
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The VWF96-Dis2 variant analysis (0-350uM, n=84) gave, potentially, the most interesting
result. Ablating the Dis domain exosite interaction remarkably reduced both the substrate
turnover, as seen by a 56-fold drop in the kecat to 0.1s1, as well as the functional substrate
binding, as seen by the 14-fold increase in the Km to 56uM. Using these values I calculated the
smallest kcat/Km of 0.18x10%4 M-1s-1, which was 787-fold lower than the kcat/Km of VWF96, and
was consistent with the predicted catalytic efficiency based on time course analysis

(kcat/Km=0.2x10% M-1s-1)(section 4.9).
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Figure 4-12 Michaelis Menten Kinetic analysis of the proteolysis of the VWF96 variants
by ADAMTS13

Initial rates (nMs1) of proteolysis by ADAMTS13 at multiple VWF96 concentrations were analysed by
VWF96 ELISA and plotted as a function of substrate concentration (uM). These were fitted to the
Michaelis Menten equation (see section 2.3.2.2). The derived ke and Kn values for the proteolysis of
each variant are shown in Table 4-1.
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Due to the fact that the data were plotted on axes with different scales in Figure 4-12, the
relative effects of the different sets of mutations on the kcat of proteolysis may not be obvious at
first glance. To make it easier to understand the magnitude of the differences in the kcat of

proteolysis between the different VWF96 variants, all data were plotted on the same axes in

Figure 4-13.
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Figure 4-13 Michaelis Menten Kinetic analysis of the proteolysis of the VWF96 variants

by ADAMTS13 plotted on the same graph

The fitted initial rates (nMs-1) of VWF96 (variants) proteolysis as a function of substrate concentration
(uM) were plotted on the same axes. This was to highlight the striking differences in the ke of
proteolysis between the VWF96-MP (~66-fold reduction) and/or VWF96-Dis2 (~56-fold reduction)

variants and the rest of the VWF96 variants (up to ~1.5-fold influence).
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Table 4-1 Summary of the effect of ablating the ADAMTS13-VWF exosite interactions on the Kinetics of proteolysis

TIME COURSE MICHAELIS-MENTEN KINETICS

SUBSTRATE Kkeat/Km = SEM | Fold Kcat + SEM Fold KntSEM | Fold | Keat/Km+SEM | Fold
(x10*M1s?) change (s change (uM) change (x10* M1s1) change

VWF96| 111 * 228 | - 57 + 02 | - 40 + 04 | - 142 + 152 | -
VWF87 (ASpacer)|| 7.5 + 0.39 15%| 40 £ 03 | 14¥| 46 = 74 | 124 | 86 + 15 | 16W¥
VWF96-Spacer|| 131 + 012 | 8¥| 41 + 03 | 14%| 33 + 62 | 84126 + 25 | 11V
VWF96-Cys|| 7.1 + 026 | 16%¥]| 83 + 05 | 154 | 123 + 150 | 314| 67 + 09 | 21¥
vwree-Dis2|| 02 + 001 | 527%|| 01 + 0006 | S6%| 56 + 101 i 144 (018 * 003 | 787V
VWF96-MP|| 0.8 + 0.03 138W || 009 + 0006 | 66%| 13 + 28 341|065 + 0.14 219 W
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4.11 The equilibrium binding affinity (Kp) between ADAMTS13 and the VWF96 variants

[ performed ELISA-based equilibrium binding assays as an alternative way of measuring the
effect of ablating each exosite interaction on the binding affinity between the VWF96 variants
and ADAMTS13. These involve immobilising one of the two interacting proteins on an ELISA
plate, titrating the other interacting protein (ligand) and measuring the amount of the ligand
bound. With increasing concentrations, the amount of ligand bound to the immobilised protein
increases until all binding sites of the immobilised protein are saturated/occupied (termed
Bmax). The surface-phase equilibrium binding affinity can be determined by measuring the

dissociation constant (Kp), which is the concentration of the ligand that achieves half maximum

Bmax

binding ( 5

). Similar assays had been used previously to establish the Kp between
ADAMTS13 and other VWF A2 domain-derived substrates, like VWF115 and VWF73.(42, 46,248,
266,267) | expected that the reduction in the equilibrium binding affinity (measured as increased
Kp) associated with ablating each exosite interaction would be analogous to the reduction in

functional substrate binding (increased Km) measured in the Michaelis Menten studies.

[ initially immobilised 100nM of each VWF96 variant directly on a 96 well microtiter plate and
titrated 0-600nM ADAMTS13 (section 2.4.1). EDTA was included in all buffers to inactivate
ADAMTS13 in order to prevent proteolysis of the immobilised VWF96 variants. ADAMTS13
that had bound to the VWF96 variants was detected using antibodies against the TSP2-4
domains. The data were fitted to the one site binding equation in Graphpad Prism software, to
obtain the Bmax and Kp between ADAMTS13 and each VWF96 variant. Figure 4-14 shows the
absorbance expressed as a percentage of the Bmax (‘% binding’) and plotted as a function of
ADAMTS13 concentration. For all VWF96 variants immobilised, there was a positive
association between the concentration of ADAMTS13 and binding. Ideally, high enough
concentrations of ADAMTS13 would be used to achieve the Bmax. However, due to limiting
ADAMTS13 concentrations available, none of the VWF96 variants reached the Bmax at 600nM
ADAMTS13; therefore, the extrapolated Bmax values obtained from the regression were used for
analysis. For VWF96 (n=5), the Kp was 40.2nM, which was very similar to published values for
VWF115, VWF73, VWF A2 domain and full-length VWEF.(42.46,248,266,267) ADAMTS13 bound to
the VWF96-MP variant with a Kp of 65.4nM, ~1.6-fold higher than VWF96. This small change in
the binding affinity as a result of the L1603N mutation in the VWF96-MP variant was in

agreement with the Michaelis Menten analysis, where a small (~3-fold) increase in the Km was
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also seen. The mutations in the rest of the variants also reduced the binding affinity in line with
the Michaelis Menten analysis. ADAMTS13 bound to the VWF96-Spacer variant with a Kp of
241nM (n=3), which was 6-fold higher than VWF96. ADAMTS13 bound to the VWF87(ASpacer)
variant less efficiently, with a Kp of 475nM (n=3), which was 12-fold higher than VWF96. As
expected, the mutations in the VWF96-Cys and VWF96-Dis2 variants caused the biggest
reductions in the binding affinity to ADAMTS13; the Kp values were very similar, 615nM (n=3)
and 632nM (n=3), respectively, which were ~15/16-fold higher than VWF96. The results are

summarized in Table 4-2 including standard error.
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Figure 4-14 Equilibrium binding affinity between immobilised VWF96 variants and
ADAMTS13 in solution

100nM VWF96 variants were immobilised on ELISA plates. ADAMTS13 (0-600nM) was titrated, in the
presence of EDTA to inhibit proteolysis. Bound ADAMTS13 was detected using antibodies against the
TSP2-4 domains. The absorbance was expressed as percentage of the absorbance at Bmax and plotted as
a function of ADAMTS13 concentration. The data were fitted using one site binding non-linear
regression in Graphpad Prism software. The Kp values for the binding of the VWF96 variants to
ADAMTS13 are summarised in Table 4-2.
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4.12 The equilibrium binding affinity (Kp) between MDTCS(E225Q) and the VWF96

variants

As already mentioned, the limiting concentrations of ADAMTS13 used for the binding assays in
section 4.11 did not allow accurate determination of the Bmax with any of the VWF96 variants,
although, theoretically at least, they should all have the same Bmax at saturation, given that the
same VWF96 variant quantities were immobilised. In an alternative attempt, [ replaced
ADAMTS13 with MDTCS(E225Q), an inactive, active site variant of ADAMTS13 (as a result of
the E225Q substitution), which is truncated after the Spacer domain. MDTCS has been reported
to bind to the VWF A2 domain fragments with higher affinity.(43) Moreover, MDTCS(E225Q)
was expressed and purified in high amounts for structural studies (by Dr Frank Xu), therefore,

its concentration was not a limiting factor.

The same protocol was followed as described in section 4.11, but using 0-600nM
MDTCS(E225Q) instead of ADAMTS13, and using a polyclonal antibody that was raised in-
house against ADAMTS13 (depleted of the anti-TSP2-4 antibodies)(section 2.4.2). Figure 4-15

Absorbance

shows ‘% binding’ ( B X 100) plotted as a function of MDTCS(E225Q) concentration.

max

The relative affinities between the VWF96 variants and MDTCS(E225Q) were similar to those
obtained in the assays with ADAMTS13 (section 4.11); however, as expected due to the higher
affinity to VWF associated with the truncation of the C-terminal domains of ADAMTS13, the
absolute Kp values were generally lower. MDTCS(E225Q) bound to VWF96 with a Kp of 7.1nM.
Using the VWF96-MP variant, [ measured a Kp of 22nM, which was ~3-fold higher than VWF96.
MDTCS(E225Q) bound to the VWF96-Spacer variant with a Kp of 60nM (~8.4-fold higher than
VWF96), and to the VWF87(ASpacer) variant with a Kp of 107nM (~15-fold higher than
VWF96). The lowest affinities were measured with the VWF96-Dis2 and VWF96-Cys variants
again. Using the VWF96-Dis2 variant resulted in Kp of 124nM (~17-fold higher than VWF96),
and using the VWF96-Cys variant resulted in Kp of 150nM (~21-fold higher than VWF96). The

results are summarized in Table 4-2 including standard error.
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Figure 4-15 Equilibrium binding affinity between immobilised VWF96 variants and

MDTCS(E225Q) in solution

100nM VWF96 variants were immobilised on ELISA plates. MDTCS(E225Q) (0-600nM) was titrated. No
EDTA was used, as the E225Q mutation in the active site inactivates MDTCS. Bound MDTCS(E225Q)
was detected by rabbit pAb anti-ADAMTS13 (depleted of the antibodies against TSP2-4 domains). The
absorbance was expressed as percentage of absorbance at Bmax and plotted as a function of
MDTCS(E225Q) concentration. The data were fitted using one site binding non-linear regression in
Graphpad Prism software. The Kp values for the binding of the VWF96 variants to MDTCS(E225Q) are

summarised in Table 4-2.

Table 4-2 Summary of the equilibrium binding affinity (Kp) between immobilised
VWF96 variants and ADAMTS13 or MDTCS(E225Q) in solution

SUBSTRATE
(Immobilised)

VWF96
VWF87 (ASpacer)
VWF96-Spacer
VWF96-Cys
VWF96-Dis2
VWF96-MP

LIGAND

ADAMTS13 (n=3) MDTCS(E225Q) (n=1)
Ko+SEM 1 Fold Ko+SEM 1 Fold
(nM) : change (nM) : change

.- 7.1 + 0.96 .' -
475 + 613 | 124 107 + 157 | 15A
241 £ 193 ! 64| 60 + 5.1 ! 8.4 A\
632 + 406 1 164N 150 + 7.7 1 21 A
615 + 517 | 15A| 124 + 133 | 174
654 + 31 ' 16A| 22 £ 27 ' 314
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4.13 DISCUSSION

In this Chapter, I described how I generated VWF96 variants possessing mutations that
independently ablate each entire exosite interaction. These were used as substrates in cleavage
and binding assays to study the biochemistry of each exosite’s contribution to the recognition
and proteolysis of VWF by ADAMTS13. For the first time all functional exosites in the
ADAMTS13-VWF axis were ablated in parallel, which enabled direct comparison of the relative
contribution of each exosite to binding and proteolysis. I made the assumption that the exosite
interactions were ablated by the mutations. This was based on targeting the most important
residues in the regions of the VWF A2 domain that had been linked to functional exosite
binding. It is naturally possible that the exosite interactions were not fully ablated.

Nevertheless, the effects of each set of mutations were specific to one exosite.

I chose to ablate the exosite interactions by introducing composite substitutions to all the
ADAMTS13 exosite binding sites in VWF96. An alternative way to ablate exosite interactions is
to generate ADAMTS13 variants by directly targeting the exosites for mutagenesis, as
performed in a number of prior studies.(242,250,266-268) | elected not to use this approach for
various reasons. First, ADAMTS13 is a large multidomain protein with complex
secondary/tertiary structure. Targeting entire exosites in ADAMTS13 could have structural
implications that could potentially influence the rate of proteolysis in an exosite independent
manner or lead to misfolding and poor secretion. Secondly, ADAMTS13 variants would need to
be expressed in mammalian cells; this would be relatively laborious and time consuming,
particularly if substitutions caused secretion defects. Thirdly, purification (by immobilised
metal ion affinity chromatography) can impair the enzymatic activity of ADAMTS13 in an
exosite independent manner, which would complicate determining the relative contribution of
the targeted exosites. In contrast, VWF96 is a short polypeptide without a complex structure.
Therefore, mutations are less likely to induce structural modifications that would impact upon
the rate of proteolysis of the VWF96 variants. Furthermore, bacterial expression and
purification of the VWF96 variants is relatively easy and quick; conveniently, this allowed me
to modify my mutagenesis strategy (after having generated an initial panel of variants) to

generate a revised panel of VWF96 variants (see sections 4.4 to 4.7).

To explore the relative importance of the exosite interactions, the proteolysis of VWF96

variants was initially analysed qualitatively (section 4.7). The qualitative experiments showed
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that individual ablation of all exosite interactions reduced the rate of proteolysis significantly.
Despite their significant contribution, the Cys-rich and Spacer domain exosite interactions
were, relatively, less important for proteolysis than the Dis and MP domain exosite
interactions. The VWF96-MP variant was cleaved very inefficiently. This was expected as
substitution of the L1603 residue had been reported previously to cause substantial reductions
in the rate of proteolysis (probably due to its proximity to the active/cleavage site).(252) [t was
clear that the mutations ablating the Dis domain exosite interactions caused the most
detrimental reduction to, and nearly abolished, the rate of proteolysis. This was surprising
given that, to date, no major differences between the contribution of the Dis, Cys-rich and
Spacer domains to the rate of VWF proteolysis had been inferred. However, it must be pointed
out that direct comparison of the functionality of these exosites had not been performed prior

to this project.

The VWF96 ELISA was used to make quantitative comparisons of the reduction in the rate of
proteolysis associated with ablating each exosite interaction. The rate of proteolysis was
calculated for each variant in two ways. First, by analysing the time course of proteolysis to
measure the catalytic efficiency, kecat/Km (section 4.9). For accurately calculating the kcat/Km
from single time course analysis, it is important that the VWF96 variant concentrations used
are below the Km of proteolysis. This is because substrate concentrations lower than the Km are
positively and linearly associated with the rate of proteolysis; therefore, at any time point, the
same proportion of substrate will be cleaved by the same amount of enzyme, resulting in the
same Kcat/Km. For some VWF96 variants, reactions at relatively higher substrate concentrations
were used in calculating the kcat/Km; these were added to the dataset retrospectively, after the
Michaelis Menten kinetic analysis had established higher Km of proteolysis for those variants.
Secondly, the separate kecat and Km constants were measured by Michaelis Menten analysis of
the initial rates of proteolysis at different VWF96 variant concentrations; these were used to

manually calculate the keat/Km for each variant (section 4.10).

[ predicted that an exosite interaction that facilitates allosteric activation of ADAMTS13 would
exhibit the greatest contribution towards the rate of proteolysis when compared to exosites
involved only in substrate binding; therefore, ablating that exosite would most severely impair
proteolysis. Based on the quantitative analysis, the Spacer and Cys-rich domain exosites
contribute ~15-to-20-fold towards the Kkcat/Km. Contributions of similar magnitude had been

assigned to the Spacer(248 251, 255) gnd Cys-rich(255 266) domain exosites in prior studies.
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However, it was the first time that the importance of these exosites was directly compared to
each other as well as to the importance of the Dis domain exosite. It was intriguing to observe
such a big difference between the contribution of the Dis domain exosite interaction (up to
~787-fold) and the contribution of the Spacer and Cys-rich domain exosite interactions (~15-
to-20-fold), which had not been obvious previously. This was a first indication that the Dis
domain exosite interaction could contain a remote exosite that allosterically activates

ADAMTS13.

It was necessary to further understand the biochemical nature of the exosite interactions, to
determine whether the exosites contribute solely to the binding affinity between ADAMTS13
and VWF, or have a functional role to play in the activity of the active site and substrate
turnover. | used Michaelis Menten analysis of the proteolysis and ELISA-based equilibrium-
binding assays to obtain the kinetic constants (kcat, Km and Kb) of proteolysis/binding between
all VWF96 variants and ADAMTS13/MDTCS(E225Q). This was the first time that the effect of
ablating all exosite interactions on the rate of proteolysis and binding between ADAMTS13 and
VWF was analysed and directly compared kinetically. I expected that an exosite that
allosterically activates ADAMTS13 would influence the keat (substrate turnover) as well as the
Km and Kp (substrate binding affinity) significantly. On the other hand, exosites that mainly
contribute to the binding affinity between ADAMTS13 and VWF were expected to primarily
influence the Km and the Kbp.

[ studied the binding affinity between the VWF96 variants and ADAMTS13 in two ways (hence,
quantifying two binding affinity constants for each variant, the Km and Kp). Km is a measure of
the functional substrate binding that contributes to proteolysis. As this was obtained from
kinetic analysis of proteolytic reactions, it reflects the solution-phase binding affinity. Kp
measures the equilibrium binding affinity, and, as it was calculated from ELISA-based plate-
binding assays with the VWF96 variants immobilised on the plate, it reflects the surface-phase
binding affinity. Plate binding equilibrium assays are associated with limitations, particularly
when measuring lower affinity interactions. This is because of the multiple washing steps
involved, which tend to remove unbound ligand, shifting the binding equilibrium. Nevertheless,
similar reductions in the binding affinity were measured with both methods, giving confidence
that the measured effects of the mutations on the binding affinity are valid. As it had been
observed previously,(#6: 251, 256, 267) the absolute Km and Kp values are very different. For

example, while the Km of VWF96 proteolysis by ADAMTS13 is ~4uM, the Kp of ADAMTS13-
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VWF96 binding is ~40.2nM, showing major differences between the solution-phase binding
affinity and the affinity when VWF96 variants are immobilized. An explanation for this
phenomenon has never been speculated. It is possible that VWF96 or similar VWF A2 domain
fragments are not perfectly linear, as widely considered, but they possess tertiary structure. If
this holds true, then conformational differences between adsorbed and soluble VWF96 might
explain the differences in the affinities; immobilization on a plate could promote uniform
exposure of all the binding sites of VWF96, while only <10% of soluble VWF96 might be in a
conformation that is permissive to binding at any one time. Kretz et al report substitutions of
single residues in the VWF73 sequence that can enhance the rate of proteolysis.(363) This might
be manifest by disruption of the tertiary structure of the VWF73, enhancing the affinity for
ADAMTS13. Further discussion is provided in Chapter 6. I also made further attempts to study
the equilibrium affinity of solution-phase binding, with ELISA protocols that use antibodies to
capture ADAMTS13 or VWF96 variants. These assays were not sensitive and/or reproducible,
and, as predicted, suggested lower binding affinities. Equilibrium binding assays lose

sensitivity when affinities are low.

The reductions in the rate of proteolysis associated with the ablation of the Spacer and Cys-rich
domain exosites were primarily attributed to reductions in binding affinity. In all assays, the
contribution of the Cys-rich domain in the binding affinity (~31-fold contribution to the Km and
~16-to-22-fold contribution to the Kp) was consistently higher than the contribution of the
Spacer domain (~12-fold contribution to the Km and ~12-to-15-fold contribution to the Kb).
The relatively modest influence (<2-fold) of the Spacer and Cys-rich domain exosites to the kcat
indicates that these exosite interactions do not contribute to the functionality of the active site.
Therefore, my data are not consistent with the existence of an allosteric link between the

Spacer or the Cys-rich domain exosites and the MP domain.

Based on epitope mapping using anti-ADAMTS13 autoantibodies from aTTP patients, followed
by mutagenesis studies, the solvent exposed residues R659, R660, Y661, Y665 were proposed
to form the exosite in ADAMTS13 Spacer domain.(235.267,268) Mutagenesis/deletion studies also
showed that the E1660-R1668 region in the VWF A2 domain forms the binding site for the
Spacer domain of ADAMTS13.(251, 255, 360) However, the precise residues that facilitate the
Spacer domain exosite interaction have not been definitively demonstrated. Mutating the
charged residues located in the E1660-R1668 region of the VWF A2 domain did not influence

the rate of proteolysis (apart from a modest effect associated with mutating the D1663).361) [t
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was, therefore, likely that hydrophobic residues in the E1660-R1668 interact with a
hydrophobic pocket in the Spacer domain. For this reason, I generated two VWF96 variants
with mutations in the E1660-R1668 region. The VWF87(ASpacer) variant had the entire
E1660-R1668 region deleted, while the VWF96-Spacer variant had the hydrophobic residues
L1664, V1665 and L1666 substituted (LVL1664-1666TNQ). Notably, my results are in excellent
agreement with the data of Gao et al, who showed that deleting the E1660-R1668 region in
VWF73 increased the Km by ~22-fold without affecting the Kca.(251) This verifies the
importance (and magnitude) of the Spacer domain exosite interaction towards ADAMTS13
binding, and further validates my approach as a sensitive and accurate way of characterising

the kinetics of ADAMTS13 proteolysis.

Comparing the results from the experiments using the VWF96-Spacer and VWF87(ASpacer)
variants, the functional deficit associated with mutating just the L1664, V1665 and L1666
residues explained most of the functional deficit associated with removing the entire E1660-
R1668 region. The results from the Michaelis Menten analysis show that deleting the entire
E1660-R1668 region in the VWF87(ASpacer) variant reduces the kcat/Km by 16-fold, while the
LVL1664-1666TNQ substitutions in the VWF96-Spacer variant reduce the kcat/Km by 11-fold;
this modest 1.5-fold difference between the two variants is negligible compared to the
functional deficit associated with ablating the Spacer exosite interaction. One possibility is that
the functional difference between the VWF96-Spacer and VWF87(ASpacer) variants is
artefactual, and associated with variability or protein quantification errors. Wu et al(361)
showed that the mutation D1663A causes a modest reduction in the rate of proteolysis; the
absence (due to deletion) of this residue in the VWF87(ASpacer) variant could account for the
1.5-fold lower rate of proteolysis and binding affinity compared to the VWF96-Spacer, where
this residue is present. My data strongly suggest that primarily hydrophobic residues facilitate
the interaction between the Spacer domain of ADAMTS13 and the VWF A2 domain; whether
they interact with the proposed Y661 and Y665 residues, or with another proximal

hydrophobic site, remains to be definitively concluded.

The P3 residue, L1603, in the VWF A2 domain had been known to be functionally important.
P3 substitutions (L1603S and L1603A) reduced the rate of proteolysis by up to >400-fold. The
L1603N mutation (also introduced in the VWF96-MP variant) had also been shown,
qualitatively, to markedly reduce the rate of VWF115 proteolysis.(252) My results corroborate

the critical importance of this residue. I showed that the L1603N substitution reduced the rate
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of proteolysis of the VWF96-MP variant by ~138-to-219-fold. Based on the fact that a single
residue that is in close proximity to the cleavage site has such a major influence on the rate of
proteolysis, 1 expected that the interaction with the MP domain of ADAMTS13 mainly
influenced the catalytic capacity of the active site and not so much the binding affinity to
ADAMTS13. Indeed, this mutation caused the biggest reduction (~66-fold) in the substrate
turnover (kcat), while only a relatively small (up to ~3-fold) contribution to the binding affinity
(Km and Kbp) was recorded. Despite a relatively small reduction in binding compared to the
effects of the mutations in the rest of the exosites, this is still a somewhat large reduction in the
binding affinity that would not be expected from mutating only a Leu residue. One possibility
for this effect could be that the influence of the L1603N mutation on the binding affinity is an
artefact, due to variability in the amounts of VWF96 variants immobilised, or due to the
mutation affecting immobilisation of the VWF96-MP variant on the plate, but in my opinion,
the contribution of these is likely negligible. It is also possible that the L1603N had structural
implications affecting an exosite; in this case, the influence on the binding affinity recorded is
real, but not dependent on the MP domain exosite interaction. The VWF96-MP variant acted as
a good control in this project, showing the sensitivity of the assays performed in differentiating

between changes in the kcat and the Km.

The most insightful finding of this project was the magnitude and nature of the contribution of
the Dis domain exosite towards proteolysis by ADAMTS13. Ablating the Dis domain exosite
interaction markedly reduced the rate of proteolysis by up to ~787-fold. This very large
reduction in the rate of proteolysis far outcompeted the effect of ablating any other exosite
interaction, which ranged between ~11-to-219-fold. Notably, the influence of the Dis domain
exosite interaction on the rate of proteolysis is even greater than that of the P3 residue, which,

when mutated, caused the biggest reported reduction in the rate of proteolysis.

To date, individually mutating residues hypothesized to be involved in the Dis exosite
interaction has only reduced the rate of proteolysis by up to ~20-fold (250.256), This was clearly
an underestimate, compared to the ~787-fold reduction in the rate of proteolysis as a result of
the complete ablation of the exosite interaction in the VWF96-Dis2 variant. My results indicate
that what had been considered to be the Dis domain exosite interaction was incomplete. I
showed that the Dis domain exosite binding site covers the region D1614-D1622. This also
suggests that, apart from the R349, more residues in the ADAMTS13 Dis domain are involved

in functional interactions with the VWF A2 domain, which are yet to be identified.
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The exosite in the ADAMTS13 Dis domain is a remote exosite, as it is not present in the
catalytic MP domain. As expected, this interaction is indeed important for substrate binding, as
seen by the ~14-to-17-fold contribution to the Km and Kb. In fact, this exosite is as important as
the rest of the remote exosites (Spacer and Cys-rich domain exosites) in substrate binding.
Surprisingly, the interaction of the Dis exosite also dictates the substrate turnover, to a much
greater extend, as seen by the 56-fold contribution to the kcat. These results are consistent with
an allosteric activation mechanism that is dependent on the Dis domain exosite interaction. For
this to occur, binding of VWF to the Dis domain must induce a conformational change in the MP
domain. That the Dis domain is adjacent to, and is predicted to share a large interface with, the
MP domain further supports the possibility of an allosteric linkage. This will be further

discussed in Chapter 6.

The VWF96 ELISA assay was not associated with major intra-assay variability; therefore, assay
replicates that were performed during the same period of time and with the same reagent
preparations generated very reproducible results. This is obvious considering the small error
when analysing the catalytic efficiency from proteolytic time course experiments (see section
4.9 and Figure 4-11). The main source of variability in the kinetic analysis of VWF96 (variant)
proteolysis by ADAMTS13 was the variation in the specific activity (up to ~2-3-fold) of
different preparations of ADAMTS13. This somewhat complicated combining datasets that
were generated from experiments performed over long periods of time. To minimise the error
in my results, I performed a large number of reactions (n=113 for VWF96 and n=84 for the
VWF96-Dis2 variant) at multiple substrate concentrations so that the calculated fitted initial
rate values at any concentration were as close to the true values. However, this variability
could not have significantly affected the conclusions of this study. The magnitude of the
influence of ablating the exosites on the rate of proteolysis ranged from ~8-fold to ~787-fold,
which cannot be explained by the modest (~2-to-3-fold) variability in the specific activity of
the enzyme preparations. What is more, the excellent agreement of the results obtained from
independent and different sets of experiments (catalytic efficiency from proteolytic time
course, Michaelis Menten analysis and ELISA-based plate binding assays) gives confidence

about the validity and quality of my data.
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5 RESULTS: KINETIC CHARACTERISATION OF THE ACTIVATING EFFECT OF
ANTI-SPACER AND ANTI-CUB ANTIBODIES ON VWF96 VARIANT
PROTEOLYSIS BY ADAMTS13

5.1 INTRODUCTION

As introduced in Chapter 1 (see section 1.8.1), ADAMTS13 circulates in what is thought to be a
globular fold, in which the C-terminal tail folds back over the N-terminal domains of the
molecule (section 1.8.1). This folded conformation is maintained by intra-molecular forces
between different domains of the molecule. Disruption of these forces causes a structural
transition into an unfolded conformation, which enhances the activity of ADAMTS13 ~2-to-10-

fold.(43, 44, 46)

The first evidence of the conformational activation mechanism was the unexpected finding that
anti-ADAMTS13 autoantibodies from one TTP patient appeared to enhance the activity of
ADAMTS13 but not MDTCS, indicating a functional role associated with the C-terminal domains
of the enzyme.(#3) Various conditions were shown to induce the conformational extension that
enhances the activity of ADAMTS13 in vitro. Lowering the pH (to ~pH 6) enhances the activity
of ADAMTS13 but not the activity of MDTCS.#3) Furthermore, mutations in the Spacer domain
(R568K/F592Y/R660K/Y661F/Y665F) impair the ability of ADAMTS13 to adopt the folded
conformation (as assessed by transmission electron microscopy and multiple functional

assays), and, therefore, enhance its activity (hence termed gain-of-function ADAMTS13).(46,375)

Three linker regions in the TSP2-CUB2 domains give the flexibility to the C-terminal tail of
ADAMTS13 to fold and unfold.(265) According to the proposed model, intra-molecular
interactions between the Spacer and C-terminal CUB domains facilitate the adoption of the
folded conformation of ADAMTS13, although this has not been definitively demonstrated. The
CUB1 domain has been reported to interact with the Y661/Y665 residues of the Spacer
domain.(#4) In this model, the Spacer-CUB domain interaction imposes steric hindrance to the
exosite in the Spacer domain (normally involved in a functional interaction with the VWF A2
domain that is important for proteolysis), and in so doing accounts for the reduced activity of

ADAMTS13 in the folded conformation.
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The isolated D4 can also enhance the activity of ADAMTS13.43) The D4-CK domains were
shown to interact with the TSP8 domain of ADAMTS13, and this interaction also enhances the
activity of the protease.(*4 46) These observations were used to attribute physiological
relevance to the conformational activation of ADAMTS13. It was proposed that binding to the
VWF D4(-CK) in circulation interferes with the Spacer-CUB interaction and unfolds ADAMTS13,

making it more active in cleaving VWF.

Monoclonal antibodies with specific affinities to the C-terminal domains of ADAMTS13 have
been proposed to mimic the conformational activation of ADAMTS13, enhancing its activity
against VWF. These include the anti-TSP6/7 domain mAb 7C4,43) anti-TSP8 domain mAb 14D2
and mAb 19H4,43) anti-CUB1 domain mAb 12D4“3) and mAb 17G2,(265) and anti-CUB2 domain
mAb 20E9.46) These monoclonal antibodies were produced in hybridoma cells by
immunisation of mice with recombinant MDTCS, followed by fusion of spleen and SP2/0

myeloma cells.(284) Epitope mapping was performed by ELISA, as previously described.(3.46,

265, 284)

Recently, a novel anti-Spacer mAb, 3E4, with similar activity-enhancing properties to the
abovementioned monoclonal antibodies was also generated, following the same standard
procedures. However, the precise mechanism by which this antibody activates ADAMTS13 has
not been characterised. Revealing the precise mechanism by which these antibodies act upon
ADAMTS13 and enhance its function is potentially interesting, as it may shed light on the
biochemistry of ADAMTS13 unfolding and its functional implications. To further understand
the mechanism by which the proposed antibody-mediated unfolding of ADAMTS13 enhances
its activity, | performed kinetic analysis on the activating effect of the anti-Spacer mAb 3E4 and
anti-CUB1 mAb 17G2 on VWF96 proteolysis using the VWF96 ELISA. I hypothesized that, if the
activity enhancement of ADAMTS13 is attributed to the unfolding of the C-terminal tail to fully
expose the Spacer exosite, the activation should be dependent on the presence of the C-
terminal tail of ADAMTS13 and the Spacer exosite interaction. Furthermore, I hypothesized
that if the conformational activation of ADAMTS13 is dependent on promoting exposure of the
Spacer exosite to enhance the binding affinity to VWF96, the presence of the activating
antibodies should reduce the Km of the proteolysis reaction, and not affect the kcat. The work
described in this chapter is a collaboration with An-Sofie Schelpe (KULAK, Belgium). An-Sofie
generated the mAb 3E4 and mAb 15D1 antibodies as part of her PhD, provided the mAb 17G2
and wild-type ADAMTS13, and contributed to the experiments that follow.
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5.2 Measuring the activating effect of the mAb 3E4 and mAb 17G2 antibodies on the
catalytic efficiency of VWF96 proteolysis by ADAMTS13

To specifically quantify the effect of the anti-Spacer (mAb 3E4) and anti-CUB (mAb 17G2)
monoclonal antibodies upon the activity of ADAMTS13, | measured the catalytic efficiency of
VWEF96 proteolysis by ADAMTS13 in the presence and absence of the activating antibodies. For
this, I pre-incubated the antibodies (10pg/ml) with ADAMTS13 (0.6nM) for 10 minutes, and
VWF96 (0.5uM) was added to initiate the reaction. Sub-samples were stopped between 0-90
minutes and analysed by VWF96 ELISA (section 2.5). As a negative control, I used a non-
activating (and non-inhibitory) antibody against the Spacer domain of ADAMTS13 (mAb
15D1), which was generated and characterised in the same way as mAb 3E4 and mAb 17G2.

Figure 5-1 shows the fitted time course data of VWF96 proteolysis in the presence and absence
of the different antibodies tested. In the absence of antibodies, VWF96 was proteolysed with a
Keat/Km of 127x10* M-1s-1 (n=7). This is in excellent agreement with my previous estimate
(Kecat/Km of 110x10% M-1s'1) reported in Chapter 4 (setion 4.9). Essentially the same Kkcat/Km
(127x10* M-1s-1)(n=7) was obtained when VWF96 was proteolysed in the presence of the non-
inhibitory, non-activating mAb 15D1, justifying the use of this antibody as a negative control.
As expected, both mAb 3E4 and mAb 17G2 had an activating effect on the catalytic efficiency of
VWF96 proteolysis by ADAMTS13. The mAb 3E4 enhanced the catalytic efficiency ~2.0-fold
(kcat/Km=249x10% M-1s-1, n=7), while the mAb 17G2 enhanced the catalytic efficiency ~1.8-fold
(kecat/Km=229x10% M-1s-1, n=7). The magnitude of the activating effect of both antibodies was
entirely consistent with the activating effect measured by An-Sofie Schelpe previously, using
FRETS-VWF73 (1.7-fold, unpublished). To understand whether the activating effects of the two
antibodies are dependent on the same activating mechanism, I used a cocktail of both mAb 3E4
and mAb 17G2 in the same reaction. For these, I obtained a kcat/Km of 274x104 M-1s1 (n=3),
which was 2.2-fold higher than the catalytic efficiency of VWF96 proteolysis by ADAMTS13 in
the absence of antibodies. The absence of any appreciable synergism suggested that the mAb
3E4 and mAb 17G2 activate ADAMTS13, at least partly, through the same mechanism. The

results are summarised in Table 5-1 including standard error.
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Figure 5-1 The effect of mAb 3E4 and mAb 17G2 on the proteolysis of VWF96 by
ADAMTS13.

VWF96 (0.5pM) was incubated with purified ADAMTS13 (0.6nM) in the presence and absence of
10ug/ml monoclonal antibodies. Reaction sub-samples were stopped between 0-90 minutes, analysed
by VWF96 ELISA and the percentage of substrate proteolysed was plotted as a function of time
(seconds). Data were fitted to calculate catalytic efficiencies. In the absence of antibodies, VWF96 was
proteolysed with Keat/Km of 127x104 M-1s-1 (n=7). The negative control, mAb 15D1, did not enhance the
rate of proteolysis (Kcat/Km=127x10% M-1s-1)(n=7).The presence of mAb 3E4 and mAb 17G2 enhanced
the activity of ADAMTS13, separately, by ~2.0- and ~1.8-fold, respectively (Kcar/Km=249x104 M-1s-1 and
Keat/Km=229x10%* M-1s1, respectively, n=7). Together, the antibodies induced a ~2.2-fold enhancement in
the activity of ADAMTS13 (Kcat/Kn=274x10% M-1s-1, n=3). Results are summarised in Table 5-1.

5.3 The activating effect of mAb 3E4 and mAb 17G2 is dependent on the unfolding of
ADAMTS13 C-terminal tail

The hypothetical activating mechanism of the mAb 3E4 and mAb 17G2 involves disruption of
the inferred CUB-Spacer interaction that unfolds ADAMTS13 from a folded to an extended
conformation; this removes the steric hindrance imposed by the C-terminal tail to an exosite
interaction (presumably the Spacer domain exosite interaction), enhancing the binding affinity
between ADAMTS13 and VWF96. To test whether the antibody-mediated activation was
dependent on the C-terminal tail, I used the same approach described in section 5.2, but
substituting ADAMTS13 with the enzyme variant truncated after the Spacer domain (MDTCS).
The mAb 17G2 served as an additional negative control in these experiments, since its ligand

(CUB domains) was not available on the MDTCS variant for binding.
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As shown in Figure 5-2, the monoclonal antibodies had no effect upon the catalytic efficiency of
VWF96 proteolysis by MDTCS (1.2nM). VWF96 was cleaved with a Kcat/Km of 91.9x10* M-1s-1
(n=3). In the presence of the mAb 3E4, mAb 17G2, mAb 15D1 and mAb 3E4/17G2 (cocktail),
VWF96 was proteolysed at very similar rates (Kcat/Km=78.2x10% M-1s-1 (n=3), Kcat/Km=89.4x104
M-1s-1 (n=3), keat/Km=78.3x10*% M-1s1 (n=3) and kcat/Km=84.5x10% M-1s-1 (n=3), respectively).
These results suggest that the activating effect of the mAb 3E4 and mAb 17G2 is indeed
dependent on the presence of the C-terminal tail of ADAMTS13. The results are summarised in

Table 5-1 including standard error.
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Figure 5-2 The effect of mAb 3E4 and mAb 17G2 on the proteolysis of VWF96 by MDTCS
VWF96 (0.5uM) was incubated with MDTCS (1.2nM) concentrated in conditioned media, in the
presence and absence of 10pug/ml monoclonal antibodies. Reaction sub-samples were stopped between
0-90 minutes, analysed by VWF96 ELISA and the percentage of substrate proteolysed was plotted as a
function of time (seconds). Data were fitted to calculate catalytic efficiencies. In the absence of
antibodies, VWF96 was proteolysed with kcat/Km of 91.9x104 M-1s-! (n=3). No major difference in the
catalytic efficiency was observed with any of the different antibody conditions. The results are
summarised in Table 5-1.
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5.4 The activating effect of the mAb 3E4 and mAb 17G2 is independent of the ADAMTS13

Spacer and Cys-rich domain exosite interactions

In section 5.3, I demonstrated that the mAb 3E4 and mAb 17G2 enhance the activity of
ADAMTS13 via a mechanism that is dependent on the C-terminal tail of the enzyme. My
hypothesis was that binding of the antibodies to the Spacer and CUB domains unfolds the C-
terminal tail of ADAMTS13, sterically unmasking ADAMTS13 exosites to enable their
interaction with their complementary binding sites in VWF96. In Chapter 4, [ showed that the
Spacer domain exosite interaction is mediated by the residues E1660-R1668 in the VWF A2
domain. I, therefore, used the VWF87(ASpacer) variant (delE1660-R1668), which has the
Spacer domain exosite interaction ablated, in reactions with ADAMTS13 (9nM). If the
hypothesis holds true, no difference in the rate of ADAMTS13 proteolysis of this variant should
be associated with any of the activating antibodies, since the Spacer domain exosite interaction

is already ablated.

Surprisingly, the activating effect of the mAb 3E4 and mAb 17G2 on the proteolysis of the
VWEF87(ASpacer) variant was still evident (Figure 5-3). In the absence of antibodies, the
VWF87(ASpacer) variant was cleaved with a kcat/Km of 4.9x104 M-1s-1 (n=3); the ~26-fold
lower Kcat/Km, compared to the proteolysis of VWF96 measured in section 5.2
(kecat/Km=127x10% M-1s-1) was expected, due to the ablation of the Spacer domain exosite
interaction. The presence of mAb 15D1 did not exert any influence on the rate of the
VWF87(ASpacer) variant proteolysis (Kcat/Km=5.7x10% M-1s-1, n=3). In contrast, both mAb 3E4
and mAb 17G2 increased the rate of proteolysis by ~2.2-fold (kcat/Km=10.9x10%4 M-1s-1, n=3).
This showed that, contrary to the hypothesis, the antibody-mediated activation of ADAMTS13
was independent of the Spacer domain exosite interaction. The results are summarised in

Table 5-1 including standard error.
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Figure 5-3 The effect of mAb 3E4 and mAb 17G2 on the proteolysis of VWF87(ASpacer)

by ADAMTS13

VWEF87(ASpacer)(0.5uM) was incubated with purified ADAMTS13 (9nM), in the presence and absence
of 10pg/ml monoclonal antibodies. Reaction sub-samples were stopped between 0-90 minutes,
analysed by VWF96 ELISA and the percentage of substrate proteolysed was plotted as a function of time
(seconds). Data were fitted to calculate catalytic efficiencies. In the absence of antibodies, VWF96 was
proteolysed with Keat/Km of 4.9x104 M-1s-1 (n=3). Both mAb 3E4 and mAb 17G2, separately, enhanced
the catalytic efficiency of ADAMTS13 by ~2.2-fold (Kcat/Km=10.9x10% M-1s-1, n=3). The results are
summarised in Table 5-1.

The apparent lack of dependence of the antibody-mediated activity enhancement of
ADAMTS13 on the Spacer domain exosite interaction urged me to investigate the potential
importance of the adjacent Cys-rich domain exosite interaction on this mechanism. The Cys-
rich and Spacer domains are neighbouring domains, and their interaction sites in the VWF A2
domain are proximal; it would not be unlikely that the Spacer-CUB interaction that maintains
the folded, and relatively less active, conformation of ADAMTS13 sterically hindered the Cys-
rich domain exosite interaction and not the Spacer domain exosite interaction. I, therefore,
performed reactions between the VWF96-Cys variant as the substrate and ADAMTS13 (11nM),
in the presence and absence of the mAb 3E4, mAb 17G2 and mAb 15D1, as described in earlier

sections of Chapter 5. The results are shown in Figure 5-4.
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In the absence of antibodies, the VWF96-Cys variant was cleaved by ADAMTS13 with a Kcat/Km
of 3.0x10% M-1s-1 (n=3); the ~42-fold lower rate of proteolysis of this variant compared to the
VWF96 (kcat/Km=127x10% M-1s-1)(section 5.2) was due to the ablation of the Cys-rich domain
exosite interaction. The presence of the mAb 15D1 had no influence on the rate of proteolysis
(kecat/Km=3.3x10% M-1s-1, n=3). As with the VWF87(ASpacer) variant, the ~1.9-fold activation of
ADAMTS13-mediated proteolysis of the VWF96-Cys variant by the mAb 3E4 (kcat/Km=5.7x10%
M-1s-1, n=3) and mAb 17G2 (kcat/Km=5.8x10% M-1s-1, n=3) indicated that the Cys-rich domain
exosite interaction was not implicated in the activation mechanism. Using the mAb 3E4/17G2
cocktail enhanced the proteolysis of the VWF96-Cys variant by ~3.0-fold (Kcat/Km=8.9x10* M-

151, n=3). The results are summarized in Table 5-1 including standard error.
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Figure 5-4 The effect of mAb 3E4 and mAb 17G2 on the proteolysis of VWF96-Cys by
ADAMTS13

VWF96-Cys (0.5uM) was incubated with purified ADAMTS13 (11nM), in the presence and absence of
10pg/ml monoclonal antibodies. Reaction sub-samples were stopped between 0-90 minutes, analysed
by VWF96 ELISA and the percentage of substrate proteolysed was plotted as a function of time
(seconds). Data were fitted to calculate catalytic efficiencies. In the absence of antibodies, VWF96 was
proteolysed with Kkea/Km of 3.0x104 M-1s-1 (n=3). Both mAb 3E4 and mAb 17G2, separately, enhanced
the catalytic efficiency of ADAMTS13 by ~1.9-fold (Kcat/Kn=5.7x10% M-1s-1 and Keat/Km=5.8x10% M-1s-1,
respectively, n=3). Together, the antibodies enhanced the activity of ADAMTS13 by ~3.0-fold
(Keat/Km=8.9%x10%4 M-1s-1, n=3). The results are summarised in Table 5-1.
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5.5 The mAb 3E4 and mAb 17G2 activate ADAMTS13 by increasing the Kcat

The mAb 3E4 and mAb 17G2 enhance the activity of ADAMTS13 by unfolding the C-terminal
tail of ADAMTS13, but not via exposing the Spacer and Cys-rich domain exosite interactions. I
decided to further characterise the antibody-mediated activating effect on ADAMTS13, by
analysing the Michaelis Menten kinetics of VWF96 proteolysis in the presence and absence of
the mAb 3E4 and mAb 17G2. This would shed light on whether the antibody-induced enhanced
activity of ADAMTS13 is manifest through higher substrate binding affinity, or another

mechanism.

Multiple concentrations of VWF96 (0-25uM) were incubated with ADAMTS13 in the presence
and absence of mAb 17G2 or mAb 3E4. Each reaction was stopped between 0-120 minutes and
the fraction of proteolysis analysed by VWF96 ELISA. Initial rates of proteolysis (<15%
proteolysis) were calculated and plotted as a function of VWF96 concentration (see section
2.5). Figure 5-5 shows the data fitted to the Michaelis Menten equation. In the absence of
antibodies, VWF96 was proteolysed with a kcat of 2.5s'1 and a Km of 2.6uM; using these values,
the calculated kcat/Km was 96.7x10% M-1s-1 (n=31). Both antibodies, separately, influenced the
Kcat more than the Km. In the presence of mAb 3E4 or the mAb 17G2, the kcat was ~1.7-fold
higher (kcat=4.3s! and kcat=4.2s°1, respectively). The Km of proteolysis was unaffected by the
presence of the mAb 17G2 antibody (Km=2.6uM), and only ~1.2-fold increased (Km=3.0uM) in
the presence of the mAb 3E4. Consistent with our earlier results, the presence of the mAb 3E4
and mAb 17G2 increased the Kcat/Km by ~1.5-fold (Kcat/Km=142x10* M-1s'1, n=26) and ~1.7-fold
(kcat/Km=166x10% M-1s-1, n=31), respectively. The results are summarised in Table 5-1

including standard error.
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Figure 5-5 The effect of mAb 3E4 and mAb 17G2 on the Michaelis Menten Kinetics of
VWF96 proteolysis by ADAMTS13

Initial rates of VWF96 proteolysis by purified ADAMTS13 were analysed in the presence and absence of
10ug/ml of each monoclonal antibody. Initial rates (nMs-1) were plotted as a function of substrate
concentration (uM) and the data were fitted to the Michaelis Menten equation in Graphpad Prism. The
presence of mAb 3E4 and mAb 17G2, separately, primarily increased the kc.: of proteolysis by ~1.7-fold,
while showing a very modest (if any) influence on the K. The results are summarised in Table 5-1.
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Table 5-1 Summary of the effects of monoclonal antibodies on the kinetics of VWF96
(variant) proteolysis by ADAMTS13 and MDTCS

REACTION CONDITIONS TIME COURSE MICHAELIS-MENTEN KINETICS
Ko/K,, £ SEM k., £ SEM K, SEM k../K,, * SEM
Enzyme Substrate  mAb (x10"M™'s™) (s) (nM) (x10°M™s™)
VWF96 i ;
NomAb[ 127 + 52| 25 + 01 | 26 * 06 | 967 + 240
3E4|[ 249 + 7.7 | 43 % 05 i 30 + 13 i 142 + 64.0
17G2|| 229 + 99 | 42 + 04 ! 26 + 10 | 166 + 664
1501 127 + 52 ' '
3E4/17G2 || 274 + 7.3
T T, e
No mAb 49 + 0.3
ADAMTS13 3E4) 109 = 04
17G2( 109 + 0.4
e 2Ol 37 2 0.3
VWF96-Cys
No mAb 3.0 + 0.1
3E4 57 t 0.2
17G2 58 t 0.2
15D1 3.3 = 01
3E4/17G2|| 89 + 03
VWF96
NomAbf 91.9 + 4.1
3E4(f 78.2 + 23
MDTCS 17G2| 89.4 + 2.2
15D1f 783 + 3.2
3E4/17G2|| 845 + 25
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5.6 The conformational activation of ADAMTS13 is not induced by the recombinant D4-

CK domains

Since the D4(-CK) domains of VWF had been proposed to physiologically enhance the activity
of ADAMTS13 via a conformational activation mechanism,3.44.46) [ decided to characterise the
influence of recombinant D4-CK domains on the kinetics of VWF96 proteolysis, as performed
with the mAb 3E4 and mAb 17G2. This would enable comparisons with the kinetics of
ADAMTS13 activity enhancement induced by the mAb 3E4 and mAb 17G2, and further inform
on whether the antibodies directly mimic the proposed physiological D4-CK-induced
conformational activation of ADAMTS13.

I measured the catalytic efficiency of VWF96 proteolysis by ADAMTS13 (0.4nM), in the
presence and absence of recombinant D4-CK domains (~2.5 puM), which were previously
generated in our lab. Surprisingly, there was no difference in the catalytic efficiency of VWF96
proteolysis in the presence (Kkcat/Km=138x10% M-1s-1, n=1) and absence (kcat/Km=156x10% M-1s-1,
n=1) of D4-CK domains (Figure 5-6).
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Figure 5-6 The effect of recombinant VWF D4-CK domains on the catalytic efficiency of
VWF96 proteolysis by ADAMTS13

VWF96 (0.5uM) was incubated with purified ADAMTS13 (0.4nM) in the presence and absence of
recombinant VWF D4-CK domains (~2.5uM). Reaction sub-samples were stopped between 0-90
minutes, analysed by VWF96 ELISA, and the percentage of substrate proteolysed was plotted as a
function of time (seconds). Data were fitted to calculate catalytic efficiencies. No major difference in the
Kcat/Km of VWF96 proteolysis in the presence and absence of the D4-CK was observed (Kcat/Km=138x104
M-1s-1 and Kecar/Km=156x104 M-1s-1, respectively, n=1).
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Since the D4-CK used was already available in the lab, I needed to ensure that the inability of
D4-CK to activate ADAMTS13 was not specific to the particular D4-CK preparation (eg. due to
D4-CK aggregation, lower buffer pH or precipitation of calcium). I centrifuged a fresh D4-CK
aliquot at high speed to remove any protein aggregates that had possibly formed. The
concentration of D4-CK (as assessed by reading the absorbance at 280nm and using extinction
coefficients) did not change after centrifugation, suggesting that protein aggregation had not
taken place. To eliminate the possibility that factors associated with the buffer of the D4-CK
preparation accounted for the inability to activate ADAMTS13, I exchanged the existing buffer
with TBSC buffer (20mM Tris pH 7.5/50mM NaCl/5mM CaClz) using 7kDa MWCO Zeba spin
desalting columns (Thermo Fisher Scientific). [ repeated the assay using 0.5nM ADAMTS13 but,
again, there was no difference in the catalytic efficiency of VWF96 proteolysis in the presence
(kcat/Km=113x10% M-1s1, n=1) and absence (kcat/Km=95.3x10% M-1s1, n=1) of ~2.5uM D4-CK
(Figure 5-7).
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Figure 5-7 The effect of recombinant VWF D4-CK domains (buffer exchanged) on the
catalytic efficiency of VWF96 proteolysis by ADAMTS13

VWF96 (0.5puM) was incubated with purified ADAMTS13 (0.4nM) in the presence and absence of
recombinant VWF D4-CK domains (~2.5uM) that were buffer exchanged and centrifuged to ensure that
precipitation, aggregation or wrong buffer had not accounted for the inability to enhance the activity of
ADAMTS13. Reaction sub-samples were stopped between 0-90 minutes, analysed by VWF96 ELISA, and
the percentage of substrate proteolysed was plotted as a function of time (seconds). Data were fitted to
calculate catalytic efficiencies. No major difference in the kcat/Km of VWF96 proteolysis in the presence
and absence of the D4-CK was observed (Kca/Km=113x10% M-1s! and Ker/Km=95.3x104 M-1s-,
respectively, n=1).
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5.7 DISCUSSION

In this chapter, I characterised the mechanism of ADAMTS13 activity enhancement induced by
the anti-Spacer and anti-CUB monoclonal antibodies, mAb 3E4 and mAb 17G2, respectively. I
originally hypothesized that binding of the antibodies induces a conformational activation in
ADAMTS13 by disrupting an interaction between the Spacer and CUB domains that unfolds the
C-terminal tail (TSP2-CUB2) and liberates the Spacer exosite, which, in turn, contributes to
higher substrate binding affinity. Preliminary experiments using FRETS-VWF73 (performed by
An-Sofie Schelpe) showed that the mAb 3E4 and mAb 17G2 enhance the activity of ADAMTS13
by ~1.7-fold. However, studying the conformational activation of ADAMTS13 using FRETS-
VWF73 is not optimal, since the assay is performed at lower pH (pH 6), which was reported to,
independently, also induce the conformational activation of ADAMTS13.43) The VWF96
proteolysis assay developed as part of this PhD project is performed at physiological pH, which
is preferable for studying the conformational activation of ADAMTS13. Furthermore, this assay
allowed the VWF96 variants to be used as substrates to provide further information on the

dependence of the conformational activation mechanism on exosite exposure.

[ first used the VWF96 ELISA to measure the activating effect of the mAb 3E4 and mAb 17G2.
Both antibodies induced the expected (~1.8-to-2-fold) rate enhancement in the proteolysis of
VWF96 by ADAMTS13. The results showed excellent reproducibility, as seven replicate
experiments generated the same result with essentially no inter-assay variability. The non-
inhibitory, non-activating anti-Spacer antibody mAb 15D1 was used as a negative control in the
experiments. This antibody had been generated and processed in exactly the same way as mAb
3E4 and mAb 17G2, verifying that the activating effects reported were specific to antibody
binding and not associated with other factors related to the buffers of the antibodies, like pH or
ionic strength, which had previously been shown to also influence the activity of

ADAMTS13.(43,360)

[ next assessed the ability of the antibodies to enhance the activity of MDTCS to cleave VWF96.
The mAb 17G2 was not expected to interact with the MDTCS, since the CUB domains (ligand for
mAb 17G2) were missing on this truncated variant. However, the experiment was still
performed in the presence of the mAb 17G2 and acted as a negative control to, again, eliminate
the possibility that the reported activating effect was induced by other factors associated with

the buffer of this antibody. Neither antibody enhanced the activity of MDTCS significantly. This
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confirmed that the activating effect was dependent on the presence of the C-terminal tail,
which was perfectly consistent with the proposed mechanism supporting that the
conformational activation is a result of the C-terminal tail of ADAMTS13 unfolding.(43,44.46) It is
worth noting that the kcat/Km of VWF96 proteolysis by MDTCS was not ~2-fold higher than the
Keat/Km of VWF96 by ADAMTS13, as would be expected at physiological pH.#3) The MDTCS
used had been concentrated in expression media (and not purified) and, as a result, no robust
assay for MDTCS quantification was available. I assigned an active concentration to MDTCS by
qualitatively comparing its rate of VWF96 proteolysis to wild-type ADAMTS13 (data not

shown), which made direct comparison of their activities irrelevant.

It had been proposed that unfolding of the C-terminal tail activates ADAMTS13 by fully
exposing the Spacer domain exosite that is implicated in a functional interaction with the VWF
A2 domain. This mechanism, however, had not been confirmed experimentally; instead, it had
been speculated based on the observations that isolated CUB domains could bind to the Spacer
domain, and that this binding could be ablated by mutating the proposed ADAMTS13 Spacer
exosite residues (R568K/F592Y/R660K/Y661F/Y665F).(44.46) | used the VWF87(ASpacer) and
VWF96-Cys variants, which ablate the Spacer and Cys-rich domain exosite interactions,
respectively, to investigate whether the activating effect of the antibodies is dependent on
exposure of either exosite. This approach is somewhat preferable to mutating the exosite in the
ADAMTS13 Spacer domain (performed previously) as it avoids interfering with the structure of
the enzyme, which could potentially influence its activity in an exosite independent manner.
Interestingly, the activating effects of mAb 3E4 and mAb 17G2 were still evident after ablation
of both the Spacer and Cys-rich domain exosite interactions. These findings, therefore,
contradict the proposed model of ADAMTS13 conformational activation and show for the first
time that monoclonal antibodies, that are used to induce the unfolded, more active
conformation of ADAMTS13 in vitro, do not function by facilitating Spacer or Cys-rich domain
exosite exposure. In hindsight, the Spacer exosite contributes a ~15-fold to the rate of
proteolysis, whereas the conformational activation only a ~2-fold; this might suggest distinct

mechanisms.

The lack of involvement of the Spacer and Cys-rich domain exosites in the conformational
activation of ADAMTS13 suggested that the activating effect was mediated through exposure of
an exosite in another domain of ADAMTS13 that enhances the substrate binding affinity, or

that the unfolding of the C-terminal tail allosterically influences the active site of ADAMTS13.
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Using the VWF96 ELISA allowed me to more precisely characterise the activating effect of the
mAb 3E4 and mAb 17G2 on ADAMTS13, by performing Michaelis Menten analysis on the
proteolysis of VWF96 in the presence and absence of the antibodies. Both antibodies,
separately, enhanced VWF96 proteolysis by primarily increasing the kcat, while negligibly
affecting the Km. This approach allowed me to conclude that the activation of ADAMTS13 was
primarily due to enhanced substrate turnover, suggesting that unfolding of the C-terminal tail
mediated an allosteric enhancement in the capacity of the active site to cleave VWF96. In light
of the allosteric activation mechanism proposed in the previous chapter, this result further
corroborates the nature of ADAMTS13 as a conformationally flexible enzyme with the ability to

allosterically transduce activating signals to the catalytic domain, influencing the active site.

The main limitation associated with the Michaelis Menten analysis is associated with some of
the variability recorded in the initial rates of proteolysis. This variability originated from the
ADAMTS13 preparations used. I observed differences in activities between different
ADAMTS13 preparations, between different aliquots of the same preparation, and between
different freeze-thawing cycles of the same aliquot. To control for variability and minimise
potential error, I performed the experiments in the presence and absence of antibodies in
parallel, using the same source ADAMTS13. Moreover, | performed reactions at multiple

concentrations to strengthen the fit of the data.

An ELISA assay using antibodies that specifically recognise conformationally sensitive epitopes
in the MP domain of ADAMTS13 had been published previously.(265) The ELISA was performed
by An-Sofie Schelpe and showed that incubation of ADAMTS13 with both mAb 3E4 and mAb
17G2, separately, exposed these cryptic epitopes in the MP domain. This is a separate line of
evidence supporting that the antibody-induced conformational activation of ADAMTS13 is

manifest through structural alterations of the catalytic domain.

My results support the contention that the antibody-mediated conformational activation of
ADAMTS13 is manifest by C-terminal tail unfolding, which influences the structure and
functionality of the active site, and does not augment Spacer/Cys-rich domain exosite
exposure. The results of this project do not directly demonstrate that non-antibody-induced
conformational activation of ADAMTS13 (pH, D4-CK) also relies on the same mechanism. One
possibility would be that the structural manifestations proposed here are specific to antibody

binding. Nevertheless, the fact that different antibodies, targeting different domains, enhance
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the activity of ADAMTS13 in the same way gives confidence that the activation mechanism is a

specific consequence of ADAMTS13 unfolding.

The D4-CK domains of VWF were proposed to physiologically induce the conformational
activation of ADAMTS13. South et al reported that as little as 3nM D4-CK enhanced the kcat/Km
of FRETS-VWF73 proteolysis by ADAMTS13 dose-dependently, but not when using the gain-of-
function ADAMTS13 variant that contains mutations (R568K/F592Y/R660K/Y661F/Y665F)
thought to induce the conformational activation. They also showed affinity between VWF D4-
CK domains and the TSP8, CUB1 and CUB2 domains of ADAMTS13, but not when using the
gain-of-function ADAMTS13, the MDTCS or a ADAMTS13 variant lacking the TSP8-CUB2
domains. The enhanced affinity of acquired TTP patient anti-ADAMTS13 antibodies to
ADAMTS13 primed with D4-CK was also used to propose an explanation for the relative high
frequency of anti-Spacer antibodies (as opposed to antibodies targeting other domains) in TTP;
the Spacer domains expose cryptic epitopes during ADAMTS13 conformational activation that

are, potentially, recognised as foreign, resulting in the generation of autoantibodies.(#4: 46)

Hence, I was interested in characterising the D4-CK-induced conformational activation in a
similar way to the monoclonal antibodies. If, using recombinant D4-CK domains, [ could
reproduce the effects of the antibodies on the Michaelis Menten kinetics of VWF96 proteolysis,
not only would this greatly contribute to understanding the mechanism by which D4-CK
domains enhance the activity of ADAMTS13, but it would also validate the use the monoclonal
antibodies as tools to mimic the physiological conformational activation of ADAMTS13.
Surprisingly, my data contradict prior results, which associate the D4-CK domains with the
conformational activation of ADAMTS13. In independent attempts, I have been unable to
observe an enhancement in the activity of ADAMTS13 as a result of the presence of the D4-CK
domains in proteolytic reactions. Different preparations of D4-CK and ADAMTS13 have been
used in independent experiments to eliminate the possibility of preparation-specific factors
that could have accounted for the inability of observing the activating effect of D4-CK. My
collaborator on this project, An-Sofie Schelpe, also assessed the ability of recombinant D4-CK
domains (independently generated in KU Leuven) and FL-VWF (Baxalta) to enhance the
FRETS-VWF73 proteolysis by ADAMTS13. Again, no difference in the catalytic efficiency of

ADAMTS13 was observed in the presence and absence of D4-CK domains (data not shown).
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Muia et al reported that isolated VWF D4 domains and FL-VWF, but not VWF fragments that
were cleaved within the D4 domain, could enhance the activity of ADAMTS13.(43) Based on this,
they attributed physiological relevance to the D4-induced conformational activation of
ADAMTS13. In their experiments they used 40uM D4 domains to activate ADAMTS13. This
concentration is certainly supraphysiological, questioning the physiological relevance of these
results. Further studies are required, but given the low concentration of ADAMTS13 (~5nM)
and VWF (40nM) in circulation, higher affinity interactions would be required to confer a

physiological role.
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6 DISCUSSION

6.1 Summary of hypothesis

Unlike most haemostatic enzymes, the ability of ADAMTS13 to cleave its substrate does not
depend upon specific on-demand activation/inhibition or regulation by a defined cofactor; yet,
despite its generic metalloprotease active site, its protease function is incredibly specific. In
this project, I aimed to explain the specificity of ADAMTS13 for nothing else than its
physiological substrate, VWF. How does ADAMTS13, an apparently constitutively active plasma
metalloprotease with long active half-life(367), avoid off-target proteolysis? What gives
ADAMTS13 its resistance to inhibition by broad-spectrum plasma protease inhibitors and

family-specific inhibitors?(365, 368)

The answer to ADAMTS13 unprecedented specificity is likely to be conferred by the exosite
interactions that precede the proteolytic event. The functional interactions between exosites in
the MP, Dis, Cys-rich and Spacer domains of ADAMTS13 and their complementary binding sites
in the VWF A2 domain are an absolute minimum requirement for efficient proteolysis to
occur. (248,250, 251, 255, 256, 263, 264, 266-268) Thjs is inferred from the ability of ADAMTS13 to cleave
VWF A2 domain peptide fragments that possess just the exosite binding sites and scissile bond
with comparable efficiency to cleaving full-length VWF.(360) Furthermore, in the absence of the
Dis, Cys-rich and Spacer domain exosite interactions, proteolysis of VWF-derived substrates by

the isolated MP domain has been reported to lack specificity as well as efficiency.(249.250)

[ formed the hypothesis that the active site of ADAMTS13 is a dynamic structure; it can exist in
both a latent/’closed’ state that is not readily permissive to substrate/inhibitor access, and in
an active/’open’ state that can accommodate substrate and facilitate cleavage. Binding of one
or more of its exosites causes a conformational change that favours the active/’open’ state of

the active site, allosterically activating ADAMTS13 to perform proteolysis.
6.2 Biochemical evidence of allosteric activation (summary of project results)

The aim of this project was to investigate the existence of an exosite-dependent allosteric
mechanism that activates ADAMTS13, by studying the precise contribution of each exosite
interaction to the binding and proteolysis biochemically. All exosite interactions were ablated
(or severely disrupted), by generating variants of VWF96, which had the complementary

binding sites for ADAMTS13 exosites mutated individually (Figure 4-8). The development of an
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ELISA assay that specifically detected uncleaved VWF96 variants allowed precise quantitation
of the relative concentration of these variants, and to quantitatively measure the rate of their

proteolysis by ADAMTS13.

To compare the contribution of each exosite to the rate of proteolysis, it was important to
generate VWF96 variants that (ideally) completely ablated the exosite interactions. For some
exosite interactions, the precise exosite boundaries had not been defined prior to this project.
The Spacer domain exosite had been proposed to involve the solvent exposed ADAMTS13
residues R659, R660, Y661 and Y665.(235,267,268) The Spacer domain exosite binding site in the
VWF A2 domain was shown to lie within the region E1660-R1668.(251,255,360) However, no
study had directly demonstrated binding of the putative Spacer exosite residues and individual
residues in the binding site of the VWF A2 domain. Based on the fact that the charged residues
R1659, E1660, D1663 and K1668, which are in the vicinity of the proposed Spacer domain
exosite binding site E1660-R1668 in the VWF A2 domain, do not significantly influence
ADAMTS13 binding and proteolysis,(361) [ hypothesized that the hydrophobic residues L1664,
V1665 and L1666 in the same region may facilitate the interaction with the Spacer domain
exosite. My data identify the residues L1664, V1665 and L1666 as functionally important to the
binding between the ADAMTS13 Spacer domain exosite and the VWF A2 domain and,
consequently, proteolysis, supporting an interaction of hydrophobic nature (sections 4.9 and
4.10). This is not surprising, considering that the interaction facilitated by the adjacent Cys-rich
domain exosite is also of hydrophobic nature.(266) The hydrophobic residues V1665 and L1666
in the VWF A2 domain contribute to stabilising the structure of the VWF A2 domain in its
globular form through intra-molecular interactions with the vicinal disulphide bond C1669-
C1670.56% However, when the VWF A2 domain is unfolded, these same residues are key to
mediating inter-molecular interactions with the Spacer domain of ADAMTS13 that contribute
to proteolysis. Direct interaction of these hydrophobic residues in the VWF A2 domain and the
exosite in the ADAMTS13 Spacer domain is yet to be definitively demonstrated.

Evidence of direct binding between the R349 residue in the ADAMTS13 Dis domain and the
D1614 residue in the VWF A2 domain had been provided by de Groot et al.(259) Other proximal
residues in the Dis domain (L350 and V352)(250) and the VWF A2 domain (E1615/K1617)(256)
were reported to be functionally important, but no direct binding was demonstrated. Based on
this, I originally hypothesized that the Dis domain exosite binding site in the VWF A2 domain
covered the region A1612-K1617, hence generating the VWF96-Disl variant
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ADEIK1612/1614-1617SNQQQ. The results of Kretz et al(363)(section 4.4) suggested that the
Dis domain exosite interacts with a more extended area in the VWF A2 domain (D1614-
D1622). Previously, Gao et al deleted a similar region (G1609-11623) and proteolysis was
abolished.(255) However, this was an internal deletion that, apart from ablating the Dis domain
exosite interaction, it also affected the relative positions of the other C-terminal exosite binding
sites (for Cys-rich and Spacer domain exosites) in the VWF A2 domain, which could
independently reduce the rate of proteolysis. Using the smaller fragments of the VWF A2
domain VWF47 (G1573-L1619) and VWF57 (G1573-G1629) in proteolytic reactions, I
confirmed the functional importance of the VWF region P1620-G1629 (section 4.5). Most
importantly, by performing reactions with MP-Dis (ADAMTS13 variant that is truncated after
the Dis domain) I showed that the region P1620-G1629 specifically interacts with the Dis
domain of ADAMTS13, and not with an adjacent exosite. I, therefore, substituted the residues
DIKRD1614/1616-1618/1622AQEET in VWF96 to generate a new variant, VWF96-Dis2.
Indeed, there was a clear functional deficit in the rate of VWF96-Dis2 proteolysis when
compared with the original variant VWF96-Dis1, confirming the importance of the substituted

residues for proteolysis.

The ADAMTS13 Dis domain exosite forms the most vital of all exosite interactions for the rate
of proteolysis. The difference in the relative importance between the Dis domain exosite
interaction and the rest of the exosite interactions was striking (sections 4.9 and 4.10). While
the Spacer, Cys-rich and MP domain exosite interactions contribute by up to ~20-, ~20- and
~200-fold, respectively, to the kcat/Km of proteolysis, the Dis domain exosite contribution was
measured to be up to ~780-fold. Ablating an interaction that allosterically activates
ADAMTS13 was expected to (almost) abolish proteolysis. Therefore, these results would fit a
model of ADAMTS13 allosteric activation that is highly dependent on the Dis domain exosite

interaction.

The precise contribution of the exosites to the separate components of the proteolytic event,
binding (Kb, Km) and substrate turnover (kct), needed to be considered for conclusions to be
made. Michaelis Menten analysis of the proteolysis of the VWF96 variants showed remarkable
differences in the functionality of the different exosite interactions in proteolysis (section 4.10).
Essentially all remote exosites (Spacer, Cys-rich and Dis domain) have a similar and significant
(~15-fold) contribution to the binding between VWF96 and ADAMTS13. In contrast, the MP

domain exosite interaction revealed, as expected, a low affinity interaction. That the MP
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domain binds weakly is expected, as it needs to accommodate the scissile bond but not form a
tight complex. As a separate line of evidence, ELISA-based assays measuring the equilibrium
surface-phase  binding  affinity = (Kp) between the VWF96 variants and
ADAMTS13/MDTCS(E225Q) corroborated the magnitude of the contribution of the different
exosite interactions to binding (section 4.11 and 4.12). These showed that approximation of
ADAMTS13 and the VWF A2 domain is mediated by the high affinity interactions of the Spacer,

Cys-rich and Dis domain exosites.

There is a key difference in the nature of contribution to the rate of proteolysis between the
different remote exosites. While the influence of the Spacer and Cys-rich domain exosites to the
rate of proteolysis is wholly explained by their influence on the binding affinity, the Dis domain
appears to primarily affect the substrate turnover, as seen by the ~56-fold influence on the Kcat.
Such a big influence on the kcat by a remote exosite in ADAMTS13 had not been reported
previously. In light of these data, the functional importance of the Dis domain exosite
interaction to proteolysis has been previously underestimated. Undoubtedly, the role of the Dis
domain in proteolysis is distinct and superior from the role of any other of the domain exosites.
The Dis domain exosite interaction not only influences the affinity of the two molecules for
each other, but it also modulates the efficiency of the proteolytic event. How does a remote
exosite, (ie. in a domain that is distinct from that of the active site) influence the catalysis to
such a great extend? I propose that the Dis domain exosite interaction facilitates a
conformational change within the catalytic domain of ADAMTS13 that shapes the active site in

a way such that it can accommodate the scissile bond; this allosterically activates ADAMTS13.
6.3 Biophysical evidence of allosteric activation

Parallel to my project, biophysical data were generated in our lab by Dr Frank Xu (I also
contributed to the provision of VWF fragments), which are consistent with a conformational
change in ADAMTS13 as a result of VWF binding. Inactive MDTCS(E225Q) was expressed in S2
cells and purified by affinity chromatography and gel filtration. This was used in isothermal
titration calorimetry (ITC) experiments to measure the solution-phase equilibrium binding
affinity to tag-free VWF73 (D1596-R1668)(Figure 6-1). A Kp of ~0.93uM was measured. The
interaction was characterised by negative Gibbs free energy, indicating spontaneous binding.
The exothermic enthalpy changes (negative AH value) indicate favourable hydrogen and Van

der Waals bond formation. The data revealed unfavourable entropy changes (positive -TAS
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value) indicating that the interaction is entropically driven, with alterations in the hydrophobic
interactions and binding-induced conformational changes; these might reflect the
hypothesized Dis domain exosite binding-induced conformational changes in the MP domain.
Theoretically, one could use ITC to investigate the effect of ablating the exosite interactions on
the energetic profile of binding. Using the VWF96 variant that has the exosite interaction
responsible for conformational changes in ADAMTS13 ablated (ie. VWF96-Dis2 variant, as
proposed here) should abolish the unfavourable entropic changes associated with binding.
However, due to the low affinities associated with ablating the exosite interactions, high
concentrations of VWF96 variants (>1mM) were required to perform the ITC experiments,

which were not available.

MDTCS E225Q titrated by VWF73 wild type at molar ratio of 1:3.25 and 1:10 are combined (n=4).

K,: ~0.93uM 201
N: ~0.4
AG: -8.5, AH: -26.1, -TAS: 17.6 (kcal/mol)
101
0 g
— -g-x--x-x.x.x-i-i.x* ~ .
2 T g
=107 X#’ <
S ‘" 34M MDTCS (E225Q) . -107
X - AH'!
f— n=4 '
L 20 % 201
;
301 , , , | a0
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Figure 6-1 ITC experiments to investigate to binding affinity of tag-free VWF73 to
MDTCS(E225Q)

Increasing concentrations of VWF73 were added to MDTCS(E225Q), and the enthalpy change (AH)
associated with each addition was monitored. Based on these ITC data, the solution-phase, equilibrium
Kp between MDTCS(E225Q) and VWF73 is ~0.93uM. The data suggest spontaneous binding (negative
AG), involving hydrogen and Van der Waals bonding (favourable enthalpic changes, negative AH) and
changes in the hydrophobic interactions and conformation (unfavourable entropic changes, positive -
TAG).
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6.4 Structural evidence of allosteric activation

Obtaining the crystal structure of ADAMTS13 in the presence and absence of VWF96 (or
another VWF A2 domain fragment, like VWF73) could prove to be the gold standard in
studying binding-induced conformational changes in the MP domain. Until recently, however,
all attempts to solve the crystal structure of the ADAMTS13 MP domain have been
unsuccessful. Interestingly, the crystal structure of the ADAMTS13 fragment spanning the
region between the Dis and the Spacer domains (DTCS) was crystallized twice.(235 253) What
makes DTCS easier to crystallize than MDTCS? Potentially, the hypothesis that the MP domain
is a flexible domain that can exist in equilibrium between ‘closed’ and ‘open’ active site states,
could explain the inability to crystallize it, as flexible molecules are not conducive to

crystallization.

The crystal structure of the ADAMTS4 MP domain has been solved in the presence and absence
of an active site inhibitor.(237) In the absence of the inhibitor (Figure 6-2A), the active site of
ADAMTS4 adopts a ‘closed’ state, which is occluded by the Ca%*-binding loop that shapes the
S2’ subsite. In this ‘closed’ state of the ADAMTS4 active site, the D328 residue chelates the Zn2+,
which is, in turn, unavailable for proteolysis. In contrast, the presence of the inhibitor in the
ADAMTS4 active site (Figure 6-2B) induces an ‘open’ state in the active site pocket, where the
D328 residue no longer chelates the Zn2*. The crystal structures of the MP domains of
ADAMTS1 and ADAMTSS5 have also been solved in the presence of active site inhibitors;(236-238)
their active sites resemble the ‘open’ state seen in ADAMTS4. Whether the active sites of these
enzymes also resemble a ‘closed’ state in the absence of a ligand, as seen in ADAMTS4, remains
to be determined. Nevertheless, these observations might suggest flexibility in the active sites

of other ADAMTS-family members, as hypothesized for ADAMTS13.
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A) B)

ADAMTS4 unliganded

ADAMTS4 bound to inhibitor

S2’ loop closed S2’ loop open

Figure 6-2 Crystal structures of the ADAMTS4 active site, with and without active site
inhibitor bound

(A) In the absence of an active site inhibitor, the loop forming the S2’ subsite folds towards the catalytic
Zn2+ residue. The residue D328 of the S2’ loop chelates the Zn?+. (B) The presence of an active site
inhibitor (inhibitor omitted in the figure for better visualisation of the active site) disrupts the chelation
of the Znz* by the D328 residue and opens up the S2’ loop, making room for accommodating the
substrate. The ADAMTS4 structures were obtained from 237) and adapted to make the figures.
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Recently, a stable complex between the MDTCS domains of ADAMTS13 and a monoclonal
antibody Fab fragment raised against the MP domain of ADAMTS13, termed Fab 3H9
(developed by Prof Karen Vanhoorelbeke), was prepared in our lab and successfully
crystallized by our collaborator Prof Jonas Emsley (manuscript in preparation). Even though
the MDTCS domains are conserved in all members of the ADAMTS family of
metalloproteases,(2349) ADAMTS13 is the first ADAMTS family member to have had all its
MDTCS domains crystallized. It is possible that the Fab has stabilized an otherwise flexible MP
domain (consistent with my hypothesis), enabling the formation of crystals. Figure 6-3A shows
the solved crystal structure of the MDTCS(E225Q) with the Fab 3H9 removed. Intriguingly, the
R193 in the Ca?*-binding loop appears to be involved in hydrogen bonding with the residues
D217 and D252, stabilising a so-called ‘gate-keeper’ triad of residues (Figure 6-3B-D). Based on
the relative positions (with respect to the active site) of the exosites that need to interact with
the VWF A2 domain for proteolysis to take place, substrate scissile bond (and potentially
inhibitor) access into the active site is predicted to be sterically hindered by this ‘gate-keeper’
triad. This crystal structure might, therefore, resemble the latent/’closed’ active site state,
which is also consistent with the fact that it was obtained in the absence of exosite binding. The
proposed allosteric activation mechanism could, therefore, function by disrupting the
interaction between the three residues, and repositioning the Ca%*-binding loop, which can
now open and allow proteolysis. Interestingly, the ADAMTS4 ‘closed’ and ‘open’ active site
states are also shaped by the proximal Ca2*-binding loop. Considering the similarity between
the ‘closed’ active site states of MDTCS(E225Q) (in the presence of the Fab 3H9) and the
ADAMTS4 (in the absence of an inhibitor), the similarity between the ‘open’ active site states of
the ADAMTS1/4/5, and the fact that the N-terminal domains (MDTCS), which contain
functional exosites conferring specificity to proteolysis, are conserved in the ADAMTS family of
proteases, the proposed MP domain flexibility and allosteric activation mechanism might

represent a template for the function of other ADAMTS family members.
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Double Ca**-
binding site

Figure 6-3 Crystal structure of the stable complex between the Fab 3H9 and
MDTCS(E225Q)

(A) The crystal structure (surface view) of the stable complex between MDTCS(E225Q) and the
Fab 3H9 (Fab 3H9 removed from structure). (B) The MP-Dis domains (cartoon view). The so-
called ‘gate-keeper’ triad (R193, D217 and D252) is shown in teal. (C) The MP-Dis domains
(cartoon view) rotated to bring the ‘gate-keeper’ triad to the front (triad omitted in this panel,
see panel D). (D) Magnification of the ‘gate-keeper’ triad, stabilised by hydrogen bonding
between the R193, D217 and D252.

178



An important consideration in drawing conclusions based on the crystal structure of
MDTCS(E225Q) is the influence of the Fab 3H9 on the structure of the MP domain. It is possible
that the ‘closed’ active site state observed could be a consequence of the binding of the Fab
rather than being the natural latent conformation of the MP domain. To definitively conclude
the existence of ‘open’ and ‘closed’ active site states, a crystal structure of the ‘open’ active site
state is necessary. But how does one crystallize the open form of a conformationally flexible
MP domain? The use of other Fab fragments that do not inhibit the active site to form a stable
complex with MDTCS(E225Q) for co-crystallization has been trialled by my lab, but was
unsuccessful. Theoretically, co-crystallizing MDTCS(E225Q) in complex with a VWF A2 domain
fragment containing all the exosite binding sites (eg. VWF73 or VWF96) could be very
informative, and this binding may also stabilise the fold of the MP domain. It would directly
reveal the identity of the interacting residues involved in the exosite interactions. This would
assist completely ablating the exosite interactions in future studies. Most importantly,
crystallizing MDTCS(E225Q) during interaction with the Dis domain exosite would hopefully
reveal the ‘open’ state of the active site and shed light to the structural changes that take place

within the MP domain that make it permissive towards substrate/inhibitor access.

Complex formation and co-crystallization studies between the MDTCS(E225Q) and VWF73 are
currently underway in our lab. However, we are currently facing unresolved problems that do
not permit formation of a stable complex between the two binding partners. To first make a
stable complex between the two proteins we need to fully understand the binding affinity
between ADAMTS13 and the VWF A2 domain. As already explained, ELISA-based equilibrium
binding assays have so far indicated relatively high binding affinities (Kp=~7-40nM) between
ADAMTS13 and VWF. However, since stable complex formation between MDTCS and VWF has
proved to be more complicated, the true binding affinity between the two molecules could be

closer to the Km value, which is ~100-fold higher (Km=~4pM).

The possibility of the VWF A2 domain fragments (eg. VWF73 and VWF96) adopting a tertiary
structure in solution, which is less permissive to binding (due to compromised exosite binding
site exposure) than when immobilised on a plate surface (potentially opening up the structure
and more effectively exposing the exosite binding sites), has been introduced in Chapter 4
(section 4.13). Consistent with this, the Kp of solution-phase binding affinity between
MDTCS(E225Q) and VWF73 obtained by ITC is ~0.93uM, which is much closer to the Km than

the Kb from surface-phase binding assays.
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Curiously, while uncleaved VWF73 and VWF96 bind to ADAMTS13/MDTCS, the affinity is lost
after cleavage at the scissile bond, even though the C-terminal cleavage product still possesses
the high affinity exosite binding sites that confer the affinity between the two molecules
(unpublished data). How the cleavage product loses all affinity for ADAMTS13 despite the
presence of all exosite binding sites remains an unresolved and intriguing question. Again,
cleavage of the VWF A2 domain fragments could influence the tertiary structure of the cleavage

products, and in so doing account for the reduction in the binding affinity.
6.5 How do ADAMTS13 domains communicate?

Future work on the allosteric activation of ADAMTS13 could address linking the effect of the
Dis domain exosite interaction on substrate turnover to a conformational change in the MP
domain, as well as the mode of inter-domain communication. How might the signal of Dis
domain exosite interaction be transduced into a structural change within the active site of the
MP domain? Interestingly, the crystal structure of the MDTCS(E225Q) in complex with the Fab
3HO9 reveals a deep cleft between the MP and the Dis domains (Figure 6-3A). Potentially, this
might be the interface of communication between the two domains. VWF binding is predicted
to occur on either site of that cleft, and could be the link between the two domains; upon
binding, the relative positions of the two domains change, such that the Dis domain can
physically influence the conformation of the active site in the MP domain. This might also
explain the critical importance of the low affinity MP domain exosite interaction (involving
VWF A2 domain L1603); for VWF binding to impact on the relative positions of the MP and Dis
domains, docking sites have to be available in both domains. The crystal structure of the

complex between MDTCS(E225Q) and VWF73 will shed light on these questions.

It is becoming clearer that conformational changes and inter-domain communication, which
impact upon the proteolytic function and specificity, could be a common theme in ADAMTS13.
It is now established that the full length ADAMTS13 molecule can exist in folded and extended
conformations, with its C-terminal domains involved in interactions with the N-terminal
domains to maintain the folded conformation (Figure 1-16).(43. 44, 46, 265, 376) {Unfolding of
ADAMTS13 enhances its specific activity by ~2-10-fold, which supports a functional link
between the MP and non-catalytic domains of ADAMTS13 (see section 1.8.1).

Introducing the gain-of-function mutations at the Spacer domain residues thought to make up

the Spacer domain exosite (R568K/F592Y/R660K/Y661F/Y665F) both unfolds ADAMTS13
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and enhances its activity.(#6) It is still unclear whether the mechanism of this conformational
activation is, as previously proposed, dependent on full exposure of the Spacer exosite
(otherwise sterically hindered by binding of the CUB domains) upon ADAMTS13 unfolding.
Data from this project contribute to answering this question. By using monoclonal antibodies
against the Spacer and CUB domains that unfold ADAMTS13, I show that unfolding can still
cause activity enhancement even when the Spacer or Cys-rich domain exosite interactions are
ablated (section 5.4); this argues against the proposed mechanism of liberation of the Spacer
exosite upon ADAMTS13 unfolding.(4446) Interestingly, Muia et al showed that the proteolysis
of smaller VWF A2 domain-derived substrates that lack both Cys-rich and Spacer exosite
binding sites (VWF25, G1598-D1622) is still enhanced by factors (pH and monoclonal
antibodies) that unfold ADAMTS13.(43) Even though the authors did not comment further on
the implications of this observation, in light of my data, this supports a link between the
conformational activation of ADAMTS13 and the ADAMTS13 MP and Dis domains. Moreover, I
show that antibody-induced activation of ADAMTS13 is primarily manifest by increasing the
kcat (substrate turnover), which supports structural implications upon ADAMTS13 unfolding
that enhance the functionality of the active site (section 5.5). These data are in line with the
ability of these activating antibodies to expose cryptic epitopes in the MP domain, as observed
by my collaborator An-Sofie Schelpe, using an ELISA assay that specifically detects these

cryptic epitopes.(265)

Another question that warrants further investigation concerns the physiological relevance of
the conformational activation via ADAMTS13 unfolding. It was reported that binding of the
VWF D4 domain to ADAMTS13 TSP8-CUB2 domains induces this conformational activation
and was speculated that this could be a physiological way of enhancing ADAMTS13 activity.(*3
44) It should be noted that for a 2-fold enhancing effect, 40uM D4 was required. To gain more
insight into this mechanism, I tried to characterise, kinetically, the activity enhancement of
ADAMTS13 using purified recombinant D4-CK domains. In multiple independent attempts
using different preparations of ADAMTS13 and D4-CK domains (up to ~2.5uM), I have not
been able to reproduce the ability of D4-CK to enhance ADAMTS13 activity (section 5.6).
However, a previous report suggested that 3nM of D4-CK could enhance the activity of
ADAMTS13.(46) Since the VWF96 ELISA-based assay has been successful in accurately detecting
and measuring the activating effect of antibody-induced ADAMTS13 unfolding, it is unlikely

that the assay protocol itself could have accounted for the inability to see an activity
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enhancement using the D4-CK domains. Nevertheless, given the sensitivity of this
conformational activation mechanism to other factors that could easily confound the result (eg.
buffer pH) more thorough investigation is required to draw conclusions on the ability of D4-CK
to specifically conformationally activate ADAMTS13. Most importantly, the physiological
relevance of this conformational activation of ADAMTS13 needs to be established; could a 2-
fold activity enhancement be physiologically important, considering that low ADAMTS13 levels

are not pathological unless <5%?
6.6 Conclusion - proposed model of allosteric activation

In conclusion, the data presented in this thesis are consistent with an allosteric link between
the MP and the non-catalytic domains of ADAMTS13. I propose that the active site of
ADAMTS13 is conformationally flexible, and can adopt latent/’closed’ and active/’open’ states,
which exist in equilibrium. In unliganded ADAMTS13, the equilibrium favours the
latent/’closed’ state of the active site. This prevents off-target proteolysis and inhibitor access

into the active site.

A shift of the active site state equilibrium towards the active/’open’ state only occurs upon
ADAMTS13 binding to its substrate, VWF, when VWF is unravelled by elevated shear. The
Spacer, Cys-rich and Dis domain exosites interact with the unravelled VWF A2 domain at sites,
which are found at the C-terminal side of the scissile bond. These interactions mediate
approximation of the two molecules. Upon binding of the Dis domain exosite, a conformational
change is also transduced to the active site favouring the active/’open’ state. Docking of the MP
domain (via lower affinity interactions) around the cleavage site directs the ‘open’ active site to
precisely accommodate and cleave the scissile bond. I previously stated that ADAMTS13 is
secreted as an active enzyme, with no activation step and no requirement for cofactors. Based
on the proposed mechanism, this does not seem to be entirely true. I propose that VWF acts
not only as the substrate, but also as a cofactor that specifically activates ADAMTS13. To
definitively verify this mechanism, future studies need to link the critical influence of the Dis
domain exosite interaction on substrate turnover (identified in this project), to a
conformational change in the MP domain (suggested to exist by various lines of evidence).
Additionally, solving the structure of the complex between ADAMTS13 and VWF73 will reveal
the conformation of the active site upon exosite binding as well as the effect of exosite binding

on the ‘gate-keeper’ triad proposed to stabilise a latent active site.
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[ propose that unfolding of ADAMTS13 via disruption of the inter-domain interactions that
hold the molecule in a folded conformation also has implications on the ADAMTS13 MP and Dis
domains and induces conformational changes within the MP domain that enhance the
functionality of the active site. Whether this modest (~2-fold) activity enhancement is
physiological and is manifest by the same mechanism of shifting the active site state

equilibrium remains to be uncovered.
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APPENDIX I

Table A PCR primers
Purpose Forward primer Reverse primer
VWF96 PCR amp | GGCAACAGGACCAACACTGGG TCACCTCTGCAGCACCAGGTCAGG
VWF96-Xhol TAATACGACTCACTATAGGG TATACTCGAGCCTCTGCAGCACCAGGTCAG
VWEF87-Xhol TAATACGACTCACTATAGGG TATACTCGAGTCGGGGGAGCCTCTCAAA
VWEF57-Xhol TAATACGACTCACTATAGGG TATACTCGAGTCCAATGGGCACCACCTG
VWF47-Xhol TAATACGACTCACTATAGGG TATACTCGAGCAGCCTCTTGATCTCATCAGAGG
PCR screening TAATACGACTCACTATAGGG TAGTTATTGCTCAGCGGTGG
Inverse PCR
VWF96-MP | AATGTCTACATGGTCACCGGAAATCC GTTGGGCGCCTGCTCCCGG
VWF96-Dis1 | CAGCAGCAGAGGCTGCCTGGAGACATCCAG ATTAGAGGAAGGATTTCCGGTGAC
VWF96-Dis2 | GAGCTGCCTGGAACCATCCAGGTGGTGCCCATTGGAG CTCCTGCTCAGCAGAGGCAGGATTTCCGGTGACC
VWF96-Cys | TCCCCTCAGCAGCAGCAGGACTTTGAGACGCTCCCC ATTGGGATAGCCCTGCCTCTCCAGCTC
VWF96-Spacer | AATCAGCAGAGGCTCGAGATCAAACG CGTGTCAGGAGCCTCTCGGGG
Sequencing TAATACGACTCACTATAGGG TAGTTATTGCTCAGCGGTGG
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