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ABSTRACT

Studies demonstrated ADAMTS13 possesses unique properties with a mystifying
regulatory mechanism. ADAMTS13’s role is in its proteolytic function to its VWF. The
disparity in the hemostatic balance between ADAMTS13 activity and the distribution of
VWF multimers could result in the bleeding disorder Von Willebrand Disease (VWD) or
the thrombotic disorder thrombotic thrombocytopenic purpura (TTP). ADAMTS13 is
constitutively secreted as an active protease, yet VWF retains its capacity to recruit
platelets. This ability makes ADAMTS13 an enigmatic protease with an unknown

regulatory mechanism.

Currently, the postulated regulatory mechanism of ADAMTS13 is in its
open/closed conformation, yet ADAMTS13 activity is retained in both forms. Literature
showed that few proteases are capable of degrading ADAMTS13 in-vitro. We hypothesize
that the partial degradation of ADAMTS13 regulates its activity, thereby stabilizing VWF

and promoting thrombosis.

The goals of this project were to develop and optimize in-vitro plasma BiolD to
identify novel interactions to ADAMTS13, validate novel interactions, identify proteases
capable of degrading ADAMTS13 and their proteolytic sites, and develop protease-

resistant ADAMTS13 mutants as novel therapeutics to thrombotic disorders.

We optimized the BiolD technique to be used in-vitro in plasma, to study novel
interactions with ADAMTS13. Our results identified novel potential interactions with

vitronectin or plasminogen. Validation studies disregarded vitronectin’s interaction and
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confirmed plasminogen’s interaction through the CUB and Kringle domains in a lysine-

dependent manner.

Further, the list of proteases capable of degrading ADAMTS13 was expanded to
include FXla and neutrophil-derived proteases including Cathepsin G, elastase, and hPR3.
Activated neutrophils played a stronger role than coagulation proteases in degrading
ADAMTSI13 in vivo, while also demonstrating that elastase is a more potent regulator.
Proteolytically degraded sites on ADAMTS13 were identified and proteolytic-resistant
ADAMTS13 mutants were produced accordingly, which we aim to be utilized as a novel

therapeutic to thrombotic disorders.
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1. INTRODUCTION

1.1. Hemostasis

1.1.1. Overview of Hemostasis

The cardiovascular system is responsible for delivering oxygen and nutrients
throughout the body. Circulating blood delivers the needed supplements to the various
organs and cells via the blood vessels, arteries, or veins, which are pumped from the heart
towards the organs and back to the heart, all while maintaining homeostasis, a state of
internal stability. The cardiovascular system can be disrupted by vascular injury, leading to
blood loss. The hemostatic system responds to vascular injury by generating a blood clot
at the site of damage to prevent excessive blood loss and maintain the flow of blood to

downstream organs and tissues.

Hemostasis is the term used to describe the cessation of bleeding. It is the process
of maintaining blood in a fluid state and exists as a balance between coagulation and
anticoagulation (1). Disruption of the hemostatic balance can lead to excessive bleeding or
thrombosis, a pathological blood clot that can lead to tissue ischemia, a restriction of blood
supply to tissues, and cell death (2). The luminal layer of blood vessels is lined with
endothelial cells, which maintains the fluidity of blood by expressing and releasing
anticoagulant factors. If a blood vessel is damaged, a subendothelium layer consisting of a
procoagulant surface is exposed. Through a cascade of events near the procoagulant
surface, which involve platelets, coagulation factors, and other proteins, a blood clot is

formed to reduce the loss of blood outside the circulatory system (3, 4).
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The hemostatic model consists of four major steps (5). Immediately following
vascular damage, blood vessels contract to reduce blood flow (vasoconstriction). Next,
platelets are recruited and aggregate to form an initial platelet plug (primary hemostasis).
The coagulation system is initiated leading to the generation of thrombin, which deposits
fibrin to stabilize the platelet plug (secondary hemostasis). Finally, tissue repair is

facilitated by the fibrinolytic system, which degrades blood clots (tertiary hemostasis) (6).

During vasoconstriction and at the time when endothelial cells are damaged, the
vessel wall halts the expression of anticoagulant mediators, such as thrombomodulin, and
will secrete proteins that initiate the formation of blood clots, such as von Willebrand factor
(VWEF) (5). Following vasoconstriction, are two distinct yet overlapping mechanisms for

blood clot formation, the formation of a platelet plug and the formation of a fibrin clot.

1.1.2. Primary Hemostasis: Platelet-Plug Formation

Platelets, VWF, and a disintegrin and metalloprotease with thrombospondin motifs
13 (ADAMTS13) are a few of the key players involved in the formation of the hemostatic
plug. In a balanced hemostatic system, 150,000 to 450,000 platelets per microliter circulate
in an inactivated and non-adhesive state, with a circular shape and a size of 2-3 um (7). The
role of platelets in hemostasis revolves around their activated state. In response to vascular
injury, platelets are activated through various pathways that allow them to undergo a
procoagulant conversion. This activation triggers a morphological change, converting

platelets from their circular shape to a round shape with finger-like projections (8). The
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change in shape includes the exposure of a procoagulant PS surface, whereby the assembly
of coagulation factor complexes, the intrinsic- and extrinsic-tenases prothrombinase
complex, takes place (9, 10). In addition, the activation of platelets triggers the release of

molecules that further promote platelet recruitment and aggregation (8, 11, 12).

The recruitment of platelets to an injured vessel is controlled by Von Willebrand
Factor (VWF). VWF is a large multimeric circulating protein that binds to the exposed
subendothelial collagen at sites of vessel injury (13). Due to the presence of shear from
blood flow, collagen-bound VWF unravels into a long-string structure that binds to the
GP1b, receptor on circulating platelets (14, 15). The bound platelets become activated on
the collagen surface via the interaction of the GPVI platelet receptor and collagen (13, 16).
During the signaling events for the activation of platelets, the cytosolic concentration of
Ca?" is increased, which activates the adenosine diphosphate (ADP) signaling pathway
(12). ADP, initially released from damaged endothelial cells, acts on platelet’s P2Y1 and
P2Y12 receptors, causing further platelet activation and further release of ADP (12).
Activated platelets release thromboxane A2 (TxA2), which stimulates vasoconstriction,
and further amplifies the activation of platelet (6). Activated platelets release their granule
contents, including fibrinogen and VWF, which promote further platelet aggregation and
the formation of the fibrin clot (16-18). Furthermore, additional agonists such as TF and
thrombin are also released which promote clot formation through the secondary hemostasis
(10, 19). Platelet aggregation and the formation of a platelet plug continue to grow as

additional VWF binds to the immobilized platelet aggregates, capturing additional platelets

3|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

to the growing clot (20). The size formation of the platelet plug is controlled by

ADAMTS13, which proteolytically degrades unraveled VWF (Figure 1) (20).
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Sub-endothelium

*—Xv Platelet

Figure 1 - Platelet Plug Formation — Role of Platelets, VWF, & ADAMTS13.

The globular shape VWF multimer binds to the exposed collagen at the sub-endothelium,
unravels from the shear force applied by the flow of blood, and tethers platelets to the site
of vascular injury. Platelets then adhere to collagen, which stimulates platelet activation
and aggregation. ADAMTS13 regulates VWF'’s capacity to recruit platelets by regulating

the size of the unraveled VWF multimers (21).
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1.1.3. Secondary Hemostasis: The Coagulation Cascade

The coagulation system is largely comprised of serine proteases and their cofactors
that ultimately regulate the formation of an insoluble fibrin matrix to stabilize the platelet
plug (1, 3, 4, 22). Coagulation is initiated through an extrinsic or intrinsic pathway to
generate the serine protease thrombin, which activates platelets and converts fibrinogen

into fibrin (Figure 2).

The extrinsic pathway begins with a vascular injury and the exposure of
extravascular tissue factor (TF) (3). TF is a transmembrane glycoprotein that is expressed
by vascular smooth muscle cells, adventitial fibroblasts, pericytes, and circulating
monocytes (3, 23, 24). Expression of TF provides a hemostatic barrier by quickly initiating
coagulation after injury (23). TF binds circulating FVII, which autoactivates into FVIla by
cleavage of an internal peptide bond at Argis.-lleiss (25). The TF remains bound to FVIla
to form the extrinsic tenase complex (25). This complex, created on a phosphatidylserine

(PS) membrane, activates FX into FXa (22).

The intrinsic pathway also referred to as the contact system pathway, begins by
activation of FXII through a negatively charged surface, in the presence of Zn?* (4).
Physiological activators of FXII include nucleic acids (DNA, RNA), activated platelets,
dense granules, polyphosphates, and neutrophil extracellular traps (NETS) (4, 26, 27). FXII
activation can be further amplified by the kallikrein system. FXlla activates FXI into FXla

in the presence of Ca?*, which activates FIX into FIXa (4, 22). FIXa assembles with its
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cofactor FVIlla on negatively charged membrane surfaces to form the intrinsic tenase

complex, which rapidly activates FX into FXa (22).

The intrinsic and extrinsic coagulation pathways converge into the common
pathway resulting in the formation of the prothrombinase complex (22). FXa binds to FVa
in the presence of calcium on PS-containing membrane surfaces to form the

prothrombinase complex, which converts prothrombin to thrombin (6).

Thrombin is the final effector of coagulation and converts soluble fibrinogen into
insoluble fibrin (28). Fibrin monomers are generated then polymerized upon the release of
the fibrinopeptides A & B (FPA & FPB) and through the binding of a chains and y chains
of adjacent fibrin monomers (28). Thrombin also activates FXIII, which crosslinks fibrin
chains to yield a more stable fibrin clot (28-30). The fibrin clot is capable of trapping red
blood cells and white blood cells, resulting in a complex mesh of insoluble fibrin,

aggregated platelets, and other hematopoietic cells (31).
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Figure 2 - The Coagulation Cascade.

The coagulation system is divided into the intrinsic, extrinsic, and common pathways. The extrinsic pathway begins with a
vascular injury and the activation of FVII by TF (3, 25). Intrinsic pathway begins by activation of FXII though negatively charged
surfaces, or Kallikrein (4, 29). The two pathways merge at the activation of FX. Cofactors as Ca?* and platelet surfaces (PIt).

Feedback activations are highlighted in grey for positive feedback loop, or in red for negative feedback loops.
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The initial production of thrombin may not be sufficient to counter the blood loss
at the site of vascular damage. Thus, many positive feedback loops take place throughout
the coagulation system, which further amplifies the production of thrombin (29, 32).
Besides the generation of fibrin, thrombin can activate the endothelium, which provides
anionic phospholipid surface, and platelets, which are a major source of FVVa activation (29,
32). In terms of the coagulation factors, thrombin is also capable of activating FVIII into
FVIiIa, FV into FVa (minor in comparison to the release of FVa by a-granules), FXI into
FXla in the presence of platelets (29, 32). Although thrombin is the major activator of
FVIII, FXa can also activate FVIII (29, 32). The positive feedback loops will amplify the

system uncontrollably without the presence of regulators such as natural anticoagulants.

The coagulation system has three natural anticoagulants that regulate the system:
activated protein C (APC), antithrombin (AT), and tissue factor pathway inhibitor (TFPI)
(22). Activated Protein C (APC) is the activated form of the zymogen and vitamin K-
dependent anticoagulant Protein C (33). APC, along with protein S, regulates coagulation
by cleavage and degradation of FVa and FVIlla (33). APC is generated on demand in
response to thrombin generation, whereby thrombin activates protein C in the presence of
thrombomodulin (TM) and endothelial protein C receptor (EPCR) (33). Secondly,
antithrombin (AT) is a serine protease inhibitor that inhibits serine proteases such as
thrombin (Flla), FIXa, FXa, FXla, and FXlla (34, 35). AT is constantly active and its
adhesion to the serine proteases is increased in the presence of the physiological heparan
sulfate or by the therapeutic administration of heparins (34, 35). Heparins enhance AT’s

affinity to thrombin by accelerating the bridging of AT to thrombin (34). Thirdly, Tissue

9|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

Factor Pathway Inhibitor (TFPI) is an extrinsic pathway inhibitor that inactivates FV1la by
targeting TF (25). The expression of coagulation factors and natural anticoagulants is also

influenced by the hematopoietic cells within the cardiovascular system.

1.1.4. Tertiary Hemostasis: Fibrin Clot Breakdown

The healing process for a blood vessel injury begins at the tertiary hemostasis stage
when the fibrinolytic system generates plasmin to break down the fibrin clot (6).
Fibrinolysis is dependent on the enzyme tissue plasminogen activator (tPA), which is
released by activated endothelial cells following vascular injury and converts plasminogen
to its active form, plasmin (36, 37). Plasminogen and tPA bind to fibrin, which serves as a
cofactor to accelerate plasminogen activation into plasmin (38). Within the clot, plasmin
degrades fibrin releasing fibrin degraded products. Because plasminogen activation by tPA
requires fibrin, plasmin generation is restricted to the site of thrombus formation (39). This
localization of plasmin is significant since its action is non-specific and will not only
degrade fibrin, but also other factors such as FV and FVIII (37). Other plasminogen
activators that are not dependent on fibrin include urokinase, FXII, and kallikrein (37). In
addition, in the contact portion of the intrinsic pathway, FXII and kallikrein produce
bradykinin from high-molecular weight kininogen while bradykinin is the most specific
and potent stimulus for tPA release (37). This emphasizes the involvement of the intrinsic
pathway’s early components (high-molecular weight kininogen, prekallikrein, and FXII) in

fibrinolysis and bradykinin generation rather than coagulation (37). The serine protease
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inhibitor plasminogen activator inhibitor-1 (PAI-1) regulates fibrinolysis by targeting and
inhibiting tPA and urokinase from activating plasminogen (39). Alpha-2 antiplasmin is a
serine protease inhibitor that specifically targets plasmin. Increased PAI-1 levels have been
associated with an increase in the occurrence of thrombosis in cancer patients (38). Thus,

effective activation of plasminogen into plasmin regulates clot clearance.

1.1.5. Role of Hematopoietic Cells in Hemostasis

Hematopoietic cells are derived from stem cells of the bone marrow and are
differentiated into mature blood cells such as platelets, erythrocytes, and leukocytes (40).
The contribution of platelets to hemostasis is well known and established. Other
hematopoietic are increasingly recognized for their role in hemostasis and thrombosis
through their expression and secretion of coagulation activators or inhibitors, and/or in
providing a negatively charged surface to assemble coagulation factor complexes (10, 19,

41).

1.1.5.1. Role of Red Blood Cells in Hemostasis

Red blood cells (RBC) are primarily responsible for transporting oxygen to body
tissue and cells (42). The role of RBCs in hemostasis was investigated during the first
clinical observation, in 1910, when anemic patients demonstrated prolonged bleeding time

irrespective of their platelet count (43). Originally, it was thought that platelets were
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responsible for coagulation and the role of RBCs in hemostasis was not well known.
However, investigations have revealed that abnormally high hematocrit levels, such as
those with polycythemia vera, are more vulnerable to thrombotic disorders (44). The
hemostatic balance can be disrupted by changes in the hematocrit level which is influenced
by any of the following underlying effects: an increase in blood viscosity, the formation of
RBC aggregates, RBCs binding to the vessel wall, the release of procoagulant
microvesicles, the ability of free hemoglobin to suppress free nitric oxide (a platelet
inhibitor) during hemolysis, RBCs migration towards the center of blood flow that pushes
platelets toward the vessel wall, varying the levels of VWF and FVIII, or the availability
of procoagulant phosphatidylserine surface which helps in the assembly of coagulation

factor complexes and accelerate clot formation (43-51).

1.1.5.2. Role of White Blood Cells in Hemostasis

White blood cells (WBC), also referred to as leukocytes, are a family of
hematopoietic cells that play a role in the body’s immune. WBCs may contribute to blood
clot formation in several ways including expression of procoagulant mediators such as TF,
expression of proteases capable of inactivating natural anticoagulants, or in providing a

negatively charged surface for the assembly of coagulation factor complexes (52-54).

Monocytes are the largest type of white blood cells that differentiate into
macrophages or dendritic cells. Their main function is to combat infection through

phagocytosis, antigen presentation, or cytokine production (55). Unlike other leukocytes,
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monocytes exposed to bacterial lipopolysaccharide (LPS) have been shown to express TF
both in-vitro and in-vivo (24, 52, 56). Furthermore, monocytes can release MMP-1 and
MMP-9, which cleave and inactivate tissue factor pathway inhibitor (TFPI), which can
accelerate clot formation (57). This activity may be accelerated at sites of vessel injury or
inflammation because monocytes can be recruited by VWF through the interaction of the

monocyte’s 32 integrin and an LLG motif in the A2 and D3 domains of VWF (58-60).

Eosinophils are another type of white blood cells and are more involved in an
inflammatory response yet can predict the likelihood of a cardiovascular event (54).
However, the involvement of eosinophils in hemostasis is not as prevalent as in neutrophils.
Similar to neutrophils, activated eosinophils will secrete eosinophil extracellular traps
(EETS) that are composed of a mesh-like network of DNA, histones, and granular proteins
(61). This mesh-like network can bind and kill bacteria extracellularly (61). Also, EETs
primary function is to kill bacteria, yet are also capable of activating platelets and
promoting thrombus formation (62). Targeting EETs and preventing their formation was
proven to diminish thrombus formation in-vivo (62). Furthermore, activating eosinophils,
through an agonist such as ADP, provides a negatively charged surface capable of further

enhancing thrombin generation and contributing to hemostasis (63).

Another two types of white blood cells are basophils and mast cells (64). In terms
of hemostasis, basophil count can be used to predict the likelihood of a cardiovascular event
or cardiovascular-related mortality through increased thrombin activity (65). Both
basophils and mast cells store histamine and heparin within their secretory granules (41,

66). Once activated, histamine and heparin are secreted into the cardiovascular system to
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induce an inflammatory response and trigger coagulation (41, 66). Despite heparin being
an anticoagulant that can inactivate thrombin through AT; mast cells-derived heparin has
been proven to initiate coagulation by activating FXII through the kallikrein-kinin cascade

(67-69).

Neutrophils are the most abundant white blood cell and are the first line of defense
in an innate immune response (70, 71). The role of neutrophils in hemostasis is pleiotropic,
affecting both procoagulant and anticoagulant pathways (71). Neutrophils possess
anticoagulant properties that lead to a faster breakdown of blood clots. For example,
neutrophil elastase cleaves native plasminogen (Glu-plasminogen) to yield an angiostatin-
like molecule containing plasminogen’s K1-3 domains (72-74). Elastase-cleaved
plasminogen is a better substrate for the plasminogen activators, u-PA, and t-PA than native
plasminogen (72). Thus, neutrophil elastase promotes a faster breakdown of blood clots
through the fibrinolytic system. In addition, another neutrophil-secreted enzyme
Myeloperoxidase (MPQ) produces reactive oxygen species (ROS) (75). These ROS
partially inactivate various coagulation factors such as FV, FVIII, and FX (75). The
inactivation of coagulation factors slows down the coagulation cascade system, hence

providing neutrophils with an anticoagulant role within the hemostatic system.

Neutrophils also possess procoagulant properties that lead to a faster formation of
blood clots. Upon activation, neutrophils degranulate and release neutrophil extracellular
traps (NETs). NETs are a mesh-like structure composed of DNA, histones, and secreted
granular proteins (76). The main function of NETs is to entrap, immobilize and Kill

pathogens (76). The presence of negatively charged DNA fragments released during the

1l4|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

activation of neutrophils can initiate coagulation through the intrinsic pathway by
promoting FXII autoactivation (71, 77). Also, neutrophils contribute to hemostasis via the
release of histones H3 and H4 which activate platelets and promote platelet aggregation
(57, 71). Like monocytes, neutrophils release proteases that can degrade natural
anticoagulants (57, 71). For example, cathepsin G and elastase cleave the natural
anticoagulants antithrombin (AT), thrombomodulin (TM), protein C, and TFPI (53, 71, 78,
79). In addition, neutrophils release proteases such as elastase and hPR3 which are capable
of degrading both ADAMTS13 and VWEF in vitro (80, 81). Whether neutrophils have a
direct function in disrupting the ADAMTS13/VWEF axis is unknown, neutrophils may play

arole in regulating ADAMTS13 activity through proteolysis.

1.2. Von Willebrand Factor

VWEF, von Willebrand Factor, is a plasma multimeric glycoprotein that tethers
platelets to the site of vascular injury and binds to and stabilizes FVI1II in circulation (82).
Deficiency of VWF results in a bleeding disorder referred to as von Willebrand Disease

(VWD).

1.2.1. Discovery of VWF

In the mid-1920s, the scientist Erik von Willebrand first identified an inheritable

bleeding disorder that demonstrated prolonged skin bleeding time in a 5-year-old girl (83,
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84). The child had a history of significant mucosal bleeding, yet interestingly, had normal
clotting time and clot retraction (83, 85). Von Willebrand's analysis revealed that the "new"
bleeding disorder was caused by the absence of a plasma factor, which resulted in extended
bleeding time without affecting coagulation time or clot retraction (86, 87). In the early
1960s, two in-vitro studies identified decreased platelet adhesion as a result of this bleeding
order (88, 89). By the late 1960s, the bleeding disorder was pinpointed to a deficiency of
FVIII and another plasma factor (84, 90, 91). However, it was not until the 1970s that a
breakthrough in the diagnostic and identification of VWD took place thanks to the
advancements in molecular techniques. In the early 1970s, ristocetin was identified to
induce platelet aggregation, and its use in the quantification of platelet adhesion was the
first reliable test in the diagnostic of VWD (92, 93). In addition, with the advancements in
immunoassays, Zimmerman identified and termed the multimeric glycoprotein VWF, and

by the mid-1980s, the VWF gene was isolated and cloned (94-96).

1.2.2. Expression of VWF

The VWF gene is on chromosome 12, whereby its mMRNA encodes for a 2813 amino
acid protein (97). VWF contains a 22 amino acid signaling peptide, a 741 amino acid

propeptide, and a 2050 amino acid mature protein (98).

During the biosynthesis process of VWF, the translocation of the newly synthesized
VWEF protein to the endoplasmic reticulum ensues protein folding whereby many of the

disulfide bonds are formed including the bond, Cys2771-2773° and Cys2771°-2773 in the
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CK domains of two monomers, which is responsible for the C-terminal dimer formation
(99). Upon dimerization, the signaling peptide is removed, and glycosylation ensues as the
protein is carried to the Golgi (Figure 3) (100). In the Golgi, pro-VWF dimers multimerize
through disulfide bond formation between the D3 domains of two dimers into a “head-to-
head” and “tail-to-tail” formation, and the propeptide is then cleaved by furin to produce a
mature unit of VWF (101). VWF multimers are then secreted through Weibel Palade bodies
from endothelial cells and a-granules from platelets into the bloodstream, which results in
ultra-large VWF multimers that require processing into more hemostatically balanced

multimer sizes (102, 103).

Human VWEF is secreted as a multimeric protein consisting of a variable number of
subunits that can reach 40 um in length, and longer under pathological conditions (103—
105). These findings were reiterated in a review by Springer whereby he indicated that as
many as 3500 monomers can form VWF tubules with 5 um in length in Weibel palade
bodies (pH 5.4), which extend to ~250 pm in length when released into the blood stream
(pH 7.4) (106). As a monomer, VWF is 250 kDa in size, and as a multimer in circulation,
VWEF varies in size distribution with a molecular weight ranging between 500 kDa and over
10,000 kDa (97). In a balanced system, the average concentration of VWF is about 10

pg/mL in circulation (107).
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Figure 3 - Multimerization of VWF.
After proteolysis of the signaling peptide, VWF dimerizes via the CK domain at the

Endoplasmic Reticulum, then further via the D3 domain at the Golgi (102, 103). The
multimerization process is achieved through a ‘head-t0-head’ and ‘tail-t0-tail’ formation

via disulfide bonds at D3 and CK domains.
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1.2.3. VWE Structure

The domain organization of VWF encoded from the VWF gene is as followed: SP
(signaling peptide), D1D2 (propeptide), D’D3 (FVIII binding site), Al (collagen, and
platelet receptor GP1y, binding site), A2 (ADAMTS13 proteolytic site), A3 (collagen-
binding site), D4, C1-C6, and CK domains (Figure 4) (96, 102, 103). Many of these
domains contribute to the role of VWF in hemostasis through functional binding sites or
cleavage sites, while others are involved in the biosynthesis process and the
multimerization of VWF (108). VWF also contains many cysteines (234 cysteines out of
2813 amino acids), resulting in several disulfide linkages that give VWF its unique

structure and functions (109).

The propeptide plays an important role in the multimerization of VWF and the
packing of VWF into Weibel-Palade Bodies and a-granules. VWF propeptides from
adjacent dimers assemble into a helix bringing dimers into proximity to each other (110).
After that, disulfide isomerase activity of the propeptide catalyzes disulfide formation of
the adjacent dimers, resulting in multimer formation. The acidic pH of the Golgi maintains
the association between the propeptides and the newly multimerized mature protein. The
mature multimer radiates outwardly from the helical core of the propeptides, and the
compact configuration is maintained as VWF is packaged into Weibel-Palade body storage

organelles (110). Furthermore, deletion of the propeptide prevents VWF multimerization
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at the D3 domains but has no effect on the dimerization process at the CK domains (111,
112). Furthermore, the pH difference between the endoplasmic reticulum (pH 7.2) and
trans-Golgi network (pH 6.2) is needed for the multimerization process to occur (113, 114).
The slightly acidic pH in the Golgi, along with the absence of chaperones, creates an
unfavorable environment for disulfide bond formation. However, Purvis et al demonstrated
that VWF can overcome that challenge via the formation of a transient intracellular
disulfide bond between the propeptide and VWF D3 domain, similar to the works of a
disulfide isomerase (115). Wagner et al, along with others, also revealed that the propeptide
is required for the successful packing of VWF multimers into Weibel-Palade bodies by
demonstrating that the propeptide is needed for the formation of storage granules (116—

118).

The D’D3 domains within the mature VWF subunit contain the binding region for
FVIII. These set of domains are associated with the stability of FVIII in hemostasis by
protecting FVI1II from proteolysis and prolonging its half-life (119, 120). Mutations within
this region leading to an impaired VWF-FVIII interaction result in rapid clearance of FVIII
(121). This effect is observed in VWD type 2N patients displaying hemophilia A-like
symptoms. In addition, the inability of furin to cleave VWF propeptide due to mutations in
the furin cleavage site prevents FVIII from binding to VWF D'D3 domains, possibly due

to steric hindrance (122-124).

The three central ‘A’ domains on VWF are important to VWE’s role in hemostasis.
Each VWF A domain consists of a hydrophobic (3-sheet core surrounded by amphipathic

a-helices (125). This results in a folded, globular conformation that shields the functional
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binding sites or cleavage sites of VWF. In its globular state, VWF does not readily interact
with its binding partners such as platelets or collagen, and VWEF is not readily available for
proteolysis by its cleaving enzyme ADAMTS13 (102, 103). In circulation, the presence of
shear stress unwinds VWF which facilitates the force-dependent cleavage of VWF
multimers by ADAMTS13 (126). Depending on the blood vessel size, the shear rate and
rheological stress applied differs. In veins, where the rate and force are the lowest, the mean
wall shear rate is 15— 200 (/s), and force is 0.7 —9 (Dyn/cm?) (126). Whereas those numbers
increase to 300 — 800 and 450 — 1600 (/s) in rate, and 13.5 — 36 and 20.2 — 72 (Dyn/cm?)

in large arteries and arterioles respectively (126).

The Al domain, amino acids 1277 — 1453, contains the platelet’s binding site,
whereby the VWF A1 domain binds to the GP1ba receptor of platelets (102, 103, 127).
Mutations in the A1 domain, such as 11309V, are observed in VWD patients type 2B (128).
These patients demonstrate a gain-of-function mutation whereby VWF has increased
affinity to the platelet receptor GP1ba, resulting in platelet agglutination and a bleeding
phenotype (128). In addition to binding to platelets, the VWF A1 domain was found to bind
to heparin, sulfatides, and collagen VI (129-132). The heparin-binding domain within the
VWF Al domain demonstrated an additional role of VWF beyond hemostasis and in
angiogenesis by binding to growth factors and promoting angiogenesis and tissue
regeneration (130). Sulfatides, sulfated glycosphingolipids, were found to bind to the Al
domain of VWF at a site overlapping the GP1ba-binding site and disrupting the binding

interaction between VWF and GP1ba (131). Collagen VI, an abundant component of the
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fibrillar subendothelium of the arteries, was also found to bind to the A1 domain of VWF

emphasizing the role of VWF in hemostasis in arteries (132).

The A2 domain, amino acids 1498 — 1665, contains the proteolytic site for
ADAMTS13 (102, 103, 127). When VWF experiences sufficient shear forces of 5000 s
or higher (133), the A2 domain unfolds and exposes the Tyrl®®-Met!®% pond to
ADAMTS13 for proteolysis (21). Mutations in the A2 domain, such as G1629E, increase
the susceptibility of VWF to cleavage by ADAMTS13 (134). This effect results in a
decrease in the size distribution of VWF multimers, resulting in reduced VWF-platelet
binding capacity and the bleeding phenotype observed in VWD type 2A patients (135).
Unlike the other A domains, the A2 domain does not contain the a4-helix, which may play
a role in the unfolding and refolding of the A2 domain required for VWF proteolysis by
ADAMTS13 (136). In addition, the A2 domain contains a calcium-binding site that is
postulated to also play a role in the folding mechanism of the A2 domain. Xu et al
demonstrated an increase in the refolding rate of the A2 domain in the presence of Ca?",
thus Ca?* stabilizes the refolding of the A2 domain (137). Lastly, due to the nature of the
folded state of the A2 domain, studies have utilized several techniques to study the effect
of ADAMTS13 on the VWF A2 domain. These techniques include a truncated form of
VWF A2 domain, such as VWF73, which avoids the requirement of shear, or a cone-plate
viscometer that mimics shear, or denaturants, such as urea, which unfold the A2 domain

(21, 126, 138-140).

Evaluating the proteolytic activity of ADAMTS13 becomes a challenge due to the

natural folded state of the A2 domain on VWF. VWF A2 domain can be exposed through
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shear force or denaturants such as urea, or mutations on VWF (21, 140). Thus, three
techniques were developed to study the proteolytic activity of ADAMTS13 on VWF. These
include the use of cone-plate viscometer, FRETS-VWF73, and the use of a denaturant
reagent such as urea. The cone-plate viscometer is a shearing device made of a rotating
cone on top of a stationary plate. The rotating cone applies a varying amplitude of
centrifugal force onto VWF, mimicking the rheological effect present in the cardiovascular
system and exposing the A2 domain of VWF (126, 138). Another technique to study the
activity of ADAMTS13 is the use of a truncated form of VWF, such as VWF73, whereby
fluorescence resonance energy transfer technology is incorporated. FRETS-VWF73 is an
assay that utilizes the VWF73 peptide along with a fluorophore and a quencher near VWF’s
proteolytic site (139). The VWF73 peptide is a subsection of the VWF A2 domain which
includes VWE’s proteolytic site (Y1605-M1606) and excludes the amino acids responsible
for the folding of the A2 domain; thus, the proteolytic site is readily available (139). The
assay was designed to avoid the requirement of shear FRETS-VWF73 which allows to
quantitatively analyze the activity of ADAMTS13 in real-time in a clinical setting (139).
Lastly, the use of denaturants such as urea unravels the A2 domain of VWF, whereby

ADAMTS13 cleaves VWF before both proteins are completely denatured (21, 140).

The A3 domain, amino acids 1691 — 1871, contains the collagen’s binding site,
whereby the VWF A3 domain binds to collagen (102, 103, 127). In response to vascular
injury, VWF binds to exposed collagen types | and Il via its A3 domain (141). The
interaction between the negatively charged residues on the A3 domain and the positively

charged residues on collagen is what allows the binding to occur (141). Few mutations in
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the A3 domain, such as S1731T, have been identified and characterized demonstrating a
qualitative defect in the binding of VWEF to collagen, yet the multimeric distribution pattern
is normal (142). However, other mutations within the A3 domain, such as L1696R,
demonstrated a combined qualitative defect in the binding to collagen, and a qualitative
defect (143). In addition, similar mutations also observed another qualitative defect
whereby VWE’s ability to bind to platelets also decreased (143). The administration of
purified wild-type VWF was able to correct this defect, yet the binding to collagen

remained abnormal (143).

The D4 domain of VWF is involved in the compacting of VWF into Weibel-Palade
bodies. D4, along with A2 and A3 domains come together to form a flower bouquet-like
structure that assists in the packing of VWF into the Weibel-Palade bodies (144). More
specifically, the flower arrangement is known as raceme, whereby the structure
arrangement contains three pairs of flower-like globules followed by a stem-like structure
(144). Under electron microscopy, the distal domains C1-CK are observed as stem-like

structures (144).

With 201 VWC domains found in 70 human proteins, the C domains of VWF
(VWC) are prevalent in the motifs of extracellular proteins (145). Typically, VWC domains
are small with a size of ~10 kDa and range between 75 to 100 amino acids in length (145).
The C1-C6 domains of VWF are involved in the secretion process of VWF. Despite the
lack of a resolved crystal structure of the VWF C domains, analysis of a typical C domain
structure showed 10 conserved cysteine residues and the formation of 5 disulfide bridges

between each pair (146). Shapiro et al demonstrated through mutations of these cysteine
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residues to alanine, that individual or paired mutations resulted in impaired secretion of
VWEF and retained VWF in the endoplasmic reticulum (146). In addition, partial or
complete deletions of the C domains also resulted in similar retention, suggesting that the
C domains are required for normal VWF assembly and secretion (146). Furthermore, the
unique C4 domain, unlike other C domains in VWF, contains a platelet-integrin binding
domain (145). The structure of the C4 domain is “unusually kinked”, whereby the platelet-
integrin binding loop is exposed for binding to the platelet GPIIb/111a receptor (145, 147).
The binding of VWF to this receptor activates platelets and contributes to platelet

aggregation at sites of vessel injury (147).

25|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

o
3 n o
B '
5 ] 2 3 S
| : |
1- Cl C2 CK

Figure 4 - Classical Domain Organization of VWF.

VWF multimerizes through a “head-t0-head” and “tail-to-tail” formation by disulfide
bonds at D3 and CK domains (102). The 3 A domains are: Al for binding to platelet

receptor GP1ba, A2 for proteolysis by ADAMTS13, and A3 for binding to collagen.
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1.2.4. Role of VWF Beyond Hemostasis

As previously discussed, the primary role of VWEF in hemostasis is in the tethering
of platelets at the site of vascular injury (102). However, further studies have revealed VWF
as a multi-functional protein with involvement in other systems such as sepsis,

atherosclerosis, and angiogenesis.

Sepsis is a life-threatening illness in response to an extreme infection whereby
neutrophils release NETS to trap and handle the bacteria in the circulation system (148).
VWE is recruited by bacteria during sepsis by attaching to immobilized VWF on activated
endothelial cells in the bloodstream and disrupting VWF's physiological functions such as
platelet recruitment and coagulation (149). Studies have demonstrated that NETS have
been found to promote thrombosis which is mediated through the binding of DNA and
histones to the A1 domain of VWF (150, 151). In addition, during sepsis, VWF levels are
increased which contribute to platelet consumption, microvascular thrombosis, and organ

damage (150, 151).

Atherosclerosis is a chronic lipoprotein-driven disease whereby there is a build-up
of fatty lesions that consist of cholesterol, fat, and inflammatory and thrombotic factors that
lead to the formation of an atherosclerotic plaque (152). During atherosclerosis, ultra-large
VWEF immobilized to endothelial cells recruit and activate platelets which promote vascular

inflammation through an increase of inflammatory markers and oxidative stress (153).
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Inflammatory markers such as P-selectin and VCAM-1 are leukocyte adhesion mediators
which promote leukocyte recruitment onto the endothelial cell surface at the atherosclerotic
lesions (154, 155). As the atherosclerotic plaque begins to grow and rupture, thrombosis is
induced, and VWF contributes to the growth of the atherosclerotic clot by recruiting
additional platelets (153). Furthermore, an in-vivo study has pinpointed that endothelial
cell-derived VWF, and not platelet-derived VWF, was responsible for promoting
atherosclerosis by promoting platelet adhesion and vascular inflammation (156).
Deficiency in VWF has been shown to provide a protective effect against atherosclerosis
(157). In addition, using ADAMTSL13 as a therapeutic agent has been proven to reduce
vascular inflammation and plaque formation during early atherosclerosis as demonstrated
by Gandhi et al during their examination of atherosclerotic plaques in ADAMTS13” mice

(158).

Angiogenesis is the process whereby new blood vessels are formed from pre-
existing ones (159). Dysregulated angiogenesis can be a result of many disorders such as
diabetes, cancer, and pathological angiogenesis is referred to as angiodysplasia (160).
Angiodysplasia was found to be associated with VWD (161). During an in-vitro study on
angiogenesis, suppressing the expression of endothelial VWF increased the formation of
the capillary tube network (161). Furthermore, the study demonstrated that intracellular
VWEF inhibits vascular endothelial growth factor receptor 2 (VEGFR-2), a receptor that is
responsible for promoting endothelial proliferation, migration, and sprouting in the early
stages of angiogenesis (161-163). Also, using an in-vivo model, VWF’ mice were shown

to promote angiogenesis (161). Relating this observation to VWD patients, blood
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outgrowth endothelial cells (BOECS) isolated from VWD patients demonstrated enhanced
angiogenic properties (161). Overall, these data suggest VWF to have a regulatory role in
angiogenesis, whereby the lack of VWF promotes the formation of new blood vessels

(161).

In relation to ADAMTS13, since ADAMTS13 regulates the size distribution of
VWF multimers, and that VWF plays additional roles beyond hemostasis; one can postulate
that ADAMTS13 may also have additional roles beyond hemostasis that are indirect and

are possibly a result of VWF processing.

1.3. ADAMTS13

ADAMTS13 is a 180 kDa plasma metalloprotease protein that is responsible for the
proteolytic degradation of VWF (164, 165). The ADAMTS13 gene has been mapped to
chromosome 9q34, whereby its mMRNA sequence of 4550 bp after processing encodes for
a 1427 amino acid pre-cursor unit of ADAMTS13 (166). The ADAMTS13 gene encodes
for a 29 amino acid signaling peptide, 45 amino acid propeptide, and a 1353 amino acid

mature protein (164, 166).

ADAMTS13 is predominantly synthesized in the liver by hepatic stellate cells and
secreted into circulation as an active enzyme (167). In addition, ADAMTS13 expression
was found in kidneys whereby glomerular endothelial cells were found to express and
secrete ADAMTS13 as well (168). Furthermore, using real time-PCR, ADAMTS13 was
found to express in the spleen, lungs, and the brain as well (167). However, the primary
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source of ADAMTSL13 is in its expression by the hepatic stellate cells, and further
investigating these cells may provide a further understanding in the regulation of

ADAMTS13in TTP (167).

1.3.1. Discovery of ADAMTS13

The history of ADAMTS13 predates its discovery and is centered on the thrombotic
disorder TTP. In the mid-1920s, the first case, of what was later classified as TTP, was
diagnosed in a 16-year old female patient (169). The patient presented anemia followed by
paralysis and a coma (169, 170). Two weeks later, the patient died, and her autopsy revealed
occlusive thrombi in the arterioles and capillaries (169). Moschowitz’s diagnosis was
written as a powerful “poison” with hemolytic and agglutinative properties (169). Later in
1960, Schulman reported a similar diagnosis in an 8-year old patient, who also presented
several episodes of anemia and thrombocytopenia (171). However, she responded well to
plasma infusion treatments (171). By the late 1970s, Upshaw reported a similar diagnosis
in a 29-year old woman; however, her first episode was reported as early as 6 months of
age (172). Following these incidents, the examiners postulated that a lack of a plasma
protein responsible for platelet agglutination or the survival of RBCs was the cause of this
unknown disease (173). In addition, the use of plasma transfusion recovered the levels of
such protein; thus, the term Upshaw-Schulman Syndrome was coined for this disease (173).
By the early 1980s, Moake et al reported the presence of ultra-large VWF (UL-VWF)

multimers present in similar patients (174). Moake et al also postulated the presence of a
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VWF “depolymerase” that is responsible for regulating the size of VWF multimers (174).
However, it was not until the late 1990s that VWF “depolymerase” was identified and
isolated (175, 176). In 2001, several studies examining the structure of VWF
“depolymerase” identified this protein as a novel member of the ADAMTS family, and

thus the term ADAMTS13 was coined (177-179).

1.3.2. ADAMTS Family

ADAMTSI13 is part of the ADAMTS protease family and a member of the
Metzincin protease superfamily (180). The ADAMTS family consists of 19
metalloproteases and 7 ADAMTS-like proteins that lack protease activity and the
metalloprotease domain (181, 182). The 19 metalloproteases of the ADAMTS protease
family are generally not well characterized but are thought to help shape the extracellular
matrix (ECM). For example, ADAMTS2 cleaves procollagen into activated collagen

fibrils, which plays a major role in the structure and stability of fibrous tissue (183).

All members of the ADAMTS protease family consist of a signaling peptide, a
propeptide, a metalloprotease domain (M), disintegrin-like domain (D), thrombospondin
type 1 motif (T), cysteine-rich domain (C), spacer domain (S), and varying other C-terminal
domains (181, 182). The additional domains could be additional T repeats, CUB domains
(complement C1r/C1s, sea urchin epidermal growth factor, and bone morphogenetic
protein), mucin domain, Gon-1 like domain, or a PLAC domain (protease and lucinin) (181,

182).
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The most common shared feature within this family of proteases is the
metalloprotease domain. This domain contains a highly conserved consensus sequence,
HEXXHXXGXXH, whereby the histidines coordinate a zinc atom, and along with
glutamic acid residue, carry out the enzyme’s catalytic function (181, 182). Following this
sequence is a methionine residue, which forms a curve in the structure known as the Met-
turn, which provides a binding pocket for the zinc atom and is conserved throughout the

Metzincin family of proteins (184, 185).

Another common feature that is shared amongst this family of proteins is the
cleavage of the propeptide by a protein, such as furin, that activates the ADAMTS protein
for its proteolytic function (186). Generally, the function of the ADAMTS proteins, apart
from ADAMTS13, revolves around the extracellular matrix. In addition, the activity of the
ADAMTS proteins, apart from ADAMTS13, is regulated by metalloprotease inhibitors

such as tissue inhibitors of metalloproteinases (TIMPs) (187).

The ADAMTS proteins are further categorized depending on their function. The
class of proteoglycanases, enzymes that are capable of cleaving proteoglycans such as
aggrecan, include ADAMTS-1, -4, -5, -8, -9, -15, and -20 (181). Another class of enzyme,
procollagen N-peptidase, include ADAMTS-2 which is capable of cleaving collagen types
I, 11, and 111 (188). ADAMTS proteins that share a similar homology to ADAMTS-2, such
as ADAMTS-3 and ADAMTS-14, are also capable of cleaving collagen in-vitro (181).
Other members of the ADAMTS family of proteins, apart from ADAMTS13, have not been

well characterized.
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Despite the sequence similarities and homology that are shared between
ADAMTS13 and the ADAMTS family of proteins, ADAMTS13 remains the most unique

member of the ADAMTS family because of its unique properties and function.

1.3.3. Structure of ADAMTS13

ADAMTS13 shares the same first part of the protein, pro-MDTCS, as other
ADAMTS proteins but differs at the C-terminal (167, 180). Unlike the other ADAMTS
proteins, ADAMTS13 possesses seven additional thrombospondin type-1 repeats and two
additional CUB domains (Figure 5) (167, 180). The additional domains have been shown

to play a role in the conformational activation of ADAMTS13 (189, 190).

The propeptide of ADAMTS13 is different than the propeptide of other ADAMTS
proteins and matrix metalloproteases (MMPs). First, the propeptide of ADAMTS13 is
shorter, ~41 amino acids, compared to the typical ~200 amino acids in size (164). Second,
the propeptide of MMPs may assist in protein folding, or in regulating the catalytic activity
of the protease via a cysteine switch whereby a cysteine residue binds to and occludes
access to the Zn?* ion in the active site (191, 192). Interestingly, the ADAMTS13
propeptide is unique and does not possess either property (164). While the ADAMTS13
propeptide is cleaved during the expression and secretion of ADAMTSL13, its attachment
to ADAMTS13 does not hinder the ADAMTS13 activity, and ADAMTS13 is capable of

cleaving VWF multimers with and without the propeptide present (164). These data suggest
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that the propeptide is a vestigial feature of evolution and has lost its function in

ADAMTSI1S.

The ADAMTS13 metalloprotease domain function is the hydrolysis of the VWF
scissile bond (21). The metalloprotease domain of ADAMTS13 shares few similarities with
other metalloproteases, such as reprolysin or adamalysin, which include the highly
conserved metalloprotease active site motif (HEXXHXXGXXH), and an adjacent Met-turn
that provides a Zn?*-binding pocket (21). ADAMTS13’s active site’s Glu225 residue, 3 His
residues (184, 190, 193), and the Zn?*-bound ion coordinate a water molecule that drives
hydrolysis of the scissile bond (21). Furthermore, ADAMTS’s active site is known to have
three Ca?* binding sites, based on the crystal structure (194, 195). First, the amino acid
residues Glu83, Asp173, Cys281, and Asp284 coordinate the first Ca* binding site (194,
196). These residues are conserved throughout the ADAMTS family and appear to facilitate
low-affinity Ca?* binding (194, 196). Second, the amino acid residues Glu164, and Asp166
coordinate the second Ca?* binding site along with one or more of the following residues
Asnl162, Aspl65, and/or Asp168 (194, 196). However, amino acid substitutions on any of
the amino acids in this site did not affect the calcium-binding ability of ADAMTS13 (194,
196). Third, the amino acid residues Asp187, and Glu212 coordinate the third Ca?* binding
site along with Asp182 or Glul84 (194, 196). In addition, amino acid substitutions on the
amino acids involved in this site resulted in a drastic decrease of Ca?*-dependent
ADAMTS13 activity; thus, postulating this site to be involved in high-affinity Ca?* binding

(194, 196). The location of the Ca?* binding sites in a loop near the active site and within
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the metalloprotease domain suggests that Ca®* binding offers structural stability, which is

required for effective VWF proteolysis (21).

The disintegrin domain shares structural features with the viper venom disintegrin
but lacks the canonical cysteine arrangement and therefore does not inhibit platelet
aggregation nor bind to other integrins (21, 197). For ADAMTS13, the disintegrin domain
shares similarities to the cysteine-rich domain in structure and contains critical exosites
involved in binding VWF and positioning the scissile bond for proteolysis by the
metalloprotease domain (21). In addition, the disintegrin domain contains a flexible linker
that allows the disintegrin domain to be positioned towards one end of the metalloprotease
active site (21). Furthermore, several studies have alluded to the importance of the
disintegrin domain in the specificity and proteolysis of VWF. de Groot et al demonstrated
that mutations to the residues Arg349 and Leu350 in the Disintegrin domain decreased the
proteolytic activity of ADAMTS13 by 5- to 20- fold when cleaving a truncated VWF A2-
domain substrate, VWF115 (193). Moreover, Xiang et al demonstrated that mutations to
the residues Alal612 and Aspl1614 in the A2 domain of VWF decreased the proteolytic
activity of ADAMTS13 by 6.5- fold, when cleaving VWF115 (198). Bringing all this
together, these amino acid residues are involved with the positioning of VWF onto

ADAMTS13 for cleavage (198).

Thrombospondin type-1 (TSP) repeat motifs are homologous to the
thrombospondin type-1 protein that interacts with cell adhesion receptors (21).
ADAMTS13 contains 8 TSP repeats, whereby TSP-1 is between the disintegrin domain

and the cys-rich domain, and TSP repeats -2 to -8 are between the spacer domain and the
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CUB domains (21). Between TSP-4 and TSP-5, and TSP-8 and the CUB domains are two
linker regions referred to as T4L, and T8L respectively (21). Four TSP repeats within
ADAMTS13 including TSP-2, -5, -6, and -8, contain the region CSVSCG, which is a
binding region for the cell surface receptor CD36 (199). ADAMTS13 binds to the cell
surface receptor CD36 via TSP-1 repeats, where it is localized to the VWF-platelet complex
and optimally positioned to cleave VWF (199). Furthermore, the later TSP repeats, TSP-5
to -8, along with the CUB domains are involved in mediating the binding of ADAMTS13
onto VWF’s D4-CK domains (200, 201). Moreover, the earlier TSP repeat, TSP-1, is
involved in mediating the exosite binding of ADAMTS13 onto VWF which assists in
orienting the scissile bond towards the active site of ADAMTS13 (21, 201). Further
explanation of both interactions is discussed in the following section ADAMTS13

conformation.

The ADAMTS13 Cysteine-rich domain is analogous to the other members of the
ADAMTS protein family’s Cysteine-rich domain by having 10 conserved cysteine residues
(21). For ADAMTS13, the functions of the cys-rich and spacer domains were recently
shown to interact with a novel exosites binding region within the VWF A2 domain and are

therefore involved in the proteolysis of VWF (202).

The spacer domain is one of the most important domains for the function of
ADAMTS13. The spacer domain recognizes VWF’s A2 domain and initiates the exosite
binding interaction between the two proteins (203). In addition, the spacer domain interacts
with the CUB domains of ADAMTS13, providing a closed conformation in a scorpion tail-

like manner (190, 201, 204). Disruption of this interaction modulates the proteolytic
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activity of ADAMTS13 onto VWF (190, 201, 204). Furthermore, the spacer domain was
found as a significant target for autoantibodies in acquired TTP patients (205, 206). Studies
have demonstrated that mutations within the spacer domain, specifically exosite 3, nearly
abolished the binding autoantibodies onto the spacer domain, as well as significantly
impaired the proteolytic activity of ADAMTS13 onto VWF multimers (205, 206). For
example, the amino acids Arg568, Phe592, Arg660, Tyr661, and Tyr665 in exosite 3 are
responsible for this effect, and mutations of these residues are responsible for many of the

TTP cases (206).
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Figure 5 - Domain Organization of ADAMTS13.

Visual representation of the domain organization of ADAMTS13 (21), which consists of
metalloprotease (M), disintegrin (D), thrombospondin type-1 (T), cys-rich (C), spacer (S),
thrombospondin type-1 repeats (T2-8), and two CUB domains. Within the thrombospondin

type-1, repeats are two linker regions, defined as T4L and T8L.
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1.3.4. ADAMTS13 Conformation

Since its discovery, ADAMTS13's active state was explained by its reliance on its
proteolytic function on VWF conformation (201). However, recent studies have shown that
ADAMTS13 circulates in a closed folded form and its activation is mediated by VWF
binding to the D4-CK domain (Figure 6) (189, 190, 201, 204, 207). In a functional study
on ADAMTS13, a gain of function mutant (spacer domain substitutions
R568K/F592Y/R660K/Y661F/Y66F) demonstrated VWF cleavage activity comparable to
that of ADAMTS13 with removed C-terminal domains (T-CUB) (208, 209). By mutating
the spacer domain residues responsible for binding to the CUB domains, the mutated
residues provide ADAMTS13 with an open conformation that demonstrated similar
proteolytic activity to that of the truncated form of ADAMT13 where the T-CUB domains
are removed (MDTCS form of ADAMTS13) (208, 209). Similarly, a structural study on
ADAMTS13 using electron microscopy and small-angle x-ray scattering profiles of full-
length ADAMTS13 and its truncated form MDTCS has shown that ADAMTS13 is in a
folded state with the CUB domains folding onto the Spacer domain (189). Thus, a globular
structure of ADAMTS13 whereby the CUB domains interact with the spacer domain is
being adopted, and the closed/open conformations of ADAMTS13 are the current

postulated mechanism of regulation for ADAMTS13 proteolytic activity (189, 190).

The distal TSP-CUB domains, TSP-5-CUB, of ADAMTS13 bind to D4-CK of
VWEF with a binding affinity of Kq ~80-120 nM (201). ADAMTS13 circulates in the
cardiovascular in a closed conformation whereby the CUB domains are bound to the spacer

domain of ADAMTSI13. Upon interaction with VWF, ADAMTS13’s CUB domains bind

39|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

onto VWEF’s domains D4-CK, providing an open conformation for ADAMTS13 and
exposing ADAMTS13’s spacer domain (190). In addition, the importance of the initial
interaction between ADAMTS13 and VWEF is further emphasized through the study that
demonstrated that the deletion of the ADAMTS13 distal domains, T-CUB domains, has
been shown to impair the proteolysis activity of ADAMTS13 (189). As ADAMTS13 binds
VWF and adopts an open confirmation, it is relieved from its auto-inhibition and the
ADAMTS13 proximal domains, MDTCS, can then bind onto VWF through exosite
binding (Kq ~10-20 nM) (210). Starting with the exposed spacer domain, residues Arg568,
Arg660, Try661, and Tyr665, or the spacer domain will bind tightly to residues 1659-1668
of the A2 domain of VWF (210). Then, the cys-rich domain along with the disintegrin
domain bind onto the VWEF’s A2 domain and help position the VWF cleavage site into the
active site of the metalloprotease domain where the 3 His residues and Zn?* coordinate the
binding of Glu225 of ADAMTS13 to the scissile bond of VWF, where VWF is cleaved at

Tyr1605-Met1606 (21, 201).
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Figure 6 - Conformational Activation of ADAMTS13.

The conformational change model of ADAMTS13 (190). VWF binding to the TSP-CUB

domain releases the CUB domain from the spacer domain, creating an open active

conformation of ADAMTS13.
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Despite the fact that the ADAMTS13 open/closed conformation has been proposed
as a regulatory mechanism for ADAMTS13, it has been demonstrated that ADAMTS13 is
an enzyme that is always active. This is because ADAMTS13 can cleave VWF73 peptide
regardless of whether the distal domains, T-CUB domains, are present or not (190).
Truncated ADAMTS13, in the form of MDTCS, can cleave VWF73 peptide substrate twice
as fast as full-length ADAMTS13 (190). This ability is one of the unique properties of

ADAMTS13 that make ADAMTS13 an enigmatic protease to study.

1.3.5. Unique Properties of ADAMTS13

ADAMTS13 has three distinct characteristics that make it an interesting protease to
research. First, ADAMTS13 is known to have only one role in biology and that is to cleave
its only known substrate, VWF (211). Second, ADAMTS13 is an enzyme that is always
active (190). Third, ADAMTS13 has no known natural protease inhibitors making its

regulatory mechanism an intriguing subject of research (212).

To date, ADAMTS13’s only known biological function is to cleave its only known
substrate, VWF. Despite this fact, Kretz et al utilized a VWF-phage display to demonstrate
that ADAMTS13 is capable of cleaving >1000 unique peptide sequences suggesting that
ADAMTS13 does not have exclusive specificity to VWF (213). Having one substrate is
unusual since other metalloproteases including ADAMTS proteases have multiple
substrates and/or roles (190, 214). For example, ADAMTSS5 is a proteoglycanase that is

capable of cleaving proteoglycans, such as aggrecan, which is important in the prevention
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of progressive diseases of the joints, such as osteoarthritis (181, 215, 216). Through an in-
vivo study, ADAMTSS5, independent of its proteoglycanase activity, demonstrated anti-
angiogenic and anti-tumorigenic properties through suppressing B16 melanoma growth in
mice (217). In addition, coagulation proteases, such as thrombin, also have multiple
substrates. Thrombin is known to cleave fibrinogen into fibrin yet is also capable of
cleaving protease-activated receptors and coagulation factors V, VIII, and XIII (30, 218).
Hence, ADAMTS13 differs from other proteases in the cardiovascular system in that it has

only one role and one substrate in biology.

Second, ADAMTS13 has the unique property of being always active. Unlike other
coagulation proteases, ADAMTS13 is synthesized and secreted as an active protease (164).
In addition, the deletion of ADAMTS13 distal domains, T-CUB, does not abolish its
proteolytic activity towards the VWF73 peptide substrate (190). As a result, ADAMTS13
is a one-of-a-kind protease that is always active and ready to cleave its VWF substrate when

it is readily available.

Third, ADAMTS13 has a three-day circulating half-life, emphasizing the resistance
of ADAMTS13 to natural inhibitors (212). Other metalloproteases, including other
members of the ADAMTS family, are regulated by metalloprotease inhibitors such as
TIMPs (187). However, in the case of ADAMTS13, TIMPs demonstrated no inhibitory
effect towards ADAMTS13 proteolytic activity (219). This effect was also demonstrated

in the case of another natural protease inhibitor a2-macroglobulin (220).
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1.3.6. Role of ADAMTS13 Beyond Hemostasis

ADAMTS13's only known function is hemostasis, which it achieves through its
proteolytic activity against VWF (21). TTP's biomarker is ADAMTS13, and the primary
characterization of TTP is a lack of ADAMTS13 activity (165). Interestingly, ADAMTS13
inactivation does not always cause TTP, but it can play a significant role, as seen in
congenital TTP (165, 221). The fact that impaired ADAMTS13 secretion does not always
result in TTP suggests that other enzymes, such as elastase from leukocytes, may be
involved in controlling VWF multimer levels (222, 223). In this case, other enzymes in
biology could take the place of ADAMTS13. However, evolution has selected for

ADAMTS13, suggesting it could perform other roles in biology.

Xu et al demonstrated that ADAMTS13 controlled key steps in vascular repair and
enhanced ischemic neovascularization (224). ADAMTS13” mice demonstrated reduced
neovascularization through decreased levels of angiopoietin-2 and galectin-3, two
proangiogenic proteins involved in vascular maturation and stabilization (224). The role of
ADAMTSI13 in neovascularization may be indirect and could be a result of VWF
processing since VWF was found to be anti-angiogenic through VWF’s binding with

proangiogenic factor galectin-3 (225, 226).

During a study focused on the development of early atherosclerosis in mice, Gandhi
et al discovered that ADAMTS13 played a role in reducing excessive vascular
inflammation and plaque formation during the early stages of atherosclerosis (158).

ADAMTS13” ApoE” mice demonstrated the increased formation of atherosclerotic
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plaque through increased leukocyte adhesion and macrophage recruitment (158). Since
elevated VWF levels and reduced ADAMTS13 activity were described in atherosclerosis,
and similar conditions, the role of ADAMTS13 on atherosclerosis plague formation may

be indirect and may be a result of VWF processing (158, 227-229).

ADAMTS13 was found to play both roles as proangiogenic and antiangiogenic
(230). ADAMTS13 was found to increase cell tube formation, proliferation, and migration;
as well as inhibit VEGF-induced angiogenesis (230). The effects of ADAMTS13 were
observed via Matrigel tube formation, and cell migration assays through treatment of
recombinant ADAMTS13 on human umbilical vein endothelial cells (HUVECS) (230).
HUVECs treated with recombinant ADAMTS13 demonstrated increased tube formation
and cell migration, establishing ADAMTS13 to be proangiogenic (230). On the other hand,
HUVECs treated with recombinant ADAMTS13 and vascular endothelial growth factor
(VEGF), a protein that promotes the growth of new blood vessels, had the opposite effect,
which demonstrated decreased tube formation and cell formation, prompting ADAMTS13
to be antiangiogenic via the inhibition of VEGF by ADAMTS13 through the interaction of
its TSP1 domain (230). Since VWF, as an antiangiogenic factor, is known to inhibit
VEGFR2, and low levels of VWF are known to promote angiogenesis; it is likely the
angiogenesis effect of ADAMTS13 is dependent on whether ADAMTS13 is acting on
VWEF or VEGF (161-163, 230). If ADAMTS13 is acting on VWF, which allows VEGF to
act on VEGFR2, angiogenesis is promoted; whereby if ADAMTS13 is acting on VEGF,

which allows VWF to act on VEGFR2, anti-angiogenesis is promoted.
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All these identified roles were associated with the interactions of VWF. Hence,
whether these roles are directly dependent on the activity of ADAMTS13 or are a result of
the size of VWF multimers distribution or both is unknown. To examine this, one could
utilize ADAMTS13” and VWF 7~ mice and study whether VWF deficiency could correct
ADAMTS13 deficiency. The insight from the study would provide a better understanding

of ADAMTS13’s overall role in biology.

1.3.7. Regulation of ADAMTS13

The mechanism of ADAMTS13 regulation is not well understood. However, its
activity must be regulated at sites of vessel injury for VWF to retain its capacity to recruit

platelets.

Coagulation proteases are secreted into circulation in the form of a zymogen,
whereby coagulation factors remain inactive until a specific bond within the inactive
protein is cleaved by an activator (231). For example, the zymogen form of thrombin,
referred to as prothrombin, remains inactive until the cleavage of two peptide bonds by the
prothrombinase complex (232). This zymogen to protease conversion reaction serves to
spatially and temporally regulate thrombin activity to sites of vessel injury. However,
unlike coagulation factors, ADAMTS13 is not expressed as a zymogen and is instead
secreted as an active enzyme (164). Interestingly, even if the cleavage of the ADAMTS13
propeptide during expression is considered an activator, studies have demonstrated that the

presence of the propeptide on the secreted ADAMTS13, i.e. pro-ADAMTS13, does not
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affect ADAMTS13’s proteolytic activity towards VWF multimers. Thus, pro-ADAMTS13

is not a zymogen of ADAMTS13 (164).

Another form of the regulatory mechanism of ADAMTS13 considered is the use of
inhibitors. For example, as thrombin diffuses away from a clot, it is rapidly inhibited by
a2-macroglobulin, ATIII, and heparin cofactor 1l (233). Hence, thrombin’s activity is
spatially and temporally regulated by the combination of zymogen activation and rapid
inhibition. Furthermore, metalloproteases including other members of the ADAMTS
family are inhibited by metalloprotease inhibitors, such as TIMPs, or other natural
inhibitors, such as a2-macroglobulin. For example, TIMP-3 has been shown to inhibit
ADAMTS-2 (234). Another example, o2-macroglobulin has been shown to inhibit
ADAMTS-4 and -5 (235). In the case of ADAMTSI13, neither TIMPs nor o2-
macroglobulin were able to inhibit ADAMTS13 (219, 220). Since ADAMTS13 is a
metalloprotease that utilizes divalent ions, such as Zn?* and Ca?* in the proteolysis of VWF,
the use of an inhibitor capable of limiting the availability of these ions, such as EDTA is
considered (236). EDTA has been shown to abolish the activity of ADAMTS13 by
chelating the available cations; however, EDTA is not a natural inhibitor and is not of
physiological relevance (237). Thus, the ADAMTS13 regulatory mechanism is not through

any known natural protease inhibitors.

The currently accepted ADAMTS13 regulatory mechanism is centered on the
substrate level and how ADAMTS13 interacts with VWF (190). When ADAMTS13
recognizes and binds to VWF, it changes its conformation from closed to open. The closed

conformation indicates that ADAMTS13 is "inactive”, whereas the open conformation

47|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

indicates that ADAMTS13 is "active"” (190). However, even in a closed conformation, the
metalloprotease domain, which contains ADAMTSI13’s active site, is still accessible for
proteolytic activity. ADAMTS13's closed conformation folds the CUB domains onto the
spacer domain but does not obstruct the metalloprotease domain (189, 201). As a result,
even in a closed conformation, ADAMTS13 is an active enzyme, and thus, the regulatory

mechanism of ADAMTS13 is not fully understood.

Another form of regulatory mechanism for ADAMTS13 that has not been deeply
explored is the possibility that proteolytic degradation of ADAMTS13 regulates its activity.
Thrombin, plasmin, and FXIla are capable of proteolytically degrading ADAMTS13 (238,
239). However, the concentration of the proteases and the reaction time utilized were
deemed of non-physiological relevance; thus, this form of regulatory mechanism was not
explored further (238, 239). Nonetheless, this type of regulatory mechanism for
ADAMTS13 was proposed because local high concentrations of proteases at the site of
vascular injury are capable of degrading ADAMTS13 and thus may regulate ADAMTS13
activity via proteolytic degradation. Further research into this type of regulatory
mechanism, such as a survey of proteins capable of proteolytically degrading ADAMTS13,
may lead to a better understanding of how ADAMTS13 activity is regulated. This type of

regulatory mechanism for ADAMTS13 is being investigated further in this project.
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1.4. The Hemostatic Balance

1.4.1. ADAMTS13 and VWF Axis

Hemostasis is maintained by balancing the mechanisms that promote blood clotting
with those that inhibit the formation of a blood clot. Dysregulation in the coagulation
system can lead to either excessive bleeding or thrombosis. Thrombosis is caused by an
increase in procoagulant factors and the excessive formation of damaging and potentially
lethal blood clots. This can result in stroke, myocardial infarction, pulmonary embolism, or
deep vein thrombosis, whereby blood does not properly reach the brain, heart, lungs, arm,
or leg respectively (22). Uncontrollable blood clots disrupt the supply of oxygen and
nutrients or the clearance of metabolic by-products leading to organ damage. On the other
hand, tilting the hemostatic balance towards bleeding due to a decrease in coagulation
factors or an increase in anticoagulants results in excessive bleeding that could potentially
be uncontrollable or fatal (22). The cause of hemostasis imbalance could be acquired or
inherited. Acquired imbalance could be a result of a pathogen, physical damage, or a trigger
from another disease or condition such as smoking, pregnancy, cancer, obesity, etc. (240).
Inherited imbalance is a result of a genetic defect (240). The extent of imbalance varies and

is based on the impact the affected factor(s) have on the coagulation system.

In terms of platelet-plug formation, hemostasis is regulated by the balance between
the activities of ADAMTS13 and VWF. The activity level of ADAMTS13 regulates the
size of VWF multimers, which dictates VWE’s platelet recruitment capacity (Figure 7).

Mutations in VWF that sensitize VWF to cleavage by ADAMTS13 cause a loss of high
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molecular weight multimers, which result in insufficient platelet-binding activity, as seen
in the bleeding disorder Von Willebrand Disease (VWD) (211). On the other hand,
decreased ADAMTS13 activity, due to the presence of autoantibodies or mutations that
impair secretion of ADAMTS13, causes an accumulation of ultra-large VWF multimers,
which results in spontaneous binding of multimers to platelets, as seen in the thrombotic

disorder thrombotic thrombocytopenic purpura (TTP) (211).
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Figure 7 - Hemostatic Balance via ADAMTS13 & VWF.

Hemostatic balance as determined by the activity level of ADAMTS13, which dictates the
size of VWF multimers and its capacity to recruit platelets (211). Mutations in VWF that
sensitize VWF to cleavage by ADAMTS13 result in a loss of high molecular weight
multimers, and bleeding, as seen in type 2A VWD. Decreased ADAMTS13 activity, due to
the presence of autoantibodies or mutations that impair secretion of ADAMTS13, result in

an accumulation of high molecular weight multimers, and thrombosis, as seen in TTP.
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1.4.2. Bleeding Disorders (VWD)

VVon Willebrand Disease (VWD) is an inherited bleeding disorder characterized by
defective platelet adhesion and aggregation that is caused by defects in VWF (103). VWD
affects up to 1% of the population and is classified into three types, whereby types 1 and 3

are quantitative defects, and type 2 is a qualitative defect of VWF (102, 241).

The diagnosis of VWD can be challenging because few symptoms, such as bruising
or nose-bleeds, can occur frequently in healthy individuals. Also, diagnosing VWD solely
on the levels of VWF could be misleading because VWEF levels vary widely between
individuals based on ethnicity, ABO blood group, and age (147). For example, the mean
VWEF antigen level of a type O individual is 0.75 U/mL, compared to 1.0 U/mL for the
average population (242). However, in combination with low VWF levels, the diagnosis of
VWD becomes easier when family history is considered, or the severity of bleeding

symptoms has increased (147).

Type 1 VWD accounts for 80% of VWD cases and is classified as a partial
quantitative deficiency of VWF (243). Studies have shown this type to be a result of
missense mutations in the VWF gene that decrease the amount of VWF that is released into
circulation (244-246). In most cases, administering the drug desmopressin stimulates the

release of VWF and FVII1I and reduces bleeding symptoms (247).

Type 3 VWD accounts for <5% of cases and is associated with a complete, or near-
complete, deficiency of VWF in circulation (243). Patients with type 3 VWD exhibit the

most severe bleeding phenotype of any VWD subtypes due to lack of VWF and low levels
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of FVIII (243). This type of VWD is a result of defects in the VWF gene, including
nonsense mutations (248). Thus, unlike other subtypes, type 3 VWD cannot be treated by

desmopressin, and is treated using recombinant VWF protein infusions (247).

Type 2 VWD accounts for about 20% of cases and is characterized by a qualitative
or functional defect in VWF (243). Type 2 is subcategorized into 2A, 2B, 2M, and 2N
depending on the affected function of VWF. Type 2 A is a result of missense mutations in
the VWF gene that impair dimerization of VWF assembly, as well as enhance susceptibility
to proteolysis by ADAMTS13 (102, 249). Type 2B is a result of missense mutations in the
VWF gene that enhance the ability of VWF to bind to platelet GP1ba without the
requirement for VWF to bind to collagen first (250). The result is the spontaneous
formation of platelet-VWF aggregates that consume the largest high-molecular-weight
multimers. Type 2M is a result of missense mutations in the VWF gene, often in the Al
domain, which alters protein conformation and diminishes or decreases the ability of VWF
to bind to platelet GP1ba (248). Type 2N is a result of missense mutations in the VWF
gene, in the key amino acids of the FVIII binding site within the D’ and D3 domains, which
alter protein conformation and diminish or decrease the ability of VWF to bind to FVIII
(102). Often, individuals with type 2N VWD have a normal VWF multimer distribution

pattern (251).

Type 2A VWD is of particular interest due to VWE’s increased susceptibility to
proteolysis by ADAMTS13. Mutations in the VWF A2 domain provide an open structure
whereby the A2 domain is unfolded which allows ADAMTS13 to have easier access to its

proteolytic site (249). The mutation R1597W is the most commonly identified mutation in
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VWD-2A patients, whereby the stability of calcium within the binding loop is diminished,
as well as the folding of the A2 domain, was affected (252). Together, the result of both
mechanisms is a decrease in VWF high-molecular-weight multimers, resulting in fewer
GP1ba binding sites and less effective formation of platelet-VWF aggregates. Interestingly,
the increase in the rate of ADAMTS13 activity is due to the increase in the availability of
the substrate, i.e. free proteolytic sites within VWF, and not a direct enhancement of

ADAMTS13 activity.

1.4.3. Thrombotic Disorders (TTP)

Decreased ADAMTS13 activity, as a result of impaired secretion or the presence
of autoantibodies, will result in increased levels of ultra-large VWF multimers and
increased formation of platelet-VWF thrombi, resulting in the thrombotic disorder known
as thrombotic thrombocytopenic purpura (TTP) (253). The acronym TTP was derived from
the clinical features observed in TTP patients; whereby, thrombotic refers to the formation
of blood clots, thrombocytopenia refers to lower than normal platelet levels, and in this
case, platelets are depleted in the formation of the blood clots, and purpura refers to the
purple bruises caused by bleeding under the skin (165). TTP is a rare and potentially fatal
blood disorder that causes the formation of platelet-rich thrombi in the microvasculature
(165, 254). If left untreated, TTP is fatal in over 90% of the cases (255, 256). TTP is treated
by plasma exchanges which removes pathogenic antibodies and replenishes ADAMTS13

levels and was shown to improve the survival rate of TTP patients to 60-90% (255, 256).
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One of the clinical features of TTP is hemolytic anemia, which is characterized by
the presence of blood in urine and is due to the tearing of RBCs by the platelet-rich thrombi
and the presence of schistocytes, a fragmented part of a RBC (257). Furthermore, many
clinical manifestations present in TTP are shared with other forms of thrombotic
microangiopathy (TMA). TMA is characterized by microangiopathic hemolytic anemia
(MAHA), severe consumption of platelets (thrombocytopenia), and possible organ damage
due to the formation of platelet-rich thrombi in the microvasculature (254). However,
unlike other forms of TMA, TTP is characterized by the low or absent activity of
ADAMTS13, whereby ADAMTS13 activity level of 10% or less, as determined by the

clinical assay FRETS-VWF73 (165).

Acquired TTP is an autoimmune disorder characterized by auto-antibodies directed
towards ADAMTS13 (258). These antibodies target and inhibit the activity of ADAMTS13
toward VWF, or target ADAMTS13 for removal from circulation resulting in low
circulating ADAMTS13 levels (258). Pereira et al demonstrated that the majority of
antibodies targeting ADAMTS13 observed in acquired TTP target the spacer domain,

resulting in an open conformation ADAMTS13 (259).

Interestingly, TTP is an episodic disorder (165). In congenital TTP, also referred to
as Upshaw-Schulman syndrome (USS), mutations within the ADAMTS13 gene result in
low or no circulating ADAMTS13 (260). These mutations can be either missense mutations
that result in an amino acid change that impairs secretion of ADAMTS13 or
nonsense/frameshift mutations that result in a premature stop codon and a truncated non-

functional protein (260). The treatment for acute episodes of TTP is to replenish
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ADAMTS13 levels through therapeutic plasma exchange (261). However, once a patient
is treated for an acute episode of TTP, their symptoms subside despite their ADAMTS13
levels remaining low (165). Some patients with congenital TTP may not experience their
first episode of TTP until later in life, despite having little to no ADAMTS13 activity (221,

262).

Fujimura et al studied 43 congenital TTP patients and examined their first TTP
episode (221). Fujimura et al demonstrated that only 25 of 43 experienced their first TTP
symptoms in childhood before the age of 15 and the remaining patients did not display their
first symptom until adolescence or well into adulthood (221). Interestingly, all the
individuals that displayed late symptoms of TTP were female, suggesting a potential link

to pregnancy or other hormonal changes (221).

Consistent with the heterogeneity of the disease in humans, ADAMTS13 knockout
mice exhibited no spontaneous thrombosis or TTP-like phenotype (263). Interestingly,
ADAMTS13” mice on a mixed-strain C57BL/6J and 129X1/SvJ genetic background
exhibited loss of ADAMTS13 activity yet the distribution of VWF multimers was
unchanged (263). When the mixed strain was backcrossed into the CASA/Rk genetic
background, there was an increase in plasma VWEF levels, a decrease in platelet count, and
a higher susceptibility of developing spontaneous TTP symptoms (263). In addition, TTP-
like symptoms were only induced in the ADAMTS13” mice following injection of the
bacterial Shiga toxin, which stimulates endothelial cells to release VWF stored in Weibel-
Palade bodies (263). While the mouse phenotype from these experiments was similar to

that of TTP, the presence of a Shiga toxin due to an infection is associated with hemolytic
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uremic syndrome (HUS), and not TTP (86). These experiments demonstrated that increased

VWEF levels in combination with reduced ADAMTS13 can trigger TTP.

This observation has resulted in the proposal of a 2-hit model hypothesis for TTP.
The first hit is ADAMTS13 deficiency, and the second hit is a triggering event such as
bacterial infection or major hormonal shifts such as during puberty, pregnancy, or
menopause (260, 263, 264). Whether the triggering events are associated with the absence
of ADAMTS13 is currently unknown. Overall, this observation points to the lack of
knowledge on the pathogenesis of TTP and whether ADAMTS13 has additional roles

outside of VWF processing that may contribute to TTP or other cardiovascular disorders.

Beyond TTP, abnormal formation of platelet-VWF thrombi can result in various
thrombotic disorders such as myocardial infarction (M), stroke, venous thromboembolism
(VTE), thrombotic thrombocytopenic purpura (TTP), and can even play a role in sepsis
(87, 253, 265-267). In all cases, studies have demonstrated that decreased ADAMTS13
levels can increase the risk of cardiovascular diseases (87, 253, 265-267). For Ml,
decreased levels of ADAMTS13 (levels between 3% - 85%) resulted in patients having a
1.5x higher chance of experiencing Ml (87). As for stroke, patients within the lowest
quartile (<70% ADAMTS13 activity) had an 11% chance of developing stroke (265). In
terms of VTE, patients suffering chronic thromboembolic pulmonary hypertension
displayed decreased levels of ADAMTS13 by 23% compared to healthy controls (266).
Similarly, and in terms of sepsis, septic patients displayed ~50% lower ADAMTS13

activity compared to healthy controls (267).
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Thus, the use of recombinant ADAMTS13 is emerging as a therapeutic treatment
option to combat various cardiovascular diseases (268). However, in the case of MI,
administering recombinant ADAMTS13 did not prove to decrease the size of Ml in a
porcine model, but did decrease the size of Ml in ADAMTS13” mice (269, 270). Thus, the
role of ADAMTS13 and its direct effect on various cardiovascular diseases is not fully
understood; but may be related to VWF. Further understanding the direct role of
ADAMTS13 may lead to novel therapeutics for the beforementioned cardiovascular

diseases.

1.5. Proximity-Dependent Biotinylation (BiolD)
1.5.1. Concept of BiolD

Mapping protein-protein interactions is key to understanding ADAMTS13 and its
role in the cardiovascular system. Traditional methods used to identify novel protein
interactions include co-immunoprecipitation or column chromatography coupled with gel
electrophoresis or crosslinking reagents. However, these approaches rely on the high
binding affinity of proteins and may be limited in their capacity to identify proteins that are
not soluble in free solution, such as transmembrane proteins. Furthermore, these
approaches are a challenge to study proteases because proteases do not form a stable
complex with their substrates. Also, these approaches can result in non-specific protein
aggregates that are difficult to interpret (271). To overcome these barriers, proximity-

dependent biotin identification (BiolD) was developed.
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BiolD is a method for discovering novel protein-protein interactions that uses a
promiscuous biotin ligase, BirA*, attached to the protein of interest (272). BiolD provides
an advantage through the identification of transient/weak interactions because proteins that

contact the target are covalently tagged with biotin (273).

Biotin, also known as vitamin H, is a water-soluble vitamin that is part of the
vitamin B family and is involved as a cofactor for enzymes in carboxylation reactions (274,
275). Biotin’s biological function is dependent on whether it is covalently attached to a
carboxylase (276). Within the human body, five biotin-dependent carboxylases maintain
metabolic homeostasis through crucial reactions in gluconeogenesis, lipogenesis, and
amino acid metabolism (276, 277). Biotinylation is a post-translational modification

whereby biotin is covalently attached to a recipient molecule, such as protein (277).

1.5.2. Development of BiolD

The process of biotinylation has long been used in the search for novel protein-
protein interactions (278). Chemical reagents were developed to artificially biotinylate
proteins (278). Together, with the high affinity of biotin to streptavidin, novel protein or
ligand interactions could be isolated through streptavidin co-IP and then identified using
mass spectrometry analysis (279). Proteins can be biotinylated either chemically or
enzymatically, whereby the enzymes responsible for biotinylation are referred to as, BirA*

(280).
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BirA* is a 35-kDa biotin ligase enzyme derived from E. coli, which catalyzes the
biotinylation of acetyl-CoA carboxylase and acts as a transcriptional repressor for the biotin
biosynthetic operon (280). Biotinylation works in two steps. In the first step, the biotin
ligase consumes biotin and adenosine triphosphate (ATP) to generate a highly reactive
biotinoyl-5’-adenosine monophosphate (bio-AMP) intermediate (280, 281). In the second
step, the biotin ligase docks with a specific peptide sequence on the target protein, allowing
the bio-AMP intermediate to react with a specific lysine residue. This reaction results in an
amide bond between biotin and the lysine side chain resulting in the release of AMP (280,
281). Wild-type biotin ligase targets a specific subunit of acetyl-CoA-carboxylase, thus the
biotinoyl intermediate remains intact in the active site until the specific target is recognized
(273). This reaction has been used in molecular biology to biotinylate recombinant proteins

using the AviTag (GLNDIFEAQKIEWHE) (282).

A mutagenesis study revealed that the R118G mutated biotin ligase, hereafter
referred to as BirA*, became a promiscuous enzyme, with a much lower affinity to the bio-
AMP intermediate than the wild-type (280, 283). This mutation caused the premature
release of bio-AMP, allowing the “activated” biotin to diffuse away and covalently bind to
the first lysine residue with which it interacts, thus covalently marking accessible lysine

residues in the vicinity with BirA* (273, 283).

Proximity-dependent biotinylation takes advantage of the capacity of the BirA* to
biotinylate proteins within its vicinity without the need for the AviTag sequence. The
technique, referred to as BiolD, is based on making a fusion protein using the protein of

interest with BirA* (272). BirA* activates biotin that covalently attaches to proteins that
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interact with the protein of interest within a radius of 10 nm (Figure 8) (280, 284). The
biotinylated proteins are then subjected to purification and identification using streptavidin

pulldown and mass spectrometry (273).
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Figure 8 - The Concept of the BiolD Technique.

The addition of biotin and ATP to the fusion protein (ADAMTS13-BirA*) releases the

biotinoyl-5’AMP that biotinylates neighboring proteins within its 10 nm labeling radius

(272). This result includes the self-labeling of the fusion protein (auto-biotinylation), the

labeling of substrates and interacting proteins such as VWF, and the labeling of prominent

proteins in the environment such BSA.
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1.5.3. Validation of BiolD

The first application of BiolD was to map the nuclear lamina’s filament protein,
lamin A (LaA) (272). Later, the concept of BiolD was used in other applications such as in
the oncogenic transcription factor, Ewing’s sarcoma Ets transcription factor (EWS-Fli-1),
in the viral infection HIV-1 focusing on the Gag precursor polyprotein, and much more

(273, 285-287).

1.5.4. Advantages of BiolD

Discovering novel protein-protein interactions may help provide a better
understanding of complex biological systems, like hemostasis. Novel protein-protein
interactions are commonly discovered through the utilization of high binding affinity
interactions for isolation, and comparison to various libraries for identification. BiolD was
developed to overcome a few of the challenges faced in the discovery of novel protein-
protein interactions by other techniques, such as yeast 2 hybridization, co-

immunoprecipitation, and engineered ascorbate peroxidase proximity-labeling.

Yeast 2 hybridization (Y2H) was developed in 1989 and utilizes the yeast S.
cerevisiae's transcription factor, GAL4 (288). GAL4 is a transcriptional activator for the
expression of galactose-induced genes and consists of two domains, the DNA-binding
domain (DBD), and the activator domain (AD) (288). The Y2H system was designed to
separate both domains by utilizing a fusion protein system in which the bait protein is

attached to the DBD, and the prey protein is attached to the AD. The Y2H system is based
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on the cDNA libraries that are expressed recombinantly in the yeast cells. If the bait binds
to a protein expressed in the library, the yeast will grow. Therefore, candidate interactions
are identified by picking colonies on a plate and sequencing the cDNA (289). However, the
interactions are artificial since the interactions take place in the yeast cell and not in their
native biological context. Furthermore, proteins that exist in their non-native environment
are more susceptible to misfolding (272, 290). Also, the Y2H system often results in a high
number of false-positive or false-negative interactions (291). In comparison to BiolD, the
BiolD system allows the identification of weak and/or transient protein-protein
interactions, such as the identification of enzymes and their substrates or cofactors (272,
292, 293). In addition, the BiolD system allows the preservation of physiologically relevant

conditions (272).

Another form of discovery of novel protein-protein interactions is co-
immunoprecipitation (co-1P). The principle of co-IP is in the use of a specific antibody
against the bait protein, the protein of interest (294, 295). The antibody is designed to be
conjugated to beads that are utilized in the isolation process (295). The protein of interest
is placed in its natural environment, followed by the addition of the antibody (294).
Through a pulldown method, the beads will help isolate the bait protein along with any
prey proteins that have a high affinity to the bait protein (295). Subsequently, the isolated
proteins are then analyzed using gel electrophoresis, western blots, and then identified
using mass spectrometry (294, 295). The advantage of this method over the Y2H is the
ability to use the bait protein in its native environment (294). Also, co-IP could be used to

identify multi-component complexes (294). However, the limitation of this method is the
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high-affinity interaction that is required for the novel protein-protein interactions to be
identified after the isolation process (294, 295). Thus, unlike BiolD, the co-IP method

cannot detect weak or transient interactions.

Another form of discovery of novel protein-protein interactions that is similar to
BiolD is the engineered ascorbate peroxidase (APEX). The APEX method utilizes a
modified ascorbate peroxidase fused to the protein of interest and a hydrogen peroxide-
biotin substrate to identify interacting proteins and substrates (296). APEX makes use of
an activated phenol-biotin radical intermediate produced by engineered ascorbate
peroxidase, which has a half-life of less than 1 ms (296-299). In addition, APEX labeling
specificity is to exposed tyrosine residues (300). In comparison to BiolD, BirA* labeling
specificity is to exposed lysine residues. This may be advantageous to BiolD because
protein evolution has chosen to have a higher estimated amount of lysine residues present
in nature, potentially limiting the number of available identified proteins (301, 302). In
addition, the half-life of bio-AMP intermediate produced by BirA* is in minutes compared
to the half-life of APEX intermediate which is <1 ms (296-299). The longer half-life results
in a larger labeling radius, which may be advantageous depending on the labeling target
(300). Furthermore, the use of hydrogen peroxide is toxic to the cellular environment,
which limits its use and decreases the labeling sensitivity of the APEX system; unlike biotin
and ATP, which are not toxic and provide the BiolD system with higher labeling sensitivity
(300). Lastly, while the APEX system was evolved to establish higher sensitivity, through
APEX2, the BiolD system was also evolved, into BiolD2 and other forms, to overcome its

limitations and challenges (303, 304).
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In summary, the BiolD system was developed to have higher sensitivity, improved
spatial resolution, non-toxic substrate, the ability to label under physiologically relevant

conditions, and detection of weak or transient interactions.

1.5.5. Evolution of BiolD

BiolD was developed to overcome challenges and barriers imposed by conventional
protein-protein interactions discovery methods. However, the BiolD method does have its

limitations with the size of BirA*, and its long labeling time of 15-24 hrs (300).

BiolD utilizes the promiscuous biotin enzyme, R118G mutant BirA*, isolated from
E. coli (272, 280). Through a database search, another BirA*, isolated from A. aeolicus was
identified (304). Through modifications of this BirA*, including an R40G mutation,
another promiscuous BirA* was established and termed BiolD2 (304). The BiolD2 system
was evaluated for comparison to the BiolD system in the lamin A network by the same
founding group and displayed the following advantages (304). The BiolD2 system utilizes
a smaller, 27 kDa, BirA* that was able to improve localization of the fusion protein
intracellularly (304). Furthermore, the BiolD2 required less biotin, 3.2 uM of biotin,
compared to the original method which required 50 uM of biotin, for the same amount of
labeling (304). In a similar observation, the minimal amount of biotin required for the label
was 0.01 uM BiolD2 and 0.1 uM for BiolD (304). Furthermore, the BiolD2 system was
optimal at higher temperatures, 50°C, in comparison to 37°C for the BiolD system (304).

Thus, BiolD2 provided advantages over the founding BiolD system.
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Recently, new advances have been made on BiolD and BiolD2 in an effort to reduce
the labeling time. Using a yeast display-based direct evolution, two more advanced BirA¥*,
TurbolD, and miniTurbo, were identified (305). These variants were selected using a
mutagenesis library of BirA* displayed on the surface of yeast and the cells that expressed
the most active variant of BirA* were selected. The stringency of the selection was
increased following each round of selection to identify an optimized BirA* variant with the
fastest labeling time, and highest labeling activity. As a result, TurbolD and miniTurbo
were established. TurbolD is a 35 kDa protein with 15 mutations, and miniTurbo is 28 kDa
with 13 mutations relative to the original BirA* (305). Through comparison via the labeling
of the cytosolic proteins in a HEK293 cell system, both enzymes displayed higher labeling
efficiency of ~3-6 fold higher at an early time point of 10 min, and ~15-23 fold higher at a
later time point of 18 hrs, in comparison to the wild type BirA* (305). Furthermore, the
number of labeled proteins by TurbolD in 10 minutes was the same as the amount labeled
by the original BirA* in 18 hrs (305). In comparison, miniTurbo displayed ~1.5-2 fold less
labeling than TurbolD, but displayed less labeling in the absence of exogenous biotin,
suggesting miniTurbo to be more specific (305). Comparing the quantification of the
labeled proteins, both TurbolD and miniTurbo demonstrated similar enrichment patterns in
a 10-minute reaction time, compared to a labeling reaction of 18 hrs for the original BirA*
(305). At lower temperatures, 30°C, labeling via TurbolD and miniTurbo was detected,
unlike in the use of BirA* which was undetectable (305). Overall, TurbolD and miniTurbo
overcame BiolD’s greatest challenge of long labeling reaction times, which expands the

potential applications of BiolD. The evolved properties of BirA* are compared in Table 1.
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TurbolD and miniTurbo were discovered after this project was initiated, and thus, the

BiolD2 system was utilized.
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Table 1 - Comparison of the Various BirA* Enzymes.

BiolD1 BiolD2 Turbo-1D Mini-Turbo

Host E. coli A. aeolicus E. coli E. coli

Mutation R118G R40G 15 mutations from | A of N-terminal

BiolD domain and 13
mutations from
BiolD

Discovery Roux - 2013 | Kim - 2016 Branon - 2018 Branon - 2018

Reference (272) (304) (305) (305)

Size (kDa) | 35.4 27 35 28

Labelling ~10 ~10-15 ~35

Radius (nm)

Optimal 37°C 50°C 30°C 30°C

Temperature

°C)

Advantages Size, higher Labeling period Size, similar
temperatures, (10-minutes advantages to
less biotin compared to 18 h | TurbolD (but
required (10x in BiolD), labeling | not as fast)
less than BiolD) | in the absence of

exogenous biotin,
lower
temperatures

Limitations | Size Labeling accuracy
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1.5.6. Other Forms of BiolD

Initially, BiolD was developed to identify proteins in eukaryotic cells. Since then,
BiolD was implemented in other mammalian cells, unicellular organisms, and host-
pathogen systems (273). Other forms of BiolD were further established into other
environments and adapted into other forms of technique, such as in planta, in-vivo (i-), in-

vitro (iv-), two-component- (2C-), and Split-, BiolD (306-310).

In planta, BiolD adapts the BiolD technique in a whole plant system (306). The
plant system faces unique and different challenges compared to a eukaryotic cell system,
whereby the plant system has low cytoplasmic volume relative to cell wall mass, high levels
of unique enzymes such as proteases, phosphatases, and rubisco, all of which may interfere
with the labeling protein reactions (306). Transgenic plants expressed BirA* as
unconjugated or fused with protein of interest, HopF2 (306). In planta BiolD was validated
through the positive control of previously known interaction, Hopf2-RIN4 as demonstrated

in the leaf tissues of A. thaliana plant by Khan et al (306).

IBiolD, also referred to as in-vivo BiolD, adapted the BiolD technique in an in-vivo
murine model, as demonstrated in mapping the synaptic complex in the brain network of a
mouse by Uezu et al (307). The group utilized adeno-associated viral constructs for the
expression of the inhibitory or excitatory postsynaptic proteins fused with BirA¥*,
unconjugated BirA* (307). The identification of labeled proteins validated this technique

through the finding of over 100 previously known interactions along with 27 foreign
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proteins (307). However, further studies were needed to validate the discovery of the novel

interactions.

IvBiolD, also referred to as in-vitro BiolD, also adapted the BiolD technique in an
in-vitro model, as demonstrated in mapping the kinetochore components during mitosis by
Remnant et al (308). Stable Hela cell lines were generated for the expression of CENP-A-
BirA* and unconjugated BirA*, and biotin was provided exogenously (308). In a cell pellet
form, the cells took up the exogenous biotin, and the BirA* labeled the proximal proteins
in-vitro (308). This technique was validated through the identification of previously known

interactions (308).

2C-BiolD, also referred to as 2-component BiolD, is an evolved form of the BiolD
technique in a eukaryotic cell model, as demonstrated in mapping the lamin A network by
Chojnowski et al (309). The group utilized the FKBP:FRB oligomerization system to
establish a more specific BiolD assay (309). This method was validated in mapping the

network of lamin A-associated polypeptide 2 (LAP2p) (309).

Split-BiolD was developed by Schopp et al and validated via the application of the
method to the miRNA-mediated silencing pathway, GIGYF2 protein was uncovered as a
novel regulator (310). The design of split-BiolD is similar to 2C-BiolD in the sense of a
two-component system; however, split-BiolD utilizes the reattachment of the BirA*
subdomains instead (310). As the BirA* is reattached, its activity is restored and the
proteins within proximity are labeled (310). The advantage of this method is the ability to

focus on mapping multi-protein complexes (310).
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Despite the various advancements in the BiolD technique, none have utilized the

concept in a plasma system.

1.5.7. In-Vitro BiolD in Plasma

In less than a decade, the BiolD technique has developed into different forms, and
been utilized in various biological samples. However, BiolD has not yet been applied to
plasma or other acellular environments. The use of BiolD in a plasma system provides
unique challenges and overcoming these will provide great advancement in the field of

protein-protein network research and cardiovascular research.

Blood plasma is a yellow liquid that serves as the base of whole blood (311). Plasma
is separated from whole blood via centrifugation, whereby the majority of hematopoietic
cells are removed (311). Plasma contains numerous enzymes and ions that are activated
during the blood collection process if an anticoagulant, such as citrate, was not used (312).
The use of an anticoagulant to prevent the natural process of blood clotting makes studying
coagulation factors in a physiologically relevant environment more difficult (313). For
example, using sodium citrate in the blood collection process prevents coagulation factor
activation by chelating free ions such as Ca?*, rendering the coagulation factors as inactive
proteins (314). This result provides a limitation in the study of ADAMTS13 as the activity
of ADAMTS13 is also dependent on Ca?* which may be chelated and unavailable in the
presence of sodium citrate (236). In addition, the use of sodium citrate may attenuate

BirA*’s labeling efficiency because BirA* hydrolyzes ATP in the form of MgATP, which
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requires Mg?* (315). Also, plasma is known to be rich in ATPases and phosphatases, which
challenge the availability of ATP and limit its half-life in circulation (316). Unlike a cell-
based BiolD system, ATP is provided by the cell system itself, and biotin is added
exogenously. However, the availability of ATP and biotin in plasma is a challenge that
must be addressed through exogenous administration of both substrates, which will require
optimization. Nonetheless, overcoming these obstacles will provide a novel discovery tool
in further understanding and advancing the discovery of the hemostatic system network,
potentially leading to a better understanding of various hemostatic disorders and potential
novel therapeutics. Here, we develop the BiolD technique to an in-vitro model to study the

hemostatic protein, ADAMTS13, in plasma (Figure 9).
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Figure 9 - In-Vitro Plasma BiolD.

Fusion protein (ADAMTS-BirA¥*), or unconjugated BirA*, is added to the citrated plasma

along with ATP and biotin. BirA* activates the biotinoyl-intermediate that biotinylates

neighboring proteins within its 10 nm labeling radius. The labeled biotinylated proteins

are isolated and purified using streptavidin immunoprecipitation, washed, digested, then

identified through LC/MS/MS analysis.

74|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

1.6. Objective

The objective of this research project is to: a) develop and utilize the BiolD
technique in plasma in search of novel ligands to ADAMTS13, b) to utilize our new
findings in the interactome of ADAMTS13 and develop a better understanding of its
regulation, and c) to leverage this knowledge to design variants of ADAMTS13 that may

serve as effective antithrombotic therapies.
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2. MATERIALS and METHODS

2.1. Cloning of ADAMTS13 and BirA* Genes

2.1.1. Polymerase Chain Reaction

The cloning design strategy was developed using SeqBuilder 14 (DNASTAR
Lasergene) and the OligoAnalyzer tool (IDT — Integrated DNA Technologies). Primers
were designed to avoid possible hairpin structures and dimerization. Each junction primer
set was designed with an overlap region of 15-25 bases to facilitate the Gibson Assembly
reaction. The melting temperatures, hairpins, and dimers were calculated using Integrated
DNA Technologies online (IDT OligoAnalyzer 3.1). Table 2 describes the primer design

and the conditions of the PCR reactions for the extracted fragments.

PCR reactions were assembled using primers for each fragment, according to Table
2, and according to the high-fidelity polymerase mastermix protocol (N.E.B.: M0530S).
Each reaction took place in a PCR thermocycler (T100 Thermal Cycler, Bio-Rad) and
conditions were optimized to the melting temperatures for each primer pair (Table 2).
Generally, the cycles consisted of: 1) 95°C, 2 min; 2) 95°C, 30 sec; 3) 60°C, 30 sec; 4)
70°C, 30 sec/kb; 5) 70°C, 10 min; repeating steps 2-4 for a total of 30 cycles. Negative
control reactions, in which the DNA template was absent, were performed in parallel.
Additional sequences of interest were (Kozak, Cox2 signaling sequence, 6x His-tag,
FLAG-tag, TEV protease site, and a GS or AP linker between ADAMTS13 and BirA*)

added alongside the ADAMTS13 and BirA* genes of interest.
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Table 2 - PCR Conditions in the Extraction of DNA Fragments of Interest

The following is a list of all the primers used in the PCR extraction of the genes of interest and their sequences (5’ to 3°):

Bold — primer, non-bolded — overhang, italicized — overlap

Primerl Primer2 Gene Tm (°C) PCR (°C)
P1 | P2 | Extension
Time (min:sec)
Vector 1 - ADAMTS13-GS-BirA*
V1P1S V1P1AS pcDNA 68 |62.8|2:30
(AAACCCGCTGATCAGCCTCGA) (GCACGAGCCAGCATGGTGGCTTAAA (~5kbps)
CGCTAGCCAGCTTGG)
V1P2S V1P2AS Cox + 65.1 | 64.4 | 1.00
(GCTCGGATCTGCCACCATGCT (CACAGCGGCCCACACCCAGGCCTGC MDTCS
GGCTCGTGCACTG) CGTGGCTTA) (~2kbps)
V1P3S V1P3AS TSP+ CUB | 66 64 1:00
(TGGGTGTGGGCCGCTGTGCGT (CCGCTGCCTCCCCCTGAGCCACCAC (~2.25kbps)
GGG) CGGTTCCTTCCTTTCCCTTCCA)
Vector 2 — BirA*-FLAG
V2P1S V2P1AS pcDNA 68 62.8 | 2:30
(AAACCCGCTGATCAGCCTCGA) (GCACGAGCCAGCATGGTGGCTTAAA (~5kbps)
CGCTAGCCAGCTTGG)
V2P2S V2P2AS Cox 65.1 |64 |0:30
(GCTCGGATCTGCCACCATGCTG (GTTCTTGAAGGCATTGGATTGGAAG (~0.15kbps)
GCTCGTGCACTG) TACAG)
V2P3S V2P3AS BiolD2 64.2 | 62.6 | 0:30
(CCAATGCCTTCAAGAACCTGAT (ATCGTCTTTGTAGTCGGAACCACCGC (~0.75kbps)
CTGGCTGAA) TTCTTCTCAGGCTGAACTC)
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2.1.2. Agarose Gel Electrophoresis

The PCR reactions were assessed on 1% agarose gel (1 g/ 100 mL TAE (40 mM
Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.0) buffer, ethidium bromide (0.2-0.5 pg/mL)).
The PCR reactions were mixed with 6x loading dye (Thermo Scientific: R0611) and loaded
onto the agarose gel alongside 100 bp or 1 kb bp marker ladders (Thermo Scientific:
SMO024, SM1331). The gel ran at 80V for ~1hr and was then imaged under UV light

(BioRad: ChemiDoc XRS+, QuantityOne Software).

If multiple bands were present, the band of interest was cut out and purified
according to the QIAquick Gel Extraction Kit (QIAGEN: 28706). In the presence of only
one band with the correct size, the PCR reaction was purified using QIAquick PCR
Purification Kit (QIAGEN: 28106). The eluted DNA fragments were collected into ddH20

and quantified using absorbance at 260 nm on the NanoDrop.

2.1.3. Gibson Assembly

Purified DNA fragments were assembled into the final construct using Gibson
Assembly. The Gibson reaction method is based on a mixture of enzymes (5’ exonuclease,
DNA polymerase, and DNA ligase) that stitch together DNA fragments with overlapping
double-stranded sequences under isothermal conditions (50°C) (317). The Gibson
assembly reaction was performed in accordance with the kit provided by New England
Biolabs (N.E.B.: E5510S). This mixture consisted of 10 pL of 2x master mix and 0.1 pmols

of each DNA fragment to a total reaction volume of 20 pL using ddH»O. The reaction was
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placed on a thermocycler (T100 Thermal Cycler, BioRad) at 50°C for 1 hour, then 1.0 pL
of the Gibson assemblies were transformed into 50 pL chemically competent TOP-10 and

XL-GOLDo E. coli cells.

2.1.4. Chemical Transformation

Gibson assemblies were transformed into chemically competent TOP-10 and XL-
GOLDI10 E. coli. Each tube of 50 puL chemically competent cells was thawed on ice for 20
minutes before adding 1.0 pL of the Gibson assembly reaction (~10 ng of DNA) was added.
The cells and DNA mixture were incubated on ice for 30 minutes, then heat shocked at
42°C for 45 seconds. After that, the cells were placed on ice for 2 minutes, before 200 puL
of SOC broth (N.E.B.: B9020S) was added. The cells mixture was placed in an incubator
shaker to grow at 37°C for 1 hour at 200 rpm. Using sterile techniques, 50-100 pL of the
transformed competent cells were plated on LB agar plates containing ampicillin at 100

pg/mL and grown overnight at 37°C.

To identify the correct assembly of constructs, individual colonies were picked and
placed in a culture tube containing 5 mL of LB media with 100 pg/mL of ampicillin to
grow overnight in a shaking incubator at 37°C and 200 rpm. From the grown culture, a

frozen stock was made, or the plasmid DNA was extracted.
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2.1.5. E. coli Freeze Stocks

An E. coli freeze stock was prepared by pelleting 1 mL of the grown culture at
16000 xg for 5 minutes then resuspending the pellet in 1 mL of LB media containing 25%
glycerol and stored at -80°C in a cryovial. Plasmid DNA was extracted using the QIAprep

Spin Miniprep kit (QIAGEN: 27106) and 4 mL of the grown E. coli culture.

2.1.6. Diagnostic PCR Reactions

Diagnostic PCR reactions were performed to validate the Gibson Assembly.
Primers were designed as previously described in section 2.1.1. Table 3 describes the
primer design and the conditions of the PCR reactions for the sequencing primers, primers
set ~200 bases away from each junction. PCR reactions using the Gibson assembly
reactions and sequencing primers (Table 3) were run (refer to section 2.1.1) with the
exception in the use of a standard fidelity polymerase (GoTag Green Mastermix, Promega:

M712B).

PCR reactions were assessed by agarose gel (refer to section 2.1.2) Product size of
~360-400 bp indicated correct assembly. Plasmid DNA templates from correct samples
were sent out to Mobix Lab (McMaster University, Hamilton, ON) for sequencing using
the sequencing primers used in the PCR reactions (Table 3). The resulting sequences were
of ~600-800 bp sequenced in the direction of each sequencing primers. The sequencing

results were analyzed using SeqMan Pro 14 and compared to the published ADAMTS13
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and BirA* sequences (NCBI: AAL11095.1 and Addgene: 36047). A detailed vector map

was then constructed using SeqBuilder 14.
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Table 3 - PCR Conditions in the Sequencing of the Assembled Junctions

The following is a list of all the primers used in the PCR extraction of the genes of interest and their sequences (5’ to 3°):
Bold — primer, non-bolded — overhang, italicized — overlap

Junction Primer 1 Primer 2 Tm (°C) PCR (°C)
(length — bp)

Name Sequenced Name Sequenced P1 P2 Extension

Region Region (min:sec)

Vector 1 and 4 —- ADAMTS13-GS/GSA-BirA*
pcDNA/CoxM | VISIF Vector-Cox-M VISIR M-Cox-Vector | 60.5 | 62.1 | 0:30
(~400) (TAATACGACTCACTA (AGGTTGGCTGTGATA

TAGGGAGACQC) TTTGGA)
S/TSP (~420) | VIS2F S-TSP V1S2R TSP-SC 65.1 | 65.1 | 0:30

(CCTGGAGGAGATCC (CAATGTCTTCAGGAG

GCATCT) GCTGCCO)
CUB/BirA* V1S3F CUB-GS/GSA- | VIS3R BirA*- 64.9 | 63.8 | 0:30
(~390) (CAGGTGCTCTACTGG | BirA*-FLAG- (TTCTCGAACTCCTTGG | GS/GSA-CUB

GAGTCA) Vector GGTTCO)
BirA*/pcDNA | V1S4F BirA*-FLAG- V1S4R Vector-FLAG- | 59.8 | 65.6 | 0:30
(~360) (CCTGAAGAAGTTCA | Vector (AGGAAAGGACAGTG | BirA*-

AGGAGAA) GGAGTGG) GS/GSA-CUB
Vector 8 — BirA*-FLAG
pcDNA/BirA* | VISIF Vector-Cox- VIS3R BirA*-Cox- 60.5 | 63.8 | 0:30
(~370) (TAATACGACTCACTA | BirA*-FLAG- (TTCTCGAACTC Vector

TAGGGAGAC) Vector CTTGGGGTTC)
BirA*/pcDNA | V1S4F BirA*-FLAG- V1S4R Vector-FLAG- | 59.8 | 65.6 | 0:30
(~360) (CCTGAAGAAGTTCA | Vector (AGGAAAGGACAGTG | BirA*-Cox-

AGGAGAA) GGAGTGG) Vector

82|Page




Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

2.2. Protein Expression

2.2.1. HEK 293 Cells

Frozen 1 mL stocks of HEK 293TRex, obtained from Dr. Ginsburg’s lab
(University of Michigan, MI), were thawed and resuspended in 9 mL Dulbecco’s
Phosphate-Buffered Saline buffer (DPBS: 2.7 mM KCI, 1.47 mM KH2POs, 136.9 nM
NaCl, 8.10 mM NaxHPO,), pelleted at 500 xg for 5 minutes, then resuspended and plated
in 10 mL of pre-warmed to 37°C complete media (DMEM (Dulbecco’s Modified Eagle’s
Medium, Sigma: D6046), 10% FBS (Fetal Bovine Serum, Wisent: 098450) and penicillin-
streptomycin (Wisent: 450-201-EL)) onto a 10-cm dish in an incubator set to 37°C and 5.0

CO..

At ~70% confluency, cells were passaged in a 1:5 split ratio. Media was aspirated
and the cells were washed with 10 mL DPBS. The DPBS was aspirated and 1 mL of 0.25%
trypsin-EDTA (GIBCO: 25200-056) was added. After 5 minutes, the cells were collected
using 9 mL of DPBS, pelleted as described above, plated in a 1:5 split ratio, and grown

(refer to section 2.2.1).

2.2.2. HEK 293 Freeze Stocks

Frozen stocks of HEK 293TRex cells were made at the early generations of growth
(N = 2-4). Cells at ~70% confluency were trypsinized, washed, pelleted (refer to section

2.2.1), and resuspended in freeze stock media (DMEM + 20% FBS + 10% DMSOQO). Stocks

83|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

of 1 mL aliquots were made in cryovials and stored at -20°C overnight. The frozen cells
were placed in a closed Styrofoam box and placed at -80°C for 16-24 hours, for a gradual

decrease in temperature, then in liquid nitrogen (-120°C) for long-term storage.

2.2.3. Stable Expression System (Flp-In TRex)

ADAMTS13-BirA* fusions, BirA*, and a negative (dH2O) control were
transfected using Lipofectamine 3000 into HEK 293TRex cells. HEK 293FIpIn/TRex cells
are engineered cells designed for the creation of stable cell lines using the Flp-In TRex
system (ThermoFisher Scientific: K650001). This system utilizes an FRT (Flip-
Recombinase integration site) site to integrate the gene of interest into the cells’ genome
when co-transfected with pOG44, a vector for Flip-Recombinase expression. Cells at 80%
confluency were transfected using 20 pug of DNA (1:4, pcDNA 5 FRT:pOG44), 30 pL
Lipofectamine 3000, and 40 pL P3000 reagent. The reagents were mixed according to the
manufacturer’s protocol in 0.5 mL of Opti-MEM (Gibco Life Technologies: 31985-070)
media at room temperature for 5 minutes. The two tubes were mixed and incubated for 10
minutes. The media on top of the cells was aspirated, and the lipid-DNA mixture was added.
The cells were placed in the incubator, set to 37°C and 5.0 CO3, for 4 hours. 9 mL of
complete media was added, and the cells were grown overnight in the incubator. ~48 hours
after transfection, the media on the cells was replaced with 10 mL of fresh pre-warmed
complete media. The cells were then incubated for additional 2 days before their media was

refreshed again.
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Upon successful transfection, as indicated by a large number of healthy cells 5 days
post-transfection, Hygromycin B was added as a selection. Initial attempts at selection
utilized 200-1000 pg/mL. However, the cells did not look healthy and did not survive.
Subsequent attempts utilized lower concentrations of Hygromycin B (25-200 ug/mL)
whereby a few cells survived. Healthy cells were transferred to 6-well plates for an easier
clustered growth, then back to 10 cm dishes. Media of survived healthy cells were collected
and analyzed for protein expression through SDS-PAGE, western blot, and ELISA (specific
for ADAMTS13). After confirmation of protein expression, the cells were made into frozen

stocks or up-scaled to T-175 cm? flask and roller bottles for large-scale protein expression.

2.2.4. Protein Expression

Expression of protein was constitutive, and healthy cells were propagated in
complete media containing 200 pg/mL of Hygromycin B in a 10-cm dish for 3 generations,
then T175 flasks for 2 generations, then roller bottle. Cells grew in the roller bottle for ~3
days before the complete media containing 200 pg/mL of Hygromycin B, was washed, and
aspirated by 50 mL of dPBS twice. FreeStyle media containing AEBSF (0.050 g/L) was
used for cell expression. The media was collected every 2-3 days, for 3-6 collections before

disposing of the roller bottle.

Conditioned media containing expressed proteins (ADAMTS13-BirA*, BirA* or
ADAMTS13) was centrifuged at 4000 x g for 5 minutes then filtered through a 0.45 pum

filter. The collected filtered media was frozen at -80°C for storage.

85|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

2.3. Protein Purification

The collected filtered media was purified using Q Sepharose (Cytiva: 17051001)
and HisPur Ni-NTA Resin (Thermo Scientific: 88221) in accordance with the

manufacturer’s protocol.

2.3.1. lon Exchange Chromatography (Q-Sepharose)

The collected filtered media (1-2 L) was thawed overnight at 4°C, then diluted to a
2:1 volume ratio of Tris buffer (25 mM Tris, pH 8.0) to media. For example, 1L of media
was added to 2L Tris buffer. The Q Sepharose column was set up with ~10 mL resin bed
volume and recharged using 2x bed volume of 0.1 M NaOH followed by 2x bed volume of

0.1 M HCI. The column was then washed using 5x bed volume of Tris buffer.

The diluted media was loaded onto the column overnight at 4°C, and the
flowthrough was collected. The column was then washed using 10x bed volume of Tris
buffer, and the protein was eluted in ~1-2 mL fractions using 3x bed volume of Tris buffer
containing 1 M NaCl (pH 8.0). The eluted fractions were quantified using absorbance at
280 nm on the NanoDrop. Fractions containing high concentrations of proteins were pooled

together.
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2.3.2. Metal Affinity Chromatography (Ni-NTA)

Pooled Q Sepharose purified fractions were made to conditions like that of the wash
buffer (25 mM Tris, 0.5 M NaCl, 10 mM imidazole, pH 8.0) of the NiNTA purification.
The pooled fractions were diluted in Tris buffer to a NaCl concentration of 0.5 M; and
imidazole, to a concentration of 10 mM, was added and the pH was adjusted to 8.0
accordingly. The column was set up with ~4 mL resin bed volume (Ni-NTA resin, Thermo

Scientific: 88221) and 20 mL of the wash buffer was passed.

The media was then passed through the column followed by a wash step using ~40
mL of the wash buffer. The proteins were then eluted in ~1 mL fraction using 12 mL of
elution buffer (25 mM Tris-HCI, 0.5 M NaCl, 250 mM imidazole, pH 8.0). The eluted
fractions were quantified using absorbance at 280 nm on the NanoDrop. Fractions
containing high concentrations of proteins were pooled together and concentrated using a
centrifugal concentrator at 4400 xg for 0.5 — 1 hour (MWCO of 10 kDa and 30 kDa for
BirA* and ADAMTS13-BirA*/ADAMTS13 respectively). Concentrated samples were
buffer exchanged, as described by the manufacturer, using the PD-10 desalting columns
(GE Healthcare: 17-0851-01) into PBS buffer (10 mM Na;HPO4, 1.8 mM KH2POa, 137

mM NaCl, 2.7 mM KCI, pH 7.4).
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2.4. Protein Validation

2.4.1. Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Polyacrylamide gel electrophoresis, SDS-PAGE, was used to separate proteins in
the samples from the purification process. Up to 15 pL (~2-5 pg), of protein sample, was
mixed with 4x SDS-PAGE loading buffer (BioRad: 161-0747) containing beta-
mercaptoethanol and were incubated on a heating block at 95°C for 5 minutes. The samples,
alongside 8 uL of a protein marker (BioRad: 1610374), were loaded on a 4-20% SDS-
PAGE gel (BioRad: 456-8086). The gel ran, in SDS-PAGE running buffer (25 mM Tris,
192 mM glycine, 0.1% SDS), at 60 V for 12 minutes then 160 V for 40 minutes. The gel
was then set up for either a total protein stain or a western blot for detection of total or

specific proteins.

2.4.2. Total Protein Stain (SYPRO-RUBY)

Total protein stain was performed using SYPRO-RUBY (BioRad: 170-3125) in
accordance with the manufacturer’s protocol. The gel was washed 2x with 15 mL Fixative
buffer (40% methanol, 10% acetic acid) for 15 minutes each on a table-top shaker, then
stained overnight using 15 mL of SYPRO-RUBY reagent covered from light. Then the
stained gel was washed 2x with 15 mL of wash buffer (10% methanol, 7% acetic acid) for
15 minutes each, followed by a quick 2-minute wash using 4H20 before being imaged
using ChemiDoc Imager System (Bio-Rad) and analyzed using the Image Lab Software

(Bio-Rad, version 5.2.1).

88|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

2.4.3. Western Blot

Western blot was used to detect expressed proteins according to their respective
tags. The western blot was set up, as directed by BioRad, in the transfer buffer, and the
transfer was performed overnight at 30 V at 4°C. After completion, the nitrocellulose
membrane (or PVDF membrane pre-soaked in methanol for 30 seconds) was removed into
a clean tray and blocked in 10 mL of block buffer (5% non-fat dry milk, TBS (20 mM Tris,
150 mM NacCl) with 0.005% Tween20) for a minimum of 2 hours. The block buffer was
refreshed and the antibody anti-FLAG-HRP (Sigma: SLBP6948V) or anti-ADAMTS13
(Abcam: ab28274) was added at a dilution factor of 1/10000 or 1/1000 respectively. The
membrane was incubated with the primary antibody on a shaker for 2 hours or overnight at
4°C. The block buffer mixture was removed, and the membrane was washed 6 times with
10 mL of TBST wash buffer (TBS, 0.05% Tween20) for 5 minutes each, on a shaker, and

discarding the wash buffer after each time.

If the primary antibody was not HRP conjugated, such as in the case of the anti-
ADAMTS13 antibody, a secondary antibody was required. In this case, the membrane was
washed 3 times instead of 6, then a secondary antibody, rabbit anti-mouse HRP-conjugated
antibody, was added at a dilution factor of 1/10000 and incubated on a shaker for 1 hour.
The block buffer mixture containing the secondary antibody was removed and the
membrane was washed 6 times with 10 mL of TBST wash buffer (TBS, 0.05% Tween20)

for 5 minutes each, on a shaker, and discarding the wash buffer after each time.
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The membrane was transferred to a clear plastic wrap and the HRP substrate
solution (400 pL of Clarity peroxide solution (Bio-Rad: 102030832) mixed with 400 uL
with Clarity luminol (Bio-Rad: 102030830)) was added. Imaging was performed on the
ChemiDoc Imager System (Bio-Rad) using the MultiChannel option and the Image Lab

Software (Bio-Rad, version 5.2.1).

2.4.4. ADAMTS13 Activity (FRETS-VWF73)

FRETS-VWF73 (AnaSpec: AS-63728-01) is a fluorescence-quenching substrate
used to measure the VWEF-proteolysis activity by ADAMTS13. The 100 uL reaction took
place in a Corning black dark bottom non-treated 96-well plate (Fisher Scientific: 07-200-
590) with the final concentrations being 2 nM ADAMTS13 and 1 uM FRETS-VWF73
prepared and diluted in FRETS buffer (20 mM Tris-HCI, 25 mM CacCl,, 0.005% Tween-
20, pH 7.4). The activity was measured using SpectraMax M3 (Molecular Devices)
fluorescence mode at Aex = 340 nm and Aem = 450 nm. The fluorescence was measured
every thirty seconds for at least 4 hours and the rate of proteolysis was determined by linear
regression of the initial slope of the change in RFU vs time using SoftMax Pro (version
5.4). The activity of ADAMTS13 is determined by monitoring the change in fluorescence
intensity over time. The values calculated were based on the initial slope of the increasing
fluorescence, defined as R? value 0.9 and above. By varying the concentration of the
ADAMTS13 used in the assay, the specific rate of proteolysis could be evaluated. The

specific proteolytic activity of ADAMTS13 was determined by varying the concentration
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range of ADAMTS13 between 0.5 and 10 nM, then calculated using the rate of proteolysis

divided by the concentration utilized.

2.5. BiolD ADAMTS13

2.5.1. In-Vitro BiolD in Plasma

To note, although the literature has proven the use of this technique for intracellular
labeling to be effective, none have used this technique for an in-vitro type assay in plasma.
We challenge this concept by supplying our own ATP and are optimizing the conditions

that will allow us to look for interacting proteins to ADAMTS13 in plasma.

Total reaction volumes of 100 puL containing ADAMTS13-BirA* or BirA* (100
nM) or no protein (PBS), 90 uL citrated pooled normal plasma (PNP), ATP (1 mM), and
biotin (50 uM), were made and incubated for 4 hours on a top-over-bottom rotator at 37°C.
10-20 pL of Streptavidin-agarose bed volume (Thermo Scientific: 20349) per reaction was
washed 3x in 10x bed volume BiolD wash buffer (TBS + NaCl: 20 mM Tris, 450 mM
NaCl, pH to 7.6) while pelleted at 500 xg for 3 minutes, and was added to the plasma

mixture along with BiolD wash buffer up to 1 mL.

The immunoprecipitation (IP) was performed on a top-over-bottom rotator at room
temperature for 3 hours. The IP was then washed 5x in 1 mL BiolD wash buffer while
incubating each wash for 5 minutes in a top-over bottom rotator at room temperature and
pelleting the resin at 500 xg for 3 minutes. 25 puL of SDS-PAGE loading dye (B-

mercaptoethanol included) was added to the beads and the mixture was heated at 95°C for
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5 minutes. The samples were then loaded onto a polyacrylamide gel and were separated
using SDS-PAGE followed by analysis through total protein stain and/or western blot (refer

to sections 2.4.2. and 2.4.3. respectively).

2.5.2. Optimization of BiolD in Plasma

Prior to the use of the developed protocol, various protein (ADAMTS13-BirA* /
BirA*) concentrations (25-100 nM), varying the time length of the reaction (4 hours to
overnight), and adding additional ATP (+1 mM every hour for 4 hours), were also tested.
In the ATPase inhibitors experiments, the BiolD reactions were performed (refer to section
2.5.1), except for three inhibitors (2 MM NaVOs (pH 10), 1 uM IBMX, 5 nM NBTI), or 3

mM EDTA, or TBS (no inhibitor), that were added during the labeling reaction.

2.5.3. LC/MS/MS Sample Preparation

For mass spectrometry analysis (liquid chromatography-tandem MS (LC/MS/MS)),
1 mL of plasma was used, and the plasma mixture was mixed up to 2 mL with BiolD wash
buffer. In addition, streptavidin agarose beads (Thermo Scientific: 20357) were used
instead, and the samples were washed with 2 mL of BiolD wash buffer for 1 min, for 5
times; followed by 3 washes using 50 mM ammonium bicarbonate (pH 8.0). The samples
were sent to SPARC-BioCentre (Sick Kids Hospital, Toronto) for urea/DTT treatment,
alkylated using iodoacetamide, trypsin digested, separated, and analyzed using liquid

chromatography-tandem MS (LC/MS/MS).
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2.5.4. LC/MS/MS Data Analysis

Results from LC/MS/MS analysis of the BiolD ADAMTS13 experiments were
quantitatively analyzed using Scaffold 4 (Proteome Software). The quantitative values of
spectral counts of the identified proteins were selected under the parameters of 95%
threshold for protein, and 95% threshold for peptides. Identified peptides were searched in
a Human Proteome database, along with the sequence of the streptavidin synthetic construct
and the BirA* BiolD2 R40G sequence, for the identification of the corresponding proteins.
Quantitative spectral counts were extracted from the Scaffold 4 software and inputted into
RStudio for significant analysis. Significance was calculated using a one-way ANOVA

with a posthoc Tukey HSD test through RStudio.

2.5.5. Measuring ATP Concentration (Luciferase)

The consumption/stability of ATP in plasma was measured using the CellTiter-Glo
2.0 Assay (Promega: G9241), in accordance with the manufacturer’s protocol, along with
using the luminescence reading (500 ms) from FlexStation 3 (Molecular Devices) and the

results were analyzed using SoftMax Pro (v. 5.4) and GraphPad Prism 6.

Total reaction volumes of 100 pL containing ADAMTS13-BirA* or BirA* (100
nM) or no protein, 90 pL citrated pooled normal plasma (PNP), ATP (1 mM), biotin (50
MM), various ATPase inhibitors (3 mM EDTA, 2 mM NaVOs (pH 10), 1 uM IBMX, 5 nM
NBTI, or TBS (no inhibitor)) were made. Everything except the ATP was added to pre-

warmed plasma at 37°C and was incubated for 15 minutes. The timed reaction began with
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the addition of ATP (1 mM). At each time point, 5 uL of the reaction was diluted in 370
ML (1:75 dilution) of TBS buffer and placed in liquid nitrogen for a quick freeze. The
reaction was stopped at 4 hours or as designated. Frozen aliquots were thawed on a bench
top and mixed at a 1:1 ratio of sample to Luciferase (40 uL Cell Titre Glo2 reagent, 3 mM
MgCl2). The measurement was read in a 96-well opaque plate (refer to section 2.5.5)

alongside a standard curve of ATP (0.1 uM — 100 uM) prepared in TBS.

2.5.6. Different Anticoagulants

Plasma with a different anti-coagulant was also tested during the optimization of
the in-vitro BiolD in plasma technique. Citrated pooled normal plasma was recalcified to a
final concentration of 20 mM CaCl,. Hirudin, to a final concentration of 50 pg/mL (32.8
uM), was immediately added to the recalcified plasma. The BiolD assay using the hirudin-

based plasma was performed as described in section 2.5.1.

2.6. Validation of Novel Interactions

2.6.1. ELISA Plate Binding Assay

Total reaction volumes of 100 pL containing 5 pg/mL vitronectin or 5 pg/mL
bovine serum albumin (BSA) in PBS were added to wells of a clear 96-well microtiter plate
for 2 hours. Samples were discarded and the wells were blocked with 200 uL TBST + 5%
BSA for 2 hours. The block was discarded, and the wells were washed 3 times in 200 puL

TBST each time. Next, increasing concentrations of FLAG-tagged ADAMTS13-BirA* or
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BirA* (0 — 400 nM) in 100 uL of ADAMTS13 kinetic buffer (20 mM Tris-HCI, 150 mM
NaCl, 10 mM CaCly, 10 uM ZnCl, 0.005% Tween-20, pH 7.4) was added to wells coated
with vitronectin or BSA, and incubated for 2 hours at room temperature. The plates were
washed 3 times with TBST. HRP-conjugated anti-FLAG antibody (Sigma: A8592) was
then added at a volume of 100 pL and a dilution factor of 1:20000, for 1 hour. The plates
were washed 3 times with TBST. The tetramethylbenzidine (TMB) substrate (Sigma:
T0440) was then added at a volume of 100 pL for each well and allowed to react for 5 — 15
minutes. The reaction was stopped using 50 pL of 2.5 M H2S0O.. Binding was detected by
reading the absorbance values at 450 nm using SpectraMax M3 (Molecular Devices) and

analyzed using SoftMax Pro (v. 5.4) and GraphPad Prism 6.

2.6.2. BioLayer Interferometry
The following experiment uses ForteBio’s biolayer interferometry instrument the
Blitz to determine the binding affinity of various substrates/proteins to a protein that is

amine-coupled to a biosensor in a static condition.

Reagents were prepared according to the AR2G kit (ForteBio: 18-5095) and AR2G
biosensor (ForteBio: 18-5092) instructions. Briefly, the biosensor was re-hydrated in 200
ML of water. The biosensor was then installed onto the Blitz, equilibrated with 4 pL water
on a drop holder for 60 seconds. The surface was activated using 200 pL of EDC/NHS
mixture for 300 seconds, before incubating with 200 pL of 37.5 nM ADAMTS13 or BSA

in 10 mM acetate buffer at pH 5 for 300 seconds. The incubation with protein was repeated
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for an additional 300 s. The biosensor was quenched using 200 pL 1 M ethanolamine, pH

8.5 for 300 seconds. Each biosensor was prepared fresh for each experiment.

After preparation, the biosensor was equilibrated in 200 puL of the ADAMTS13
kinetic buffer for 60 seconds. The biosensor was then incubated with 375 nM of analyte
(such as VWF, anti-FLAG antibody, vitronectin, actin, or BSA) in 200 puL in ADAMTS13
kinetic buffer for 600 seconds. The association was monitored by inserting the biosensor
into the ADAMTS13 kinetic buffer solution containing one of the substrates used, such as
VWEF, anti-FLAG antibody, vitronectin, actin, or BSA, at 375 nM and 200 uL in volume,
for 600 seconds. The biosensor was then incubated with 200 uL of ADAMTS13 Kinetic
buffer for 600 seconds to monitor dissociation. The biosensor was then exposed to 200 uL
of 10 mM glycine buffer, pH 2.5, to regenerate the surface before the experiment was

stopped. Analysis was performed using the Blitz Software.

2.6.3. Surface Plasmon Resonance
The following experiment uses GE HealthCare’s surface plasmon resonance (SPR)
instrument the Biacore T200 to determine the binding affinity of various substrates/proteins

to a protein that is amine-coupled to a biosensor in a flow condition.

The binding affinities between soluble full-length recombinant ADAMTS13 or
truncated ADAMTS13 (MDTCS) (R&D Systems: 6156-AD-020 and 4245-AD-020
respectively), and various purified proteins including plasminogen (Pg: Glu-, Lys-, Mini-,

w-), inactivated plasmin (VFK-Plasmin), vitronectin (Vn), VWF, EXII, prothrombin,

9% |Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

bovine serum albumin (BSA), Apo(a) and its derivatives were determined by surface
plasmon resonance (SPR) on a Biacore T200 (GE Healthcare). Biacore sensor chips (CM5),

an amine coupling kit, and acetate buffer (pH 5.0) were supplied from GE Healthcare.

Commercially supplied proteins VWF (Haematologic Technologies: HCVWF-
0190), vitronectin (Molecular Innovations: HVN-U), and BSA (BioShop: alb007.500) were
utilized. Purified Apo(a) and its derivatives were generously donated by Dr. Michael
Boffa’s lab (Department of Biochemistry, The University of Western Ontario). All other
analytes were generously donated by the labs of Dr. Jeff Weitz and Dr. Paul Kim (TaARl,

McMaster University).

Biacore sensor chip (CM5) was rehydrated in HEPES-buffered saline (HBS: 20
mM HEPES, 150 mM NaCl) containing 0.01% Tween-20, 10 mM CaCly, and 10 uM ZnCl>
at a flow rate of 10 pL/min at 25°C for 60 seconds. The chip surface was activated using
EDC/NHS mixture for 300 seconds at a flow rate of 10 uL/min. After that, the activated
chip was incubated with HEPES-buffered saline buffer for 60 seconds at a flow rate of 10
pL/min. After that, the chip was incubated with 20 ng/mL ADAMTSI13 or MDTCS in 10
mM acetate buffer at pH 4 at a flow rate of 20 uL./min for 30 seconds. The incubation with
ADAMTS13 or MDTCS was repeated until response units (RU) started to plateau or reach
values greater than 2000 RUs. After that, the chip was incubated with 1 M ethanolamine,
pH 8.5 at a flow rate of 20 uL/min for 300 seconds. In the case of a blank control, the
protein incubation step was skipped, and the chip was quenched via the ethanolamine
promptly. After preparation of the Biacore sensor chip (CM5), full-length ADAMTS13 or

MDTCS or a blank (no protein) were immobilized using amine-coupling to 500-1000 RUs.
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Binding experiments were performed in HEPES-buffered saline (HBS: 20 mM
HEPES, 150 mM NacCl) containing 0.01% Tween-20, 10 mM CaCly, and 10 uM ZnCl; at
a flow rate of 20 uL/min at 25°C. Increasing concentrations of analyte, 0-7 uM (unless
otherwise specified) of the before mentioned protein analytes, containing 5 mM AEBSF
(Sigma-Aldrich: 30827-99-7) and 10 uM VFKck, were injected into the designated flow
cells for 60 sec (association), followed by running buffer alone for 300 sec (dissociation).
Flow cells were regenerated with 0.5 M NaCl for 60 sec. Sensorgrams were analyzed with
Biacore T200 evaluation software (v 1.0) and data were transferred to GraphPad Prism (v
9), whereby dissociation constants were determined from the non-linear regression fit of a

one-site binding model. This model uses the equation:

y=Bmax+*XKD+X+NS*X, (equation 1)

where y is the total binding, x is the concentration of ligand, Bmax is the maximum specific
binding, KD is the equilibrium dissociation constant which is the concentration of ligand

at half-maximum binding at equilibrium, and NS is the slope of nonspecific binding.

Competition experiments were performed utilizing the same buffer conditions and
the same setup as the binding experiments. 2 uM Lys-Pg or Glu-Pg were prepared with 5
mM AEBSF, 10 uM VFKck, and increasing concentrations of EACA (Sigma-Aldrich: 60-
32-2) or TXA (Sigma-Aldrich: 1197-18-8). Sensorgrams were analyzed with Biacore T200
evaluation software (v 1.0), and data were transferred to GraphPad Prism (v 9), whereby

IC50 (concentration of inhibitor that gives 50% binding of the analyte) constants were
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determined from non-linear regression fit of a “[inhibitor] vs response — variable slope”

model. This model uses the equation:

y=Bottom+(Top—Bottom)/(1+(IC50X)HillSlope), (equation 2)

where y is the total binding, x is the concentration of inhibitor, 1C50 is the concentration
of inhibitor at the half binding of analyte at half-maximum binding at equilibrium,
HillSlope is the steepness of the curve (-1 is standard), and Top and Bottom are plateaus

in the units of Y axis, where Bottom is forced to a value of 0.

2.7. Proteolytic Degradation of ADAMTS13

2.7.1 In-Silico Analysis of Protease Sensitive Sites in ADAMTS13

Our in-silico approach for the identification of proteases capable of proteolytically
degrading ADAMTS13 consisted of a search in literature for experimental or
computational evidence (81, 238, 239, 318, 319). Online tools capable of predicting
cleavage sites proteolytically degraded by specific proteases in a specified peptide
sequence, such as PROSPER (Protease specificity prediction server — Monash University),
ExPASy Peptide Cutter (SIB Swiss Institute of Bioinformatics), and NEBcutter (v2.0, New
England Biolabs) were also utilized (320-322). The search was focused on proteases

secreted into the circulatory system.
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2.7.2. ADAMTS13 Cleavage Assay

In-vitro proteolysis of ADAMTS13 reactions were made to a volume of 50 pL
containing 100 nM rhADAMTS13 (R&D Systems: 6156-AD-020) or purified full length-
ADAMTS13 and 50 nM various recombinant protease. ADAMTS13 was incubated for
varying time points (0 — 3 h) with various recombinant proteases, at 37°C. Reactions were
either analyzed for ADAMTS13 activity using FRETS-VWF73 assay (refer to section
2.4.4) or were stopped using SDS-loading dye and separated via SDS-PAGE under
reducing conditions (refer to section 2.4.1). SDS-PAGE gels were either stained using
SYPRO-RUBY for total protein analysis or by western blot using polyclonal anti-
ADAMTS13 antibody (Abcam: ab28274) and goat anti-rabbit HRP-conjugated antibody

(Bir-Rad: 1706515) (refer to sections 2.4.2. and 2.4.3).

2.7.3. Isolation of Neutrophils

10 mL of blood was collected in a 20 mL syringe containing 2.5 mL citrate at room
temperature. Then, 2.5 mL of dextran (6% dextran in saline) was drawn up by BD
Vacutainer into the citrated blood and mixed slowly 4 times in a figure 8 movement. The
leukocyte-rich plasma layer was left to separate through a waiting period of 45 minutes to
1 hour. Histopaque 1077 (Sigma: 10771), at room temperate, and at an equal volume to that
of separated leukocyte-rich plasma layer (~6 — 8 mL), was added to a 50 mL tube. The
separated leukocyte-rich plasma layer was added slowly to a new 50 mL tube. Using a
serological pipette, the plasma layer was transferred and added onto the superficial layer of

the Histopaque solution at the slowest rate possible. The plasma-Histopaque mixture was
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centrifuged at 1200 rpm, for 20 minutes with an acceleration of 7 and deceleration of 0.
The supernatant was aspirated, and 2.5 mL of ACK lysis buffer was added onto the pellet.
The pellet was slowly resuspended and incubated in the buffer for 4 minutes. Hank’s
Balanced Salt Solution (HBSS, GIBCO: 14065-056) was added to 50 mL then centrifuged
at 1200 rpm, for 5 minutes, at 4 degrees, with an acceleration and deceleration of 9. After
that, the supernatant was discarded and if the pellet was red, the ACK lysis buffer step was
repeated. The white pellet, i.e. the neutrophils, was resuspended slowly in 10 mL of RPMI
(GIBCO: 11835-030). The cells were counted using trypan blue-PBS solution (GIBCO:
15250-061) and a hemocytometer. The volume corresponding to the number of cells needed
in the corresponding experiment was transferred into a new 2- or 15-mL tube, centrifuged
at 1200 rpm for 5 minutes, the supernatant was discarded, and the pelleted cells were

resuspended in RPMI to the volume required to the corresponding experiment.

Neutrophil-containing reactions were set up in 40 pL volume containing a varying
number of neutrophils, 0 —500 x 102 cells diluted in RPMI, and 100 nM PMA for activation
for 4 hours at 37°C. Neutrophils were activated in the presence or absence of 20 pug/mL
DNase 1. After that, 100 nM of recombinant or purified ADAMTS13 in ADAMTS13
kinetic buffer was added to the activated neutrophils, to a total volume of 50 pL. The
mixture was incubated for 1 hour at 37°C, then analyzed as described in the proteolysis
assay of the ADAMTS13 section 2.7.2. In experiments where the number of neutrophils
was constant, 50,000 neutrophils were utilized, and the experiments were run as described

in section 2.7.2. In the proteolysis experiments whereby specific inhibitors were utilized,
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Sivelstat (elastase inhibitor, Tocris: 3535) and Cathepsin G Inhibitor | (Millipore Sigma:

219372) were utilized and the experiments were run as described in section 2.7.2.

2.7.4. Protease-Resistant ADAMTS13 Mutants

ADAMTS13 mutants were designed using SeqBuilder 14, whereby the T4L, or
T8L, or both, regions of ADAMTS13 were mutated to a variable length of GGGS repeats.
The T4L mutant represents the mutation GGS[GGGS]e at W868-A894, the T8L mutant
represents the mutation [GGGS]14GS at G1134-A1191, and the T4L/T8L mutant represents
both mutations. These constructs were termed T4L, T8L, or TAL/T8L mutants according
to their mutated regions. The T4L, T8L, and T4L/T8L mutants were genetically synthesized
into pcDNA 3.1(+) from Bio Basic Inc. (Markham, ON, Canada). DNA vectors
corresponding to each vector, along with wt-ADAMTS13 in pcDNA 3.1(+), were
transfected and expressed into HEK 293T cells (refer to section 2.2.3). Expressed proteins,
in FreeStyle media, were concentrated using centrifugal filters (Satorius Vivaspin 6 —
30,000 MWCO —VS0622) and quantified using the ELISA kit (R&D Systems: DADT130).
Proteolytic degradation assay of ADAMTS13 mutants utilized either 100 nM plasmin, or

50,000 activated neutrophils, and was performed as described in section 2.7.2.
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3. RESULTS
3.1. Cloning of ADAMTS13 and BirA* Genes

ADAMTS13-BirA*, with a GS linker [GGS]s and BirA* were cloned into
pcDNAS/FRT using polymerase chain reaction (PCR) and Gibson assembly (Figure 10).
Other linkers were considered (including GSA - [GSA].AGSGEF, AP — [AP]7, and EAAK
— A[EAAK].A spacers) but were abandoned because of difficulty in cloning. The linker
peptide sequence between ADAMTS13 and BirA* in each expression construct was varied
to identify the ideal sequence that promotes independent folding as well as secretion from
the cell. Each expression construct includes: a Kozak sequence for optimal protein
translation, Cox2 signaling sequence (replacing ADAMTS13 signaling sequence) to
accelerate protein movement through the secretory pathway, a 6x His tag and a FLAG tag
for protein purification and detection, and TEV protease site for removal of promoter

sequence if necessary (Figure 10).
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Figure 10 - Vector Maps of ADAMTS13-BirA* and BirA*.
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ADAMTS13-BirA* and BirA* were assembled into pcDNA 5/FRT vector. Along with that, additional genes of interest were

inserted such as: Cox signaling sequence, 6x His-tag, TEV protease site, and FLAG-tag.
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ADAMTS13-BirA* was assembled via extraction of 4 fragments using PCR from
the vectors MDTCS-pcDNA 3.1, ADAMTS13-pcDNA3.1, MCS-BiolD2-HA, and hFXII-
pcDNA 5/FRT (Figure 11), whereas the unconjugated BirA* was assembled via extraction
of 3 fragments from the vectors MDTCS-pcDNA 3.1, MCS-BiolD2-HA, and hFXII-
pcDNA 5/FRT (Figure 11). Multiple troubleshooting factors (additional DNA template,
use of DMSO, different primer sets, removal of overhangs, and an annealing temperature

gradient) were utilized during the optimization of the PCR reactions.
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Figure 11 - Assembly Maps of ADAMTS13 and BirA*.

ADAMTS13-BirA* (A) and BirA* (B) were assembled from several fragments of interest. The fragments were extracted using

PCR under the conditions described in Table 2 and assembled using Gibson assembly.
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After successful extraction of the genes of interest, ADAMTS13-BirA* and BirA*
were assembled as described in section 2.1.3. Transforming E. coli competent cells yielded
a few colonies (1-7 colonies per plate), indicating potential proper assembly of the designed
vector. To confirm proper assembly, DNA vectors were isolated from each colony as
described in section 2.1.5. and underwent diagnostic PCR tests to verify the cloning
procedure (Figures 12-13). In a few cases, the prominent band was double in size than the
band of interest, likely a result of PCR laddering, such as BirA*/pcDNA (Figure 12).
Furthermore, in the case that a band was missing, the colony was disregarded from future
tests. Negative controls whereby non-existing junctions, such as MDTCS/TSPCUB,
CUB/BirA* or pcDNA/CoxMDTCS and pcDNA/CoxBirA* were tested in BirA* and
ADAMTS13-BirA* respectively (Figure 13). Isolated DNA vectors that have shown the
correct assembly of junctions using the diagnostic PCR were further confirmed through
sequencing at the MobixLab (McMaster University, Hamilton, ON). Comparing
sequencing results to literature, the cloning procedure was determined to be successful as

the assemblies were correct and no mutations were identified.
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Figure 12 - Confirmation of Assembly - ADAMTS13-BirA* and BirA*.

The correct assembly of the vectors BirA* in pcDNA 5/FRT, and ADAMTS13-BirA* in pcDNA 5/FRT was confirmed through
PCR at each junction of assembly. Several colonies of BirA* were screened and found to be positive for the N-terminal assembly
of the gene, and multiple bands were observed for the C-terminal assembly. Similarly, ADAMTS13-BirA* observed multiple

bands for the C-terminal assembly as well.
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Figure 13 - Confirmation of Assembly - ADAMTS13-BirA*.
The correct assembly of the vector and ADAMTS13-BirA* in pcDNA 5/FRT was confirmed through PCR at each junction of
assembly. One band was observed at every evaluated junction of the assembled ADAMTS13-BirA*. No bands were observed in

the negative control of the BirA* colonies.
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3.2. Protein Expression

3.2.1. Visual Analysis

Successfully transfected HEK 293TRex cells, capable of expressing ADAMTS13-
BirA* or BirA*, were propagated until their transfer into roller bottles (refer to section
2.2.4). Expressed proteins were collected, isolated, and analyzed (refer to sections 2.3 and

2.4),

The total protein stain, SYPRO-RUBY, of the purification process of ADAMTS13-
BirA* demonstrated a low purity elution fraction (Figure 14A). In addition, the western
blot for anti-FLAG protein confirmed the presence of the ADAMTS13-BirA* (~207 kDa)
in the eluted fraction (Figure 14B). However, two additional very faint bands were also
identified in the western blot, one of which was believed to be a degraded version of the
protein, possibly near the CUB domains. Through visual observation, the degraded bands
were estimated to make up less than 10% of the total purified ADAMTS13-BirA* protein.
Initial attempts to purify the ADAMTS13-BirA* resulted in poor purity and evidence of
degradation. Despite several attempts at the optimization of purification protocol,

ADAMTS13-BirA* purity was limited to no more than 10% pure (Figure 14).

110|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood & Vasculature)

|- Q Seph. |-~ NiNTA -]

---Flowthrough
---Flowthrough
---Conc. Elution

---Preload
---Elution

75—

Figure 14 - Purification of ADAMTS13-BirA*,
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Purification of ADAMTS13-BirA* via anion exchange chromatography (Q Sepharose) followed by immobilized metal affinity

chromatography (NiNTA), then separated using SDS-PAGE under reducing conditions and analyzed through a total protein

stain (SYPRO-RUBY, A) and a western blot using the anti-FLAG antibody (B).
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Similarly, the total protein stain, SYPRO-RUBY, of the purification process of
BirA* demonstrated a low purity elution fraction (Figure 15A). In addition, the western
blot for anti-FLAG protein confirmed the correct size of BirA* (~27 kDa) in the eluted
fraction (Figure 15B). However, two additional bands, one slightly higher and one slightly

lower than the correct sized band, were also observed.
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Figure 15 - Purification of BirA*.

Purification of BirA* via anion exchange chromatography (Q Sepharose) followed by immobilized metal affinity
chromatography (NiNTA), then separated using SDS-PAGE under reducing conditions and analyzed through a total protein

stain (SYPRO-RUBY, A) and a western blot using the anti-FLAG antibody (B).
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3.2.2. ADAMTS13 Activity

The proteolysis activity of ADAMTS13 was tested, as fusion and non-fusion
protein (refer to section 2.4.4). ADAMTS13-BirA* displayed similar proteolysis rate to
that of wt-ADAMTS13, 4.7 x 102 + 2.3 x 10* ARFU/s/nM and 4.4 x 102 + 5.0 x 10°®
ARFU/s/nM respectively (Figure 16). This result indicated that the addition of the BirA*

did not affect the proteolytic activity of ADAMTS13 to the VWF substrate VWF73.
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Figure 16 - Enzymatic Activity of ADAMTS13-BirA* (FRETS-VWF73).

The specific activity rate of wt-ADAMTS13 (4.7 x 102 + 2.3 x 10* ARFU/s/nM) and
ADAMTS13-BirA* (4.4 x 10 +5.0 x 10 ARFU/s/nM) to the VWF73 peptide using FRETS-

VWF73 assay and varying concentrations of ADAMTS13 (0.5 — 10 nM).
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3.3. BiolD ADAMTS13

3.3.1. In-Vitro BiolD in Plasma

The biotinylation activity of BirA* was tested as a fusion and non-fusion protein.
The BiolD assay was performed (refer to section 2.5.1) using 250 and 500 nM of BirA* or
ADAMTS13-BirA* in citrated plasma. Biotinylated proteins were enriched by streptavidin
pulldown and detected using SDS-PAGE and total protein stain (Figure 17). Protein bands
of varying molecular weights were observed in samples containing BirA*, whereas no
protein bands were observed in the absence of the BirA*. Protein bands with sizes of ~27
kDa and ~207 kDa were observed and resembled the auto-biotinylation of the BirA* and
ADAMTS13-BirA* respectively (red arrows, Figure 17). Other bands observed were not
identified but are likely non-specific targets given the high concentrations of enzyme used
in this assay. These results confirm the biotinylation activity of BirA* in a citrated plasma

system, and that the addition of ADAMTS13 does not hinder BirA*’s biotinylation activity.
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Figure 17 - Confirmation of BirA* Activity.

Labeling of plasma proteins via in-vitro BiolD, overnight at 37°C, using increasing
concentrations (0 — 500 nM) of the biotin ligase as unconjugated (BirA*) or fusion protein
(ADAMTS13-BirA*), then isolated using streptavidin-1P and separated using SDS-PAGE
under reducing conditions before visual analysis through a total protein stain using

SYPRO-RUBY. The red arrows represent the auto-biotinylation of biotin ligases.
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3.3.2. Proof of Concept

The in-vitro BiolD in plasma technique was validated via identification of the
enriched peptides through LC/MS/MS. The BiolD assay was performed (refer to section
2.5.1). Results from the mass spectrometry analysis revealed several peptides and proteins,
however many were found as a single count and were discarded from the analysis. The total
number of proteins found across all samples was 66 proteins, 14 of which were unique to
ADAMTS13-BirA* (Table 4 & Figure 18). As expected, the autobiotinylation of
ADAMTS13 was identified as the highest number of hits within the sample group, but in
only one of the ADAMTS13-BirA* samples (Table 4). The other sample had no protein
hits, indicating an unsuccessful biotinylation assay. VWF, the only known substrate for
ADAMTS13 and the presumed positive control for this test, was not detected (Table 4)
(323). Other proteins that may be of interest going forward and had the highest number of
hits within the sample group are actin, tubulin, and vitronectin. However, another attempt
at mass spectrometry analysis was needed before further validating the hits. Prior to that, a
closer examination of the variables in the BiolD assay, such as the concentration of ATP

or its stability, to increase the number of hits was conducted.
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Figure 18 - Mass Spectrometry Results of Initial In-Vitro BiolD Assay.

Total number of labeled proteins identified from using LC/MS/MS analysis on in-vitro
BiolD assay of either 25 nM ADAMTS13-BirA*, BirA* or no protein, labeled overnight in
citrated plasma. The total number of labeled proteins was 66, 14 of which were unique to

ADAMTS13.
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Table 4 - Mass Spectrometry Results of In-Vitro BiolD in Varying Anti-Coagulants

Identified Proteins Alternate ID | Molecular ADAMTS13-BirA*
Weight (kDa) Sample 1 | Sample 2
A disintegrin and ADAMTS13 154 151 0
metalloproteinase with
thrombospondin motifs 13
Actin, cytoplasmic 1 ACTB 42 13 0
Creatine kinase B-type CKB 43 2 0
Elongation factor 1-alpha 1 EEF1A1 50 3 0
Heat shock protein HSP 90- HSP90AB1 83 2 0
beta
Immunoglobulin kappa IGKV2D-30 13 5 0
variable 2D-30
Polyubiquitin-B UBB 26 0 3
Protein RJ1 RJ1 16 3 0
Pyruvate kinase PKM PKM 58 6 0
Serum PON1 40 5 0
paraoxonase/arylesterase 1
Tubulin alpha-1B chain TUBALB 50 15 0
Tubulin beta-4B chain TUBB4B 50 14 0
UHRF1-binding protein 1-like | UHRF1BP1L | 164 0 2
Vitronectin VTN 54 13 0
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3.3.3. Measuring ATP Concentration

The biotinylation activity of BirA* is dependent on ATP and improving the stability
of ATP in plasma may yield more reproducible and robust labeling in plasma. According
to the literature, the half-life of ATP in plasma is up to 5 minutes (324). The stability of
ATP was measured (refer to section 2.5.5), in citrated plasma and in TBS buffer, in the
presence or absence of BirA* (Figure 19). Change in ATP concentration was measured
using a luciferase assay. ATP concentration was rapidly reduced in citrated plasma with a
half-life of minutes, whereas ATP concentration was stable over several hours in TBS
buffer. These data suggest that plasma contains proteins, such as ATPase, that is consuming

ATP faster than its chemical instability in buffer (322).
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Figure 19 - ATP Stability in Plasma vs Buffer.

A) Measurement of ATP concentration in citrated plasma or TBS buffer. B) Measurement of ATP concentration in citrated

plasma or TBS buffer in the presence or absence of BirA*, and described as relative luminescence units (RLU), over the course

of 36 hours.
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3.3.4. The Use of ATPase Inhibitors

The rapid consumption of ATP in citrated plasma was hypothesized to be caused
by ATPase and phosphatase activity. Therefore, ATPase inhibitors were tested for their
capacity to stabilize ATP in plasma. Plasma samples were incubated with various inhibitors
(3 mM EDTA, 2 mM NaVOs (pH 10), 1 uM IBMX, 5 nM NBTI, or TBS (no inhibitor))
and the concentration of ATP was measured at different time intervals (Figure 20). EDTA
demonstrated the highest preservation of ATP concentration over time. The cocktail of
inhibitors (NaVOs, IBMX, and NBTI) and NaVOas preserved ~40% of the starting ATP

concentration at 4 hours, compared to 20% ATP for the no inhibitor condition.
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Figure 20 - Effect of Various Inhibitors on ATP Stability.

Measurement of the ATP concentration in citrated plasma in the presence or absence of
various inhibitors (3 mM EDTA, 2 mM NaVOg4 (pH 10), 1 uM IBMX, 5 nM NBTI, or TBS

(no inhibitor)) over the course of 4 hours.
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Next, the impact of ATPase inhibitors on BiolD labelling efficiency was tested
(Figure 21). The presence of the inhibitor cocktail (NaVOs, IBMX, and NBTI) decreased
the biotinylation labeling of the plasma proteins, as indicated by the SYPRO-RUBY stain.
This result was further confirmed by western blot, as indicated by the bands corresponding
to the auto-labeling of BirA* (Figure 21). EDTA, which was the most effective at
prolonging ATP concentration in citrated plasma, also inhibited all biotinylation activity in
plasma. These data suggest that the presence of the ATPase inhibitors prevented BirA*
from consuming ATP; and thus, our aim of further increasing ATP stability through the use

of ATPase inhibitors in plasma was abolished.
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Figure 21 - Effect of Various Inhibitors on BirA* Activity.

Labeling of the plasma proteins via in-vitro BiolD using 100 nM ADAMTS13-BirA* or BirA*, in the presence or absence of
various inhibitors (TBS (no inhibitor), 3 mM EDTA, or 3 inhibitors (2 mM NaVOa (pH 10), 1 uM IBMX, 5 nM NBTI)), over the
course of a 4-hour reaction at 37°C. Labeled proteins were isolated using streptavidin-I1P and separated using SDS-PAGE under
reducing conditions, before visual analysis through a total protein stain (SYPRO-RUBY, left) and a western blot using the anti-

FLAG antibody (right). The blue arrows represent the auto-biotinylation of biotin ligases.
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3.3.5. ATP Supplementation

We next examined whether repeated supplementation of ATP into the BiolD assay
can yield a greater number of labelled proteins. Therefore, ATP was supplemented at every
hour for 4 hours over the course of a BiolD assay (Figure 22). The gel analysis of this
BiolD assay revealed that supplementing ATP increased the labeling of the proteins, as
indicated by the intensity of the bands, in the BirA* samples (Figure 22). The addition of
ATP to plasma resulted in a dose-dependent increase in plasma protein labeling based on
the increase in the intensity of the labeled bands. These data suggest that maintaining high
ATP concentrations throughout the labeling experiment may yield more reproducible and

robust BiolD data in citrated plasma.
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Figure 22 - Effect of ATP Supplementation on BirA* Activity

Labeling of plasma proteins via 100 nM biotin ligase as unconjugated (BirA*) or fusion
protein (TS13-BirA*), and increasing supplementations of ATP at every hour, for a 4-hour

reaction, and visualized as a total protein stain using SYPRO-RUBY.
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3.3.6. Different Anticoagulants

Citrate acts as a calcium chelator to prevent plasma from clotting (312, 313).
However, it also chelates other divalent cations like Mg?*, which are important for the
phosphatase activity of the BirA enzyme (315). Therefore, we next tested whether
collecting plasma in a different anti-coagulant could improve the yields of our BiolD assay.
Collected citrated pooled normal plasma was recalcified to 20 mM CaCl; while adding 50
pg/mL of Hirudin, a potent thrombin inhibitor (32.8 uM). The BiolD assay was performed
(refer to section 2.5.1) with the exception in the use of a larger volume (1 mL). Despite the
ATP concentration may be limiting the number of hits, the concentration of ATP remained
the same as the previous mass spectrometry run, and additional ATP was not supplemented

to maintain a fair comparison of the two anticoagulants.
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Figure 23 - Mass Spectrometry Results of In-Vitro BiolD in Varying Anti-Coagulants.

Total number of labeled proteins identified from using LC/MS/MS analysis on in-vitro
BiolD assay of either 25 nM (A) or 50 nM (B) ADAMTS13-BirA*, BirA* or no protein,
labeled overnight in citrated plasma (A) or calcified and hirudin-treated plasma (B). In the
citrated plasma assay (A), the total number of labeled proteins was 66, 14 of which were
unique to ADAMTS13. In calcified and hirudin-treated plasma (B), the total number of

labeled proteins was 365, 32 of which were unique to ADAMTS13.
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Results from mass spectrometry analysis found the total number of proteins labelled
across all samples were 365 proteins, 32 of which were unique to ADAMTS13-BirA*
(Figure 23 B). Whereas, after recalcifying the citrated plasma, the total number of proteins
labelled across all samples decreased to 66, 14 of which were unique to ADAMTS13-BirA*
(Figure 23 A). Although the number of proteins that were unique to ADAMTS13-BirA*
increased compared to the previous run, a closer examination of the mass spectrometry
results showed this result was likely due to increased nonspecific labeling and was likely
due to insufficient washing of the streptavidin-coated beads following pull-down.
Furthermore, through the analysis of one-way ANOVA between each category, and a
significance of p < 0.05, only 4 proteins were identified for ADAMTS13-BirA* (Table 5).
As expected, the autobiotinylation of ADAMTS13 was identified as the highest number of
hits within the sample group (Table 5). Comparing these results to the previous attempt

(Tables 5-6), only tubulin B-chain (TUBB) was identified in both attempts.

This series of optimization experiments indicate that rapid ATP consumption is the
most limiting factor in plasma BiolD assays. The optimal plasma BiolD protocol, therefore,
requires regular supplementation of ATP throughout the labelling period. Additionally,
special care was taken during the wash steps following streptavidin IP to change the tubes
regularly to reduce the contamination of unlabelled proteins in the mass spectrometry

datasets.
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Table 5 - Mass Spectrometry Results of In-Vitro BiolD in Varying Anti-Coagulants.

Labelled Proteins Molecular ADAMTS13-BirA*!
Weight Citrate Hirudin

A disintegrin and metalloproteinase 154 kDa 151 33
with thrombospondin motifs 13

Actin, cytoplasmic 1 42 kDa 13 0
Creatine kinase B-type 43 kDa 2 0
Elongation factor 1-alpha 1 50 kDa 3 0
Heat shock protein HSP 90-beta 83 kDa 2 0
Immunoglobulin kappa variable 2D-30 13 kDa 5 0
Polyubiquitin-B 26 kDa 3 0
Protein RJ1 16 kDa 3 0
Pyruvate kinase PKM 58 kDa 6 0
Serum paraoxonase/arylesterase 1 40 kDa 5 0
Tubulin alpha-1B chain 50 kDa 15 2
Tubulin beta-4B chain 50 kDa 14 2
UHRF1-binding protein 1-like 164 kDa 2 0
Histone, H2B type 1-K 14 kDa 0 3

Total number of significant peptides identified from using LC/MS/MS analysis on in-vitro

BiolD assay labeled overnight in citrated plasma or calcified and hirudin-treated plasma.
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3.3.7. Mass Spectrometry — Optimized Conditions

In-vitro plasma BiolD was further optimized after the examination of many
different variables that played a role in the success of the assay. Such variables include:
concentration of BirA*, volume of plasma, type of streptavidin beads (agarose versus
magnetic), concentration of biotin, number of washes, and length of incubation periods for
labeling, immunoprecipitation, and washes. Previous experiments evaluated the impact of
these variables on BiolD labeling efficiency using SDS-PAGE and total protein stain
(SYPRO-RUBY). These conditions were also evaluated using western blots targeting

VWEF, BirA*, anti-ADAMTS13, and/or streptavidin.

After many iterations, the optimal plasma BiolD assay was performed in replicates
of 5. This assay consisted of 100 uM ADAMTS13-BirA* or 100 UM BirA* or no protein
(PBS buffer), along with 50 uM biotin and supplementation of 1 mM ATP every hour for
4 hours, added to 1 mL of citrated plasma. Biotinylated proteins were isolated using
streptavidin agarose beads. Results from the mass spectrometry data analysis identified an
average of 225 proteins in the negative control (no BirA*), 235 proteins with unconjugated
BirA*, and 466 proteins with ADAMTS13-BirA* (Figure 24A). Among these, 199 proteins
were uniquely present in ADAMTS13-BirA* samples, and 50 proteins that were absent
from the negative control samples (no BirA*) but present in both BirA* and ADAMTS13-
BirA* indicating some direct interaction with the biotin ligase or non-specific protein
labeling (Figure 24A). Proteomics data were further analyzed for significance to
ADAMTS13-BirA* (p<0.05) using one-way ANOVA, whereby 108 proteins were

identified to have significant interaction with ADAMTS13-BirA* (Figure 24B). This
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analysis removed proteins with extremely low counts and allowed the analysis of proteins
identified in more than one condition to be compared for a significant difference in one

condition over the others.

Of the 108 proteins significantly labeled by ADAMTS13-BirA*, 95 are known to
be intracellular, 8 are transmembrane proteins, and 5 are extracellular proteins (Table 6).
ADAMTS13 was the most abundant protein identified in the ADAMTS13-BirA* BiolD
reaction, with an average peptide count of 478, and was not identified in the unconjugated
BirA* reaction or negative control samples, providing evidence of auto-biotinylation of the

fusion protein.

VWEF was identified in the ADAMTS13-BirA* reactions with an average peptide
count of 1.8. By comparison, VWF had an average peptide count of 0.2 and 0.4 in the BirA*
and negative control, respectively. The weak labeling of VWF by ADAMTS13-BirA* may
be a result of the reaction being conducted in the absence of flow conditions, and sufficient
fluid shear stress is required to optimize their interaction (see discussion) (126, 323).
ADAMTS13-BirA* samples were enriched for cell-associated proteins like actin and
tubulin, which may reflect the labeling of receptors on the surface of plasma microparticles
such as CD36, which is known to bind to proteins containing type 1 thrombospondin
domains, including ADAMTS13 (see discussion) (199). The plasma proteins vitronectin
and plasminogen were enriched in all samples yet were significantly enriched in the
ADAMTS13-BirA* condition and were subsequently tested in validation studies as novel

ligands to ADAMTS13.
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Figure 24 - Mass Spectrometry Results Using Optimized Conditions.

Venn diagram of proteins labeled from BiolD assay of 100 nM ADAMTS13-BirA*, BirA*
or PBS buffer (no protein) in citrated plasma, with 1 mM ATP added every hour, and 50
MM biotin, at 37°C for 4 hours. Labeled proteins were isolated using agarose streptavidin
beads, digested with trypsin, analyzed, and identified using LC-MS/MS. A) The numbers
represent the number of unique labeled proteins present in each condition. B) The numbers

represent the number of unique labeled proteins significant to ADAMTS13-BirA* (p<0.05).
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Table 6 - Spectral Counts of Extracellular Proteins Identified Significant to ADAMTS13.

ADAMTS13 (A) BirA (B) No Protein
A B AN
pValue? pValue?
Peptide Count! Peptide Count! Peptide Count!
MW
Protein (KDa)| Al | A2 | A3 [ A4 | A5 | Avg |S.Dev| Bl | B2 | B3 [ B4 | BS [Avg| S.Dev N1 [N2|N3[N4 | N5 |Avg|S.Dev
A disintegrin and
metalloproteinase with
thrombospondin motifs 13 | 154 | 422|426 [351 1021170478 [286.9) 0 [ O | O | O [ O | O 00 |0004]|] 0| 0] 0[0] 0]0]| 00 [ 0004
Vitronectin 54 1109 86 | 68 [102| 29 [78.8| 286 |30 (24|29 |34 [39(312] 50 | 0003 |24 (2423|3331 27| 4.1 | 0.005
Plasminogen 91 36 |27 [ 10 | 68 | 7 [296] 220 | 3 [ 3 6 011 ]126] 21 002212 14 ]1]0 0 [14] 15 | 0.028
von Willebrand factor 309 | 2 2 3 2 0O (18] 10 |01 |O|JO]|]OfO2] 04 |OO31 |1 (1 ]0]0 /| 0 (04] 05 | 0015
Stanniocalcin-2 33 2 2 2 1 0 ]14] 08 0]0]0 01010 0.0 00031 0]1]0]0)0 0 0| 0.0 | 0.003

Total number of peptides identified from using LC/MS/MS analysis on in-vitro BiolD assay under optimized condition.

2Significant analysis for each protein identified between the peptide count in each condition calculated using one-way ANOVA

with a posthoc Tukey HSD test through RStudio whereby p<0.05 is significant.

136 |Page




Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

3.4. Validation of Novel Interactions

3.4.1. ELISA Plate Binding Assay

The interaction between ADAMTS13 and vitronectin was first tested using an
ELISA-plate binding assay. ADAMTS13-BirA* or BirA* were added to a 96-well coated
with either vitronectin or BSA (refer to 2.6.1). Increasing concentrations of ADAMTS13-
BirA* and BirA* resulted in higher absorbance values, indicating greater binding to the
coated proteins (Figure 25). In addition, the binding of ADAMTS13-BirA* and BirA* to
vitronectin was higher than to BSA. Although this assay confirmed that ADAMTS13-
BirA* can bind to vitronectin, the unconjugated BirA* also bound to vitronectin. Thus, the
interaction of vitronectin to ADAMTS13-BirA* may be to that of BirA* and not specific
to ADAMTS13. This was subsequently confirmed using SPR, in which wild-type

ADAMTS13 did not bind to vitronectin.
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Figure 25 - ELISA Plate Binding Assay.

ELISA plate of ADAMTS13-BirA* or BirA* binding to wells coated with 5 pg/mL
vitronectin (Vn) or bovine serum albumin (BSA). The wells were blocked with 5% for 2
hours, then increasing concentrations of the FLAG-tagged biotin proteins were incubated
with the wells covered with Vn or BSA. Binding was detected with an HRP-conjugated anti-

FLAG antibody.
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3.4.2. BioLayer Interferometry

The interaction between potential novel ligands and ADAMTS13 was also
examined using ForteBio’s BLI instrument, the Blitz. The binding affinity was examined
for a change in signal, represented by the binding length (hnm), which is read and analyzed
by the Blitz software. The binding affinity (Kq) was calculated by the software as

determined by a non-linear regression fit curve.

After immobilizing wt-ADAMTS13 onto the biosensor, all tested ligands (VWF,
vitronectin, BSA, streptavidin, actin, and anti-FLAG IgG) showed an increase in the signal
of the binding signal (Figure 26). The highest value increase was in the presence of anti-
FLAG antibody, with a Kq value of 4 x 10® M and an R? value of 0.95 (Figure 26, Table
7). VWF, the only known substrate for ADAMTS13’s, had a Kq value <1 x 10°12 M (Figure
26, Table 7). While it was expected for VWF to have a high affinity, the Kq value observed
was outside of the measurable parameters. In addition, performing the assay in the absence
of shear makes this Kq value an unreliable affinity estimate. The negative controls,
streptavidin, and BSA did display an increase in binding signal, the amplitude of the signal
was lower than that of anti-FLAG and VWE’s signals (Figure 26, Table 7). In addition, the
R? value of streptavidin and BSA were <0.9, thus, suggesting that streptavidin and BSA
did not bind to wt-ADAMTS13. Vitronectin gave the third-highest amplitude increase in
binding signal, with Kq values of 7.2 x 108 M and 1.1 x 10”7 M, with an R? value of 0.93
and 0.97 respectively (Figure 26, Table 7); suggesting that ADAMTS13 may interact with
vitronectin. However, vitronectin also bound to immobilized BSA, suggesting that

vitronectin’s interactions may be non-specific. Interestingly, actin showed a very low
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increase (<0.1 nm) increase in binding signal but displayed a Kq value of 4.2 x 107" M and
an R? value of 0.93 (Figure 26, Table 7); suggesting that further tests between ADAMTS13

and actin are recommended.

To further validate the binding affinities between the various analytes and the
immobilized ADAMTS13, parallel binding experiments were conducted with BSA-
coupled biosensors. After immobilizing BSA onto the biosensors, all tested ligands
(vitronectin, ADAMTS13) showed an increase in the signal of the binding signal (Figure
27). Both vitronectin and ADAMTS13 showed an increase in the amplitude of the binding
signal and provided Kgq values of 4.7 x 10° M and 4.8 x 10”7 M with R? values of 0.92 and
0.96 respectively (Figure 27, Table 7). These values were similar in the values of the
binding affinities between vitronectin or actinand ADAMTS13, suggesting that the binding

interaction between ADAMTS13 and these substrates may be non-specific.
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Figure 26 - Binding Curves of Various Analytes onto Immobilized ADAMTS13 using

BLI.

Binding curves (association — left, dissociation — right; trial 1 — A, trial 2 — B, trial 3-C)
of 375 nM of various proteins (vitronectin, VWF, BSA, streptavidin, actin, or FLAG-AB) to
immobilized wt-ADAMTS13. The data, as real-time binding curve (colored) were
generated through ForteBio’s the Blitz sofiware. Kq values, calculated by the software, are

reported in Table 7.
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Figure 27 - Binding Curves of Various Analytes onto Immobilized BSA using BLI.

Binding curves (association — left, dissociation — right; trial 1 — A, trial 2 — B) of 375 nM
vitronectin or ADAMTS13 to 37.5 nM BSA that was immobilized to a biosensor using
amine-coupling. The data was plotted as raw data (colored) and line of best fit (black), and
both were generated through ForteBio’s the Blitz software. Kq values, calculated by the

software, are reported in Table 7.
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Table 7 - Binding Affinities of Various Analytes onto Immobilized ADAMTS13 or BSA.

ADAMTS13 BSA
Analyte Kd (UM) R? Kda (UM) R?2
Vitronectin 0.1 0 1.2 0.9482
7.2 0.9284 4.7 0.9231
0.1 0.9653 N.D. N.D.
VWF <1x10° 0.9830 N.D. N.D.
Streptavidin 2077 0.2835 N.D. N.D.
<1x10® 0.0584 N.D. N.D.
Actin 04 0.9274 N.D. N.D.
FLAG-Ab 4x107? 0.9541 N.D. N.D.
BSA 0.1 0 N.D. N.D.
ADAMTSI13 N.D. N.D. 0.5 0.9632

N.D. — Not Determined
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3.4.3. Surface Plasmon Resonance

The binding affinities of vitronectin and plasminogen (Glu-Pg) to immobilized
ADAMTS13, were examined using SPR (refer to 2.6.3). Glu-Pg showed a saturable
binding profile with increasing concentrations (Figure 28). The Kg of Glu-Pg was
calculated to 2.8 + 0.3 uM. Interestingly, vitronectin also showed an increase in amplitude
RUs as the concentration of vitronectin increased. However, a Kq value could not be
calculated because the profiles did not saturate at physiologically relevant concentrations.

BSA was utilized as a negative control and did not bind to immobilized ADAMTS13.
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Figure 28 - Binding Curves of Pg, VVn, or BSA onto immobilized ADAMTS13 using SPR.

Glu-Pg, Vn, and BSA at varying concentrations 0-7 uM in HEPES-saline buffer at a flow
rate of 20 uL/min were injected onto immobilized ADAMTSI3 for 60 seconds and the

binding profiles were visualized by Biacore T200 evaluation software.
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We next performed binding experiments with vitronectin (\VVn), VWF, and a control
(BSA) to examine the binding interactions between these analytes and ADAMTS13 or

MDTCS.

The binding profile of VVn demonstrated a slight increase in amplitude RUs as the
concentration of the interacting Vn increased (Figures 29-31). With 3.5 uM of the analyte,
Vn increased to about 20 RUs onto ADAMTS13 and 15 RUs onto MDTCS (Figures 29-
31). In comparison to Glu-Pg which saturated at 80 RUs at 3.5 uM (Figure 32), Vn
displayed poor binding to ADAMTS13. In addition, with a poor binding profile and a lack
of saturation point, the binding affinity of Vn onto ADAMTS13 and MDTCS could not be

determined.

Interestingly, VWF multimers, which are reported to have a Kq value of 70-90 nM
to ADAMTS13 (200), did not show any binding interaction with ADAMTS13 and MDTCS
using SPR and a Kq value could not be calculated (Figures 29-31). This result was likely
due to the nature of the Biacore system and the absence of high shear stress that is required.
Similarly, BSA, which served as our negative control, also did not display any binding

interaction with ADAMTS13 nor MDTCS and a Kq was not determined (Figures 29-31).
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Figure 29 - Binding Curves of Vn, VWF and BSA onto Immobilized ADAMTS13 using

SPR.

Vn, VWF, and BSA at varying concentrations 0-7 uM in HEPES-saline buffer at a flow rate
of 20 uL/min were injected onto immobilized ADAMTS13 for 60 seconds and the binding

profiles were visualized by Biacore T200 evaluation software.
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Figure 30 - Binding Curves of Vn, VWF and BSA onto Immobilized MDTCS using

SPR.

Vn, VWF, and BSA at varying concentrations 0-7 uM in HEPES-saline buffer at a flow rate
of 20 uL/min were injected onto immobilized MDTCS for 60 seconds and the binding

profiles were visualized by Biacore T200 evaluation software.
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Figure 31 - Non-Linear Regression Models of Vn, VWF and BSA Binding to Immobilized ADAMTS13 and MDTCS.

Vn, VWF, and BSA at varying concentrations 0-7 uM in HEPES-saline buffer at a flow rate of 20 uL/min were injected onto

immobilized ADAMTS13 (left) or MDTCS (right), and the binding profiles were visualized by GraphPad Prism using a one-site

binding model.
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After confirmation of ADAMTS13 binding to Glu-Pg, various forms of Pg were
examined for binding to ADAMTS13 and MDTCS to map their binding interface. The
binding profiles of the various forms of Pg increased in amplitude RUs as the concentration
of the interacting analyte increased (Figures 32-34). With 7 uM of the analyte, Lys-Pg
saturated near 240 RUs, Glu-Pg saturated near 120 RUs, and with 3.5 uM of analyte mini-
Pg saturated near 70 RUs, and p-Pg saturated near 30 RUs. In contrast, all of the various
of Pg showed no dose-dependent binding to MDTCS (Figure 32). These binding profiles
suggest that the TSP-CUB domains of ADAMTS13 bind to plasminogen. As the truncated
form of Pg became smaller and the number of Kringle domains decreased (Glu-Pg > mini-
Pg > micro-Pg) the binding affinity of Pg onto immobilized ADAMTS13 increased. This
result was evident by the decrease in the dissociation constant, as the truncated form of Pg
became smaller (Figures 33-34). The Kq values of the various forms of Pg binding onto
immobilized ADAMTS13 were calculated to be Glu-Pg 2.78 + 0.29 uM, Lys-Pg 0.98 +

0.16 uM, Mini-Pg 1.48 + 0.36 uM, and p-Pg 11.36 + 12.21 uM (Table 8).
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Figure 32 - Binding Curves of Various Forms of Plasminogen onto Immobilized ADAMTS13 using SPR.

Various forms of Plasminogen (Lys-Pg, Glu-Pg, mini-Pg, «-Pg, VFK-plasmin) at varying concentrations 0-7 uM in HEPES-
saline buffer at a flow rate of 20 uL/min were injected onto immobilized ADAMTS13 for 60 seconds and the binding profiles

were visualized by Biacore T200 evaluation software.
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Figure 33 - Binding Curves of Various Analytes onto Immobilized MDTCS using SPR.

Various forms of Plasminogen (Lys-Pg, Glu-Pg, mini-Pg, ©-Pg, VFK-plasmin) at varying concentrations 0-7 uM in HEPES-
saline buffer at a flow rate of 20 uL/min were injected onto immobilized MDTCS for 60 seconds and the binding profiles were

visualized by Biacore T200 evaluation software.
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Figure 34 - Non-Linear Regression Models of Various Analytes’ Affinity to Immobilized ADAMTS13 and MDTCS.

Various forms of Plasminogen (Lys-Pg, Glu-Pg, mini-Pg, and u-Pg) at varying concentrations 0-7 uM in HEPES-saline buffer
at a flow rate of 20 ulL/min were injected onto immobilized ADAMTS13 (left) or MDTCS (right) and the binding profiles were

visualized by GraphPad Prism using a one-site binding model.
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Table 8 - Binding affinities of various forms of plasminogen’s affinity onto immobilized

ADAMTSI3.
Analyte ADAMTSI13
Kp (uM)
Lys-Pg 0.98+£0.16
Glu-Pg 2.78 £0.29
Mini-Pg 1.48 £0.36
u-Pg 11.36 4+ 12.21

159 |Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

These domain truncation experiments suggested that the C-terminus of
ADAMTS13 was binding to the Kringle domains of plasminogen. Plasminogen contains 5
Kringle domains that play an important role in plasminogen activation and plasmin activity
(325). For example, Kringle I and Kringle V bind to exposed lysine residues on fibrinogen
and accelerate plasminogen activation by tPA and plasmin degradation (325). Therefore,
we next performed competition with the anti-fibrinolytic agents tranexamic acid (TXA) or
epsilon aminocaproic acid (EACA) to examine the importance of the lysine-binding
Kringle domains to the interaction between plasminogen and ADAMTS13. The response
in the binding affinity of Lys-Pg or Glu-Pg to immobilized ADAMTS13 decreased as the
concentration of the lysine analogue, EACA or TXA, increased (Figure 35). Using 5 mM
EACA, Glu-Pg and Lys-Pg decreased to 25 RUs and 15 RUs respectively. In contrast, using
5mM EACA, Glu-Pg and Lys-Pg decreased to 16 RUs and 8 RUs respectively (Figure 33).
The determined ICso values of EACA and TXA were similar when almost doubled when
comparing Glu-Pg to Lys-Pg (Table 9). The determined ICso values of EACA to Glu-Pg
and Lys-Pg were 409.6 + 96.5 uM and 175.2 + 69.0 uM respectively. In addition, the
determined 1Cso values of TXA to Glu-Pg and Lys-Pg were 98.1 + 23.0 uM and 46.7
12.2 uM respectively. This suggests that the closed-form of Pg (Glu-Pg) requires a higher
concentration of the lysine analogue to be displaced from ADAMTS13. Furthermore, the
ICso values for TXA were lower, about one-fourth lower, than EACA, consistent with

TXA’s higher potency compared to EACA.

160|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

—— Glu-Pg + EACA
Glu-Pg + TXA

—— Lys-Pg + EACA
Lys-Pg + TXA

100

Respone Units (RUSs)
al
o

[EACA or TXA] (uM)

Figure 35 - Non-Linear Regression Models of Glu-Pg/Lys-Pg's Affinity to Immobilized

ADAMTS13 in the Presence of the Lysine Analogues EACA/TXA.

Increasing concentration, 0-5 mM, of EACA or TXA was injected along with 2 uM Glu-Pg
or Lys-Pg onto immobilized ADAMTS13, and the effect of the lysine analogues on the
binding profiles was visualized by GraphPad Prism (V9) using a “[inhibitor] vs normalized

response — variable slope’” model.
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Table 9 - ICso of EACA/TXA Lysine Analogues on the Binding Interaction between Glu-

Pg/Lys-Pg and Immobilized ADAMTS13.

Glu-Pg

Lys-Pg

EACA

TXA

EACA

TXA

1Cs0 (M)

409.6 + 96.5

98.1+23.0

175.2 £ 69.0

46.7+£12.2
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These domain truncation experiments along with lysine-analogue experiments
suggested that the C-terminus of ADAMTS13 was binding to the Kringle domains of
plasminogen. Therefore, we next performed binding experiments with Kringle-domain
proteins (FXII, prothrombin, Apo(a), LDL, Lp(a), modified Apo(a), and modified Glu-Pg)
along with proteins identified in our BiolD screen (vitronectin (Vn) and VWF) and a
control (BSA) to examine the binding interactions between ADAMTS13 and other

analytes.

Prothrombin did not display any binding interaction to ADAMTS13 nor MDTCS.
Some binding was observed between FXI1 and ADAMTS13 with a saturation RUs of about
90 using 3.5 uM FXII, but not MDTCS (Figures 36-38). However, the calculated binding
affinity was 56.0 = 7245.5 uM, which is outside the range of concentrations tested and is

not reliable. Therefore, we conclude that FXII is not a relevant ligand for ADAMTS13.

Other various Kringle-containing proteins (lipoprotein A (Lp(a)), apolipoprotein-A
(Apo(a)), low-density lipoprotein (LDL), and the citrilated forms of Apo(a) and Glu-Pg)
were examined for their binding interaction with ADAMTS13. The binding profiles of the
various analytes demonstrated a lack of binding, except for modified Glu-Pg, to
immobilized ADAMTS13 as evident by the 0 RUs with increasing concentration of analyte
(Figure 39). Modified Glu-Pg demonstrated poor binding and a saturation RUs of 18 with
3.5 uM. Thus, due to the lack of binding of these analytes onto immobilized ADAMTS13,

a binding affinity (Kq value) could not be determined.
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Figure 36 - Binding Curves of FXII and Prothrombin onto Immobilized ADAMTS13 using SPR.

FXI1 and prothrombin at varying concentrations 0-3.5 uM in HEPES-saline buffer at a flow rate of 20 uL/min were injected onto

immobilized ADAMTS13 for 60 seconds and the binding profiles were visualized by Biacore T200 evaluation software.
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Figure 37 - Binding Curves of FXII and Prothrombin onto Immobilized MDTCS using SPR.

FXI1 and prothrombin at varying concentrations 0-3.5 uM in HEPES-saline buffer at a flow rate of 20 uL/min were injected onto

immobilized MDTCS for 60 seconds and the binding profiles were visualized by Biacore T200 evaluation software.

165|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood & Vasculature)

- - - Prothrombin
gloo- - FXII
g:/ - -
2 i .
c o o
-
e 50- -
o o -
o
o | |
04

Om l.l L] I.I L] I L I L] I L] I L] Ill/%-. I L I L] I L] I

00 05 10 15 20 25 30 3500 05 10 15 20 25 30 35

[Analyte] (M) [Analyte] (uM)

Figure 38 - Non-Linear Regression Models of FXII and prothrombin Affinity to Immobilized ADAMTS13 and MDTCS.

FXI1 and prothrombin at varying concentrations 0-7 uM in HEPES-saline buffer at a flow rate of 20 uL/min were injected onto

immobilized ADAMTS13 (left) or MDTCS (right) and the binding profiles were visualized by GraphPad Prism using a one-site

binding model.
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Figure 39 - Binding Curves of Kringle Domain-Containing Analytes onto Immobilized ADAMTS13 using SPR.

Various analytes (Apo(a), LDL, Lp(a), modified Apo(a), and modified Glu-Pg) at varying concentrations 0-3.5 uM in HEPES-
saline buffer at a flow rate of 20 uL/min were injected onto immobilized ADAMTS13 for 60 seconds and the binding profiles

were visualized by Biacore T200 evaluation software. Association time was 60 sec, and dissociation time was 300 sec.
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3.5. Proteolytic Degradation of ADAMTS13

3.5.1. In-Silico Analysis of Protease Sensitive Sites in ADAMTS13

The discovery of the interaction between plasminogen and ADAMTS13 prompted
further investigation into the mechanism of ADAMTS13 regulation by proteolysis.
Previous work has shown that plasmin, thrombin, and FXla can cleave ADAMTS13,
releasing the CUB domains (239). ADAMTS13 lacking CUB domains has been shown to

exhibit a lower capacity to cleave VWF strings under flow (326).

The literature was searched for evidence on the proteolytic degradation of
ADAMTS13 by various enzymes, while primarily focusing on serine proteases, and the
findings were compiled into Figures 40-41. In-silico approaches, such as PROSPER
(Protease specificity prediction server — Monash University), EXPASy Peptide Cutter (SIB
Swiss Institute of Bioinformatics), and NEBcutter (v2.0, New England Biolabs) predicted
various neutrophil-derived enzymes, such as cathepsin G, Cathepsin K, and elastase, and
coagulation proteases, such as FXa, and thrombin, to cleave ADAMTS13 at various Sites
on ADAMTS13 (320-322). These techniques utilized the amino acid sequence of
ADAMTS13 and compare it to known protease cleavage motifs. On the other hand,
experimental findings in literature utilized N-terminal sequencing and gel electrophoresis
and have identified the relative proteolytic sites of the neutrophil-derived enzyme, elastase,
and human proteinase 3, coagulation enzymes, plasmin, thrombin, and FXla onto

ADAMTS13 (81, 239, 318, 319).
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Figure 40 - In-Silico Literature Survey of Proteases Capable of Cleaving ADAMTS13 (MDTCS Region)

Potential and cleavage sites identified on the proteolytic degradation of ADAMTS13’s proximal domains MDTCS by the various
coagulation and neutrophil-derived proteases. The colour shade of each site represents the technique and source used to identify
the potential cleavage site was identified (green - experimental and orange - computational). Each . represents 3 amino acids, *

encodes for non-preferential cleavage sites, and * encodes for potential, yet non-confirmed cleavage sites.

171 |Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood & Vasculature)

Thrombin* Thrombin
(GRG) (PRR)
| 1
Plasmin** Plasmin/Thrombin
Thrombin* (YKL) (PRR)
(GRG) I L
| FXIa** FXla** FXla/Thrombin**
Elastase** | (SRRE (VRRI) (PRRL)
(LVE) Plasmin I '
I (IRT)  Plasmin** || Plasmin X1/ FXla**
Plasmin®* Thrombin (PKP) FXIa** (PKP) Thrombin** (LRV)
IRT [l (ARW) (ARG I
(R]{E) ( ) |
! Flastase | ‘ | L : e FXIa/
Elastase®* Flastase®* (ATS) | FXIa** FXIa** FXIa** ThIFXIbﬂ_/ . Thrombin**  p teinase®*
(AVR) (PVR) . | (LRV) (ARW) (ARA) 2111{ Tm (GRQ) (GVL)
! . \} \HI HHI ( ) | |
e | | T . | { A S
. TSP2 -4 L | Tsps-8 . L | | cuB _ '
[ ! ! no (- | | | | I Lo athepsin ¢
Cathepsin G | Cathepsin K Elastase Thrombin Cathepsin K Elastase } FXa** FXa** : F‘(l **' I Elastase (LYW) 1
R Cathepsin K I SRG) | PGRT) (CGRQ) Aa ; \ : )
ovs) o - ) (LEx)  RTG) | (GRG) | apQ (@G | FCRD O | Cormy | A | CathepsinG
Cathe‘ snK Elastase ‘ | Elastase ‘ FXa** | I |. _ Cathepsin G (LQS)
o (AAH) FXa** | (TVR) CathepsinK (IGRP) Cathepsin G @RT) | |
(SQQ) i (CGRG) LFS ! FYR) | hensin G
EXat* | (LFS) FXa** . Cathepsin G
(GGRL) Cathepsin G (WGRL) Cathepsin K (EFS)
! (ILL) (LFG) :
Thrombin Cathepsin G
(GRG)
(LFI)

172|Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood & Vasculature)

Figure 41 - In-Silico Literature Survey of Proteases Capable of Cleaving ADAMTS13 (TSP-CUB Region).

Potential and cleavage sites identified on the proteolytic degradation of ADAMTSI3’s distal domains TSP-CUB by the various
coagulation and neutrophil-derived proteases. The colour shade of each site represents the technique and source used to identify
the potential cleavage site was identified (green - experimental and orange - computational). Each . represents 3 amino acids, *

encodes for non-preferential cleavage sites, and * encodes for potential, yet non-confirmed cleavage sites.
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3.5.2. Survey of Proteases Capable of Cleaving ADAMTS13

Following in-silico examination of protease-sensitive sites within ADAMTS13, we
next performed a survey of select proteases to test their capacity to degrade ADAMTS13
in-vitro. Thus, 200 nM ADAMTS13 was incubated with 100 nM of various proteases
(plasmin, thrombin, FVIla, FIXa, FXa, FXla, FXlla, activated protein C (APC), tPa) or
controls (thrombomodulin (TM) and fibrinogen). Preliminary data found that a 2-hour
incubation of ADAMTS13 with plasmin, thrombin, FXla, FXa, and tPa at 37°C cleaved
ADAMTS13, resulting in a 150 kDa band along with one or more additional bands (Figure
42). On the other hand, activated protein C (APC), FVIla, FIXa, and FXlla did not cleave
ADAMTS13 (Figure 42). The proteolysis of ADAMTS13 using plasmin, FXa, FXla, and
thrombin was repeated and analyzed using a total protein stain and western blot utilizing
an anti-M domain ADAMTS13 antibody. Through analysis of the proteolytic fragment
profiles of each enzyme, and their comparison to the initial in-silico findings, the various

cut regions on ADAMTS13 were postulated (Figure 43).
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Figure 42 - Survey of Proteases Capable of Cleaving ADAMTS13.

200 nM ADAMTS13 was incubated with various proteases (100 nM) for various time points (0 — 3 hours, A) or 2 hours (B) at
37°C then separated using SDS-PAGE under reducing conditions and analyzed through a total protein stain using SYPRO-

RUBY. The red arrows represent the cleaved bands of ADAMTS13. Proteases in red were able to cleave ADAMTS13.
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Figure 43 - Survey of Coagulation Proteases Capable of Cleaving ADAMTS13.

200 nM ADAMTS13 was incubated with 100 nM various coagulation proteases (plasmin, FXa, FXla, and thrombin) for 2 hours
at 37°C then separated using SDS-PAGE under reducing conditions and analyzed through a total protein stain using SYPRO-
RUBY (top-left) and anti-M western blot (top-right). The blue arrows represent the uncleaved band of ADAMTS13, and all other
colored arrows represent the cleaved bands of ADAMTS13. Cleaved fragments of ADAMTS13 were characterized based on their

size, which postulated the cut region by each enzyme.
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3.5.3. Proteolytic Degradation of ADAMTS13 by Activated Neutrophils

Neutrophil activation is known to occur at sites of vascular injury and inflammation
where VWF dependent platelet recruitment is needed (70). Therefore, the capacity of
neutrophil-derived proteases to degrade ADAMTS13 was tested. A 1/10 serial dilution of
neutrophils were activated with PMA to stimulate degranulation and protease release and
titrated into a cell count curve ranging from 0 — 500,000 cells. ADAMTS13 was added to
the activated cells (refer to 2.7.2), and the proteolytic effect of the enzymes produced by
activated neutrophils was examined by western blot. As the cell count increased, more
proteolysis of ADAMTS13 was observed, as evident by the loss of the intact ADAMTS13

band on the western blot (Figure 44).

To better identify the family of enzymes produced by the activated neutrophils and
responsible for the degradation of ADAMTS13, AEBSF or EDTA were added to the
reaction to inhibit serine proteases or metalloproteases, respectively (Figure 45). The
addition of 2mM AEBSF to the reaction attenuated degradation of ADAMTS13 up to
500,000 activated neutrophils (Figure 45). The addition of 5 mM EDTA to the reaction
attenuated ADAMTS13 degradation up to 5000 activated neutrophils (Figure 45).
ADAMTS13 was completely degraded in the absence of either inhibitor, except for 50
activated neutrophils or lower. This result indicated that serine proteases are primarily

responsible for the degradation of ADAMTS13 by activated neutrophils.
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Figure 44 - Proteolytic Degradation of ADAMTS13 by Activated Neutrophils.
100 nM ADAMTS13 was incubated with an increasing count, 0 — 500,000, of PMA-
simulated neutrophils for 2 hours at 37°C, then separated using SDS-PAGE under reducing

conditions and analyzed through a western blot using the anti-ADAMTS13 antibody.

Degradation of ADAMTS13 is represented by the decrease in the intensity of the

ADAMTS13 band.
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Figure 45 - Effect of Protease Inhibitors on the Proteolytic Degradation of ADAMTS13 by Activated Neutrophils.

100 nM ADAMTS13 was incubated with an increasing count, 0 — 500,000, of PMA-simulated neutrophils for 2 hours at 37°C,
in the presence/absence of the protease inhibitors AEBSF (2 mM) or EDTA (5 mM) or both. The reactions were then separated
using SDS-PAGE under reducing conditions and analyzed through a SYPRO-RUBY total protein stain. Degradation of
ADAMTSL13 is represented by the presence of the smaller bands, and the decrease in the intensity of the ADAMTS13 band (~180

kDa).
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To identify the most important neutrophil-derived serine proteases for degrading
ADAMTS13, we next tested neutrophil elastase, cathepsin G, and human proteinase 3 for
their ability to cleave ADAMTS13 (Figures 46-47). ADAMTS13 was analyzed for
cleavage using the anti-ADAMTS13 in the western blot and cleaved ADAMTS13 was
represented by the absence of ~180 kDa ADAMTS13 band. 100 nM of neutrophil elastase
degraded ADAMTS13 in a similar pattern as thrombin and FXla (Figures 42-43, 46-47).
Interestingly, 100 nM of cathepsin G was shown to completely degrade ADAMTS13 by
the 1-hour time point. Therefore, the concentration of cathepsin G was decreased to 20 nM,
which showed a comparable banding pattern as thrombin and neutrophil elastase (Figures
43, 46). The efficient capacity of cathepsin G to degrade ADAMTS13 may suggest that it
is an efficient regulator of ADAMTS13 activity in-vivo. To better analyze the proteolytic
profiles of each of the neutrophil-derived enzymes, while also examining the effect of
hPR3, the experiment was repeated, and the findings were compared to the initial search to

better postulate the cut regions on ADAMTS13 (Figure 47).
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Figure 46 - Proteolysis of ADAMTS13 by Cathepsin G and Elastase.

200 nM ADAMTS13 was incubated with 20 nM cathepsin G or 100 nM neutrophil elastase for various time points (0 — 180
minutes) at 37°C, then separated using SDS-PAGE under reducing conditions and analyzed through a western blot using the
anti-ADAMTS13 antibody. Degradation of ADAMTS13 is represented by the appearance of the smaller band and/or the decrease

in the intensity of the ADAMTS13 band.
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Figure 47 - Survey of Neutrophil-Derived Proteases Capable of Cleaving ADAMTS13.

200 nM ADAMTS13 was incubated with 20 or 100 nM various neutrophil-derived proteases (cathepsin G, elastase, and hPR3)
for 2 hours at 37°C then separated using SDS-PAGE under reducing conditions and analyzed through a total protein stain using
SYPRO-RUBY (top-left) and anti-M western blot (bottom-left). The blue arrows represent the uncleaved band of ADAMTS13,
and all other colored arrows represent the cleaved bands of ADAMTS13. Cleaved fragments of ADAMTS13 were characterized

based on their size, which postulated the cut region by each enzyme.
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3.5.4. Protease Inhibitors

To identify the most important neutrophil-derived serine protease responsible for
degrading ADAMTS13, we next tested activated neutrophils for their ability to cleave
ADAMTS13 in the presence of specific protease inhibitors (Figure 48). The inhibitors used
in this assay were against cathepsin G (Cathepsin G Inhibitor 1), elastase (Sivelestat), or
serine proteases (AEBSF). ADAMTS13 was analyzed for cleavage using the anti-
ADAMTS13 in the western blot and cleaved ADAMTS13 was represented by the absence
of ~180 kDa ADAMTS13 band. 5 mM of AEBSF was required to attenuate the proteolysis
of ADAMTS13 by activated neutrophils, as evident by the intact full-length ADAMTS13
band (180 kDa) on the western blot (Figure 48). Interestingly, 50 mM Sivelestat was able
to partially attenuate the proteolysis of ADAMTS13 by activated neutrophils (Figure 48).
In contrast, 5 mM of Cathepsin G Inhibitor I was able to slightly attenuate proteolysis of
ADAMTSI13 by activated neutrophils, as evident by the very faint intact full-length
ADAMTS13 band (180 kDa) on the western blot (Figure 48). The efficient capacity of
Sivelestat to inhibit the proteolysis of ADAMTS13 by activated neutrophils may suggest
that neutrophil elastase is the most potent regulator of ADAMTS13 released by activated
neutrophils. To better analyze the proteolytic effect of each enzyme on ADAMTS13, the
proteolysis experiments were repeated alongside a FRETS-VWF73 assay to better

understand the effect proteolytic degradation has on ADAMTS13 activity.
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Figure 48 - Effect of Serine Protease Inhibitors on the Proteolytic Degradation of ADAMTS13 by Activated Neutrophils.

50 nM ADAMTS13 was incubated with 50,000 PMA-simulated neutrophils for 2 hours at 37°C, in the presence/absence of a
varying concentration of 5 nM — 5 mM Sivelestat, Cathepsin G Inhibitor | or AEBSF. The reactions were separated using SDS-
PAGE under reducing conditions and analyzed through an anti-M western blot. Degradation of ADAMTS13 is represented by

the decrease in the intensity of the intact full-length ADAMTS13 band (~180 kDa).
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3.5.5. Effect of Proteolytic Degradation on ADAMTS13 Activity

To evaluate the effect of proteolytic degradation on ADAMTS13, we repeated the
proteolysis experiments using a lower concentration of protein (100 nM wt-ADAMTS13
and 50 nM protease) and examined the activity of proteolytically degraded ADAMTS13
using a FRETS-VWF73 assay. In contrast to previous experiments (Figures 42-43), FXla
and FXlla did not cleave ADAMTS13 as evident by the absence of any bands other than
the intact full-length ADAMTS13 band (180 kDa) as well as the lack of decrease in
intensity of the intact full-length ADAMTS13 band (Figure 49A). This difference could be
a result of a non-functional FXIla. In comparison, thrombin, neutrophil elastase, and
cathepsin G proteolytically degraded ADAMTS13 as evident by the similar banding pattern
on the western blot (Figure 49A). In addition, thrombin demonstrated an additional band at

~30 kDa and cathepsin G had an additional band at ~50 kDa (Figure 49A).

The effect of proteolytic degradation has on ADAMTS13 activity was evaluated
through the FRETS-VWF73 assay. Proteolytically degraded ADAMTS13 by FXlla, FXla,
thrombin, elastase, or cathepsin G observed a rate in the range of ~3800 ARfu/s and ~5000
ARfu/s. In comparison, intact full-length ADAMTS13 observed a rate of ~3500 ARfu/s.
Interestingly, in the absence of ADAMTS13, none of the proteases cleaved VWF73 except
for neutrophil elastase which observed a rate of ~3100 ARfu/s, where literature has shown
before (327). Although these data suggest that the cleaved form of ADAMTS13 may not
lose activity towards VWF73 (consistent with cleavage sites outside the MDTCS region),
these experiments are limited by the fact that ADAMTS13 in the reactions exist in both

cleaved and uncleaved forms. Therefore, future studies will repeat this experiment with

189 |Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

ADAMTS13 that is more completely degraded by the tested proteases. In addition, future
experiments will utilize AEBSF in the reactions to avoid the influence of the serine

proteases in the reaction.
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Figure 49 - Effect of Proteolytic Degradation on ADAMTS13 Activity.

100 nM ADAMTS13 was incubated with 50 nM of various proteases for 2 hours at 37°C. The reactions were then: (A) separated
using SDS-PAGE under reducing conditions and analyzed through a western blot using the anti-M domain ADAMTS13 antibody;
(B) measured the enzymes’ rate of activity using FRETS-VWFT73, using either 2 nM wt-ADAMTS13 or 1 nM protease (FXlla,
FXla, thrombin, elastase, cathepsin G), or both, with 1 uM VWF73 substrate. Degradation of ADAMTS13 is represented by the

appearance of the smaller band and is highlighted by the blue arrow (A).
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3.5.6. The Influence of DNase | on the Proteolytic Degradation of ADAMTS13
Exogenous and microbial-derived DNase I is known to inhibit the function of NETS,
which are produced by activated neutrophils (328). Thus, the influence of DNase | on the
ability of activated neutrophils to degrade ADAMTS13 was examined. Increasing numbers
of neutrophils were activated in the absence or presence of DNase I, before incubation with
ADAMTS13 (refer to 2.7.3). Following a 1-hour incubation, ADAMTS13 was degraded
by a 10x lower cell count in the presence of DNase I than in the absence of DNase | (Figure
50 A/B). These reactions were also analyzed for ADAMTS13 activity using the FRETS-
VWEF73 assay (Figure 50C). Interestingly, in the presence of DNase I, the rate of activity
for ADAMTS13 increased ~3300 ARfu/s as the number of activated neutrophils increased
to 5000 cells. On the other hand, in the absence of DNase I, the rate of activity for
ADAMTSI13 decreased ~800 ARfu/s as the number of activated neutrophils increased to
5000 cells. DNase | cleaves NETs which may influences the space availability of
ADAMTS13 to be degraded by the neutrophil-derived proteases. Thus, future studies will
examine longer DNase | incubation times to determine the influence the breakdown of

NETS has on the capability of proteases to degrade ADAMTS13.
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Figure 50 - Influence of DNase | on the Proteolytic Degradation of ADAMTS13 by Activated Neutrophils.

Isolated neutrophils were set up into reactions containing various cell counts (0 - 500,000 cells), diluted as needed using RPMI,
in the presence or absence of DNase | at a final concentration of 20 pg/mL, and activated with 100 nM PMA for 4 hours at 37°C.
100 nM of wt-ADAMTS13 was added to the activated neutrophil reactions and incubated for 1 hour at 37°C. The reactions were

then: (A/B) separated using SDS-PAGE under reducing conditions and analyzed through a western blot using the anti-
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ADAMTS13 antibody; (C) measured wWt-ADAMTSI13’s rate of activity using FRETS-VWF73, using 2 nM of the potentially
degraded wt-ADAMTS13 with 1 uM VWF73 substrate. Degradation of ADAMTS13 is represented by the decrease in the intensity

of the ADAMTS13 band.
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3.5.7. Developing a Protease-Resistant Form of ADAMTS13

After surveying several coagulation and neutrophil-derived enzymes for their
proteolytic degradation on ADAMTS13, possible cleavage sites were identified based on
the banding patterns observed from the ADAMTS13 cleavage assays. All proteases capable
of cleaving ADAMTS13 cleaved ADAMTS13 near the CUB domains, and around the TSP
2-8 region (Figure 51). Furthermore, neutrophil-derived enzymes also cleaved in additional
areas, specifically in the M, D, T, and directly after the S domains. In comparison to the in-
silico findings (Figures 40-41), the suspected areas of proteolysis are postulated to be the
linker regions within the TSP 2-8 region, which are the T4 Linker region (T4L) and the T8
Linker region (T8L), which are devoid of secondary structure and may be ideally suited as

a substrate for proteases (Figure 51).
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Figure 51 - Postulated Sites of Cleavage on ADAMTS13.
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Protease-resistant ADAMTS13 mutants, whereby T4L, or T8L, or both linkers were
mutated to a GSSS linker and expressed (refer to section 2.2). The ability of these mutants

to resist proteolysis was evaluated using plasmin and PMA-stimulated neutrophils.

ADAMTS13 at a concentration of 100 nM and as wild-type, T4L mutant, T8L
mutant, or T4L/T8L mutant was incubated with 100 nM of plasmin, in the presence or
absence of plasmin inhibitor (VfKcK), for 2 hours and the ability to resist proteolysis was
evaluated through a western blot (refer to section 2.7.3). The plasmin inhibitor, VfKcK,
was added at the same time as the ADAMTS13; thus, VfKcK acted to slow down the
proteolysis of ADAMTS13 by plasmin. Hence, the second band was observed in all
reactions containing VfKcK (Figure 52). Proteolysis of ADAMTS13 was determined by
the absence of the ADAMTS13 band on the western blot. Interestingly, plasmin
successfully cleaved ADAMTS13 in all forms within 2 hours except for the double mutant,
as evident by the prominent intact full-length ADAMTS13 band on the western blot (Figure

52). This is indicative of T4L/T8L mutant’s resistance to proteolysis by plasmin.

Similar to the plasmin experiment, ADAMTS13 at a concentration of 100 nM and
as wild-type, T4L mutant, T8L mutant, or T4AL/T8L mutant was incubated with 50,000
activated neutrophils for 5, 30, and 60 minutes and the ability to resist proteolysis was
evaluated through a western blot (refer to section 2.7.3). The activated neutrophils cleaved
wild-type ADAMTS13 and T8L mutant within a 5-minute reaction, except for the 60-
minute reaction for T8L (Figure 53). The unexpected result in the 60-minute reaction with
T8L suggests an experimental repeat. In comparison, the T4AL and T4L/T8L mutants

resisted proteolysis by activated neutrophils within 60 minutes as evident by the prominent
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intact full-length ADAMTS13 band on the western blot (Figure 53). This is indicative of

T4L and T4L/T8L mutant’s resistance to proteolysis by activated neutrophils.

In both cases, TAL/T8L demonstrated resistance to proteolysis by plasmin and

activated neutrophils (Figures 52-53).
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Figure 52 - Effect of Plasmin on ADAMTS13-Resistant Mutants.

100 nM ADAMTS13, as wild-type, TAL mutant, TSL mutant, or T4L/T8L mutant, was
incubated with 100 nM of Plasmin for 2 hours at 37°C, then separated using SDS-PAGE
under reducing conditions and analyzed through a western blot using the anti-ADAMTS13
antibody. Degradation of ADAMTS13 is represented by the decrease in the intensity of the

ADAMTS13 band.
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Figure 53 - Effect of Activated Neutrophils on ADAMTS13-Resistant Mutants.

100 nM ADAMTS13, as wild-type, TAL mutant, T8L mutant, or T4AL/T8L mutant, was
incubated with 50,000 PMA-simulated neutrophils for 5, 30, or 60 minutes at 37°C, then
separated using SDS-PAGE under reducing conditions and analyzed through a western
blot using the anti-ADAMTS13 antibody. Degradation of ADAMTS13 is represented by the

decrease in the intensity of the ADAMTS13 band.
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4. DISCUSSION

The studies described in this thesis were undertaken to examine the mechanisms
that regulate ADAMTS13. Many investigators in the field postulate that the open/closed
conformation serves to regulate ADAMTS13 activity in vivo. In circulation, ADAMTS13
exists in a closed conformation and upon binding to VWEF, it adopts an open conformation
and is poised for proteolysis (190, 201). Despite these conformational changes,
ADAMTSI13’s activity is retained in both the open and closed conformation, suggesting
that this is not a significant mechanism for regulating ADAMTS13 function in circulation
(190, 201). The goals of the project were to (a) develop and optimize in-vitro plasma BiolD
to identify novel interactions to ADAMTS13, (b) validate novel interactions using BLI and
SPR, (c) identify proteases capable of degrading ADAMTS13 and their proteolytic sites,
and (d) develop a protease-resistant ADAMTS13, pr-ADAMTS13, as a potentially novel

therapeutic to treat thrombosis.

Previous work by Guo et al confirmed that ADAMTS13 is not susceptible to
inhibition by tissue inhibitors of metalloproteases (TIMPs), consistent with its long half-
life in circulation (219). Therefore, ADAMTS13 is not regulated by canonical pathways of
metalloprotease regulation in circulation. We hypothesized that other plasma proteins may
contribute to the regulation of ADAMTS13. Therefore, we sought to perform an unbiased
BiolD screen to identify novel ligands of ADAMTS13 that may be important to its

regulation.
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Our BiolD screen identified 5 plasma proteins significantly labelled by
ADAMTS13-BirA*. Vitronectin was substantially labelled by unconjugated BirA* and
was subsequently found not to bind ADAMTS13. Plasminogen was also substantially
labelled by unconjugated BirA* and was found to bind ADAMTS13 with high affinity. The
interaction between ADAMTS13 and plasminogen was mediated by the c-terminal
domains of ADAMTS13 (TSP2-8-CUBL1-2) and the Kringle domains of plasminogen in a
lysine-dependent manner. ADAMTS13 is rapidly degraded by plasmin in-vitro and is
protected from plasmin by TXA and EACA at therapeutic concentrations. These data
demonstrate that in-vitro BiolD is a useful technique to identify protein-protein interactions
in plasma and identified proteolysis as a potential mechanism of ADAMTS13 regulation.
Subsequent studies expanded the list of proteases capable of degrading ADAMTS13 to
include FXIla and neutrophil-derived proteases such as Cathepsin G, elastase, and hPR3.
These data suggest that activated neutrophils may play an important role in regulating the
activity of ADAMTS13 in-vivo. Lastly, we identified the most common proteolytic sites
on ADAMTS13 and engineered various protease-resistant forms of ADAMTS13. These
variants of ADAMTS13 are resistant to degradation by plasmin and activated neutrophils,
suggesting that they may serve as novel therapies to treat thrombosis. Overall, this project
developed and deployed a novel screening tool to investigate protease biology, and

identified and characterized a novel mechanism for the regulation of ADAMTS13.
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4.1. BiolD ADAMTS13

BiolD is a unique technique for discovering protein-protein interactions and
mapping protein interactomes. By covalently attaching biotin to interacting proteins, BiolD
identifies new substrates or protein-protein interactions. BiolD might appear to be a
"fishing expedition™, that may result in no new discoveries. However, BiolD is a proven
concept that is both specific and sensitive in many biological systems (272, 273, 290, 304,
329). We aim to adapt the BiolD technique to an in-vitro plasma system to further explore

the interactome of ADAMTS13 and investigate its regulatory mechanism.

Our BiolD studies aim to revisit the concept that the open/closed conformation is
the primary mechanism for ADAMTS13 regulation. In addition, these studies are also
positioned to identify potentially novel substrates of ADAMTS13, challenging the current
understanding that its substrate is VWF (211). The goals of our BiolD studies were to (a)
identify novel ligands or substrates, and (b) validate potential novel interactions, to explore
their role in the regulatory mechanism of ADAMTS13. This chapter contains a detailed
discussion on the development and utilization of our BiolD assay, emphasizing the
optimization of the in-vitro plasma BiolD technique and its use in advancing the
understanding of the ADAMTS13 regulatory mechanism. In the next chapter, we
demonstrate and characterize in more detail the additional proteases capable of degrading
ADAMTS13 and their potential role in regulating ADAMTS13 activity. Further exploring
the regulatory mechanism of ADAMTS13 may provide significant insight into
ADAMTS13's role in the cardiovascular system, potentially leading to a better

understanding and easier detection of blood clot diseases.
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Roux et al termed BiolD after the use of a promiscuous biotin ligase, fused with an
intermediate filament protein Lamin A, in a eukaryotic cell system (272). Since then, many
groups have adapted the BiolD technique to other environments and advance forms of the
BirA*, yet none have utilized a plasma system. Although no known study has reported on
the use of BiolD in plasma, we can postulate that in-vitro plasma BiolD can be developed.
This hypothesis is supported by the development of ivBiolD whereby Remnant et al
demonstrated in-vitro BirA* activity via the addition of exogenous ATP and biotin onto
eukaryotic cells (308). As a result, the addition of exogenous ATP and biotin into plasma

rendered BirA* active, which was demonstrated in our BiolD studies.

The efficiency of BirA* to label in an environment that was not established before
was crucial in the development of this project. Although the rate of biotinylation activity
by BirA* was not directly quantified, it was qualitatively assessed in the presence versus
the absence of BirA*. The SDS-PAGE and SYPRO-RUBY total protein stain of the BiolD
reactions provided evidence of non-specific protein labelling and therefore biotinylation
activity. Increasing the concentration of BirA* in the reactions resulted in more protein
detection on the gel, suggesting increased protein labeling. However, we avoided saturating
the labelling reactions with BirA* activity to increase the specificity of the labelling to
ligands of ADAMTS13 (305, 329). Thus, 100 nM of BirA* was chosen as the optimal

concentration for our initial SDS-PAGE and LC/MS/MS studies.

For further confirmation on the use of the BiolD technique in a plasma system, the
first trial test of the BiolD experiment's LC/MS/MS analysis was performed. As

characterized by Roux et al, the labeling vicinity of BirA* is within a 10 nm radius, which
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includes auto-labeling of BirA* and its attached protein (330). As demonstrated by Branon
et al, the highest labeling signal represents auto-biotinylation (305). Based on the
LC/MS/MS results, and literature, the highest number of hits for labeled ADAMTS13 was

anticipated. However, the overall low labeling count indicated a need for optimization.

BirA* consumes ATP and biotin during the biotinylation reaction. We can postulate
that the labeling count could improve through increased availability of the limiting
reagents. As demonstrated by Gorman et al, the half-life of ATP in citrated plasma can be
up to ~5 minutes (324). Gorman et al measured the half-life of ATP through a luciferase
assay and identified that the stability of ATP in citrated plasma is greatly influenced by the
presence of ATPases and phosphatases (324). These enzymes also consume ATP during
their ATP hydrolysis and energy-producing reactions (324). Thus, we hypothesize that the
use of ATPase and phosphatase inhibitors could improve ATP stability in citrated plasma

and increase the labeling efficiency of the BirA*.

As demonstrated by Gorman et al, NaVOs4, IBMX, and NBTI increased the half-
life of ATP in plasma and were among the inhibitors chosen for our assay (324). NaVOs is
a competitive ATPase inhibitor that acts as a transition-state phosphate analogue, trapping
ATPases during the transfer of the phosphate group (331). IBMX is a competitive non-
specific phosphatase inhibitor that is derived from the purine xanthine and blocks the
binding site of various phosphatases (332). NBTI is an adenosine analogue that inhibits
ATP consumption competitively by competing with adenosine-containing molecules such

as ATP (333). EDTA is a strong chelator of divalent cations and chelates Mg?* and Ca?*
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which are often utilized by ATPases during ATP hydrolysis reactions and was thus used as

a control (324).

The use of various ATPase inhibitors (NaVO4, IBMX, and NBTI) in combination
was able to slightly prolong the half-life of ATP in the citrated plasma. However, inhibition
of phosphatase activity appeared to also affect the biotinylation activity of BirA*, resulting
in lower labeling of plasma proteins. Further, as the strongest inhibitor, the use of EDTA
increased the half-life of ATP in citrated plasma the most. However, EDTA also completely
inhibited the labeling activity of BirA*. BirA*, along with many ATPases, hydrolyzes ATP
in the form of MgATP whereby Mg?* is needed (315). The Mg?* ions create a complex
with ATP molecules to allow the hydrolysis of ATP to take place, thus allowing ATP to be
readily available in the form of MgATP (334). Thus, using a strong chelator such as EDTA
inhibits the ATP hydrolysis reaction required for BirA* activity. In addition, the use of
other inhibitors inhibited BirA* like that of ATPases or phosphatases, and as a result
reduced the labelling efficiency of BirA*. These data suggest that improving ATP stability
in plasma by inhibiting phosphatase and ATPase activity is not a viable approach to
improving BiolD labelling efficiency in citrated plasma. As a result, our BiolD assay

required serial supplementation of ATP into the reaction over the labelling period.

In another optimization strategy, the anticoagulant utilized was changed from
citrate to hirudin. Citrate chelates free divalent cations including Mg?*, Ca?" and Zn?*, but
is not as strong as EDTA and will not easily chelate these divalent cations bound to protein
(313). Mg?* is utilized in the ATP hydrolysis reaction and the labeling reaction of BirA*,

whereas Ca®" and Zn?* are required in the interaction between ADAMTS13 and VWF and
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the proteolysis of VWF (315, 335). When both Ca?* and Zn?* are present, ADAMTS13
proteolysis of VWF multimer increases 6-fold (236). Changing the anticoagulant to Hirudin
was used to restore the resemblance of a physiological state of the ions in plasma without
the formation of blood clots. Our LC/MS/MS analysis of a Hirudin-based plasma system
demonstrated an increase in labelled proteins from 14 to 32. However, a closer look
revealed that the high count was caused by improper sample washes after
immunoprecipitation. The LC/MS/MS data was statistically analyzed, and only four
significant hits were identified. Thus, the strategy of changing the anticoagulant appeared

to not improve labelling efficiency and was abolished.

After identifying the optimized conditions for the in-vitro BiolD assay, a final
BiolD analysis run was performed. Through the LC/MS/MS analysis of the optimized
BiolD experiment, 199 proteins were uniquely identified by ADAMTS13, and 108 proteins

were significant to ADAMTS13.

Unexpectedly, ADAMTS13-BirA* plasma BiolD identified intracellular and cell-
associated proteins like actin and tubulin. These proteins were consistently identified
throughout all ADAMTS13-BirA* BiolD experiments and not in unconjugated BirA*
conditions. While plasma does not contain hematopoietic cells, it may contain
microparticles derived from hematopoietic and non-hematopoietic cells such as endothelial
cells. The identification of actin and tubulin may reflect the labeling of receptors on the
surface of plasma microparticles such as CD36 (199). ADAMTS13 binds to the cell surface
receptor CD36 via TSP-1 repeats contained at its C-terminus (199). CD36 binding to

ADAMTS13 is consistent with CD36 involvement in localizing ADAMTS13 on the
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endothelial cell surface and platelets, where ADAMTS13 can regulate the size of VWF
multimers (199). However, since both actin and tubulin are intracellular proteins, they were
disregarded from further analysis. Therefore, validation studies primarily focussed on

known extracellular plasma proteins.

4.2. VValidation of Novel Interactions

One of the unique properties of ADAMTS13 is its only known interaction is with
VWEF (336). However, that is unlikely as other metalloproteases, including other ADAMTS
proteins, have multiple substrates (214). Our BiolD studies identified potential interactions
between ADAMTS13 and 5 other proteins including plasminogen. The goal of our
validation studies is to confirm or refute the potential novel interactions with ADAMTS13.
We have shown that ADAMTS13’s CUB domains interact with the Kringle domains of
plasminogen in a lysine-dependent manner. In addition, we have refuted the interaction
between ADAMTS13 and vitronectin as well as any other Kringle domain-containing
proteins. Plasminogen is activated into plasmin whereby their Kringle domains are
conserved (38, 325). Previous work by Feys et al demonstrated that ADAMTS13
deficiency in TTP patients could be caused by plasmin proteolytically degrading
ADAMTS13 (337). Thus, we hypothesize that locally high concentrations of proteases

regulate the ADAMTS13 mechanism through proteolytic degradation.

Vitronectin, an anti-fibrinolytic molecule, was identified on the list of potential

proteins interacting with ADAMTS13 (338). Through an ELISA plate binding assay, the
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interaction between vitronectin and ADAMTS13 was refuted due to vitronectin binding to
BirA*. In contrast, using BLI demonstrated a binding affinity average, Kg, of 91 nM
between vitronectin and ADAMTS13 in a static environment. However, this test needed to
be repeated in the presence of ADAMTS13-BirA* to see the binding effect that BirA* may
have on vitronectin. In contrast, further analysis of the interaction between vitronectin and
ADAMTS13 using SPR in a flow system could not accurately determine the binding
affinity. Thus, the non-specific labelling of vitronectin might have been the consequence
of interaction with BirA* suggesting that ADAMTS13 does not interact with vitronectin
(339). However, these data do demonstrate that vitronectin is a potential false-positive in
future plasma BiolD studies of other target proteins due to its interaction with the BirA*

enzyme.

VWEF, the only known substrate for ADAMTS13, was also identified with a low
number of spectral counts. The FRETS-VWF73 clinical assay revealed that BirA* did not
affect the proteolytic activity of ADAMTS13. As a result, ADAMTS13-BirA* should be
capable of labeling VWF. However, the low degree of VWF labeling by ADAMTS13-
BirA* could be attributed to the reaction taking place in the absence of flow conditions,
and that sufficient fluid shear stress was required to optimize their interaction (126, 323).
In fact, only 3% of ADAMTS13 interacts with VWF in circulation under low shear
conditions (323). ADAMTS13 has both shear-independent and shear-dependent
interactions with VWEF. The shear-dependent interactions are mediated between MDTCS
and the unfolded A2 domain (210). The shear-independent interaction is mediated between

the ADAMTS13-CUB domains and the D4-CK domains of VWF (190). The shear-
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independent interaction may have been attenuated because of the BirA* fusion to the CUB
domains, thereby resulting in lower spectra counts in the mass spec data of this experiment.
Lastly, citrate chelates available Ca?* ions which are required for the interaction between
ADAMTS13 and VWF (315, 335). To label VWF specifically, the BiolD assay needed

further optimization which is discussed further in our future studies.

Under high shear stress, the binding affinity of VWF to ADAMTS13 is 79 nM
(200). In contrast, using BLI demonstrated a binding affinity average, Kq, of <1 pM
between multimeric VWF and ADAMTS13 in a non-flow environment. In contrast, further
analysis of the interaction between multimeric VWF and ADAMTS13 using SPR in a flow
system could not accurately determine the binding affinity. The difference in Kq values
and/or the inability to determine an accurate binding affinity could be to the various sizes
of VWF multimers inserted into the system. Thus, the validation studies of novel
interactions were confirmed by comparison to negative controls, such as BSA, and not by
comparison to VWEF. Future studies could utilize a VWF monomer or the VWF73 substrate,
without the FRETS system, to provide a more accurate binding affinity between VWF and

ADAMTSI13.

Plasminogen was also another protein identified with an average of 30 peptide
counts as a novel interaction with ADAMTS13. Plasminogen is the inactive precursor of
the fibrinolytic serine protease plasmin. Plasmin is activated by t-PA or u-PA and primarily
targets and degrades fibrin but can also degrade other blood-circulating proteases such as
ADAMTS13 (36, 239). Human plasminogen is a 92 kDa glycoprotein with five kringle

domains (kI — kV) followed by a protease domain (P), and it can be found in closed (Glu-
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Pg) or open form (Lys-Pg) (36, 340). Lower molecular weight forms of plasminogen also
exist, such as mini-Pg (58 kDa, containing only Kringle 5 domain) and u-Pg (30 kDa,
containing no Kringle domains) (340). These lower molecular weight forms of
plasminogen are generated by auto-digestion in-vitro or by proteolytic degradation by
elastase, plasmin, and other proteolytic enzymes (340). However, both mini-Pg and u-Pg
have poor physiological relevance due to their poor fibrinolytic capacity once converted to
mini-plasmin and p-plasmin (340). Thus, mini-Pg and p-Pg are generally generated and

utilized to further study the roles of the plasminogen domains.

Our SPR studies demonstrated that various forms of Pg (Lys-Pg, Glu-Pg, and mini-
Pg) interacted with immobilized ADAMTS13. All these forms share the common
plasminogen structure (protease domain, disulfide bridge, and Kringle domains) except for
mini-Pg having only one kringle domain KV. Kringle domains are protein domains that
fold into large loops that are held together by three disulfide bridges (340, 341). However,
the interactions of the various forms of Pg (Lys-Pg, Glu-Pg, and mini-Pg) were limited to
full-length ADAMTS13 and not MDTCS, implying that the c-terminal TSP-2-8 or CUB
domains play a role in the interaction. Furthermore, using the lysine analogues EACA and
TXA, which block lysine binding sites on plasminogen’s Kringle domains, mainly KV
(342), reduced the binding interaction between ADAMTS13 and Pg. This finding points to
the discovery of a novel interaction between the CUB domains of ADAMTS13 and the Pg
Kringle domains. Since the interaction between ADAMTS13 and Pg may be related to the

Kringle domains of Pg, it would be interesting to see what other proteins interact with
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ADAMTS13 via a similar interaction. This discovery also raises the question of how many

other Kringle domain-containing proteins in plasma can interact with ADAMTS13.

Other plasma proteins with Kringle domains such as FXII, prothrombin, and
apolipoprotein A (343-346), were also tested for ADAMTS13 interaction. Our data
indicate that neither FXII nor prothrombin bind to ADAMTS13, suggesting that
ADAMTS13 does not possess general kringle binding properties. The FXI1 Kringle domain
shares low sequence similarity with plasminogen Kringle 4 domain, and although FXII has
fibrin-binding properties, it is unclear whether it is through lysine-mediated binding of the
Kringle domain (347, 348). The 2 kringle domains in prothrombin share sequence
similarity with plasminogen Kringle 1 domain but lack the ability to bind to lysine residues
(349, 350). Therefore, the inability of ADAMTS13 to bind to FXII and prothrombin may
reflect an inability of these kringle domains to bind lysine residues. While FXII and
prothrombin were not identified to have a significant interaction with ADAMTS13 using
the BiolD screen, these analytes were still tested for a binding interaction using SPR as
they contained a Kringle domain. Interestingly, prothrombin did not interact with
ADAMTS13, but FXII may have done so. However, due to the binding profile of
ADAMTS13 to FXII and the Kq value calculated, further tests are suggested to confirm the

interaction between the two proteins.

The various forms of apolipoprotein A, as Apo(a), LDL, or Lp(a), were investigated
for their interaction with ADAMTS13 and unfortunately, our data indicates that none of
these analytes bound to the immobilized ADAMTS13. Lipoprotein A, Lp(a), another

Kringle domains-containing protein is composed of a lipid core, low-density lipoprotein
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(LDL), and is surrounded by apolipoprotein-B, Apo(b), which is linked via disulfide bond
to apolipoprotein A, Apo(a). Apo(a) is made up of a protease-like domain and several
Kringle domains with a shared resemblance to that of plasminogen’s K-V domain (346).
Lp(a) is a protein that plays a contributing role in the process of atherogenesis, and its levels
can predict the risk of myocardial infarctions (Mls) (346, 351). Low levels of ADAMTS13
were found to be associated with an increased risk of Mls through the influence of lipid
levels (352). Particularly, ADAMTS13 levels were positively correlated with cholesterol
and triglycerides, and negatively correlated with high-density lipoprotein-cholesterol levels
(352). These clinical observations would be consistent with ADAMTS13 binding to Lp(a),
which is also consistent with ADAMTS13 binding to plasminogen kringle domains, which
share >80% sequence homology to Lp(a). We were therefore surprised to find that
ADAMTS13 did not bind to Lp(a) in our studies. Future studies will revaluate the
interaction between ADAMTSI13 and Lp(a). The Apo(a) proteins’ large size may be a
limiting factor in this system. Alternatively, this finding indicated that the interaction
between ADAMTS13 and Pg was not solely based on K-V domains and may have also
been the result of the involvement of another Kringle domain. Another possibility is that
the glycosylation pattern on Apo(a) may have prevented it from interacting with
ADAMTS13. Lastly, it may be possible that ADAMTS13 interacts with Lp(a), and further
research into this interaction, if found to be positive, may lead to the discovery of new

preventative measures for treating, combating, or lowering the risk of Mls.

Overall, BiolD is a proven method that we have adapted and optimized for use in

plasma. As technology advances, the BiolD assay can be further optimized by employing
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newer biotin ligases, such as MiniTurbo and TurbolD, which were generated from yeast
display-based direction evolution to the original promiscuous biotin ligase and have been
shown to consume less ATP and label in 10 minutes what the original BirA* labelled in 18
hours (304, 305). The availability of ATP was the most important factor in the assay’s
optimization, and thus, by requiring less ATP, the newer biotin ligases will provide a higher
resolution and labeling efficiency. Furthermore, this may enable us to identify protease
substrates with rapid turnover as opposed to just ligands that exist in equilibrium between
bound and unbound states. As the BiolD technique is further developed, the BiolD assay
can be implemented in other environments, such as with purified platelets, red blood cells,
or leukocytes. In addition, other plasma proteins such as coagulation factors could also be
studied. BiolD can also be applied to the rest of the ADAMTS family proteases and other
proteases and substrates, such as VWEF, in the coagulation system. This innovative strategy
allowed us to identify the new interaction between the CUB domains of ADAMTS13 to
the Kringle domains of plasminogen, possibly alluding to the discovery of new roles and a
better understanding of ADAMTS13 in the cardiovascular system. As a result, this strategy
provides an opportunity for ground-breaking research progress in the coagulation system,
and the findings from this project may apply to a variety of blood disorders, including TTP,

VWD, and others.
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4.3. Proteolytic Degradation of ADAMTS13

ADAMTS13 is constitutively secreted as an active protease, yet VWF retains its
capacity to recruit platelets despite normal ADAMTS13 levels during a hemostatic
response. This ability makes ADAMTS13 an enigmatic protease with an unknown
regulatory mechanism. Our data demonstrated that plasminogen bind to ADAMTS13, and
that plasmin cleaves ADAMTS13 in a lysine-dependent mechanism. Plasmin activity has
been detected in TTP patient samples, suggesting plasmin-mediated degradation may be a
novel and important mechanism for the regulation of ADAMTS13 in vivo (337). We,
therefore, sought to systematically examine other proteases in coagulation and
inflammation for their capacity to cleave and regulate ADAMTS13 activity in vivo. In
addition, we identified 2 linker regions within the tsp repeats as the most common
proteolytically degraded sites on ADAMTS13 and produced proteolytic-resistant variants
of ADAMTS13. Future studies will examine the therapeutic benefit of a protease-resistant
form of ADAMTS13 to thrombotic disorders such as TTP, ischemic stroke, or VTE (166,

265, 353).

Our data provides a comprehensive and systematic examination of circulating
proteases capable of degrading ADAMTS13 and identify the sites of cleavage. The ability
of these enzymes to cleave ADAMTS13 likely contributes to the regulation of ADAMTS13
activity. Our survey of proteases revealed that plasmin, thrombin, FXa, FXIa, and tPa can
cleave ADAMTS13 and that APC, FVIla, FIXa, and FXlla could not cleave ADAMTS13.
This was consistent with previous studies that have shown that ADAMTS13 is cleaved by

several proteases such as plasmin, thrombin, and FXla (239). Our data further suggests that

216 |Page



Ph.D. Thesis — H. Madarati; McMaster University — Medical Sciences (Blood &
Vasculature)

there are more enzymes capable of proteolytically degrading ADAMTS13. Furthermore,
because neutrophil activation can contribute to hemostasis and thrombosis under conditions
of inflammation (53), neutrophil-derived proteases including neutrophil elastase, cathepsin
G, and hPR3 were also tested. Both proteases cleaved ADAMTS13, with Cathepsin G
completely degrading ADAMTS13 under the same conditions as the other tested proteases.
Reducing Cathepsin G concentration produced a banding pattern similar to thrombin and
neutrophil elastase. Cathepsin G's ability to degrade ADAMTS13 efficiently may imply
that it is an effective regulator of ADAMTS13 activity in-vivo. Previous work by Ono et al
demonstrated that ADAMTS13 deficiency, an increase in ultra-large VWF multimers, and
lower molecular weight forms of ADAMTS13 were present in more than half of sepsis-
induced disseminated intravascular coagulation patients (354). This observation is
consistent with our hypothesis that ADAMTS13 can be proteolytically regulated at sites of
vascular injury. Taken together with our data, ADAMTS13 is postulated to be
proteolytically degraded by neutrophil-derived enzymes which further enhances the
hypothesis that ADAMTS13 activity is regulated by proteolytic degradation. In addition,
neutrophil-derived enzymes are more effective at regulating ADAMTS13 activity, and thus

may play a greater role in regulating ADAMTS13 activity in-vivo.

Previous work by Garland et al demonstrated plasmin, thrombin and FXIa initially
remove the CUB domains of ADAMTS13 (239). In addition, Garland et al demonstrated
that the removal of the CUB domains, via proteolytic degradation or its inhibition via an
antibody, drastically reduces the capacity of ADAMTS13 to bind and cleave VWF in a

flow chamber assay (239). Thus, the removal of ADAMTS13 CUB domains is postulated
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to remove the ability for ADAMTS13 to cleave VWF multimers. Our survey of proteases
revealed the proteolysis of ADAMTS13 in a banding pattern similar to Garland et al,
beginning with the truncation of the CUB domains at the T8-linker (239). In all our
coagulation proteases capable of cleaving ADAMTS13, the first band to appear is ~150
kDa and is representative of ADAMTS13 without the CUB domains. In addition, when
reducing the concentration of the neutrophil-derived enzymes, the ~150 kDa was also
prominent which further emphasized that the removal of the CUB domains is the first step
in the proteolytic degradation of ADAMTS13. These data, along with previous work by
Garland et al, further emphasizes the importance of the CUB domains in the regulatory
mechanism of ADAMTS13. Furthermore, Banno et al, demonstrated that C57BL/6 mice
have an ADAMTS13 gene that lacks the CUB domains, and that plasma from these mice
are less effective at cleaving VWF in a flow chamber than plasma from 129/Sv mice, which

possess a full-length ADAMTS13 gene (326).

In contrast, previous studies showed that the removal of the CUB domains does not
affect ADAMTSI13’s proteolytic activity towards small biochemical substrates like
FRETS-VWF73 (190). Using the clinical FRETS-VWF73 assay, ADAMTS13 lacking
CUB domains exhibits twice the activity rate in cleaving the VWF substrate (190). In
comparison, our FRETS-VWF73 data also demonstrated an increase in enzymatic activity
using proteolytically degraded ADAMTS13, which is consistent with previous work by
South et al (190). The FRETS-VWF73 substrate is a 73 amino acid VWF peptide of the
A2 domain which is utilized to test the activity of ADAMTS13 in the absence of shear

stress (139). In addition, the VWF peptide lacks the D4-CK domains which interact with
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ADAMTSI13’s CUB domains in promoting VWF proteolysis (139). After the initial
interaction, the ADAMTS13 Spacer domain is exposed which initiates exosite binding to
the VWF A2 domain (139). Thus, truncated ADAMTS13 is more effective at cleaving the
VWEF73 peptide because the exposed Spacer domain is more readily available to interact
and initiate exosite binding with VWF73 (190). Hence, the proteolysis of ADAMTS13 is
postulated to be a mechanism that partially controls ADAMTS13’s ability to modulate
VWEF platelet binding activity in vivo. Therefore, proteolytically degraded ADAMTS13
may exhibit similar activity in biochemical and clinical assays that quantify ADAMTS13
by FRETS-VWF73 assay. However, because of the removal of the CUB domains, these
degraded forms of ADAMTS13 possess drastically reduced anti-thrombotic activity in
vivo. This may be relevant in sepsis where the correlation between ADAMTS13 activity
and antigen levels have a poor correlation. Sepsis patients can experience DIC due to
unregulated protease activity. This protease-rich state may degrade adamts13 and reduce
its capacity to regulate massive quantities of VWF released by endothelial cell activation.
Therefore, while ADAMTS13 activity levels may be normal in sepsis patients, its capacity
to down-regulate the prothrombotic state caused by high VWF levels may be impaired.
Protease-resistant variants of ADAMTS13 may therefore be useful in the treatment of

sepsis-related thrombosis and DIC.

In contrast to the literature and our findings, proteolytically degraded ADAMTS13
by neutrophil elastase demonstrated a decrease in activity when considering the rate of
ADAMTS13 alone. By subtracting the activity rate of neutrophil elastase, the activity rate

of ADAMTS13 was decreased greatly, but not abolished, when compared to other cleaved
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forms of ADAMTS13. This data suggests that neutrophil elastase (a) is a more potent
regulator of ADAMTS13 activity, and (b) targets ADAMTS13 differently than other
proteases. This observation caused us to further examine the role activated neutrophils may

have in regulating ADAMTS13 activity.

Activated neutrophils secrete neutrophil extracellular traps (NETS) and numerous
proteases as a defence mechanism against foreign microbes (355). These proteins can
influence the activities of both ADAMTS13 and VWF. Reduced ADAMTS13 activity,
along with increased VWF levels, has been associated with systemic inflammation in
thrombotic microangiopathies (TMAS), such as sepsis, sepsis-induced disseminated
intravascular coagulation (DIC), and autoimmune diseases (356, 357). Although the
mechanism is not fully understood, activated neutrophils contribute to the decrease in
ADAMTS13 levels through proteolytic degradation of ADAMTS13 by the secreted
enzymes, and/or oxidation of ADAMTS13 by the release of hypochlorous acid that is
produced by myeloperoxidase (357, 358). We demonstrated that PMA-stimulated
neutrophils are capable of degrading ADAMTS13 as evident by the intensity of the
ADAMTS13 band in our western blot which decreased as the number of activated
neutrophils increased. This implies that the higher cell count secreted a greater number of
neutrophil-derived proteases, thus, accelerating the degradation of ADAMTS13.
Furthermore, by utilizing the serine protease inhibitor AEBSF and the metalloprotease
inhibitor EDTA, we demonstrated that serine proteases have a greater impact on
ADAMTSI13 proteolytic degradation than the metalloprotease family of proteins.

Additionally, by utilizing the specific serine protease inhibitors Sivelstat (elastase
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inhibitor), Cathepsin-G Inhibitor I, and AEBSF, we demonstrated that neutrophil elastase
has the greatest impact on ADAMTS13 proteolytic degradation. These findings reiterate
the fact that neutrophil elastase (a) is a more potent regulator of ADAMTS13 activity, and
(b) targets ADAMTS13 differently than other proteases. Therefore, targeting and inhibiting
neutrophil elastase could be utilized as a therapeutic strategy to normalize the ADAMTS13

activity levels in thrombosis and sepsis.

Activated neutrophils are known to release neutrophil extracellular traps (NETS), a
web-like structure of DNA containing many proteases as a mechanism for combating
pathogens (328). In addition, VWF has been shown to bind to NETs and form a network
capable of recruiting both platelets and leukocytes, inducing thrombosis (150). To examine
the contribution of NETs to ADAMTS13 degradation by neutrophil-derived proteases, we
performed activated neutrophil degradation studies in the presence of DNase | to digest the
DNA of NETs (359, 360). We demonstrated that the presence of DNase | accelerated the
degradation of ADAMTS13 by activated neutrophils. This is caused by an improvement in
the solubility of the neutrophil-derived proteases mixing with ADAMTS13 allowing for
greater accessibility and proteolysis to ADAMTS13. In vivo, the high viscosity of NETSs
may limit the mixing of neutrophil granular contents with the surrounding environment and
prevent the widespread and disseminated proteolytic activity of neutrophil proteases.
Interestingly, the activity rate on the proteolysis of VWF73 increased as the number of
activated neutrophils increased in the presence of DNase I, and the activity rate drastically
decreased in the absence of DNase I. This data suggests that activated neutrophils secreted

enzymes capable of cleaving VWF73 or proteolytically degraded ADAMTS13 in a way
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that increases its activity rate, such as in the case of Cathepsin G. In contrast, DNase |
cleaved NETs which provided a free environment whereby the secreted enzymes, along
with ADAMTSL13, have an easier chance of finding and cleaving VWF73. To better
understand the effect of activated neutrophils in the presence of DNase | has on the activity
rate of ADAMTS13, AEBSF will be utilized in future replicates. Overall, our data along
with literature suggest that activated neutrophils may regulate ADAMTS13 activity

through proteolytic regulation by neutrophil-derived serine proteases.

While these studies demonstrated that ADAMTS13 can be degraded in purified
systems, it remains unclear whether this is an important mechanism of its regulation in vivo.
Our data identifies the first target by the proteases to be the T8-linker on ADAMTS13,
followed by the T4-linker which is located between TSP4 and TSP5. Proteolysis of either
linker facilitates the removal of ADAMTS13’s CUB domains, limiting its capacity to
regulate VWF platelet binding activity in vivo. Therefore, we sought to engineer a protease-
resistant form of ADAMTS13, as T4L-, T8L-, or T4AL/T8L- pr-rADAMTS13, that could be
tested and compared to wt-ADAMTS13 for thrombolytic activity. If pr-ADAMTS13 is
more effective in vivo, it would suggest that proteolytic degradation is an important
regulator of ADAMTS13 activity. Pr-ADAMTS13 may also be a novel candidate

thrombolytic agent or the treatment of microvascular thrombosis.

Initial characterization studies demonstrated that ADAMTS13 linker mutants are
resistant to proteolysis by stimulated neutrophils and plasmin. Moreover, the double linker
mutant demonstrated the highest resistance to proteolysis in comparison to the other

mutants. However, these results are preliminary, and additional replicates are needed to
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provide better conclusive evidence on the proteolytic resistance effect of the linker
mutations. Our data also demonstrated that stimulated neutrophils and proteases such as
plasmin cleave ADAMTS13 at multiple locations beginning with the T8-linker. Thus, we
postulate that pr-ADAMTS13 mutants, specifically T4L/T8L-mutant, will be partially
resistant to proteolysis and that the proteases will demonstrate delayed proteolysis of pr-
ADAMTS13 mutants. This allows pr-ADAMTS13 mutants to have a longer half-life
without hindering their clearance. Hence, pr-ADAMTS13 mutants could potentially be
utilized as a novel therapeutic to thrombotic disorders whereby ADAMTS13 is acting as

an anti-coagulant, such as in TTP, ischemic stroke, or VTE (166, 265, 353).

5. Future Directions

Understanding the role and regulatory mechanism of ADAMTS13 in biology will
provide insight into the behavior of this enigmatic protease. ADAMTS13 having only one
substrate, VWF, is unlikely as other metalloproteases including other members of the
ADAMTS family have shown to have multiple substrates (214). ADAMTS13 appears to
play important roles in many acute and chronic cardiovascular diseases. However, it
remains unclear whether these roles are affected directly by ADAMTS13 or are a result of
the multimeric distribution of VWF, or both. We have developed a BiolD protocol for an
in-vitro assay in plasma to identify novel interactions of proteins in plasma. This BiolD
assay is continuously being optimized and, as of right now, the assay was utilized to find
novel substrates or protein-protein interactions to ADAMTS13. In the near future, we are

updating our ADAMTS13-BirA* with the latest, higher resolution and faster labeling,
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biotin ligases such as MiniTurbo and TurbolD. The ability to label substrates and protein-

protein interactions faster may resolve our low yield in labeling ADAMTS13’s only known

substrate, VWEF.

After successful optimization of the in-vitro plasma BiolD assay, the BiolD assay
can then be further enhanced for other environments and/or proteins, such as with purified
platelets, red blood cells, leukocytes, or cultured endothelial cells. BiolD can also be
applied to the rest of the ADAMTS family proteases and other proteases and substrates,
such as VWF, in the coagulation system. This innovative strategy is an opportunity for
ground-breaking research progress in the coagulation system, and the findings from this

project will be of relevance to many blood disorders such as TTP, VWD, and more.

The capability of ADAMTS13 to be degraded by active proteases is currently the
only known mechanism of ADAMTS13 regulation. Previously, the regulation of
ADAMTS13 was unclear because of its constitutive secretion as an active protease, and
resistance to all known natural protease inhibitors. We have shown several proteases that
are capable of degrading ADAMTS13. Even though the concentrations of coagulation
proteases required to partially degrade ADAMTS13 are high and may not be of
physiological relevance; the neutrophil-derived proteases showed that significantly a lower
concentration of neutrophil proteases was required to partially degrade ADAMTS13;
demonstrating that neutrophil proteases may be more significantly relevant in the regulation
of ADAMTS13. Our next aim is to examine whether locally high protease concentrations

at sites of vascular injury can degrade ADAMTS13 in-vivo. This objective will also overlap
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in the understanding of how neutrophil-derived proteases, and the production of NETS,

affect the activity of ADAMTS13.

Using FRETS-VWEF73 to evaluate ADAMTS13 activity to VWF may not provide
a full assessment of its activity since the truncated forms of ADAMTS13 can cleave
VWEF73 (209). To better evaluate the effect the proteolytic degradation has on the activity
of ADAMTSL13, there needs to be an additional step. Truncated forms of ADAMTS13,
combined with inhibitors such as alpha-2-macroglobulin, will be evaluated for a decrease
in ADAMTS13 activity using FRETS-VWEF73. This project is currently being tested by my
colleague Kanwal Singh. Another method to evaluate the effect the proteolytic degradation
has on ADAMTS13 activity is to use VWF multimers and the presence of shear. Using a
flow device, or a system that can induce shear force, the multimeric distribution of VWF
will be evaluated for a change in multimeric distribution after ADAMTS13 is truncated by
different proteases. The multimeric distribution will be observed on a VWF multimer gel
or by a western through identification of the cleaved VWF by an anti-VWF antibody. The
use of VWF multimers will help evaluate if the truncated CUB domain of ADAMTS13 can
act as an inhibitor to ADAMTS13 proteolysis of VWF, as eluted by in literature (239). This
line of investigation is currently being explored by my colleague Veronica DeYoung in the

Kretz Lab.

Lastly, by identifying the proteases that can degrade ADAMTS13, we gained a
closer step into a better understanding of how ADAMTS13 activity can be reduced at sites
of vascular injury. After identifying the proteolytic sites on ADAMTS13 that are first

cleaved by the various proteases, we aimed to and have generated potentially protease-
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resistant ADAMTS13 mutants. Our preliminary results have shown these mutants to
potentially have a protease-resistant ability; however, our findings remain preliminary and
additional tests are needed to provide more conclusive evidence. Our next aim is to evaluate
the proteolytic resistance of our developed protease-resistant ADAMTS13 mutants in-vivo.
Potentially, our novel protease-resistant ADAMTS13 mutants may become of a therapeutic
interest and be tested as a treatment possibility for the disorders affected by the low levels

of ADAMTSL13, such as TTP or sepsis.

In conclusion, the work of this thesis project developed plasma BiolD, identified
plasminogen and characterized its interaction with ADAMTS13, investigated other
protease’s capacity to regulate ADAMTS13, and developed a protease-resistant
ADAMST13 that will be used to test the relevance of the ADAMTS13 mechanism of

regulation in vivo.
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