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ABSTRACT

The critical role of the fibrinolytic system is the maintenance of vascular
patency. Dysregulation ultimately leads to death; an inappropriate activation
that causes excessive bleeding, or an inability to clear blood clots, leading to
thrombosis, ischemia and death. Plasminogen receptors (PgR) are found on the
surface of many cells, notably endothelial cells and lymphocytes. PgR bind
plasminogen to the cell surface, promote directed proteolytic plasmin activity
and protect bound plasmin from inhibition. This process is important for vessel
patency, wound healing and inflammation. In addition to homeo- and
hemostatic roles, PgR can be hi-jacked by cancerous cells for more nefarious
roles. Oncogenic cells utilize focussed proteolytic activity of cell-bound plasmin
to escape from primary tumours. Understanding how the PgR, plasminogen
and activators interact may lead to targeted therapies for clot dissolution or
cancer, among other diseases. Plasminogen contains kringle domains that bind
to C-terminal lysine residues of fibrin and PgR. Studies were undertaken to
explore how alterations in the C-terminal region of SI00A10, a PgR, impact its
ability to accelerate plasmin generation. SI00A10 has 4 lysine residues in its C-
terminal region, two at the C-terminus. Deletion of both C-terminal lysine
residues results in the loss of up to 90% of the rate of plasmin generation.
Substitution of the C-terminal lysines with isoleucine resulted in minimal
activity loss. This led to the possibility that another lysine residue is a secondary
binding site for kringles. Mutating internal sequence lysine residues to arginine
resulted in little change in plasmin generation ability, however, changing a
lysine to arginine at position 56 in addition to the substitution of C-terminal
lysines to isoleucine resulted in a significant loss of plasmin generating ability.

Additionally, a study was initiated to explore a potential role of SI00A10 in the
demyelination of multiple sclerosis and other diseases whose hallmark is
myelin loss. S100A10-null mice, 7 days post-demyelination event
(lysophosphatidylcholine injection), had significantly larger lesion volumes
than wild type mice injected concurrently. SI00A10-null lesions had lower
concentrations of microglia/macrophages within the borders of the lesion,
indicating that the larger lesion possibly stemmed from a reduced ability to
phagocytose degraded myelin.
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Chapter 1. INTRODUCTION

1.1 FIBRINOLYSIS

Maintenance of the patency of the vascular system is the crucial task of the
fibrinolytic system. In the absence of fibrinolytic surveillance and clearing,
occlusive thrombi would result, resulting in ischemia, thrombosis and eventual
death of the organism. It is this underlying need for a well-regulated fibrinolytic
system, whether coordinated through plasmin or some other proteolytic enzyme,

that is absolutely required for vertebrate life.

Primary hemostasis initiates upon damage to the endothelial cells lining blood
vessels, the vessel first releases endothelin, resulting in a short-lived vascular
contraction. This is rapidly followed by the binding of von Willebrand Factor to
the exposed collagen in the subendothelial space. The collagen-bound von
Willebrand Factor binds to platelets via glycoprotein Ib, resulting in the activation
of the platelets, which includes a shape change, release of their granules and a
conformational change in the glycoprotein IIb/Illa receptor on the platelet surface,
allowing it to bind to fibrinogen (Winter et al., 2017). Secondary hemostasis or
coagulation (Figure 1.1) is initiated by tissue factor expressed on the endothelial
cell surface, leading to the eventual activation of prothrombin to thrombin,
ultimately resulting in the production of fibrin from fibrinogen. This protein
meshwork, further described in section 1.4, stabilizes the clot until tissue repair
and remodelling can take place, preventing excessive blood loss. Once the clot is
no longer required, fibrinolysis is the mechanism essential for its removal (Kumar

et al., 2015; Lijnen and Collen, 1995; Longstaff and Kolev, 2015) (Figure 1.1).

As illustrated in Figure 1.1, the proteins involved in fibrinolysis include
plasminogen and its active form plasmin. Plasminogen is activated by tissue-

plasminogen activator (tPA) and urokinase plasminogen activator (uPA), and the



relevant primary inhibitors are a2-antiplasmin (for plasmin) and plasminogen
activator inhibitor-1 (for tPA and uPA). Deficiencies or an over-abundance of any
of these proteins can result in an upset of the fibrinolytic system, each of which is

described in the section describing the particular protein.
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Figure1-1  Simplified Coagulation Cascade and Fibrinolysis Cascade

Intrinsic or Contact pathway highlighted in blue, Extrinsic or Tissue Factor
pathway highlighted in green. These pathways merge into the common pathway
(orange background). The fibrinolysis pathway highlighted in yellow. Inhibitors
are denoted by a red line. Active forms of coagulation factors are denoted by the
addition of “a”. Created with Biorender.com



1.2 PLASMINOGEN AND PLASMIN

Plasminogen is a 92-94 kiloDalton protein (dependent on glycosylation status) that
circulates as zymogen in the blood. Plasminogen, like many hemostatic proteins,
is produced in the liver and is found at a concentration of approximately 2 uM in
the plasma (Ranson and Andronicos, 2003). It is a multi-domain protein, consisting
of an amino(N)-terminal peptide domain (also referred to as the pan-apple
domain), 5 kringle domains and the serine protease domain (Figure 1.2). The
classical catalytic triad is located within the serine protease domain; Histidine
(His) 603, Aspartic acid (Asp) 646 and Serine (Ser) 741. This domain has some
homology with other serine proteases, such as trypsin and elastase (Castellino and
McCance, 1997). Plasminogen is similar to trypsin, in it preferentially cleaves the
peptide bond after a lysine or arginine residue. Glu-plasminogen (Glu-Pg) refers
to the full-length protein; the N-terminal amino acid is glutamine. The removal of
the N-terminal peptide at the peptide bond between lysine 76 and lysine 77 results
in Lys-plasminogen (Lys-Pg). The active form of the protein, plasmin, performs

this function.

There are two major glycoforms of plasminogen, Type I and Type II. Both have an
O-linked sugar residue at Thr 346. Type I also has an N-linked sugar at Asp 289.
Glycosylation status plays a role in plasminogen targeting; Type I plasminogen
preferentially binds to and is activated on fibrin clots (Takada et al., 1985) while
Type II plasminogen is targeted to the cell surface (Gonzalez-Gronow et al., 2002).

These sites of glycosylation are identified in Figure 1.2.

The kringle domains are so-named due to their superficial physical resemblance
to kringle pastries. The 3-dimensional structure of protein kringle domains is
regulated by multiple intra-molecular disulphide bonds and can be a binding site
for lysine residues. The current dogma states that it is C-terminal lysine residues
that bind kringle domains. Interaction with the kringle domain is mediated by

hydrophobic interaction as well as charge. Lysine (Lys) is a basic, charged aliphatic



amino acid; its side chain consists of a 4-carbon chain and a positively charged
amine group. The amino group of lysine or interacts with negatively charged
aspartic acid residues within the binding pocket of the kringle while the
hydrocarbon chain, consisting of 4 methyl groups, interacts with the hydrophobic
cleft of the kringle (Castellino and McCance, 1997). Figure 1.3 illustrates the
binding of a lysine analogue, e-aminocaproic acid within the binding pocket of
kringle 4 of plasminogen. Each kringle is a triple loop structure of between 78 and
80 amino acids; the disulphide bonds within the polypeptide chain provides
stability to the structure (Godier and Hunt, 2013). Of the 5 plasminogen kringles,
kringle 3 is unable to bind to lysine; it contains a lysine residue at the position
where other kringles have an aspartic acid residue that prevents lysine residues of

binding proteins from binding (Christen et al., 2010).

Plasminogen circulates in a ‘closed conformation’, with the lysine 50 residue of
the N-terminal activation peptide of the pan- apple domain inserted in the lysine
binding site of kringle 5 (Law et al., 2012), noting this is an internal lysine motif
interacting with a kringle domain. The closed conformation allows only kringle 1
to be available for lysine binding; all other kringles are engaged in intramolecular
interaction, blocking any interaction with lysine moieties. The activation cleavage
site is not easily accessible by its activators. Removal of the first 76 amino acids of
Glu-plasminogen, the N-terminal activation peptide, results in Lys-plasminogen.
Lys-plasminogen has a more relaxed conformation, enhancing its activation to

Lys-plasmin(Gong et al., 2001).

Many studies have been performed to explore the interactions between Glu-
plasminogen, Lys-plasminogen, lysine and lysine analogues (Kornblatt et al., 2001,
2007; V. A. Miller et al., 2017; Sun et al., 2002). Studies exploring the kinetics and
mechanics of lysine analogs binding to plasminogen and the subsequent
conformational changes in plasminogen revealed that the increase in activation

rate induced by plasminogen activators results from a relaxation of the tight



confirmation that plasminogen primarily adopts while in circulation (Ranson and

Andronicos, 2003).

The crystal structure of plasminogen has been recently solved (Law et al., 2013,
2012). This study confirmed that only Kr1 of circulating plasminogen is solvent-
exposed and readily available for binding to lysine residues. It is Krl of
plasminogen that mediates binding to both cell surface receptors as well as to
fibrin. The crystal structure of plasminogen also revealed that the cleavage site for
Lys-plasminogen is buried in the tight formation. This suggests that an
intermediate conformation is required to reveal the Lys76-Lys77 bond prior to its
hydrolysis. Binding to a cell surface receptor may help facilitate this conformation

(Law et al., 2013; Miles and Parmer, 2013).

Plasmin, a serine proteinase, is the active form of the protein. It is formed after
cleavage at Argb561/Val562 by tPA, uPA, or by previously activated plasmin.
Plasmin is 83 kDa, with the heavy chain remaining associated with the light chain
through disulphide bonds. These disulphide bonds are indicated in Figure 1.2 by
light blue lines. Of particular importance are the bonds between Cysteine (Cys)548
of the heavy chain and Cys 666 of the light chain, as well as Cys 558 of the heavy
chain and Cys 566 of the light chain (Castellino and McCance, 1997). It is these
disulphide bonds that ensure the binding functionality of the kringles remains

associated with the catalytic centre of the light chain.

Plasmin is a broad-spectrum proteinase, with targets that include plasminogen,
cross-linked fibrin, matrix metalloproteinase (MMP)—1, -2, and -9, fibronectin,
laminin, thrombospondin, and von Willebrand factor (Hermel et al., 2010; Lijnen
and Collen, 2003; Schaller and Gerber, 2011; van der Vorm et al., 2018). The broad
range of substrates results in an extensive range of processes, both physiologic and
pathologic, in which plasmin participates. These processes include fibrinolysis,
signalling pathways, cell migration, wound healing, inflammation, and

oncogenesis (Andreasen et al., 2000).



Both the rate and location of plasmin formation is tightly controlled. To ensure
homeo- and haemostasis, plasmin generation is typically restricted to sites of
thrombosis, angiogenesis and sites of extracellular matrix remodelling.
Unrestrained plasmin generation is a factor in the depletion of pro-coagulant
proteins in disseminated intravascular coagulation (Plow et al, 1995).
Indiscriminate plasmin generation is also a method tumour cells use to enable cell

invasion and metastasis (Andreasen et al., 2000; Poddar et al., 2017).

Local surfaces play a part in plasmin generation; both fibrin surface and the cell
surface carry out a similar regulatory role. Plasminogen receptors found on the
cell surface, some of which also bind tPA, colocalize with receptors that
specifically attract plasminogen activators. The plasminogen receptors provide the
lysine residues for binding and protect the resulting plasmin from inactivation.
Similarly, on the fibrin clot surface, C-terminal lysine residues are interspersed
within the fibrin network. Restricting plasmin activation to either a cell surface or
the clot surface allows for proteolytic targeting, as well as some protection from
circulating inhibitors. There is limited evidence that kringles can interact with

internal lysine domains (Knaust et al., 2007).
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Figure 1-2  Graphic Representation of the Primary Structure of Plasminogen.

The activation cleavage site (tPA cleavage)is located at the orange triangle the
catalytic site amino acids are denoted by red circles. The N-teminal peptide
(NTP) and cleavage site of plasmin (green triangle), along with the signal
peptide are on the left. The disulphide bonds that connect the heavy and light
chain are highlighted in light blue, all other disulphide bonds are dark blue.The
glycosylation sites, and kringles 1 through 5 are noted. Reproduced with
permission from Schaller and Gerber, Cellular and Molecular Life Science
68:785-801 via Copyright Clearance Center.



Figure 1-3  Schematic of e-ACA in Lysine Binding Site of Kringle

The kringle domain is illustrated as a ribbon, while the lysine
analogue, e-ACA, the ligand is represented as a ball and stick. The
carboxylate group of the e-ACA interacts with a positively charged
portion of the kringle (orange outline), while the amino group of the
e-ACA interacts with a negatively charged pocket (green outline).
The carbon chain of the lysine analogue interacts with the
hydrophobic cleft of the kringle (pink outline). Created with
Biorender.com from X-ray crystal structure data generated by Wu,
T.P., et al. Biochemistry 30: 10589-10594.



1.3 CONTROL OF FIBRINOLYSIS

1.3.1 PLASMINOGEN ACTIVATORS: TPA AND UROKINASE

Two physiologic activators of plasminogen exist: tissue-type plasminogen
activator (tPA) and urokinase-type plasminogen activator (uPA). The mechanism
of interaction of tPA with plasminogen is much better understood as it is used
clinically as a thrombolytic therapeutic (Longstaff and Kolev, 2015). Both tPA and
uPA are multi-domain proteases. The active forms of each of these enzymes are

inhibited by plasminogen activator inhibitor- 1 (PAI-1) and PAI-2.

tPA is a 70kDa protein of 527 amino acids (Figure 1.4). It consists of 2 kringle
domains, a finger domain, endothelial growth factor (EGF)-like domain and a
serine protease domain (Hébert et al., 2016). Its activity is inhibited by PAI-1. tPA
interacts with fibrin via its finger domain as well as kringle 2. Like most of the
kringle domains of plasminogen, kringle 2 is a lysine binding site; however,
kringle 1 has a serine residue at the site of a usual tryptophan residue within the
hydrophobic cleft which alters its ability to bind to lysine residues (de Vos et al.,
1992; Schaller and Gerber, 2011).

tPA is synthesized and secreted by endothelial cells, as well as many brain cells,
including neurons, astrocytes, microglia, and oligodendrocytes (Hébert et al.,
2016; Schaller and Gerber, 2011). In the brain, it is classified as an immediate-early
response gene (Bardehle et al., 2015). The plasma protein concentration of tPA is
in the range of 5-10 pg/L. The protein is synthesized as a pro-enzyme as a single
chain, cross-linked polypeptide, glycosylated at threonine (Thr)61 (O-linked),
asparagine (Asn)117, Asn184 and Asn448 (N-linked). The pro-enzyme has a low
serine protease activity. This single-chain form is fully activated by cleavage of the
arginine (Arg)275-isoleucine(lle)276 bond by plasmin, kallikrein or coagulation
factor Xa (Schaller and Gerber, 2011). This 2-chain form is held together by a single
disulphide bond between Cys264 and Cys395.

10



tPA interacts with fibrin with high affinity, resulting in greater activation of
plasminogen by the activator. The C-terminal lysine and, to a lesser extent,
arginine residues found in the fibrin clot after proteolysis by plasmin, bind to the

kringle 2 domain of tPA (de Vries et al., 1989; Hoylaerts et al., 1982).

The interaction of tPA with endothelial cells and vascular smooth muscle cells can
lead to increased activation of plasminogen. Previous studies proposed that a C-
terminal lysine or arginine residue on annexin A2, generated by an unknown
protease as the binding site for kringle 2 of tPA (Cesarman et al., 1994; Hajjar et al.,
1994). Subsequent studies have thrown doubt on the existence of proteolyzed
annexin A2 as the binding site; it is more likely to be the binding partner of annexin
A2,5100A10, which possesses a C-terminal lysine residue (Kwon et al., 2005; V. A.
Miller et al., 2017). This is addressed further in this thesis.

11
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Figure1-4  Structure of tPA

As noted in the text tissue plasminogen activator is a multi-domain serine
protease. It consists of 5 domains: finger domain (orange), EGF-like domain
(blue), 2 kringle domains (yellow and green) and a serine protease domain
(red). Sites of N- (open red symbols) or O-glycosylation (filled red symbols)
are indicated. The active site residues His322, Asp371, and Ser478 are
marked by stars. The amino acids involved in the structure of the lysine
binding site are noted with asterisks on kringle 2. The double-arrow
indicates the cleavage site for conversion of sc-tPA to tc-tPA. Reproduced
under terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided
the original author and source are credited. Chevilley A, et al (2015) Front.
Cell. Neurosci. 9:415.
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Like tPA, uPA is found in the plasma at approximately the same concentration, 5-
10 pg/L, but it is produced by cells in the lung, kidney as well as keratinocytes
and endothelial cells (Schaller and Gerber, 2011). uPA is synthesized as a single-
chain protein, with a molecular weight of 55 kDa, consisting of 411 amino acids.
This multidomain protein has an EGF-like domain, one kringle domain, and a
serine protease domain. Also, like tPA, it is glycosylated: Thr18 (O-linked) and
Asn302 (N-linked). Additionally, it has 2 phosphorylation sites: serine (Ser)138
and Ser303 (Figure 1.5). The secreted protein is a zymogen and requires cleavage
of its Lys158-11e159 bond to demonstrate its full activity. The two-chain form is
held together by a single disulphide bond; between Cys148 and Cys279. The Lys-
Ile bond is cut by plasmin, kallikrein, coagulation factor XIla or cathepsin B
(Schaller and Gerber, 2011; Stoppelli, 2013). This results in the high molecular
weight (HMW) form of active uPA. Additionally, there is a low molecular weight
(LMW) form, primarily found in the urine, and is generated by plasmin or self-
proteolysis at the Lys135-Lys136 bond. This LMW form is lacking both the EGF-
like and kringle domains and is unable to bind to the urokinase receptor (Schmitt

etal., 1991).

uPA is primarily responsible for cell surface-associated plasminogen activation.
This is accomplished by the binding of the single-chain pro-enzyme to the
glycosylphosphatidylinositol (GPI)-anchored urokinase receptor (uPAR), where
the pro-enzyme is activated by plasmin, cathepsin B or kallikrein (Stoppelli, 2013).
The activation of cell-bound plasminogen (see plasminogen receptors in Section
1.5) by receptor-bound uPA is characterized by a 40-fold reduction in the Km for
plasminogen activation (Ellis et al., 1991). The co-localization of uPAR with
plasminogen receptors localizes the resultant plasmin activity to the cell surface.
The cell membrane-bound plasmin activity created by cell-bound plasminogen is
protected by inactivation from plasma-borne inhibitors, but its activity can be
indirectly reduced by the plasminogen activator inhibitors 1 and 2 through the
inhibition of tPA and uPA (Cubellis et al., 1990; Hall et al., 1991). In parallel,

13



plasmin bound to the surface of cells will cleave pro-uPA bound to uPAR at a rate
50-fold that of plasmin in solution (Ellis et al., 1989; Stephens et al., 1989). This
directed activation on the cell surface gives those cells an invasive phenotype.
Invasive cells make use of the broad substrate specificity of the resulting plasmin
to degrade the various proteins of the extra-cellular matrix, including fibronectin,
laminin, vitronectin and proteoglycans. Plasmin can also activate pro-MMPs,

resulting in the degradation of collagen (Stoppelli, 2013).

The coordination of the uPA system: plasmin and uPA along with the inhibitors
alpha2-antiplasmin and PAI-1 and PAI-2 (discussed in a later section), together
with the receptor uPAR, plays an important role in the regulation of cancer
progression and metastasis (Andreasen et al., 1997; Ranson and Andronicos, 2003;

Stoppelli, 2013).

14



Figure1-5  Structure of uPA

Cartoon structure of uPA. Amino acids encircled in blue denotes the EGF-
like domain, in purple is the kringle domain and green is the serine
protease domain. Arrow indicate cleavage site for LMW form (K135) and
HMW form (K158). Red asterisks indicate active site residues.
Reproduced with permission from Tebbe et al. (1995) ] Am Coll Cardiol
26: 365-73 via Copyright Clearance Center.
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1.3.2 SERINE PROTEASE INHIBITORS; SERPINS
Serine protease inhibitors ( SERPINS) bind to and inactivate their target protease
by initiating a large conformational change in the target protease, causing an

irreversible inactivation.

1.3.2.1 PLASMINOGEN ACTIVATOR INHIBITORS

The two primary physiologic inhibitors of plasminogen activator are plasminogen
activator inhibitor-1 (PAI-1) and plasminogen activator inhibitor-2 (PAI-2). PAI-1
and PAI-2 interact with tPA and uPA.

PAI 1 (50kDa), found in the plasma at approximately 20 pug/L, is produced by
many different cells including endothelial cells, smooth muscle cells, and liver
cells (Schaller and Gerber, 2011) and is also found in the a-granules of platelets
(Flaumenhaft and Koseoglu, 2016). PAI-1 is an acute-phase reactant and its
expression can increase rapidly in response to inflammatory cytokines,
transforming growth factor-, angiotensin II, and hypoxia (Tjarnlund-Wolf et al.,
2012). In plasma and the extracellular matrix, PAI-1 is found bound to vitronectin,
which helps to increase its active half-life (Tjarnlund-Wolf et al., 2012). PAI-1 binds
to tPA and uPA with second-order rate constants of 10°%and 107 M-1s1 respectively

(Dupont et al., 2009).

PAI-2 (47kDa), found a much lower plasma concentration of less than 5ug/L, is
detectable only during pregnancy (Lecander and Astedt, 1986). It is produced by
a variety of cells, including epithelial, monocytes, macrophages and keratinocytes.
It is not efficiently secreted, and, as a result, accumulates in these cells (Schaller

and Gerber, 2011).

There are 2 additional inhibitors with broader specificity: neuroserpin and glia-
derived nexin. Neuroserpin (55kDa), found primarily in the brain, interacts with
tPA, uPA and plasmin (Hastings et al., 1997; Mehra et al., 2016; Yepes and

Lawrence, 2004). Neuroserpin is produced by neurons in those parts of the brain
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where tPA is found (Yepes and Lawrence, 2004) and has been shown to protect
against neurotoxic effects of tPA (Lee et al., 2017). Glia-derived nexin (43 kDa)
interacts with a broad range of substrates, including uPA and plasmin, but also
inhibits trypsin, and its key target, a-thrombin. It is produced by fibroblasts, heart
muscle cells, kidney epithelial cells and in the brain (Buchholz et al., 2003; Eaton
and Baker, 1983).

1.3.2.2 PLASMIN INHIBITORS: ALPHA>-ANTIPLASMIN AND M ACROGLOBULIN.

The primary inhibitor of plasmin is alphar-antiplasmin (az-AP) or alphaz-plasmin
inhibitor (A2PI). Plasmin activity can also be regulated by the general protease
inhibitor a2-macroglobulin(a2M). a2-AP sequesters plasmin in the circulation to
prevent wide-spread fibrinolysis and haemorrhage. a2-AP is a 67 kDa protein
circulating at approximately 70 mg/L. It is a single chain glycosylated protein that
is found in 2 different forms, which differ at the N-terminus. a2-AP inhibits
plasmin in lysine dependent manner, interacting with kringles 1, 4 and 5(Wiman
et al., 1979). The C-terminus of the protein contains the plasmin binding site,
including a C-terminal lysine residue (Lys 452), which is thought to be the main
binding site, with another lysine (Lys 436) contributing to the binding. There is
some dissent in the field as some researchers have suggested that Lysine 436 is the
main binding site, with no contribution from the C-terminus(Wang et al., 2006,

2003). The alphaz-antiplasmin-plasmin interaction is irreversible.

Alpha-2-Macroglobulin is a broad-spectrum inhibitor, it is able to inactivate a
range of proteinases (including serine-, cysteine-, aspartic- and
metalloproteinases) (Garcia-Ferrer et al., 2017). It functions as an inhibitor of
fibrinolysis by inhibiting plasmin and kallikrein (de Boer et al., 1993). It can also
impede coagulation by inhibiting thrombin (de Boer et al., 1993).
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1.3.3 CARBOXYPEPTIDASES

Plasma carboxypeptidases, such as carboxypeptidase B2 (CpB2); also referred to
as thrombin activated fibrinolysis inhibitor (TAFI) or carboxypeptidase U, and
carboxypeptidase N (CpN), are proteinases with specificity for C-terminal lysine
and arginine residues. Carboxypeptidase B2 has approximately 50% sequence
homology with pancreatic carboxypeptidase Bl (Nagashima et al., 2002).
Carboxypeptidases are zinc-metalloproteases, of 2 types, A-like with a preference
for hydrophobic amino acids and B-like with a preference for basic amino acids.
The mode of action for CpB2, CpB1 and CpN is the removal of basic C-terminal
amino acids. In a physiologic setting, CpB2 functions to keep haemostatic fibrin
clot stable by removal of C-terminal lysine and arginine residues, preventing
premature fibrinolysis and allowing for repair to occur, while CpN’s role is
primarily to decease anaphylatoxin activity within the complement cascade
(Leung and Morser, 2018; Rijken and Lijnen, 2009). CpB2 circulates as an inactive
form, requiring activation by either thrombin (with thrombomodulin for
approximately a 1000-fold increase) or plasmin (in the presence of

glycosaminoglycans for an enhanced rate). CpN circulates as an active molecule.

18



1.4 FIBRINOGEN AND FIBRIN

Fibrinogen is a soluble plasma protein and is the precursor to fibrin, the final
protein in the coagulation cascade. Fibrinogen, the parent protein, is a 340 kDa
protein and is synthesized in the liver. Normal plasma levels range from 1.5 to 4
g/L (Bardehle et al., 2015; Davalos and Akassoglou, 2011), with a half-life of up to
4 days (Tennent et al., 2007). Fibrinogen is an acute-phase reactant; after injury or
in a disease state associated with blood vessel disruption, infection or
inflammation, its plasma level can increase to several times the normal level, up
to 7 g/L or more (Davalos and Akassoglou, 2011; Kattula et al., 2017; Tennent et
al., 2007). Circulating fibrinogen is a protein complex that comprises 2 sets of non-
identical disulphide crosslinked polypeptide chains, (Figure 1.6) known as Aa, Bp
and y chains, and having molecular masses of 66.5, 52.0 and 46.5 kDa, respectively
(Weisel, 2005). There are 29 disulphide bonds between the polypeptides (Kattula
etal., 2017). The central part of the complex is termed the E region, while the outer
ends are each called a D region and consist of the C-termini of the Bp and y chains
(Jennewein et al.,, 2011; Kohler et al.,, 2015). Thrombin initiates clotting via
enzymatic cleavage of fibrinopeptides A and B (FpA/FpB) from the N-terminus
of the Aa or Bf} chains, respectively, at the E region (Jennewein et al., 2011; Kattula
etal., 2017; Weisel, 2005; Weisel and Medved, 2001). The protein is glycosylated at
asparagine residues on the Bp and y chains. The release of the 2 fibrinopeptides
exposes the polymerization sites that bind to the outer ends of the protein complex,
on the D region. The D regions spontaneous bind into complementary binding
pockets on neighbouring fibrin molecules, creating the meshwork of the fibrin clot
(Figure 1.7). Thrombin further stabilizes the fibrin clot by activating factor XIII
which crosslinks between fibrin molecules. Each end of the fibrinogen molecule is
able to bind with high affinity to the integrin receptor allbp3 on the surface of
activated platelets (Weisel, 2005). This results in the bridging of fibrinogen
between platelets and ensures these cells are incorporated within the clot. The

intermolecular interactions between alpha C domains are key to the stability of the
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clot, increasing its mechanical strength. These domains are essential for the
aggregation of adjacent fibrin molecules during polymerization. (Weisel and
Medved, 2001) Several dysfibrinogenemias defined by amino acid substitutions
in, or truncations of, the alpha C domains revealed that these changes can have
dramatic effects on polymerization and clot structure. Clots formed using this

mutated form of fibrinogen had very small pore sizes and were resistant to lysis.

Fibrin is the culmination of the coagulation cascade. This protein meshwork serves
as the scaffold for assembly of the components of the fibrinolytic system, creating
an environment for the dissolution of the fibrin clot/ matrix. Fibrin can bind both
plasminogen and tPA or tPA/PAI-1 (Bardehle et al, 2015, Weisel, 2005).
Additionally, it also binds proteins that mediate its formation, and influence its
structure (Lord, 2007). During clot formation, a2-AP, TAFI and fibronectin are
incorporated into the clot, ensuring these proteins are within the clot during
contraction and helping to protect against lysis (Pieters and Wolberg, 2019).
Thrombin binds to the central E region of fibrinogen (Wolberg, 2007), where it is

protected from inactivation by antithrombin.

Fibrin has recently been identified as a protein of interest in Multiple Sclerosis
(MS) research (Petersen et al., 2018). Fibrin is an insoluble protein usually excluded
from the brain parenchyma. Upon microinjury of the blood-brain barrier (BBB),
fibrinogen enters the brain and is efficiently converted to fibrin after triggering of
the coagulation cascade by endothelial cell tissue factor. The resulting insoluble
fibrin matrix is the primary substrate for plasmin, the active form of circulating
plasminogen. tPA is present in the brain where it has been shown to have a role in
synaptic plasticity. Cleavage of soluble fibrinogen to the insoluble fibrin exposes a
cryptic epitope that is a binding site for the CD11b/CD18 integrin, also known as
MAC-1, complement receptor 3 and ampzintegrin (Davalos and Akassoglou, 2011;
Petersen et al., 2018; Ryu et al., 2015). Leukocytes of the innate immune system,

specifically microglia, macrophages and neutrophils, express this receptor on their
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surface. Microglia activated by binding to fibrin via the CD11b/CD18 receptor
secrete cytokines and chemokines that draw peripheral monocytes and

macrophages to the site of fibrin deposition (Ryu et al., 2015).

While fibrinogen is a key player in the hemostatic processes, it also plays a major
role in antimicrobial host defence (Gu and Lentz, 2018; Ko and Flick, 2016). As
noted previously, fibrinogen, along with von Willebrand factor, coagulation factor
VIII and PAI-1, is an acute-phase reactant, and the plasma concentrations of these
proteins and others rise dramatically in a short time period in response to
inflammation. As fibrinogen is rapidly upregulated and is also assembled into a
matrix, it is exquisitely suited to play a role in limiting bacterial infiltration.
Fibrin’s mechanism of limiting bacterial infection is two-fold: 1) as a protective
barrier and 2) the ability to directly, or indirectly, influence host protective

immune function (Ko and Flick, 2016).
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Figure1-6 ~ The Fibrinogen Molecule

Panel A) Schematic representation of the fibrinogen molecule. The
three chains of Fg, Aa, B and y are shown in blue, red and green,
respectively.

Panel B) Van der Waals representation of the crystallographic structure
(pdb 3GHG) of Fg, color coded as in (A). Carbohydrates are in orange.
The aC region and the FpA and FpB peptides were not resolved in the
crystal structure . Reproduced under terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source
are credited. Kohler et al., (2015) PLoS Comput Biol 11(9): e1004346.
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Figure 1-7  Fibrin Self-Assembly

Thrombin (Ila) cleaves the fibrinopeptides from the E region, allowing the
insertion into the complementary binding site on the D domain of an adjacent
fibrin monomer. Release of the fibrinopeptides reveals the cryptic CD11b/CD18
binding site. Factor XIII activated by Ila crosslinks the fibrin protofibrils
(indicated by green lines). Adapted from Weisel, ].W., 2005. Fibrinogen and
Fibrin, in: Chemistry, B.-A. in P. (Ed.), Fibrous Proteins: Coiled-Coils, Collagen
and Elastomers. Academic Press, pp. 247-299.
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1.5 PLASMINOGEN RECEPTORS

Plasminogen receptors are proteins found on the surface of cells and serve as
anchoring sites for plasminogen. Binding of plasminogen to these receptors results
in an increase in the rate of local plasmin generation. Characterization of these
proteins initially indicated that a C-terminal lysine on the receptor was essential
for plasminogen binding; treatment of these cells with carboxypeptidases caused
a dramatic decrease in the capacity of these cells to bind plasminogen and to
facilitate its conversion to plasmin. Plasminogen receptors are found on the
surface of most cell types (except for red blood cells) at a fairly high density, that
is somewhat dependent on cell type: 1-200 x 105/endothelial cell, 5 x
105/lymphocyte and 35000/ platelet (Godier and Hunt, 2013; Plow et al., 1995).

Localizing plasmin activity at the cell surface grants the cell various abilities. The
broad spectrum of plasmin activity means that in addition to direct extracellular
proteolysis, plasmin can also activate other proteinases, increasing the overall
proteolytic activity of the cell. Plasmin is also able to process latent growth factors
and cytokines in the extracellular matrix, resulting in signalling events including

cell migration.

Plasminogen receptors are often found co-localized with receptors for
plasminogen activators or they also bind tPA themselves (Andronicos and
Ranson, 2001; Felez et al., 1993). The co-localization of plasminogen and its

activators aids in restricting the activity of the resulting plasmin to the cell surface.

The C-terminal lysine residue is thought to be the key site of binding to kringle
domains of plasminogen, plasmin, and tPA. As discussed below, however, some

plasminogen receptors do not have a C-terminal lysine residue.

Many proteins have been identified as potential plasminogen receptors. Most of
these proteins have C-terminal lysines, but some do not. Those that have a C-
terminal lysine include a-enolase (Miles et al., 1991), histone H2B (Das et al., 2007;
Herren et al., 2006), SI00A4 (Semov et al., 2005), the annexin A2 heterotetramer

24



(annexin A2 in complex with S100A10) (Kwon et al., 2005, p. 10), Plg-Rkr (Miles et
al., 2012), TIP49a (Hawley et al., 2001), and cytokeratin 8 (Gonias et al., 2001).
Examples of PgR that do not have the classic C-terminal lysine residue include
high mobility group box-1 protein (HMGB-1) (Parkkinen and Rauvala, 1991)
(which is also known as amphoterin) and integrins, primarily those of the beta2
integrin family (Godier and Hunt, 2013). Receptors that lack the typical C-terminal
lysine may require processing, such as proteolytic cleavage, prior to the binding

of plasminogen. These studies have not been completed (Miles and Parmer, 2013).

Many of the PgR are associated with cancer and are found on the surface of most
tumours (Ceruti et al.,, 2013). Examples of PgR that are upregulated in cancer
include S100A10 (see section 1.6) SI00A4 (Bettum et al., 2014, p. 4; Klingelhofer et
al., 2012, p. 4), a-enolase (Capello et al., 2011), and cytokeratin K8 (Gonias et al.,
2001). The PgR Histone H2B is found on the surface of activated macrophages (Das
et al., 2007), as is SI00A10 (section 1.6). Additionally, autoantibodies to Histone
H2B are found in various autoimmune disorders, including systemic lupus
erythematosus, systemic sclerosis scleroderma and human immunodeficiency
virus-infection (Godier and Hunt, 2013). This illustrates that not only are PgR
important for clot dissolution and as a potential target for cancer therapeutics but

may also play a role in other disease processes.

1.6 S100A10
S100A10, also known as calpactin light chain or p11, is a member of the S100 family

of calcium-binding proteins. The S100 proteins are low molecular weight, and each
contains an EF-hand motif, which consists of a helix-loop-helix (Donato, 1999). The
majority of the S100 proteins bind Ca?* at this EF-hand motif. However, S100A10
has a mutation that does not allow for calcium-binding but does put the molecule
in the ‘calcium-present’ conformation. The nomenclature S100 indicates the
following: S= soluble, 100 = 100% (saturated) ammonium sulphate (Donato, 2001).
The initial 2 proteins isolated were termed S100A and S100B. Subsequent family

25



members were assigned A + number with S100A being renamed S100A1, and

other proteins with sequence homology sequentially numbered.

S100A10 is a 96 amino acid protein. The amino acid structure was published in
1992 by Gerke’s group (Harder et al., 1992). Both residue 95 and 96 at the C-
terminus are lysines; there are an additional 10 lysine residues throughout the
molecule, with some, notably residue 56, being solvent-exposed. Lysine residues
are often found to be solvent-exposed (Malleshappa Gowder et al., 2014),
especially in alpha-helical structure. The relative solvent exposure for each lysine
was determined to help predict which lysine residues are more likely to be
involved in plasminogen receptor-kringle binding. Each S100A10 monomer is
composed of 4 alpha-helical motifs (H-I, H-II, H-III and H-IV) joined by 2 linker
regions and a hinge region. Hydrophobic amino acids located in helices H-I and
H-IV and 2 amino acids in the hinge region are responsible for the interaction with
Annexin A2. A cartoon representing the secondary structure of S100A10 and

amino acids that participate in binding with Annexin A2 is presented in Figure 1.8.
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Figure1-8  Structure and Sequence of Human S100A10

A cartoon of the unfolded structure of SI00A10 is presented to show the location
of mutated amino acids, as well as key secondary structure, and areas of

interaction with annexin A2. Lyine residues are noted in red, mutated residues are
green.
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S100A10 is present in mammals, birds, reptiles, amphibians, and fish but absent
from insects, nematodes, protozoa, fungi, or plants (Madureira et al., 2012). The
amino acid sequence of SI00A10 is well-conserved across these species; of interest
is the conservation of the lysine at the C-terminus as well as the lysines at position
56 and 91- numbering for the human sequence. Figure 1.9 graphically illustrates
the consensus sequence of S100A10 across 21 species. Prepared using the
WebLOGO service at www.weblogo.berkley.edu (Schneider and Stephens, 1990).
The taller the stack, the more conserved the residue. A single letter at the full
height indicates all species share the same residue, while multiple ‘short’ letters
indicate differences between species. The consensus sequence is read from the top
amino acid in each position (Crooks et al., 2004). It is interesting that the C-terminal
lysine residue is not fully conserved over the entire 21 species list, but the lysine
residues that correspond to human sequence positions 56 and 91 are fully

conserved.
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Figure1-9  Canonical Sequence of SI00A10

The amino acid sequence of 21 organisms from humans to swamp
eel was input into WebLOGO at https://weblogo.berkeley.edu/
The generated logo consists of stacks of amino acid symbols, one
stack for each position in the sequence. The overall height of the
stack indicates the sequence conservation at that position, while the
height of symbols within the stack indicates the relative frequency of
each amino acid at that position.
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S100A10 is found as a monomer, a dimer or as part of a heterotetramer with
annexin A2. It is localized on the outside of cells as the heterotetramer, or inside
the cytoplasm as the monomer, dimer or heterotetramer. The heterotetramer
consists of a dimer of S100A10 interacting with a dimer of Annexin A2. Annexin
A2 is a calcium-binding protein, also known as lipocortin 1, calpactin 1 or p36. It

localizes S100A10 to the plasma membrane (Kwon et al., 2005).

S100A10 has been identified as a plasminogen receptor. As a homodimer, it
possesses 2 binding sites for plasminogen and/or tPA and is usually anchored to
the cell surface via a dimer of annexin A2, forming the annexin A2 heterotetramer
(AIlt) (V. A. Miller et al., 2017). The binding site for S100A10 on annexin A2 is the
first 14 amino acids of the N-terminus of annexin A2 (Réty et al., 1999), while
annexin A2 associates with a hydrophobic region in the N-terminal portion of

S100A10.

S100A10 is found in a wide range of tissues, with the highest expression found in
the lungs, kidney and intestine (Madureira et al., 2012). The protein is also found
on the surface of various cell types, including endothelial cells, macrophages,

fibroblasts and various cancer cells.

In the brain, S100A10 co-localizes with the serotonin receptor (5-HT1B) (Egeland
et al., 2011; Svenningsson et al., 2006), and low levels of the protein have been
associated with depression. SI00A10-null mice exhibit a depressed phenotype and
show a decreased response to selective serotonin reuptake inhibitors, such as

fluoxetine (Egeland et al., 2010).

S100A10 can stimulate plasmin autoproteolysis, further regulating plasmin
activity (Kwon et al., 2005). Multiple degradation products result and are classified
as angiostatins. These biologically active antiangiogenic molecules contain the
kringle 1-3 domains and serve to block tumour growth and metastasis by limiting
endothelial cell proliferation required for tumour vascularization (Kassam et al.,

2001; Kwon et al., 2001).
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S100A10 is a key regulator of plasminogen dependent macrophage invasion,
which is mediated in part by MMP-9 activation (O’Connell et al., 2010). Using
thioglycollate to stimulate the movement of macrophages into the peritoneal
cavity of wild type and S100A10-null mice, those mice lacking S100A10 had over
a 50% reduction in the number of macrophages into the peritoneal cavity
(O’Connell et al., 2010). Using an in vivo model of invasion into a Matrigel plug,
the S100A10-null mice had fewer macrophages infiltrate into the plug (Madureira
et al., 2012; O’Connell et al., 2010).

There have been many studies that have linked S100A10 with oncogenesis. Cancer
cells use plasmin as well as other proteases such as cathepsin B and the MMPs to
breakdown the extracellular matrix and the basement membrane to get access to
the vasculature (Poddar et al., 2017; Stoppelli, 2013). The same proteases are then
used by the malignant cells to enter other tissues to form metastatic cores. Tumour-
associated cells, such as macrophages, also use these proteases to enter the tumour
site (Phipps et al., 2011). SI00A10 co-localizes with uPAR on the cell surface, which
facilitates plasminogen activation, as well as activation of pro-uPA to its active
form (Zhang et al., 2004). uPAR is also upregulated on the surface of many types
of cancer cells (Andreasen et al., 2000, 1997). Additional studies that explored the
role of S100A10 include the use of an anti-sense vector to deplete HT1080
tibrosarcoma cells of SI00A10 (Choi et al., 2003). When these cells were injected
into mice there was a 3-fold decrease in the number of metastatic foci in the lung
compared to mice injected with control cells. Conversely, when mice were injected
with HT1080 cells over-expressing SI00A10, mice had a 16-fold increase in the
number of metastatic lesions in the lungs (Choi et al., 2003). Similar studies were
performed with colorectal cells and RNA interference to deplete the cells of
S100A10 (Zhang et al., 2004), which resulted in a significant decrease in
plasminogen binding as well as plasmin generation and a diminution of the ability
of these cells to invade through an artificial basement membrane (Matrigel). Up-

regulation of cellular SI00A10 has been associated with poorer outcomes and/or
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chemoresistance in ovarian (Lokman et al., 2016; Noye et al., 2018), pancreatic
(Bydoun et al., 2018), breast (Browne et al., 2013; Johansson et al., 2015; Myrvang
et al., 2013), colorectal (Suzuki et al., 2011), and lung carcinomas (Katono et al.,
2016; K. Sato et al., 2018) as well as leukemia, specifically acute promyelocytic
leukemia (Holloway et al., 2018; Huang et al., 2017; O’Connell et al., 2010).

The loss of SI00A10 from the surface of macrophages dramatically decreased both
the tumour size compared to wild type mice injected with the same number of
Lewis lung carcinoma cells (Phipps et al., 2011). Tumours in the SI00A10-null mice
reached their maximum size at day seven, while tumours in wild type animals
continued to grow. Examination of the resulting tumours revealed very few
macrophages within the tumours of the S100A10-null mice. When wild type
macrophages were injected into the tumours of S100A10-null mice, the tumour
growth approached that of wild type mice. This study highlights the importance
of S100A10 in tumour associated cells and how the tumour microenvironment

influences tumour growth.

S100A10 plays a role in fibrinolysis. In a study exploring the role of SI00A10 in
fibrinolysis using the S100A10-null mouse, Surette et al. (2011) found that
S100A10-null mice had increased levels of fibrin deposition in the lung, liver,
spleen and kidney, as determined by western blot, as well as through
measurement of radio-labelled fibrinogen. No differences in coagulation or
fibrinolytic parameters between the wild type and S100A10 were revealed. This
finding is similar to fibrin deposition in plasminogen-null mice (Bugge et al., 1995;

Ploplis et al., 1995).

A clinical study involving critically injured trauma patients found that individuals
with a low mean lysis time in a viscoelastic measure of fibrinolytic potential
coupled with a high D-dimer (fibrin degradation product), had higher levels of
S100A10 in the plasma (Gall et al., 2018). These patients had poorer outcomes and

were more likely to have suffered a traumatic head injury.
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1.7 MULTIPLE SCLEROSIS

Multiple Sclerosis (MS) is a chronic inflammatory disease characterized by
demyelination of the central nervous system. The immune system attacks the
myelin of nerve cells eventually resulting in deficits in the motor, visual, sensory
and autonomic systems (Simmons et al., 2013). Although specific causes of MS are
not fully understood, it is currently thought that MS pathology results from
interactions between genetics, microbial infection and auto-immunity
(Rahmanzadeh et al., 2018; F. Sato et al., 2018). Most researchers agree that genetic,
environmental, and lifestyle aspects all influence disease progression and the
disease is usually classified as an autoimmune condition (Thompson et al., 2018).
Animal models, discussed below, have led to the identification of treatment

targets, leading to some successful treatment protocols.

There are four main sub-types of MS: relapsing-remitting, secondary progressive,
primary progressive, and clinically isolated syndrome (Rahmanzadeh et al., 2018).
The majority of those diagnosed with MS first present with a clinically isolated
syndrome, where there is the involvement of the brain stem, optic nerve or spinal
cord that resolves over time. Individuals are classified as having relapsing-
remitting MS when they experience a second episode that also resolves over time.
Many of these individuals go on to have multiple episodes, with varying amounts
of time between each episode. A certain percentage of those with relapsing-
remitting MS will develop secondary progressive disease where there is no
resolution of the symptoms between episodes. Approximately 15% of those
diagnosed with MS have primary progressive MS, experiencing no reduction of

MS symptoms (Rahmanzadeh et al., 2018; Thompson et al., 2018).

The clinical signs and symptoms of MS include double/blurry vision, lack of
muscle control and coordination, diminished skin sensation and progressive
paralysis. As noted above, some individuals experience resolution of their clinical

symptoms, though not to non-pathologic levels. The pathological process of MS
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consists of a breakdown of the blood-brain barrier, multifocal inflammation,
demyelination, oligodendrocyte loss, reactive gliosis (colloquially referred to as
scarring) and loss of axons (Baecher-Allan et al., 2018). Inflammation and the
immune system are major players in the progression of MS (Baecher-Allan et al.,
2018; Rahmanzadeh et al., 2018; Thompson et al., 2018). Many of the current drug
protocols target specific immune cells or molecules. At a minimum, the following
immune cells have a potential role in the pathogenesis of MS: cells from the
adaptive immune system, such as B cells and specific effector T cell populations,
and cells of the innate immune system including natural killer and microglial cells

(Baecher-Allan et al., 2018; Buzzard et al., 2017).

The effector CD4 T cells are believed to be causative in MS. Specifically,
autoreactive CD4 T cells migrate from the periphery into the central nervous
system (CNS) and reactivate to initiate the disease. This is referred to as the
“outside-in hypothesis” (Malpass, 2012). Once inside the CNS, the reactivation by
antigen-presenting cells results in the recruitment of more T cells and
macrophages, creating the inflammatory lesion (Baecher-Allan et al., 2018). These
CD4, as well as CD8 T cells, cause myelin loss, oligodendrocyte loss and damage
axons, leading to an imbalance in neurological function (Baecher-Allan et al.,
2018). CD4 T cells are often myelin reactive and cells secrete interferon-y (IFN-y)
and interleukin- 17 (IL-17) which are thought to be at the heart of the pathologic
damage (Buzzard et al.,, 2017). IFN- y activates microglial cells, while IL-17 and

IFN- y activate microglia and macrophages.

Demyelination is one of the hallmarks of multiple sclerosis. Understanding how
various proteins interact in the brain during this process, as well as during
endogenous repair, is crucial to identifying druggable targets for future
treatments, as well as for identifying potential biomarkers for diagnosis.

Demyelination marks an active relapse; the remission is the repair. Eventually, the
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oligodendrocytes are damaged beyond their ability to repair the demyelinated

axons, and the damage is permanent.

Myelin basic protein (MBP), an important component of the myelin sheath,
protects the integrity of the nerve impulse along the neuron axon. Previous
research suggested that plasmin can degrade MBP (Cammer et al., 1981, 1978; Law
et al., 1985). Early reports of this phenomenon linked the loss of myelin to the
presence of macrophages (Cammer et al., 1978; Norton et al., 1978). The
researchers linked the protease activity to a plasminogen activator secreted by the
macrophages. Predictably, plasmin was found to lyse MBP after a lysine or
arginine residue, distributed throughout the protein sequence (Law et al., 1985).
The loss of MBP results in a loss of the structure of the myelin sheath, exposing the
axon to further injury. In MS, fibrin deposition has been illustrated in CNS lesions;
the presence of fibrin deposits has been shown to precede lesion formation

(Akassoglou et al., 2004; Wakefield et al., 1994).

1.8 BLOOD-BRAIN BARRIER

The tissues of the brain are segregated from most substances found in the blood
by the blood-brain barrier (BBB) or neurovascular unit. Usually, the brain is
protected from toxins and most blood components, such as cytokines and
chemokines (Obermeier et al., 2016; Sharif et al., 2018; Sweeney et al., 2018). The
BBB comprises endothelial cells connected by tight junctions and adherens
junctions. Tight junctions are closely associated areas on adjacent cell membranes,
located at the apical site between brain endothelial cells, and consist of three
integral protein types: claudins, occludin, and junctional adhesion molecules (East
et al., 2008). The adherens junctions consist of cadherins, platelet endothelial cell
adhesion molecule and the junctional adhesion molecules (Sweeney et al., 2018).
The tight junctions and adherens junctions seal the cells of the BBB, helping to
regulate the flow of molecules into the central nervous system. The balance of

nutrients in and waste products out is controlled by the BBB. This selective cell-
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matrix also serves to keep toxins and other pathogens out of the brain and CNS,
rendering it an ‘immune-privileged site’. It is the endothelial cells of the
vasculature, with the important contribution of the pericytes and astrocytic end-
feet, that control access through the BBB (Andreone et al., 2017; Boer and Gaillard,
2006; Sweeney et al., 2018).

The tightly controlled BBB can be damaged; tight junctions between cells can be
disrupted, cells can increase transport across or damage may occur to the vessel
(Dvorak et al., 1985). This loss of integrity of the BBB may occur during the course
of many neuropathologies, such as stroke, traumatic brain injury, epilepsy and in
diseases of chronic neuroinflammation and neurodegeneration, such as multiple
sclerosis and Alzheimer’s disease (Adams et al., 2004). However, there is also loss
of BBB integrity as a part of normal ageing; scans of individuals showed BBB
breakdown in the hippocampus (Montagne et al., 2015). These conditions all show

either transient or chronic BBB opening.

1.9 PLASMINOGEN ACTIVATION SYSTEM AND MULTIPLE SCLEROSIS

Under normal physiological conditions, the blood proteins plasminogen and
fibrinogen are not found in the brain parenchyma (Davalos et al., 2019; Petersen et
al., 2018). In cases when the blood-brain barrier is compromised - in stroke,
epilepsy, traumatic brain injury or when chronic inflammation and
neurodegeneration are present- such as multiple sclerosis and Alzheimer’s disease
- plasminogen, fibrinogen and other blood components, such as immune cells can
then enter the brain (Bardehle et al., 2015). The plasminogen activation system can
influence the BBB. tPA can open the BBB through various mechanisms. This
includes activation of platelet-derived growth factor-CC (Su et al., 2008), astrocytic
remodelling through plasmin (Niego et al, 2012), and promotion of
phosphorylation of claudin-5 and occludin, both BBB proteins (Kaur et al., 2011).
PAI-1 appears to promote BBB tightness in in vitro models (Dohgu et al., 2011).

There is clinical evidence of tPA influencing BBB integrity; individuals treated
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with tPA for thrombotic stroke are at risk of increased bleeding in the brain (Fugate

and Rabinstein, 2014).

Fibrinogen, a major substrate of plasmin, has been shown in vitro to increase
endothelial cell permeability, partially by reducing the expression of tight junction
proteins (Patibandla et al., 2009; Tyagi et al., 2008). It is possible that conditions
that cause fibrinogen and/or fibrin to accumulate on the vessel wall may lead to
the weakening of the BBB. Additionally, the transient weakening of the BBB allows
blood proteins to enter the brain, which may result in the activation of both the
fibrinolytic and coagulant systems in the CNS. The presence of these blood
proteins may lead to further conditions or reinforcement of conditions where the
BBB is further weakened. As fibrin lies at the interface of the fibrinolytic and
coagulant pathways, researchers are targeting it as a potential diagnostic or

therapeutic target.

The plasminogen activation system in the brain has benefits to the brain, as tPA is
found within the normal brain parenchyma (Melchor et al., 2003; Melchor and
Strickland, 2005). Fibrin plays a pivotal role in stopping bleeding, and the plasmin
removes that clot once the necessary repairs to the vasculature are complete,
restoring blood flow. However, if either process is dysregulated, inflammation is
the likely outcome, and if inflammation persists, pathology follows; in the brain,
that includes multiple sclerosis (East et al., 2005; Marik et al., 2007), Alzheimer’s
disease and vascular dementia (Paul et al., 2007; van Oijen et al., 2005), and

traumatic brain injury (Chodobski et al., 2011; Muradashvili et al., 2017).

Fibrin has been found in histologic studies of MS lesions, both human (Marik et
al., 2007) and mouse (Ryu et al., 2015; Ryu and McLarnon, 2009). Specifically
targeting fibrin either genetically, in the fibrinogen knock-out mouse, or by
administering an antibody to the CD11b/CD18 binding site on fibrin) has been

shown to lessen the severity of disease in mouse models of MS (Ryu et al., 2018).
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PAI-1 levels in active MS lesions are increased compared to normal-appearing

white matter (Gveric et al., 2003).

In 2003, a study by Craner et al. (2003) explored S100A10 levels in Purkinje cells in
the cerebellum. These gamma-aminobutyric acid-(GABA)ergic neurons express
the sodium channel Nay1.8 at low levels. SI00A10 binds to the N-terminus of this
protein which aids in its membrane localization. These researchers found that
S100A10 levels and Nay1.8 sodium channel levels were both up-regulated in
human MS lesions, as well as in the mouse Experimental Autoimmune

Encephalitis (EAE) model.

In 2005, Gveric et al. (2005) investigated tPA receptors in MS lesions. They found
that Annexin A2 and S100A10, and low-density lipoprotein receptor-related
protein 1 were co-localized with macrophages and astrocytes in active lesions. In
normal-appearing white matter, Annexin A2 and S100A10 were found at low
levels, primarily on endothelial cells. This result was corroborated with Western
blot analysis of sample tissue from acute lesions. Additionally, in an earlier study
using the same samples (Gveri¢ et al., 2003), they also found that these lesions had
increased concentration of PAI-1 and increased concentrations of PAI-1 - tPA
complex, resulting in a decrease in tPA activity in tissue samples assayed for

fibrinolytic activity.

In models of EAE (see next section for further information) and demyelination in
plasminogen deficient mice (Shaw et al., 2017), the disease course is altered.
Researchers expected to find that the loss of plasminogen, either genetically in the
plasminogen-null mouse or by the administration of the plasmin generation
inhibitor tranexamic acid, would enhance the disease compared to wild type
animals, as fibrin deposition at the sites of BBB breakdown is correlated to disease
severity (Akassoglou et al., 2004). However, the time to disease onset is longer in

plasminogen-deficient mice, and these also had a reduced disease score when
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demyelination was initiated (Shaw et al., 2017). These changes were not due to

differences in the T-cell response between the animal groups.

1.10 ANIMAL MODELS OF MS

There are a variety of animal models used to explore the many aspects of MS. MS,
described in the previous section, is a complicated condition with no clear cause.
There is a complicated interplay of many systems, as well as a lack of complete
understanding of the exact nature of the initiating factor(s), genetic condition(s)
and exacerbating aspect(s) which makes the creation of one animal model that
adequately addresses all potential influencers of the initiation and progression of
MS nearly impossible (Procaccini et al., 2015). As a result, a variety of animal
models are in use in MS research, depending on which disease aspect the
researcher desires to explore. This brief summary focuses only on mouse models.
Mice are a very attractive model for many disease states. They are relatively low
cost and many transgenic strains are available or can be experimentally produced.
However, the differences between the human and murine immune systems do
limit the direct transferability of findings (Mestas and Hughes, 2004). Most notably
for MS research, mice and humans have differing white blood cell makeup
(Doeing et al., 2003); mice have 75-90% lymphocytes in their peripheral circulation,
while humans have only 30-50%. Neutrophils are also found in different
proportions; mice have 10-25% and humans 30-50%. In humans, interferon-y
worsens MS symptoms, while in mice it is protective (Heremans et al., 1996; Lublin
et al.,, 1993; Panitch et al., 1987). Other models used in MS research are rats,

zebrafish and non-human primates.

There are three categories of mouse models for the study of MS systems
(Procaccini et al., 2015). Each of these categories is useful for the study of discrete
factors that affect MS. EAE is a model of immune-mediated inflammation and is
primarily induced by autoreactive CD4+ T-cells (F. Sato et al., 2018). However, in

humans, the data show that CD8+ T- and B cells may play larger roles in MS
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(Buzzard et al., 2017). Viral models mirror some key factors of MS (Lassmann and
Bradl, 2017; Procaccini et al., 2015; F. Sato et al.,, 2018), most importantly
inflammatory demyelination. But the models are complex; there are effects from
both the virus and the immune response it elicits. Additionally, the role of virus
infection in MS is currently one of debate, as no one virus has been shown to be
causative in all cases (Oleszak et al., 2004). The final category is toxic models,
which are most valuable for the study of de- and remyelination mechanisms (Kipp,
2016; Kipp et al., 2017; Lassmann and Bradl, 2017). Their application to MS is
limited, as no other aspect of MS is incorporated in this model, and most
importantly, the role of autoimmunity is not addressed (Lassmann and Bradl,

2017).

1.10.1 EXPERIMENTAL AUTOIMMUNE ENCEPHALITIS

EAE is the most commonly used animal model of MS (Procaccini et al., 2015). The
use of this model has helped to develop many of the first line therapeutics that
target the inflammatory stage of the disease. EAE uses various central nervous
system antigens as the immunogen. Antigens used are proteolipid protein, spinal
cord homogenate, myelin basic protein or myelin oligodendrocyte glycoprotein
(Lassmann and Bradl, 2017; F. Sato et al., 2018). To activate the immune system of
the mouse, the antigen is suspended in complete Freund’s adjuvant. Pertussis
toxin is often added to the EAE protocol to disrupt the blood-brain barrier
(Procaccini et al., 2015). The use of an immunization approach to replicate a
portion of the MS disease process results in the activation of myelin-specific T cells.
These T cells express integrins that allow them to cross the BBB; once in the CNS,
they are re-activated by antigen-presenting cells that are specific for myelin (R. H.
Miller et al., 2017; Procaccini et al., 2015; F. Sato et al., 2018). This results in the
release of proinflammatory cytokines such as interferon-y (INF-y), interleukin-17,
tumour necrosis factor and granulocyte-macrophage colony-stimulating factor;

which ultimately results in the recruitment of y6 T cells, macrophages, monocytes
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and neutrophils to the CNS (Becher et al., 2017; Lassmann and Bradl, 2017). The
end result is the destruction of myelin. Symptomatically, the mice exhibit

progressive paralysis, first the tail, followed by the hind limbs, then the forelimbs
(Burrows et al., 2018).

EAE symptoms are species- and strain-specific. C57BL/6 mice are one of the most
commonly used mouse strains, even though they are considered to be EAE-
resistant. EAE can be generated by a dose of 300pg of myelin oligodendrocyte
glycoproteins ss) (MOGss.s5), resulting in a chronic non-remitting condition that
shows its first symptoms around 2 weeks after the immunization, with no recovery
for up to 4 months (Burrows et al., 2018; Procaccini et al., 2015). Immune cells
attack the cortex, spinal cord and cerebellum, staying for up to 50 days, with axon
loss seen only in the spinal cord (Burrows et al., 2018). At lower doses of MOGgs.55
some relapsing-remitting disease results, but with reduced loss of myelin, less
axon damage and smaller lesion size (Burrows et al., 2018). SJL mice injected with
proteolipid proteinizo.1s1 (PLP139.151) develop a chronic relapsing model of MS
approximately 2 weeks after immunization, with a relapse 2-3 weeks after the first
clinical symptom (Burrows et al., 2018). This model exhibits much variability,

which may better mimic the human version of the disease.

1.10.2 MODELS OF DEMYELINATION

Demyelinating models are useful for exploring factors that impact both the loss of
myelin and the innate repair mechanisms of the brain. There are two distinct types
of demyelination models in animals; virus-induced inflammatory demyelination

and toxic demyelination.

1.10.2.1 VIRAL MODELS OF DEMYELINATION

There are two viruses used to induce inflammatory demyelination; Theiler’s virus
and Mouse Hepatitis Virus (MHV) (Burrows et al., 2018). These models are

somewhat hampered by their complex pathogenesis, as there are direct virus-

41



induced effects, as well as antiviral immunity and some autoimmune mechanisms
(Oleszak et al., 2004). As a result, the outcomes specific to these exacerbating
effects can be difficult to dissect out. The similarities between the demyelinating
disease and MS were somewhat surprising, as there has been little evidence that
links a human virus to the onset of MS, although there is some indirect evidence
supporting a possible role for Epstein Barr Virus (Ascherio and Munger, 2016;
Wingerchuk, 2011) or activation of an endogenous retrovirus (Nexg et al., 2016).
The virus-induced models have some advantages over other models. The disease
involves both B and T cells and there is a genetic linkage of the MHC type of the
animal (Oleszak et al., 2004). The researcher has the option to control both the

dosage and the virulence of the virus, and thus the host response can be altered.

In the model that uses Theiler’s virus (Theiler's Murine Encephalomyelitis Virus
or TMEV), the demyelination is induced by infecting the animal’s brain with the
virus. An acute encephalomyelitis follows in most animals. The exact pathogenesis
and mortality depend on the strength of the virus preparation used, as well as the
ability of the animal to mount a specific anti-viral T-cell response (R. H. Miller et
al., 2017). The two primary strains of the virus used are Daniel’s or BeAn strain,
and susceptible animals must have specific MHC haplotypes (H-2arsv£p)- found
in the SJL strain of mice. The extent of demyelination is greater than in EAE mice
and functional deficits last longer, allowing the researcher to better study the
mechanisms that control remyelination. The development of the disease has been
well documented and depends on the genetics of the animal (Oleszak et al., 2004).
In susceptible animals, the disease course follows a two-phase process. First, there
is an acute early phase followed by a chronic phase. The acute phase develops 3-
12 days post-infection, followed by the chronic phase 30-40 days post-infection
(Lassmann and Bradl, 2017; R. H. Miller et al., 2017). The disease in susceptible
animals is terminal. In resistant strains (C57BL/6), only the early acute phase is

evident, and the virus is cleared approximately 3 weeks post-infection (Oleszak et

al., 2004).
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The model that uses Mouse Hepatitis Virus was first developed after the isolation
of the virus from a paralyzed mouse that presented with widespread
encephalomyelitis and demyelination (Lassmann and Bradl, 2017). This virus was
further developed into a model for MS, utilizing a neurovirulent strain of MHV
(Bailey et al., 1949; Lassmann and Bradl, 2017). The virus is introduced
intracranially or nasally. As with Theiler’s virus, the disease is biphasic; the first
phase begins just days after infection, resulting in a panencephalitis. After
recovery, a second phase may appear approximately 4 weeks later and is
characterized by a neuroparalytic disease with inflammatory demyelinating
lesions (Lassmann and Bradl, 2017). The animals experience chronic inflammation
and develop plaques of demyelination, with variable axon injury or loss. T-cells
and activated macrophages/microglia infiltrate the lesions. B-cells and plasma
cells also contribute to the inflammation. Compared to EAE, these animals
experience a greater extent of microglial activation throughout the entire brain and
spinal cord. This is linked to the expression of oxygen free radicals produced by
the NADPH oxidase and iNOS in the microglia (Schuh et al., 2014) leading to
extensive oxidative injury in the active lesions. Astrocyte loss may also be present,
leading to a loss of oligodendrocytes and demyelination (Lassmann and Brad],

2017).

1.10.2.2 Toxic MODELS

The last group is classified as toxin-mediated demyelination. There are two types:
systemic cuprizone administration or focal administration of either

lysophosphatidylcholine or ethidium bromide (Procaccini et al., 2015).

Cuprizone is a copper -chelating drug, and when administered in the chow to
mice, it causes apoptosis in the oligodendrocytes, eliciting demyelination by
oxidative injury (Lassmann and Bradl, 2017). Inflammation follows, modulated by
microglia and astrocytes. The usual course is a 4-week treatment with 0.2%

cuprizone in rodent chow (Gudi et al., 2014) in C57BL/6 mice. Remyelination
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occurs upon return to normal mouse chow. Other mouse strains can be used, and
the technique has been successfully used in rats, guinea pigs and hamsters
(Burrows et al, 2018). The wusual short course of treatment consists of
supplementation of the chow with the cuprizone for 4-6 weeks. Remyelination
begins upon return to regular chow. A more chronic demyelination model
involves exposure to cuprizone in the chow for 12 weeks, with little remyelination

occurring upon return to regular chow (Lassmann and Bradl, 2017).

Demyelination occurs predictably in the corpus callosum. The short-term model
has limited use; the remyelination is very quick and does not model the human
condition well. This drawback has been addressed by long term administration of
cuprizone, resulting in chronic demyelination with little repair noted (Lassmann
and Bradl, 2017). The long term exposure to cuprizone results not only in apoptosis
of mature oligodendrocytes but also changes in cytokines and chemokines that are
involved with the proliferation of the OPCs, their differentiation or which inhibit
the migration of the progenitor cells to the site of injury (Lassmann and Bradl,
2017). These aspects have been put forward as possible reasons for the eventual

remyelination failure in MS.

Focal toxin-induced demyelination provides a lens to study the mechanisms
involved in de- and remyelination. Lysophosphatidylcholine (LPC) and ethidium
bromide are the two most commonly used agents to induce local demyelination in
a known white matter tract of the central nervous system. LPC causes focal
plaques of demyelination caused by the direct effects due to the toxin; resulting in
detergent-like damage of the lipid membrane of the myelin sheath. In a recent
publication, Plemel et al (2018) explored the early events following
lysophosphatidylcholine injection and confirmed that the LPC does, in fact,
integrate into the membrane of the myelin sheath and cause its degeneration. They
found the lesion had formed within 4 hours of the injection, reaching its maximum

size within 24 hours.
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Other researchers have reported that the age of the animals can impact the speed
and degree of remyelination; older animals are slower to remyelinate and may not
completely remyelinate a lesion (Crawford et al., 2013; Franklin et al., 2002). These
age-related effects may be reflective of the mechanisms at play in progressive MS,
as the majority of those with progressive MS, either primary progressive or after a
period of relapsing/remitting to secondary progressive, are older adults

(Lassmann and Bradl, 2017).

The injection of ethidium bromide into white matter tracts (either corpus callosum
or in the spinal cord) results in the degeneration of oligodendrocytes and
astrocytes (R. H. Miller et al., 2017; Procaccini et al., 2015). The presence of
astrocytes is necessary for the oligodendrocyte remyelination process, so in the
absence of astrocytes in the spinal, remyelination is provided by Schwann cells.
This mechanism - the reliance of oligodendrocytes on astrocytes - may explain
why in individuals with Neuromyelitis Optica, there is evidence of primarily

Schwann cell remyelination (Ikota et al., 2010).

These de- and remyelination models offer a method for understanding the
molecular mechanisms of, as well as a possibility to explore potential

remyelination therapies.

No single animal model can recapitulate the disease course of human MS. Given
the complexity of the disease, until the exact etiology of the disease in humans is
delineated, the use of multiple animal models to explore discrete aspects of MS

will continue to be used in the field.
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1.11 RATIONALE

The current dogma states that a C-terminal lysine residue is critical for
plasminogen receptor status (Miles et al., 1991; Miles and Parmer, 2013), however
receptors without a C-terminal lysine exist. Using an in vitro model of plasmin
activation, the use of a mutagenesis approach will allow us to determine the role

the C-terminus plays in plasmin generation.

Recent studies have pointed to fibrin as a potential player in the development of
demyelinated plaques in MS (Davalos and Akassoglou, 2011; Petersen et al., 2018).
Studies have also revealed S100A10 and its binding partner annexin A2 as present
in established MS lesions (Gveri¢ et al., 2005; Han et al., 2008). The presence of
fibrin usually results in an increase in fibrinolysis in the absence of a signal
indicating the clot or thrombus is required. Examining the potential role of
S100A10 in the initial demyelination steps is the first step to a better understanding
of why S100A10 may be localized within an MS plaque.

1.12 THESIS HYPOTHESIS

I hypothesize that the C-terminal lysine residues are critical for the interaction of
S100A10 with both plasminogen and tPA and that loss of these 2 lysine residues,
either by deletion or mutation, will lead to decreased ability of S100A10 to

accelerate tPA-mediated generated plasmin from the pro-enzyme plasminogen.

I also hypothesize that like fibrin, the plasminogen receptor S100A10 interacts with

the finger domain of tPA and kringle 1 of plasminogen.

I hypothesize that SI00A10 functions to generate plasmin, degrade fibrin and MBP
which results in increased axonal damage. In MS lesions, SI00A10 functions to

generate plasmin, which degrades fibrin, but as collateral damage, it also degrades

MBP.
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Chapter 2. METHODS

2.1 INTERACTION OF S100A10, PLASMINOGEN AND TPA

2.1.1 MUTANT S100A10

The pAED4.91-S5100A10 construct was mutated using the QuikChange II
mutagenesis kit (Agilent, Mississauga ON). Lysine (K) residues located in the C-
terminal region (residues 91, 93, 95 and 96) were mutated to isoleucine (I) or
arginine (R) (95 and 96 only), and internal (residues 17, 22, 27, 36, 46, 53, 56 and 65)
were mutated to arginine (R). In addition to the lysine to arginine mutants, lysine
residues 95 and 96 were both mutated to isoleucine, and the deletion mutants, K95
and K95,96 were also produced. Additionally, the pAED4.91-S100A10%%%I and
pAED-5100A10Pes%% constructs were mutated to also contain the mutation K56R.
Primers were designed using the Agilent QuikChange Primer Design Tool
available online at https://www.agilent.com/store/primerDesignProgram.jsp.
Resulting plasmids were sequenced to confirm the inclusion of the desired

mutation, then used to transform competent bacteria for protein expression.

The mutants were generated using the forward and reverse primers listed in Table
2-1. In each case, an adenine base was changed to a guanine base, using a primer
pair. The deletion mutants were similarly prepared, introducing an early stop
codon. Patricia Madureira prepared the C-terminal region lysine mutants in the

PAED4.91 vector, and the author prepared the remaining mutant vectors.
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Table 2-1 Primers Utilized in PCR Reactions to Introduce Mutations in S100A10
Plasmid Constructs

The nucleotide mutation in each primer is highlighted in red. The complementary
primer is not shown. The parent plasmid was sequenced past the inserted
nucleotide sequence stop codon to mutate amino acids at the C-terminus.

Mutation Primer 5’-3’

K17R
K22R
K27R
K36R
K46R
K53R
K56R
K65R
K911
K931
K95R
K96R
K95,96R
K95,961
DesK96
DesK95,96

gaaaccatgatgtttacatttcacagattcgctggggataaagg
tttcacaaattcgctggggatagaggctacttaacaaagg

ggggataaaggcetacttaacaagggaggacctgag

ggacctgagagtactcatggaaagggagttccctgg
ccctggatttttggaaaatcaaagagaccctetgge

cctetggetgtggacagaataatgaaggacccg
tctggctgtggacaaaataatgagggacctggacca

ggaccagtgtagagatggcagagtgggcttcc-
gcaatgactattttgtagtacacatgatccagaagggaaagaagtag

gcaatgactattttgtagtacacatgaagcagatcggaaagaagtag

ctattttgtagtacacatgaagcagaagggaaggaagtag
ctattttgtagtacacatgaagcagaagggaaagaggtag
gactattttgtagtacacatgaagcagaagggaaggaggtag
gcaatgactattttgtagtacacatgaagcagaagggaatcatcta
gactattttgtagtacacatgaagcagaagggaaagtagtag
gactattttgtagtacacatgaagcagaagggatagaagtag
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2.1.2 EXPRESSION AND PURIFICATION

The pAED4.91-S100A10 construct was transformed into BL21(DE3)pLysS
competent Escherichia coli, expressed and purified according to Ayala-Sanmartin
et al. (Ayala-Sanmartin et al., 2000) with modifications. Bacterial cell pellets were
lysed either by sonication (60 seconds [s] for 3 pulses) or by French press (1000
psi). Lysis was performed in 100 mM HEPES, (pH 7.5), 400 mM NaCl, 10 mM
MgCly, and 2 mM DTT (dithiothreitol) with 0.1 mg/mL soybean trypsin inhibitor,
2.25 mg/mL benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1 mM 4-
benzenesulfonyl fluoride hydrochloride, 10 ug/mL aprotinin, 10 pg/mL
leupeptin, and centrifuged at 30,000 x g for 60 minutes (min). The supernatant was
precipitated with the addition of an equal volume of saturated (NH4)2SO4 and
centrifuged at 27,000 x g for 45 min. The supernatant was applied to a Butyl-
Sepharose column (GE Healthcare Life Sciences, Piscataway, NJ, USA)
equilibrated with 50% saturated (NH4)2SO4 in 50mM HEPES, pH 7.5 200 mM
NaCl, 1 mM DTT.

The S100A10 was eluted with a linear gradient from 50% to 0% saturated
(NH4)2504 in 50mM HEPES (pH 7.5), 200 mM NaCl,and 1 mM DTT. The eluate
was dialyzed against 40 mM Tris (pH 7.4), 150 mM NaCl, 0.5 mM EGTA (ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid), and 0.5 mM DTT and
subjected to gel permeation chromatography on a HiLoad 16/600 Superdex 75
(GE) column. All chromatography steps were performed at 4°C using the BioLogic
DuoFlow system (BioRad) controlled by BioLogic DuoFlow Software (version 5.3).
In cases where the mutant SI00A10 could not be isolated using this procedure, a
lower concentration of ammonium sulphate was used, determined empirically
where the mutant SI00A10 remained in solution. This procedure was altered to
match the starting ammonium sulphate concentration, and the linear gradient
started at half the starting concentration. Wild-type (WT) and mutant S100A10

eluted as a single peak in size exclusion chromatography.
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2.1.3 PRODUCTION OF RECOMBINANT ANNEXIN A2

The pAED4.91-Annexin A2 (Kang et al., 1997) construct was transformed into
BL21(DE3) pLysS competent E. coli, and the resulting protein was expressed and
purified according to Khanna et al. (Khanna et al., 1990) with modifications.
Bacterial cell pellets were subjected to lysis by French press (1000 psi). Lysis was
performed in 20 mM imidazole (pH 7.5), 150 mM NaCl, 5 mM EGTA, and 3 mM
DTT with 0.1 mg/mL soybean trypsin inhibitor, 2.25 mg/mL benzamidine, 1 mM
phenylmethylsulfonyl fluoride, 1 mM 4-benzenesulfonyl fluoride hydrochloride,
10 pg/mL aprotinin, 10 pg/mL leupeptin and the suspension was centrifuged at
30 000 x g for 40 min.

The NaCl concentration was reduced to 50 mM prior to loading the supernatant
onto a DEAE ion-exchange column (MacroPrep DE, BioRad, Hercules, CA, USA)
equilibrated in 20 mM Imidazole (pH 7.5), 25 mM NaCl, and1 mM DTT. Ten mM
phosphate was added to the flow-through fraction and applied to a CHT™
Ceramic Hydroxyapatite (BioRad) column equilibrated in 10 mM potassium
phosphate pH 7.0. Annexin A2 was eluted with a linear gradient from 0.01 to1 M
KPi pH 7.0. The eluate was dialyzed against 40 mM Tris, (pH 7.4), 150 mM NacCl,
0.5 mM EGTA, and 0.5 mM DTT and subjected to gel permeation chromatography
on a HiLoad 16/600 Superdex 75 (GE Healthcare, Pittsburgh, PA, USA) column.

2.1.4 PRODUCTION OF RECOMBINANT ANNEXIN A2 CYS 8 SER MUTANT

The pAED4.91-Annexin A2 Cys 8 Ser expression plasmid was constructed by point
mutation of the Annexin A2 gene in the pAED4.91-Annexin A2 vector using the
QuikChange II Site-directed mutagenesis kit (Agilent Technologies). The primer
used to introduce the point mutation in the Annexin A2 gene was the following:5'-
GTT CACGAA ATC CTG AGC AAG CTC AGC TTG GAG GG-3'. The pAED4.91-
Annexin A2 Cys 8 Ser construct was transformed into BL21(DE3) pLysS competent

E. coli, the protein expressed and purified as reported for WT annexin A2.
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2.1.5 PREPARATION OF RECOMBINANT ANNEXIN A2 HETEROTETRAMERS

Equal molar ratios of purified annexin A2 (WT or C8S mutant) and S1I00A10 were
incubated o ice for 1 hour before gel filtration chromatography to separate the
heterotetramer from the excess of either constituent protein. The fractions

containing the heterotetramer were pooled and concentrated.

2.1.6 PLASMINOGEN DOMAIN MUTANTS

Truncated human plasminogen derivative proteins were a gift from Dr. Girish
Sahni (Institute of Microbial Technology, Chandigarh, India). The proteins
consisted of the following regions of human plasminogen; K1-Kr5SP (residues 78-
791), Kr2-Kr5SP (residues 163-791), Kr4Kr5SP (residues 350-791), Kr5SP (residues
440-791), and SP (residues 543-791), where Kr refers to kringle and SP refers to
serine protease domain. Proteins were expressed in Pichia pastoris and purified

according to the methods of (Joshi et al., 2012).

2.1.7 TPA-DOMAIN MUTANTS

Domain-switched/deleted variants of tPA were a gift from Dr. Colin Longstaff
(Haemostasis Section, Biotherapeutics Group, National Institute for Biological
Standards and Control, South Mimms, Herts, UK). The WT tPA (F-G-Kr1-Kr2-P,
where F = finger domain, G = EGF-like domain, Kr1= kringle 1, Kr2 = kringle 2,
SP =serine protease domain), a replacement domain variant: K1K1tPA (F-G-Kr1-
Kr1-PS) and a domain deleted variant: FdeltPA (G-Kr1-Kr2-SP) that lacks the
finger domain were expressed and purified from Sf9 insect cells as detailed in

Longstaff et al. (Longstaff et al., 2011).

2.1.8 SOURCES OF OTHER PROTEINS AND REAGENTS

Glu-plasminogen was prepared according to the methods of Deutsch and Mertz
(Deutsch and Mertz, 1970), with some minor alterations. Briefly, human plasma
was exposed to lysine-Sepharose equilibrated in phosphate buffered saline (PBS).

The column was washed in 0.8 M NaCl in PBS pH 7.3 to remove any non-specific
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binding proteins. The bound plasminogen was eluted with an e-aminocaproic acid
(eACA) gradient (0 to 25 mM) in PBS. The plasminogen eluted at 12.5 mM eACA
in a sharp peak. The fractions were tested for plasmin contamination by their
ability (or absence of ability) to cleave the plasmin specific substrate 52251 (H-D-
Valyl-L-leucyl-L-lysine-p-Nitroaniline dihydrochloride) (Chromogenix
(distributed by Diapharma, West Chester OH) or Molecular Innovations (Novi,
MI)), and any fractions containing plasmin activity were discarded. Remaining
fractions were pooled, concentrated and dialyzed in PBS to remove eACA.

Aliquots were prepared and subsequently frozen at -80°C.

Lys-plasminogen was obtained from Enzyme Research Labs (South Bend IN,
USA). Single chain recombinant tPA was obtained from Genentech (South San
Francisco CA). Recombinant plasminogen receptors were sourced as follows:
S100A4 from Novus Biologicals Canada (Oakville ON), a-enolase from Creative
BioMart (Shirley NY), cytokeratin K8 from Progen Biotechnik GmbH (Heidelberg,
Germany), high mobility group box-1 protein (HMGB-1) from Prospec-Tany
Technogene Ltd (East Brunswick NJ), and Histone H2B from GenWay Biotech
(San Diego, CA). Porcine pancreatic carboxypeptidase Bl was purchased from

Worthington Biochemical (Lakewood, NJ).
21.9 ACTIVITY ASSAYS

2.1.9.1 PLASMIN GENERATION ASSAY

The kinetics of tPA- dependent plasminogen activation were determined by
measuring the amidolytic activity of the plasmin generated during activation of
plasminogen as described previously(Geetha Kassam et al., 1998). The reaction
was performed at 37°C, in 0.2 ml final reaction volume of a buffer consisting of 50
mM Tris-HCl (pH 7.4), 50 mM NaCl, 5 mM CaCl,, and 10 nM or 0.1 nM tPA with
the substrate S-2251 (H-D-Valyl-L-leucyl-L-lysine-p-Nitroaniline
dihydrochloride) (Chromogenix-Diapharma Group, Inc., West Chester, OH or
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Molecular Innovations Novi, MI) at a final concentration of 360 pM, or as noted in
the figure legend. The concentration of tPA was dependent on which batch was
used, and the actual concentration used is noted in the figure legends. The reaction
was initiated by the addition of 0.15 pM Glu-plasminogen (or concentrated noted
in the figure legend) and the reaction progress monitored at 405 nm in a Molecular
Devices SpectraMAX M3 microplate reader (Sunnyvale, CA). Initial rates of
plasmin generation were calculated using linear regression analysis of plots of
A405 nm versus time? utilizing data points at a low extent of substrate conversion
as outlined in Kassam et al. (Geetha Kassam et al., 1998). Specifically, the rate of
plasmin generation was calculated using the equation A405 nm = B + Kt2. Where
K is the slope and rate constant for the acceleration of plasmin generation and B is

the y-intercept (G. Kassam et al., 1998).

2.1.9.2 TPA ACTIVITY

Assays were performed in 100 mM Tris (pH 8.4), 106 mM NacCl, 0.1 g/L Triton-
X100. tPA activity was directly measured with the substrate S-2288 )H-D-
Isoleucyl-L-prolyl-L-arginine-p-nitroaniline dihydrochloride) (Chromogenix via
Diapharma Group, Inc.) at a concentration of 0.1-2.0 mM at 37 °C in a reaction
volume of 0.2 mL. Ten nM tPA in the presence and absence of 1 uM S100A10 was
incubated in each of the substrate concentrations. The reaction progress was
monitored at 405 nm and the rate was calculated using linear regression analysis

of plots of A405 nm versus time (in minutes).

2.1.10 CIRCULAR DICHROISM SPECTROSCOPY

A Jasco J-810 spectropolarimeter (Jasco Inc., Easton, MD, USA) was used to obtain
circular dichroism (CD) spectra by the methodology described in Kassam et al.
(Kassam et al., 1997). S100A10 (18.2 puM) was incubated in PBS (pH 7.5) at room
temperature (RT) and scanned in a quartz cuvette (0.5 mm path length) from 190

nm to 260 nm at a rate of 20 nm/s, using a bandwidth of 1 nm and a response time
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of 1 s. CD spectra of proteins were obtained by averaging five wavelength scans
and were corrected by subtracting buffer scans. The data are expressed as mean
residue ellipticity where the raw ellipticity value was converted into mean residue
ellipticity ([0]) by the formula: [0]= (0.1) (molecular weight)/ (number of residues)
(pathlength [cm]) (protein concentration [mg/mL]). Spectra were analyzed using

DichroWeb software (Whitmore and Wallace, 2008, 2004).

2.1.11 FLUORESCENCE SPECTROSCOPY

All fluorescence experiments were performed using a Spectra-MAX M3 multi-
mode plate reader at RT, using the integrated cuvette port. A quartz cuvette with
a path length of 5 mm was used. Plasminogen (1 pM), SI00A10 (1 pM) or both
were incubated in 0.2 mL PBS (pH 7.4) and excited at 280 nm and the intrinsic
fluorescence emission spectra were measured from 310-450 nm. These particular
settings for intrinsic fluorescence will specifically target tryptophan residues, as
the peak emission for a 280 excitation for tryptophan is 330-350 (Lakowicz, 2006).
Tyrosine emits at approximately 300 with an excitation of 280 while phenylalanine
is excited at 270 with an emission maximum of about 290 (Eftink, 2000; Lakowicz,

2006).

2.1.12 SDS-PAGE AND WESTERN BLOTTING

Proteins were separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 100 V until suitable protein separation, monitored
by the movement of pre-stained electrophoresis protein standards, was achieved.
Gel concentrations ranged from 10 t020%, depending on the proteins separated.
The Laemmli buffer system was used exclusively (Laemmli, 1970). For total
protein staining the gel was briefly incubated in deionized water to remove as
much SDS as possible, then incubated for 2 h to 18 h at RT (RT) in Coomassie Blue
staining solution, consisting of 0.1% Coomassie Blue G-250 in 30% methanol and

10% acetic acid. The gel was then destained in 30 % methanol and 10% acetic acid
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until the background was clear. Gels were imaged using a Licor™ Odyssey
scanner (Lincoln NE). Images were processed using Image Studio Lite Software

(Licor, Lincoln NE).

For gels that underwent western blotting, the staining procedure was omitted and
the proteins were transferred to 0.2 pm nitrocellulose in Towbin’s buffer (Towbin
et al., 1979) for either 1 h at 100V or 16 h at 20V. The blots were blocked in Licor™
Odyssey Blocking Buffer for a minimum of 1 h at RT with agitation, washed in
Tris-buffered saline with 0.5% Tween 20 (TBS-Tw), then incubated in antibody
specific primary antibody solutions in TBS-Tw for 1 h with agitation. The blots
were again extensively washed in TBS-Tw, then incubated with the appropriate
secondary DyLight(Thermo Fisher Scientific Whitby ON) or IRDye (Licor)
infrared tagged antibody. The blots were again washed before imaging on Licor™
Odyssey infrared scanner. The image was processed using Image Studio Lite

Software (Licor).

2.2 ROLEOF S100A10 IN DEMYELINATION

2.2.1 IN VITRO PROTEOLYSIS OF MYELIN BASIC PROTEIN

Plasminogen (30uM) was mixed with tPA (1.6 or 0.2 nM) in the presence and
absence of S100A10 (0.2 or 0.05 nM) for 20 minutes at 37°C. This mixture either
was preincubated for 60 minutes prior to the addition of 10ug MBP (Sigma,
Oakville ON) or the MBP was added immediately after mixing. The reaction was
stopped by the addition of an equal volume of 2X SDS-PAGE loading buffer and
boiled for 5 minutes. The resulting reaction products were separated on a 20%

SDS-PAGE gel.

2.2.2 ANIMAL CARE

All animals used were 6-8 weeks of age and were bred and housed in the Carleton

Animal Care facility at Dalhousie University. Mice were fed a standard diet of
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rodent chow and water ad libitum and housed in a 12-hour light/dark cycle. The
demyelination study was approved by the Dalhousie University Committee on
Laboratory Animals and was performed following guidelines of the Canadian

Council on Animal Care.

Two mouse strains were used in this study, wild type (WT) which were C57BL/6
or S1I00A10+ on a C57BL/6 background. The mice were generously provided by
Per Svenninsson (Egeland et al., 2011) and colonies maintained in the Carleton

Animal Care Facility.

2.2.3 INJECTION OF LYSOPHOSPHATIDYLCHOLINE

Female mice, either wild type (C57BL/6) or S10A10null (on a C57BL/6
background) were anesthetized via continuous inhaled isoflurane. Mice were
immobilized on a Kopf model 940 digital stereotaxic frame. A mid-line incision on
the skull exposed the bone and connective tissue was gently cleared. Two small
holes were drilled, 1 mm bilaterally, 2.3 mm anterior to the bregma and 2.7 mm
deep. Hamilton syringes (10 pL) retrofitted with Neuros syringe needles were
used to inject with 1 pL of 1% lysophosphatidylcholine (LPC)(Sigma) in PBS on
the animal’s left, and PBS on the right (Figure 2.1). Volumes were injected slowly,
over 60 s, and the needle held in place for 2 min to minimize backflow. The wound
was sutured and mice were allowed to recover and then sacrificed 7 days post-
injection by anesthetic overdose and perfused with 10% formalin. The brains were
removed and placed in 10% buffered formalin (Fisher) for a minimum of 4 days.
The cerebellum was removed, and the right side (PBS-treated) notched for
orientation. The remaining tissue was post-fixed in 70% ethanol, then embedded
by Dalhousie Histology Research Services. Brains were sectioned in 5 pm slices
using a Leica RM2255 microtome and sequentially mounted on serially numbered

slides (Fisherbrand Superfrost Plus).
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Figure 2-1 = Demyelination Model Injection Protocol

Schematic for injection of PBS (sham) and 1% lysophosphatidylcholine. Mice were
prepared for surgery, anesthetized and maintained on isoflurane and immobilized
on a stereotaxic frame. After exposure of the skull, a small hole was drilled in the
bone, then 1 uL of either sterile PBS or 1% lysophosphatidylcholine was injected
using a 10 pL. Hamilton syringe retro-fitted with a Neuros syringe needle. The
needle was left in place for at least 60 seconds to minimize back-flow. The wound
was sutured, the animal allowed to recover, then sacrificed 7 days later. Brains
were extracted and preserved as described in the text. Created with Biorender.com
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2.2.4 HISTOLOGY

All brains were stained for demyelination. Every fifth slide from the initial limit of
the corpus callosum was stained with eriochrome cyanine and neutral red
counterstain to determine the limits of the resulting lesion. Briefly, slides were
deparaffinized with xylene, then brought to 70% ethanol and rinsed with tap water
before incubating in eriochrome cyanine for 15 minutes. Tissues were
differentiated in 0.5% (w/v) NH3OH, followed by counterstain with 0.5% (w/v)
neutral red (Rowley Biochemical, Danvers, MA). Sections were dehydrated and
coverslipped with CytoSeal 60 (Thermo Scientific™- Richard-Allen™ Scientific,
San Diego. CA).

Slides were imaged, both left and right sides, using a Zeiss Axioplan II outfitted
with Axiocam HRC Colour Camera (both Carl Zeiss Canada Ltd, Toronto ON).
Images were obtained at 5X or 10X magnification. The lesion area was measured
using Image] (Schneider et al., 2012) utilizing the Fiji plugin bundle (Schindelin et
al., 2012). Each slide contained three 5pm sections (notes were made if a section
was unusable, or if more or less than 3 sections were present). At least one
image/imaging session was processed using a scale bar to set the measurements

in Fiji.
2.24.1 LESION QUANTITATION

Lesions were traced using the freehand tool, and the area inside the trace
calculated by Fiji (Schindelin et al., 2012). Volume was determined by plotting the
areas of adjacent sections vs accumulated thickness (calculated as the number of

sections per slide multiplied by the 5um section thickness.

2.2.5 IMMUNOFLUORESCENCE

Slides adjacent to slides with a confirmed lesion were subjected to
immunofluorescent staining for Ionized Calcium Binding Adaptor Molecule 1

(Iba-1) to assess the presence of microglia cells and recruited peripheral
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macrophages (Ito et al., 1998; Plemel et al., 2018) and were also stained for Glial
tibrillary acidic protein (GFAP) marker for the presence of astrocytes (Briens et al.,
2017; Plemel et al., 2018; Sofroniew and Vinters, 2010). Slides were deparaffinized
with xylene, then brought to 70% ethanol. Antigen retrieval was performed in Tris-
EDTA buffer with 0.1% Tween 20 using a Biocare (Pacheco, CA) Decloaking
Chamber™, then samples were blocked with normal donkey serum (Sigma). After
washing, the slides were incubated with a 1:500 dilution of primary rabbit
polyclonal Iba-1 (product 013-27691, Wako, Osaka Japan) at 4°C overnight in a
humid chamber. The following day, the secondary antibody, donkey anti-rabbit
AlexaFluor 488 (1:500 dilution) (A21206 Life Technologies Carlsbad CA) was
added in combination with the primary mouse monoclonal anti-GFAP conjugated
with Cy3, diluted 1:500 (C9205, Sigma), and incubated for 2 hours in a humid
chamber. Slides were treated with a 1X solution of True Black® Lipofuscin
Autofluorescence Quencher (Biotium, Fremont CA) then coverslips were applied
using Fluoromount G with DAPI (Electron Microscopy Sciences, Hatfield, PA).
Images were obtained using a Zeiss AxioPlan microscope fitted with AxioCam503
camera and the total fluorescence of the field containing the full lesion was
quantitated using Fiji software(Schindelin et al., 2012). Control slides omitting the
primary were treated identically, substituting a Cy3 conjugated mouse

monoclonal antibody for the Cy3 conjugated anti-GFAP primary.

2.3 STATISTICAL ANALYSIS

Analysis using student t-test, one-way ANOVA followed by Dunnett’'s multiple
comparisons test or two-way ANOVA followed by Tukey multiple comparison
test (as noted) was performed using Prism version 7.02 for Windows, (GraphPad

Software (La Jolla, CA, www.graphpad.com).

Data are shown as mean * standard deviation (SD) or standard error of the mean

(SEM) as noted in the figure legend. Statistical significance was defined as * p <
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0.05, ** p < 0.01, ** p < 0.001, ***p< 0001. All experiments were repeated

independently at least three times.
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Chapter 3. RESULTS: STRUCTURE-FUNCTION OF S100A10

3.1 PUBLICATIONS ARISING FROM THIS WORK
Section 3.2 Miller et al Thrombosis and Haemostasis 117:1058

3.2 INTERACTION OF S100A10, PLASMINOGEN AND TISSUE PLASMINOGEN
ACTIVATOR; C-TERMINAL LYSINE RESIDUES OF S100A10

3.2.1 RESULTS OF EXPRESSION AND PURIFICATION OF C-TERMINAL REGION

LYSINE S100A10 MUTANTS

The C-terminal mutants of SI00A10 were all expressed and purified using the
same protocol as for wild type S100A10. No alterations in the protocol were

required for efficient expression or purification of these mutants (Figure 3.1).
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Figure 3-1 SDS-PAGE of S100A10 C-terminal Region
Lysine Mutations

Select C-terminal region mutants (0.1ng) were loaded
onto a 15% SDS-PAGE, subjected to electrophoresis and
then blotted to nitrocellulose. The resulting blot was
bloked with Licor Blocking buffer then probed with
mouse monoclonal antibody (BD Biosciences) (1,/2000)
followed by detection with Goat anti-mouse IgG-
DyLight8000 (Thermo) (1/15000) and imaged with
LiCor Odyssey imaging system.
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3.2.2 KRINGLE-2 OF TPA 1S CRITICAL FOR COMPLEX FORMATION WITH TPA,

PLASMINOGEN AND S100A10

Initially, experiments were undertaken to determine which domains of tPA
participate in the tPA-dependent plasminogen activation acceleration by the PgR
S100A10. tPA mutants were incubated with plasminogen and S100A10 to
determine the ability of SI00A10 to enhance tPA-dependent plasmin generation.
The tPA constructs tested included a recombinant wild type: (F-G-Kr1-Kr2-SP,
where F = finger domain, G = EGF-like domain, Kr1= kringle 1, Kr2 = kringle 2,
SP = protease domain), a replacement domain variant: K1K1tPA (F-G-Kr1-Kr1-SP)
and a domain deleted variant: FqeitPA (G-Kr1-Kr2-SP). S100A10 amplified plasmin
generation by both tWTtPA and Fa4etPA, but plasmin generation in the presence
of K1K1 tPA was not enhanced in the presence of SI00A10 (Figure 3.2.)

To confirm that substituting Kr2 with another Kr1 motif did not alter the base rate
of plasmin generation, (i.e. to confirm that the decrease in acceleration of plasmin
generation was not due to a lower overall activity of the KIK1tPA mutant), the
rate of conversion of plasminogen to plasmin in the absence of S100A10 for each
of the tPA variants was analyzed. WTtPA had the highest activity, while K1K1tPa
and F4qetPA had progressively lower activity (Figure 3.3). This result agrees with
the original published data (Longstaff et al., 2011), where the authors suggested
that the finger domain of tPA plays a role in regulating its activity. This suggests
the loss of the ability of SI00A10 to stimulate plasminogen activation in the
presence of K1K1tPA was not due to a decrease in the ability of the K1K1tPA to
activate its substrate plasminogen. Additionally, the activity of each of the tPA
mutants towards the tPA-specific amidolytic substrate 52288 was determined. If
the baseline activity of each of the mutants varied from the WTtPA then the
difference in the presence of SI00A10 could be attributed to the intrinsic activity
of the tPA construct. Holding the tPA concentration constant at 10nM revealed no

differences in the rate of cleavage of the tPA-specific substrate over the range of
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0.1 to 1.0 mM substrate (Figure 3.4). At higher substrate concentration, the FdeltPA
had a higher activity, opposite to the effect observed in the presence of SI00A10.
The decreased rate of plasmin generation by K1K1 tPA in the presence of SI00A10

is not due to differences in the ability of the mutant tPA to cleave plasminogen.
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Figure 3-2  The Role of tPA Domains in Acceleration of Plasmin Generation
by S100A10

Plasmin formation was measured at 405 nm using the plasmin specific
substrate S-2251 (0.36 mM) in the presence of 1 pM recombinant human
S100A10, different concentrations of Glu-plasminogen (0.075, 0.15 and 0.30
pM) and 10 nM tPA mutants. The rate of plasmin generation was calculated
from the equation: A 405 nm = B + K*t 2, where K, the slope, is the rate constant
for the acceleration of plasmin generation and B is the y-intercept and is
expressed as A405 nm/min? The results are the mean + SD of triplicate
measurements, repeated at least three times. * p < 0.05, ** p < 0.01, *** p <0.001,
*% p < 0.0001 (two-way ANOVA, Tukey multiple comparisons test).
Reproduced with permission from Miller et al. (2017) Thrombosis and
Haemostasis 117, 1058-1071 via Copyright Clearance Center.
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Figure 3-3  Kringle 2 Domain of tPA is Not Required for
Plasmin Generation in the Absence of SI00A10

The rate of plasmin formation in the absence of S100A10 and in
the presence of the various constructs of tPA was also
determined. The results are the mean + SD of triplicate
measurements, repeated at least three times. * p < 0.05, ** p <
0.01, *** p < 0.001, *** p < 0.0001 (two-way ANOVA, Tukey
multiple comparisons test). Reproduced with permission from
Miller et al. (2017) Thrombosis and Haemostasis 117, 1058-1071
via Copyright Clearance Center.
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Figure 3-4 Mutant tPA Constructs Possess Similar Activity Towards tPA-
Specific Amidolytic Substrate

WT tPA and mutants (K1K1tPA and Fdel tPA) were assayed for the
ability to cleave the tPA-specific substrate S52288. Increasing
concentrations of the tPA-specific amidolytic substrate S2288 was added
to 10 nM tPA (either WT or mutant) in TBS with 0.1% Trition X-100 and
the reaction monitored at A405 nm. The rate at each substrate
concentration was determined by plotting the absorbance vs time elapsed
in minutes. Reperesentative experiment shown, mean of 3 replicate
values +/- SD, the experiment was repeated at least 3 times.
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Previous publications have shown that tPA binds to SI00A10 (Kwon et al., 2005;
MacLeod et al., 2003). It is possible that the stimulation in plasmin generation is
due to S100A10 interacting with tPA, causing a conformational change and
increasing its catalytic rate towards plasminogen. To explore this, the activity of
WT tPA towards a tPA-specific chromogenic substrate, S2288 (H-D-Ile-Pro-Arg-
PNA) in the presence and absence of SI00A10 was tested over varying substrate
concentrations. The catalytic activity of tPA remains the same in the presence of
S100A10. The addition of SI00A10 to tPA and its amidolytic substrate does not
increase the ability of tPA to cleave said substrate (Figure 3.5). SI00A10 does not

appear to increase the catalytic activity of tPA.
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Figure 3-5  S100A10 Does Not Increase the Activity of tPA

To assess the effect of SI00A10 on the ability of tPA to cleave a
substrate, 10 nM tPA was incubated in the presence and absence
of 1uM S100A10. Increasing concentrations of the tPA-specific
amidolytic substrate S2288 was added and the reaction
monitored at A405 nm. The rate at each substrate concentration
was determined by plotting the absorbance vs time elapsed in
minutes. Reperesentative experiment shown, mean of 3 replicate
values +/- SD, the experiment was repeated at least 3 times.
Reproduced with permission from Miller et al. (2017)
Thrombosis and Haemostasis 117, 1058-1071 via Copyright
Clearance Center.
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3.2.3 KRINGLE-2 OF TPA 1S IMPORTANT FOR BINDING OF MANY CELLULAR

PLASMINOGEN RECEPTORS

S100A10 is one of many cellular PgR, many of which bind both tPA and
plasminogen (Felez et al., 1993). The interaction between plasminogen kringles
and the PgR has been established (Miles and Parmer, 2013); the mechanism of
interaction of tPA and the PgR has not been thoroughly investigated. The initial
results of the interaction of tPA and 2 domain mutants have suggested that it is
Kr2 of tPA that interacts with S100A10. To determine if the interaction appears to
be the same as with other PgR, several other PgR were incubated with each of the
tPA mutants and subsequent plasmin generation was measured. The PgR
substituted for SI00A10 were a-enolase, S100A4, histone H2B, cytokeratin 8 and
HMGB-1. These PgR were tested at concentrations chosen to optimize the in vitro
activity, and not to mirror their comparative involvement in plasmin generation
in vivo. For a-enolase only, an increased concentration of the PgR was required for
a similar activation acceleration. All the PgR tested accelerated plasmin generation
by both the WT tPA and the F4qeitPA, but a comparable increase was not seen in the
presence of K1K1tPA (Figure 3.6). This suggests that the interaction between tPA

and many PgR occurs via the Kr2 domain of tPA.
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Figure3-6 Role of tPA Domains in Plasminogen
Activation Acceleration by Plasminogen Receptors

Plasmin generation was measured at 405 nm using the
plasmin specific substrate 52251 (0.36 mM) in the presence of
0.15 pM plasminogen, 10 nM tPA variants and 0.5 uM (or 2.0
uM a-enolase) recombinant plasminogen receptors. The rate
of plasmin generation was calculated as described in section
2.1.8.2. Results shown are the mean * SD of triplicate
measurements. Twoway ANOVA with Dunnett’s multiple
comparison test, p values ns = 0.05, * < 0.05, ** < 0.01, *** <
0.001, **** <0.0001. Reproduced with permission from Miller
et al. (2017) Thrombosis and Haemostasis 117, 1058-1071 via
Copyright Clearance Center.
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3.24 ANNEXIN A2/S100A10 COMPLEX AND ITS INTERACTION WITH KRINGLE-2

DomMAIN OF TPA

On the surface of cells, SI00A10 is found in a heterotetramer consisting of a dimer
of S100A10 interacting with 2 molecules of annexinA2. The annexin A2 molecules
anchor the complex to the phospholipids of the cell surface in a calcium-dependent
manner (Madureira et al., 2011). This complex is termed Annexin A2
heterotetramer or Allt and induces a more potent acceleration of plasmin
generation than S100A10 alone (Figure 3.6). This increase in plasmin generation
was also noted when WTtPA was substituted with FdeltPA but a much lower rate
of plasmin generation was observed with K1K1tPA (Figure 3.6). The loss of tPA-
dependent plasmin generation with the K1K1 mutant was more striking for
S100A10 alone than Allt. In the presence of S100A10, the rate increased by 16.28
with WT tPA, while the rate increased to 6.88 with K1K1tPA. When Allt was
present, the rates increased by 26.66 and 16.86 fold respectively. The most
straightforward cause for this difference was that since both SI00A10 (MacLeod et
al., 2003) and annexin A2 (Hajjar et al., 1998; Roda et al., 2003) possess tPA binding
sites, the tPA-binding site on annexin A2, which reportedly uses the cysteine
residue at position 8 to interact with tPA (Jacovina et al., 2009; Roda et al., 2003),
might interact differently with the domains of tPA than S100A10. Annexin A2
potentially forms a covalent bond with tPA (Jacovina et al., 2009). The activity of
recombinant Allt made with WT S100A10 subunits was compared to either WT
annexin A2 (AIItWT) or mutant annexin A2 in which the putative tPA binding site
was inactivated (AIItCys8Ser), If the interaction/binding site for tPA on annexin A2
is Cysteine 8, the loss of this binding site should result in a loss in the ability of
AllItCys8Ser to accelerate plasmin generation. Examination of the rate of plasmin
produced by tPA-dependent plasminogen activation by these the AIItWT and
AlltCys8Ser showed that AlltCys8Ser in fact accelerated tPA-dependent plasminogen

activation to a higher level than AIItWT (Figure 3.7). This suggests that the Cys-8
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residue of annexin A2 does not play an important role in the acceleration of tPA-

dependent plasminogen activation by the annexin A2 heterotetramer.
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Figure 3-7  tPA Does Not Require the Cysteine Residue at Position 8 to
Interact with the Annexin A2 Component of Allt

Plasmin formation was measured at 405 nm using the plasmin-specific
substrate S-2251 (0.36 mM) in the presence of 0.15 pM plasminogen, 1, or 4
nM tPA and 1 pM recombinant heterotetrameric complex consisting of WT
annexin A2/WT S100A10 (AIItWT), annexin A2C€ys8Ser/WT S100A10 (AIItC8S)
or 1 uM S100A10%"T alone. Plasmin formation is expressed as A405 nm/min?.
The results are the mean * SD of triplicate measurements, repeated at least
three times. **** p < 0.0001 2 Way ANOVA, with Dunnett’'s multiple
comparison test. Reproduced with permission from Miller et al. (2017)
Thrombosis and Haemostasis 117, 1058-1071 via Copyright Clearance
Center.
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3.2.5 THE ROLE OF THE PLASMINOGEN KRINGLE DOMAINS IN S100A10-

ACCELERATED PLASMIN GENERATION

As discussed in the introduction, plasminogen consists of seven domains: an N-
terminal peptide domain, five kringle domains and the serine protease domain.
Plasminogen adopts a range of conformations that fluctuate from closed to open.
Within the circulation, Glu-plasminogen is primarily present in the closed
conformation which is poorly activated by tPA (Suenson and Petersen, 1986) Glu-
plasminogen will adopt a more open conformation when bound to fibrin or cell
surface plasminogen receptors. Loss of the amino-terminal peptide domain
(residues 1-77) by plasmin lysis produces an alternative zymogen form called Lys-
plasminogen. Biochemical and structural studies suggest that kringle-1 enables the
initial interaction of plasminogen with fibrin or the cell surface via binding to a
carboxyl-terminal lysine (Miles et al., 1988). Crystallographic analysis has shown
that in the closed conformation, kringle-1 is the only kringle domain available for
binding (Law et al., 2012). However, it is unclear which of the kringle domains
play a role in the interaction of Lys-plasminogen with its binding partners.
Recently, Sahni’s group developed a series of truncated derivatives of Lys-
plasminogen with progressive removal of kringle domains (Joshi et al., 2012).
These mutants were used to identify which plasminogen kringles interact with
S100A10. The ability of SI00A10 to accelerate tPA-dependent activation of the Kr2-
Kr5SP plasminogen mutant was reduced compared to the parent molecule, Lys-
plasminogen (Figure 3.8 panel A). This suggests that kringle-1 (Krl) of Lys-
plasminogen plays an important role in the stimulatory function of S100A10.
S100A10 accelerated the rate of activation of Glu-plasminogen to a greater extent
than that of Lys-plasminogen. These data are best illustrated by examining the fold

increase over the rate in the absence of SI00A10 (Figure 3.8 panel B).
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Figure 3-8  Loss of Kringle 1 of Plasminogen Results in a Loss
of S100A10 Mediated Plasmin Generation

Plasmin formation was measured at 405 nm using the plasmin-
specific substrate S-2251 (0.36 mM) in the absence (no addition)
or presence of 1 pM S100A10 or annexin A2/S100A10 complex
(Allt), 4 nM tPA and 0.15 pM Glu-plasminogen, Lys-
plasminogen, or Lys-plasminogen mutants consisting of
residues 78-791 (Lys-plasminogen) (Kr1-Kr5SP), residues 163-
791 (Kr2-Kr5SP), residues 350-791 (Kr4Kr5SP), residues 440-791
(Kr5SP), and residues 543-791 (SP). Kr refers to the kringle
domain and SP, the serine protease domain of plasminogen.

Plasmin formation is expressed as A405 nm/min?(A) or as the
fold increase (B) where the fold increase is defined as the rate in
the presence of SI00A10 or Allt (as appropriate) divided by the
rae in the absence. The results are the mean + SD of triplicate
measurements, repeated at least three times. * p<0.05, ** p < 0.01,
¥ p < 0.001, **** p < 0.0001 (2-way ANOVA, with Tukey’s
multiple comparison test). Reproduced with permission from
Miller et al. (2017) Thrombosis and Haemostasis 117, 1058-1071
via Copyright Clearance Center.

76



'S
g

Lys-Pg Ak ek
K2-K5SP -
K4-K5SP

(S

|:|

— ek e ok
mm K5SP —_—
[~

(S

)
<

SP
Glu-Pg

A405/minx 107
N
S
2
%
*

-
<o
1
*
*
3
7

.
-“Ial
I
|
b

no addlition S100A10 Allt
80+
mm Lys-Pg
== K2-K5SP
e 60- 1 K4-K5SP
g == K5SP
S mm SP
£ 40- mm  Glu-Pg
S
o
LL 20_
0' i —_ T
S100A10WT Allt

77



3.2.6 IMPORTANCE OF THE C-TERMINAL LYSINE DOMAINS OF S100A10 IN

PLASMIN GENERATION

It has long been accepted that the carboxyl-terminal lysine residues found in fibrin
and many cell-surface plasminogen receptors are essential for plasminogen
activation (Miles et al., 1988). Prior work published by the Waisman laboratory
showed that the loss of the carboxy-terminal lysine residues of SI00A10 resulted
in a loss of plasminogen binding, along with a decrease in the rate of plasminogen
activation (Fogg et al., 2002; Geetha Kassam et al., 1998; MacLeod et al., 2003). This
supports the hypothesis that it is the lysine residue on the C-terminus of SI00A10
that is the plasminogen binding site. As shown in Figure 3.9, and consistent with
previous data published by the Waisman lab (Fogg et al., 2002), the loss of the
carboxyl-terminal lysine residues (5100A104es%,%) results in a loss of about 90% of
the activity of SI00A10. When just one of the last two lysines was deleted, SI00A10
lost about 10 % of activity suggesting that the presence of both carboxyl-terminal
lysines was not required for activity. Furthermore, the S100A10X%R and
S100A10%%! mutants showed an approximate 50% loss in activity suggesting a
change in conformation, or a less robust interaction. Since the C-terminus of
S100A10 is missing from the X-ray crystal structure (Réty et al., 1999), and the
researchers hypothesized that it may have been due to molecular motion, it's
possible that altering the C-terminus results in an unstable structure, not able to
consistently interact with plasminogen. The substitution of the last and next to last
carboxyl-terminal lysines of SI00A10 with isoleucine (S100A10K%%I) resulted in
only an approximate 10% loss in activity whereas a similar substitution with
arginine resulted in an approximate 25% loss in activity. The observation that
S100A10K%%Iretained much of its activity was inconsistent with the proposed role
of the carboxyl-terminal lysine residue as the only residue responsible for the

plasminogen activator activity of SI00A10.
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Figure 3-9  Role of the Carboxy-Terminal Domain Lysine
Residue in SI00A10 Accelerated Plasmin Generation

Plasmin formation was measured at 405 nm using the plasmin-
specific substrate S-2251 (0.36 mM) in the presence of 4 nM
tPA, 0.15 pM plasminogen, and in the absence or presence of 1
M carboxyl-domain mutant forms of S100A10. Plasmin
formation is expressed as A405 nm/min?. The results are the
mean * SD of triplicate measurements, repeated at least three
times. Significance refers to rate of each mutant compared to
wild type.** p <0.01, **** p <0.0001 (one way ANOVA, Dunnet
multiple comparisons test). Reproduced with permission from
Miller et al. (2017) Thrombosis and Haemostasis 117, 1058-
1071 via Copyright Clearance Center.
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If the SI00A10K95,96I construct has activity due to a processing event, caused by
plasmin cleaving the receptor after a lysine or arginine residue, I would expect
there to be a lag in the appearance of plasmin activity. Examination of the raw data
of SI00A10WT, S100A10Pes%5% and S100A10K%9%I compared to the no addition rate
shows no such delay in the appearance of plasmin (Figure 3.10). Instead, the plot

of A405 vs time for SI00A10K%%1is very similar to that of SIO0AT0WT.
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Figure 3-10 Time Course of Plasmin Substrate Cleavage, Effect of Addition of
S100A10WT, S100A10K95%! or S100A10Des%,%

Raw data of time course of plasmin substrate cleavage, A405-A600 plotted against
time in minutes. 0.15 pM plasminogen with 4 nM tPA and 0.36 mM plasmin
substrate in the absence or presence of 1 uM S100A10WT, S100A10K%%I or
S100A10Pes%9% in 50 mM Tris (pH7.4), 50 mM NaCl, 5 mM CaCl,. Inset graph is a
close-up of the data points from 0-40 minutes. The S100A10Pes%9% is
superimposable with the no addition rate during these time points.
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3.2.7 SECONDARY STRUCTURE ANALYSIS OF C-TERMINAL REGION MUTANTS

Changes in the a-helical content can be approximated by analyzing the values of
the circular dichroism spectra at 208 nm and 222 nm. Analysis of the circular
dichroism spectra of the S100A10des%9% protein at 222 nm suggested that the
removal of the carboxyl-terminal lysines resulted in only a small loss in the a-
helical structure of about 30% (Figure 3.11). However, substituting the carboxyl-
terminal lysines with isoleucine had a more profound effect on the conformation
of S100A10K%%I, revealing an approximate loss in a-helical content of about 50%
(Figure 3.11). Using the on-line CD-spectra analysis tool DiChroWeb (Whitmore
and Wallace, 2008, 2004), using the K2d method determined that the
S100A10Pes%% mutant had a loss of a-helical content of 29%. S100A10%%%! had a
loss in a-helical content of 39%. This loss of a-helix may result in the exposure of
other lysine residues to solvent, revealing possible interaction sites for the
plasminogen kringles. The X-ray crystal structure of SI00A10 is incomplete, as the
final 6 residues are missing from the structure- either the C-terminal region is

disordered in the crystal or is missing due to proteolysis (Réty et al., 1999).
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Figure 3-11 Circular Dichroism Spectroscopy of S100A10 C-Terminal
Mutants

CD wavelength scans were conducted at 20 °C in the presence of 2.2 pM
S100A10WT, S100A10Pes%:% or SI00A10K%%I and in buffer consisting of 10
mM phosphate, (pH 7.5), 0.15 M NaCl. The data is presented as the mean
residue ellipticity. The experiment was repeated three times and
representative traces of five averaged scans are presented. Reproduced
with permission from Miller et al. (2017) Thrombosis and Haemostasis 117,
1058-1071 via Copyright Clearance Center.
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3.2.8 TERTIARY STRUCTURE STUDY OF C-TERMINAL REGION MUTANTS

Since the denaturation of certain proteins can increase their ability to bind
plasminogen (Galantai et al., 2006; Machovich and Owen, 1997), the possibility
that the deletion or substitution of the carboxyl-terminal lysine of S100A10
resulted in denaturation of the molecule was also examined. This was unlikely
since all mutants of S100A10 displayed identical behaviour in size exclusion

chromatography, the final step in the purification of these proteins (Table 3.1).
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Table 3-1 Size Exclusion Chromatography Ratios For C-terminal Lysine Mutations

The difference between means is not significant via Student t-test.

S100A10WT 1.35 0.01
S100A10Pes?,% 1.36 0.01
S100A10K95%I 1.35 0.01
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3.2.9 RESULTS OF INTRINSIC/TRYPTOPHAN FLUORESCENCE

The ability of the site-directed mutants of S100A10 to induce conformational
changes in plasminogen was examined by measuring the intrinsic tryptophan
fluorescence of Glu-plasminogen and Lys-plasminogen in the presence of
S100A10. These spectra were compared to the intrinsic fluorescence spectra of Glu-
plasminogen in the presence and absence of the lysine analogue, e-aminocaproic
acid (e-ACA or 6-AH). The intrinsic fluorescence emission of plasminogen is the
result of the many tryptophan residues contained in the primary sequence (Eftink,
2000; Lakowicz, 2006, chap. 16). The individual isolated kringles 1, 2, 4 and 5 bind
e-ACA which causes changes in their fluorescence emission (Kornblatt et al., 2007,
2001). As reported, the binding of e-ACA caused an increase in the tryptophan
emission of Glu-plasminogen (Figure 3.12A). It was also observed that WT
S100A10, which does not contain tryptophan, caused a small but insignificant
increase in the intrinsic fluorescence of plasminogen (Figure 3.12B, Figure 3.13).
Interestingly, S100A10%%%! and S100A104es%% did not increase the intrinsic
fluorescence of Glu-plasminogen. Furthermore, WT S100A10 did not increase the
intrinsic fluorescence of Lys-plasminogen (Figure 3.13) indicating the binding of
S100A10 to Lys-plasminogen causes no further relation of the plasminogen

molecule.
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Figure 3-12  Intrinsic Fluorescence Effect of SI00A10

The intrinsic protein fluorescence of Glu-plasminogen (1 ptM), in the
absence or presence of 100mM €ACA (A). The intrinsic protein
fluorescence of Glu-plasminogen (1 pM), in the absence or presence
of 1 pM WT S100A10, S100A10des%.% or S100A10%95%I (B). The results
are the mean + SD of triplicate measurements, repeated at least three
times. Reproduced with permission from Miller et al. (2017)
Thrombosis and Haemostasis 117, 1058-1071 via Copyright
Clearance Center.
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Figure 3-13 Mean Peak Intrinsic Fluorescence of Glu- or Lys-
Plasminogen, S100A10, SI00A10 mutants and Combinations

Plasminogen (1 pM), S100A10 (1 pM) or both were incubated in 0.2
ml PBS (pH 7.4), excited at 280 nm and the intrinsic fluorescence
emission spectra were measured from 310-450 nm using a
SpectraMax M3. The relative fluorescence at the peak (330 nm) is
compared. The results are the mean * SD of triplicate measurements,
repeated at least three times.
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3.2.10 RESULTS OF TITRATION OF ASSAY PARAMETERS ON THE ABILITY OF

S10A10K95,961 TO ACCELERATE PLASMIN GENERATION

The dose-dependency tPA-dependent plasminogen activation by WT S100A10
was compared with the SI00A10X%%Iand S100A10Pes%.% mutants (Figure 3.14). At
lower doses of tPA, the SI00A10Pes%% mutant retained about 10% of the activity
of WT tPA which increased to about 70% at higher doses. In contrast, the
S100A10%%%I mutant retained about 70% of the activity of WT S100A10 over the
range of tPA examined. Similarly, the SI00A10X%.%I mutant retained about 60% of
its activity over a wide range of plasminogen concentrations (Figure 3.15) though
at higher concentrations of plasminogen the effect is lost, indicating a possible
change in the kinetic parameters of the reaction. The observation that only the loss,
not the substitution, of the carboxyl-terminal lysines of S100A10, exhibited a
consistent loss of activity, presented the possibility that the carboxyl-terminal
lysine was not solely responsible for the plasminogen activation activity of
S100A10, especially at low, rate-limiting plasminogen concentrations. If the
S100A10K%%l mutant utilized an internal lysine for the acceleration of tPA-
dependent plasminogen activation then its activity should be blocked by e-ACA.
As shown in Figure 3.16, the activity of the SI00A10X%%I mutant was blocked by
e-ACA. The addition of increasing amounts of e-ACA increasingly interferes with
the generation of plasmin for both WT and S100A10%%%I. The addition of e-ACA
does not affect the ability of SI00A10Pes%% to accelerate plasmin generation.
S100A10%9%Iis not as affected by e-ACA, as it is possible that this SI00A10 mutant
is interacting with more than one plasminogen kringle or a different plasminogen
kringle than the wild type, so a different e-ACA concentration may be required to
have the same effect as each kringle has its own affinity for e-ACA. We also could
not rule out the possibility that plasmin generated during S100A10-accelerated
reaction resulted in the cleavage of S100A10. Therefore, the possibility of the

generation of new C-terminal lysine residues by cleavage of S100A10 was
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examined by SDS-PAGE. No proteolysis of WT or mutant S1I00A10 proteolysis

was observed under these conditions (Figure 3.17).
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Figure 3-14 Effect of Increasing tPA Concentration on the Ability of SI0O0AT10WT
and Mutants to Accelerate Plasmin Activity

Plasminogen (0.15pM) was incubated in the presence of variable concentrations of
tPA and the plasmin-specific substrate S-2251 (0.36 mM) in 50 mM Tris pH 7.4, 50
mM NaCl and 5 mM CaCl,. Plasmin activity was measured at 405 nm and in the
absence (no addition) or presence of SI00A10WT, S100A10Pes9,% or S100A10K95.%I

(1 pM).

The results are the mean + SD of triplicate measurements, repeated at least three
times. * p <0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001 (two-way ANOVA, Tukey
multiple comparisons test). Reproduced with permission from Miller et al. (2017)

Thrombosis and Haemostasis 117, 1058-1071 via Copyright Clearance Center.
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Figure 3-15 Effect of Increasing Plasminogen Concentration on the Ability of
S100A10WT and Mutants to Accelerate Plasmin Activity

S100A10WT, S100A10Pes%,% or ST00A10K%5%I (1 pM) was incubated in 50 mM Tris
pH 7.4, 50 mM NaCl and 5 mM CaClz and the plasmin-specific substrate S-2251
(0.36 mM). Plasmin activity was measured at 405 nm and in the absence (no
addition) or presence of each S100A10 variant in the presence of variable
concentrations of Glu-plasminogen with a constant concentration of tPA of 4 nM.

The results are the mean + SD of triplicate measurements, repeated at least three
times. * p <0.05, ** p < 0.01, *** p <0.001, ** p < 0.0001 (two-way ANOVA, Tukey
multiple comparisons test). Reproduced with permission from Miller et al. (2017)
Thrombosis and Haemostasis 117, 1058-1071 via Copyright Clearance Center.

92



150- 0 mM eACA

10 mM eACA
20 mM eACA
50 mM eACA

ns ns ns

T
100+ I

noon

kkik
*iek Rk
*ikk

Percent of maximal activity
&
<

=]
1

Figure 3-16 Interaction of Plasminogen with S100A10K%%I,
Like S100A10WT, is Lysine-Specific and Inhibited by e-ACA

Plasminogen (0.15uM) was incubated in the absence or
presence of 10, 20 or 50mM e-ACA with 4nM tPA and the
plasmin-specific substrate S-2251 (0.36 mM) and 1 pM
S100A10WT, S100A10Pes959% or S100A10K9%5.9%I in 50 mM Tris pH
74, 50 mM NaCl and 5 mM CaCl,. Plasmin activity was
measured at 405 nm.

Data are presented as a percentage of maximum activity, not
as an absolute activity. Two-way ANOVA, Tukey’s multiple
comparison test, **** p < 0.0001 Reproduced with permission
from Miller et al. (2017) Thrombosis and Haemostasis 117,
1058-1071 via Copyright Clearance Center.
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Figure 3-17 Examination of S100A10 Proteins for Evidence of
Proteolysis After Exposure to Plasminogen and tPA

SDS-PAGE analysis of S100A10WT (1), S100A10Pes%% (2) and
S100A10K9%I (3), not treated, after treatment with tPA only or after
treatment with plasminogen and tPA. Each S100A10 was exposed to
the treatment for 20 minutes, the reaction stopped, then applied to a
15% acrylamide gel. Gel was stained for total protein using
Coomassie Blue stain and destained until background was clear.
Image was processed using Image Studio Lite (Licor). Reproduced
with permission from Miller et al. (2017) Thrombosis and
Haemostasis 117, 1058-1071 via Copyright Clearance Center..
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3.3 INTERACTION OF S100A10, PLASMINOGEN AND TISSUE PLASMINOGEN
ACTIVATOR- INTERNAL LYSINE RESIDUES OF S100A10

3.3.1 EXPRESSION AND PURIFICATION OF S100A10 INTERNAL LYSINE MUTANTS

The internal lysine mutants of SI00A10 were all expressed using the same protocol
as for wild type S100A10. Some of the mutant constructs are shown in an SDS-
PAGE in Figure 3.18. Each of the mutants, except for SI00AT0K56R/K959%I ywas
purified using the same protocol as for wild type S100A10. S100A10K56R/K95,9I
required a lower ammonium sulphate concentration (25% saturated), as it
precipitated out at 50% saturated ammonium sulphate. This indicates a possible
change in the overall hydrophobicity and/or conformation of this particular

mutant.
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Figure 3-18 SDS-PAGE of S100A10WT and Selected
Mutants

One pg of SI00A10 or mutant was subjected to SDS-PAGE
on a 20% gel. The gel was exposed to ehe ectric current
until the dye fron reached the bottom of the gel. The gel
was stained with Coomassie Brilliant Blue in 30%
methanol, 10% acetic acid, then destained in 30%
methanol, 10% acetic acid until the background was clear.
The image was obtained using a Licor Odyssey Imaging
Scanner and processed with Image Suite Lite software.
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3.3.2 THE ROLE OF INTERNAL LYSINE RESIDUES IN S100A10-ACCELERATED

PLASMIN GENERATION

Substitution of lysine at positions, 46, 53, 56 and 65 did not affect the acceleration
of plasmin generation by tPA-dependent activation of plasminogen (Figure 3.19).
Since the lysine at residue 56 (human amino acid sequence) is conserved over
many species (labelled as residue 62 in Figure 1.8), it is a strong candidate to be a
secondary site. To explore this possibility, lysine to arginine substitution was made
to S100A10K%%I as well as S100A10DPes%%, producing S100A10K56R/K95,91 and
S100A10K56R/Des%5,96 respectively. As noted in Section 3.3.1, purification of the
S100A10K56R/K95,9I mutant required alteration of the purification protocol. A lower
ammonium sulphate concentration was required to keep this mutant in solution.
The ability of SI00A10K56R/K95,%l to influence the acceleration of plasmin generation
was markedly decreased compared to SI00A10%%%I. (Figure 3.20) The activity of
this double mutated S100A10 had a very similar plasmin generation activity to

S100A10Des%,9%,
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Figure 3-19 Effect of Internal Lysine Mutations on Plasmin
Activity

Plasmin activity was measured at 405 nm using the plasmin-
specific substrate 5-2251 (0.36 mM) in the presence of 0.1 nM tPA,
0.15 pM plasminogen, and in the absence or presence of 1 pM
internal mutant forms of S100A10. Plasmin activity is expressed as
A405 nm/min2. The results are the mean + SD of triplicate
measurements, repeated at least three times. Significance with
respect to SI00A10WT is noted ** p < 0.01, *** p < 0.0001 (one-way
ANOVA), Dunnet multiple comparisons test).
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Figure 3-20 Mutating an Internal Lysine of the ST00A10K%5%I
Mutant Results in Substantial Loss of Plasmin Activity

Plasmin activity was measured at 405 nm using the plasmin-
specific substrate S-2251 (0.36 mM) in the presence of 0.1 nM
tPA, 0.15 pM plasminogen, and in the absence or presence of
1 pM mutant forms of SI00A10 as noted. Plasmin formation is
expressed as A405 nm/min?. The results are the mean + SD of
triplicate measurements, repeated at least three times.
Significance with respect to SI00A10WT is noted, **** p <
0.0001 (one-way ANOVA, Dunnet multiple comparisons test).
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3.3.3 CARBOXYPEPTIDASE TREATMENT OF MUTANTS

To determine susceptible to C-terminal cleavage by carboxypeptidase, WT and
mutant SI00A10 were treated with carboxypeptidase Bl (CpB1)(Worthington
Biochemicals) for 30 minutes. The only SI00A10 mutant constructs that were
expected to be affected by the carboxypeptidase activity are those that contain a
C-terminal lysine residue. These altered proteins were then examined for plasmin
generation acceleration. Unexpectedly the SI00A10%%%! mutant also lost activity,
similar to the wild type protein. The S100A10%%%! mutant was re-checked for
sequence, confirmed and re-expressed and the same change in activity was
observed in a subsequent batch. Additionally, the CpBl-specific inhibitor
(Plummer’s Reagent, Calbiochem) was added prior to the addition of the CpBl,
which prevented the loss of plasmin generation (Figure 3.21) indicating the change
in the activity of the SIO0AT0WT & S100A10K%%I was due to the activity of CpB1.
The loss of activity of the SI00A10%%%I might be due to a change in conformation

that renders this mutant susceptible to carboxypeptidase activity.

Examination of the CpBl-treated SI00A10WT and S100A10K95,961 revealed a
decrease in the apparent molecular weight after treatment with CpB1 compared
to the not treated, the protein held at 37°C, or the sample where the

carboxypeptidase inhibitor, Plummer’s reagent was added before CpB1 (Figure
3.22).
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Figure 3-21 Carboxypeptidase Treatment of S100A10 and
Selected Mutants

Plasmin activity was measured at 405 nm using the plasmin-
specific substrate S-2251 (0.36 mM) in the presence of 0.1 nM
tPA, 0.15 pM plasminogen, and in the absence or presence of
1 pM WT and mutant SI00A10 as indicated. Prior to assay,
S100A10 proteins were not treated (NT), held at 37°C for 30
min (37) or treated with CpB (1pM CpB1 to 380 uM S100A10)
for 30 min (CpB) or had 10 pM Plummer’s inhibitor added
prior to the addito of CpB1. The samples marked 37 and CpB
had 10 uM Plummer’s inhibitor added after 30 minutes.
Plasmin formation is expressed as A405 nm/min2. The results
are the mean * SD of triplicate measurements, repeated at
least three times. ** p <0.01, *** p < 0.0001 (one-way ANOVA,
Dunnet multiple comparison test.
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Figure 3-22 SDS-PAGE Examination of Product of CpB1 Activity
on S100A10WT and S100A10K%5%I

Approximately 1ug of SI00A10WT or S100A10K95,96], treated as
follows: not treated, held at 37C for 30 minutes, treated with 1 umole
CpB to 340 pmole S100A10, or 10 pM Plummer’s reagent added prior
to addition of CpB. S100A10Des95,96 was used as a molecular weight
standard. The proteins were subjected to SDS-PAGE on a 15% gel,
stained with Coomassie Brilliant Blue Stain in 30% (v/v) methanol,
10% (v/v) acetic acid, then destained in 30% (v/v) methanol, 10%
(v/v) acetic acid until the back ground was clear. Image captured
with Licor Odyssey imaging system.
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3.3.4 SECONDARY STRUCTURE STUDY OF S100A10

The CD spectra for S100A10WT, S100A10Pes%9%, S100A10K%5.%I, S100A10K56R,
S100A10K56R/Des959 and  S100AT0K36R/K959%1 were determined wusing circular
dichroism spectroscopy as outlined in section 2.1.9. Examining the a-helical
content of the 5 mutants and the wild type protein, using the on-line analysis
program of DiChroWeb (Whitmore and Wallace, 2008, 2004), using the K2d
method determined that the SI00A10Pes%.% mutant had a gain of a-helical content
of 13%. S100A10x%%! had a loss in a-helical content of 10%. Comparing the a-
helical content of the ST00A10Pes95,9%, S100A10K9%5%! to the values obtained earlier,
shows very similar results. The a-helical content of SI00A10WT is different
between experiments. Adding the K56R mutation to each resulted in very small
changes in the DiChroWeb'’s analysis of a-helical content of 1 or 2%. There is a
difference in the buffers used each time, but this is not expected to cause such a

change in the wild type protein (Figure 3.23).
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Figure 3-23  Circular Dichroism Spectra of S100A10 Mutants

CD wavelength scans were conducted at 20 °C in the presence of 2.2 pM
S100A10WT, S100A10Pes%,% S100A10K9%1, ST00A10K5¢R, 5100 A10K56R/Des95,96
or SI00A10K56R /X996 and in buffer consisting of 20 mM phosphate, pH7. 4.
The data is presented as the mean residue ellipticity. The experiment was
repeated three times and representative traces of five averaged scans are
presented. The Mean Ellipticity presented is not corrected for protein content
in this image.
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3.3.5 TERTIARY (QUATERNARY)STRUCTURE STUDY OF S100A10

Analysis of the tertiary structure of the SI00A10K56R/K9%9%I mutant by size exclusion
chromatography revealed a significant difference in the ratio of the column void
volume to the eluted protein (Table 3.2). The peaks appeared superimposable but
the ratio indicated a difference between the SI00A10WT and S100A10K56R/K95,96I,
mutant behaved differently on the column. This is due to a subtle difference in

hydrophobicity.
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Table 3-2 Size Exclusion Chromatography Ratio of SI00A10K56R/K9,9I Compared
to SIO0ATOWT

There is a significant difference in the mobility of S100A10X56R/K9%9%I compared to
the wild type protein. P = 0.008 two-tailed t-test

Ratio of Elution Volume/Void Volume

S100A10WT 1.39 0.01

S100A10KS56R/KS5,961 1.43 0.01
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3.3.6 S100A101s PosSIBLY CLEAVED BY PLASMIN IN VITRO

Over the course of many plasmin generation assays, a shift in the activity for the
S100A10Pes%% mutant was noted. At times, the rate was scarcely above that of the
no addition reactions, while at other times, after approximately 45 minutes, a
much more accelerated rate was noted. This was also noted for the
S100A10K56R/Des95,96 and S100A10K56R/KB %I mutants (Figure 3.24). To determine the
cause of the delayed acceleration a small study was undertaken to determine if
proteolysis of the plasminogen receptor may be responsible. Western blot analysis
of the reaction revealed proteolysis of both the WT and S100A10Pes%% mutant after
45 minutes of addition of plasminogen and tPA to the plasminogen receptor
(Figure 3.23). The S100A10Pes%% mutant showed a greater proportion of
proteolyzed protein than the wild type. Either exposure of a possible new C-
terminal lysine residue or the generation of a denatured protein, both known to
result in acceleration of plasmin generation, resulted from the proteolysis,
observable as an increase in the apparent plasmin generation after 45 minutes. The

pattern of proteolysis appears to differ between the WT and S100A1(0Pes%5.%,

The emergence of an additional binding site for plasminogen or the contribution
of degraded protein is not evident in the wild type reaction, as the rate is already
well-established by the time of proteolysis. The initial rate of the S100A10Pes9.%
mutant is very low, so changes in the protein composition affect the rate to a
greater extent. The proteolysis was not detected in earlier experiments, as the
reaction was halted after 20 minutes. Additionally, the detection of the

proteolyzed protein required the use of the more sensitive western blot.
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Figure 3-24 S100A10 Can Be Cleaved by Plasmin

Western blot analysis of SIO0AT0WT or S100A10Pes%.% after exposure to
Plasminogen and tPA for 0, 45 or 120 minutes at the same relative
concentrations as in the plasmin generation assay. Reaction mixtures
were subjected to SDS-PAGE on a 15% acrylamide gel using the Laemelli
buffer system. Separated proteins were then transferred to 0.2 pum
nitrocellulose membrane using the Towbin’s buffer system. Membranes
were blocked in Licor Odyssey Blocking buffer, rinsed with TBS
containing 0.5% Tween 20 (TBS-Tw) then probed with a monoclonal
antibody to S100A10 (BD; 1/2000 dilution in TBS-Tw, followed by
incubation with a Donkey anti-mouse IgG DyLight 800 secondary
(Thermo Fisher) 1/15000 in TBS-Tw. The gel was imaged using the Licor
Odyssey infrared scanner and processed using Image Studio Lite
Software (Licor).
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Chapter 4. RESULTS- S100A10 IN DEMYELINATION

4.1 IN VITRO PROTEOLYSIS OF MYELIN BASIC PROTEIN

Examination of the products of the time-constrained proteolysis of myelin basic
protein (MBP) revealed that more extensive proteolysis of MBP occurred in the
presence of S100A10, regardless of tPA concentration or pre-incubation (Figure
4.1). The preincubation of plasminogen with tPA + SI00A10 results in plasmin
auto-proteolysis, likely accounting for the incomplete degradation of MBP. Due to
the many bands resulting from the proteolysis of MBP, in addition to the multiple
isoforms present, the amount of proteolysis was defined as the total intensity of
all bands below the line indicated. Quantitation of the intact (above the dotted line)

and proteolyzed (below the line) protein bands is presented in Figure 4.2.
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Figure 4-1  Proteolysis of Myelin Basic Protein by Plasminogen
Activated by tPA in the Presence and Absence of SI00A10

Myelin basic protein (10pg) was exposed for 20 minutes to 30 nM
plasminogen and 0.8 nM tPA + 200 nM S100A10, with and without
preincubation (20 minutes) of the plasminogen/tPA/S100A10. The
preincubation allowed for the formation of plasmin in the absence of
MBP. The reaction was halted by the addition of 2X SDS-PAGE loading
buffer and boiled for 5 minutes. The entire reaction was loaded onto a
20% acrylamide gel. The proteins were electrophoresed until the dye
front reached the end of the gel, then was stained for total proteins with
Coomassie Blue R250 and destained until the background was clear.
Plasminogen (92kDa) and tPA (68 kDa) do not enter the 20% gel, and
S100A10 is not clearly stained as the concentration used is below the level
of detection by Coomassie Blue stain. Image was captured on Odyssey™
Imaging system (Licor™) and processed using Image Studio Lite
Software (Licor™).
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Figure 4-2  Quantitation of Intact and Proteolyzed MBP

Each lane from the gel presented in Figure 4-1 was subjected to
quantitation of pixel (number and intensity) either above (intact
protein) or below (proteolyzed protein) the dashed line
indicated in the Figure. Quantitation was performed using pixel

data determined by Image Studio Lite software. Representative
experiment, n =3
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4.2 LPCINJECTION RESULTS

The LPC model of demyelination/remyelination is a well-documented model
with a reproducible timeline of demyelination and remyelination in C57BL/6
mice. Maximal demyelination occurs 24 hours post-injection of LPC and
remyelination occurs over the following 3-28 days (Plemel et al., 2018). This small
study was undertaken to begin to understand the role SI00A10 may play in the
demyelination/remyelination process, with a focus on demyelination. Published
data indicated an upregulation of S1I00A10 within the boundaries of an active
lesion, as well as within sub-acute lesions, chronic lesions and in normal-
appearing white matter in the MS brain. I chose to focus on the early stages of
demyelination/remyelination, to determine if the SI00A10 found in active lesions
was there to ‘help clean up’ or if its presence was deleterious. Given that the
presence of SI00A10 marginally sped up the degradation of MBP by tPA-activated
plasmin, the initial hypothesis was that the presence of SI00A10 in the MS lesion
resulted in a potentially more inflammatory milieu, MBP is degraded due to

S100A10’s plasmin generating ability.

Published reports of animals receiving LPC injections report that axons are usually
not damaged in focal LPC injections (Murphy et al., 2013) limiting the probability
that paralysis or other deleterious effects will be observed. As expected, no overt
neurological damage was observed in either the wild type or S100A10-null
cohorts. Mice were monitored 3 times daily for the first 2 days post-surgery, then
daily until sacrifice. No circling behaviour, paralysis or other behaviours
indicative of neurological damage was observed. Each group showed full mobility
within hours of recovery from surgery, and remained fully mobile until seven

days post-treatment, at the point of sacrifice.
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4.3 ERIOCHROME CYANINE STAINING RESULTS

Seven days after the LPC treatment, mice were sacrificed. After processing and
embedding, brain sections were stained for myelin by eriochrome cyanine and
neutral red staining. The lesion area is defined as the absence of blue staining
within the corpus callosum. A representative image of a wild type (top panel) and
S100A10 null lesion (bottom panel)are presented in Figure 4.3. The average lesion
volume was calculated for each of the sectioned brains with sufficient sections for
calculation (more than one slide and more than 3 intact sections). The mean lesion
volume for wild type was 0.008949 + 0.002677 mm3 (n = 5) compared to SI00A10
null mice with a mean volume of 0.049366 + 0.01420 mm3 (n=9)(Figure 4.4).
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Figure 4-3  Representative Images of LPC-Induced Lesions in Wild Type and
S100A10/- Mice

Lesion 7 days post-injection of 1 pL 1% (w/v) lysophosphatidylcholine or the
swame volume of PBS. Eriochrome cyanine with neutral red as a counterstain.
Myelin is blue, cell nuclei are red. Scale bar is 100 pm.

114



0.15- 1
)

£

£

a 0.104

£

=)

g -

& 0.05- :

Q |

]

]

- ®

0.00 l

Wild Type $100A10-null
n=5 n=9

Figure 4-4  Analysis of Lesion Volume 7 Days Post-Injection of
Lysophosphatidylcholine

Lesion volume of wild type and S100A10-null mice 7 days post-
injection of 1uL 1% lysophosphatidylcholine. Every fifth slide
was stained with eriochrome cyanine and counter stained with
neutral red. The area of each lesion observed in contiguous slides
was measured using imaging software Fiji. The resulting volume
was extrapolated by plotting the area against accumulated
section thickness and the area under the curve calculated. Data
presented as mean * SEM, unpaired t-test with Welch's
correction. * p = 0.022.
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4.4 IMMUNOFLUORESCENCE RESULTS

The unexpected finding that SI00A10-null mice had larger lesion volume at day 7
prompted an analysis of both the astrocyte and microglia content in the mice. A
slide from the lesioned area was selected from each of the available samples for
double staining with Ionized Calcium Binding Adaptor Molecule 1 (Iba-1) to
examine microglia and glial fibrillary acidic protein (GFAP) to detect astrocytes.
The total fluorescence in each was quantified at either 5X or 10X magnification. If
the lesion was discernible in the image, the fluorescence within this area was
averaged over the lesion area. A representative image of a WT animal is shown
alongside a representative image from an S100A10-null animal (Figure 4.5). Wild
type is on the left, SI00A10-null on the right. Merged image of panel B is Top row
is Iba-1(microglia) in lesion and surrounding, middle row is lesion-vicinity GFAP
(astrocytes), while the bottom row is the merged image along with DAPI for cell

nuclei.

Total field fluorescence for both astrocytes and microglia was quantitated in each
field of view. Aggregate data for the PBS injected and LPC injected corpus
callosum imaged fields are presented in Figure 4.6 for astrocytes and Figure 4.7 for
microglia. There was no significant difference in the total fluorescence between the
PBS injected or LPC injected areas. Additionally, there was no significant
difference between the total fluorescence of the wild type and S100A10-null
animals. The S100A10-null animals have a trend toward more GFAP and Iba-1
staining, suggesting that these animals could experience more or longer-lasting

inflammation.

However, there does appear to be a trend of fewer microglia within the lesion of
the S100A10-null mice as presented in Figure 4.8. This suggests the possibility that
there may be a difference in the activity level of the microglia, especially its ability
to utilize the plasminogen activation system to degrade the extra-cellular matrix

to move to sites of inflammation and damage. Further study to determine if the
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Iba-1 stained cells are represented solely by microglia cells or if any peripheral
macrophages present will aid in determining the role SI00A10 plays in the

migration of microglial cells
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Figure 4-5 Representative Images of LPC-Induced Lesions in Wild Type and
S100A10~/- Mice; Iba-1 and GFAP Staining

Lesion 7 days post-injection of 1 L 1% lysophosphatidylcholine. Fluorescence
immune stainingof Iba-1 for microglial cells, GFAP for astrocytes, and merged
image. Scale bar is 100 pm.
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Figure 4-6  Astrocyte Staining Following LPC-Induced
Demyelination

After staining with Cy3-conjugated GFAP (1:500), total field of
view fluorescence was determined. No significant difference was
noted. Mean + SEM, paired t-test with Welch’s correction (LPC
vs PBS) or unpaired t-test with Welch’s correction (WT vs
S100A10-null).
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Figure 4-7 Microglia Staining Following LPC-Induced
Demyelination

After staining with Iba-1 (1:500) and a anti-rabbit-EGFP
secondary, total field of view fluorescence was determined. No
significant difference was noted. Mean + SEM, paired t-test with
Welch’s correction (LPC vs PBS) or unpaired t-test with Welch’s
correction (WT vs S100A10-null).
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Figure 4-8  Staining Intensity of Iba-1 Within LPC-Induced
Lesions

The intensity of staining containing within the area of the lesion
was divided by the area, providing a fluorescence/unit area
measurement. Two-tailed t-test, Welch’'s correction, not
significant.
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Chapter 5. DISCUSSION

This thesis is divided into 3 parts. The first describes a study that explored the role
of the 2 C-terminal lysines of SI00A10 have in the acceleration of plasmin

generation.

Plasminogen receptors are proteins found on the outside of many different types
of cells, including endothelial and cancer cells. Understanding how specific
plasminogen receptors interact with plasminogen and also whether it interacts
with tPA may result in the identification of potential treatment targets for cancer,
stroke and potentially MS. In situations where increased plasmin generation is
desired, the knowledge of how the activator and receptor interact with
plasminogen will lead to the identification of mechanisms that enhance the three-
way binding to augment the effect of plasmin. In stroke treatment, for example,
the addition of S100A10, either as the entire molecule, or more attractively, a
portion of the molecule identified as the minimum required for interaction with
both tPA and plasminogen, could be used as an adjunct to increase the efficacy of
tPA. Adding a binding motif that helps target the complex to a fibrin clot would
also increase efficacy, either in terms of decreasing the amount of tPA
administered, decreasing the risk of bleeding or by increasing the treatment
window by targeting the tPA to the fibrin clot, allowing more stroke sufferers to
benefit from this treatment. In the case of a desired down-regulation of plasmin
generation, for example in the case of cancer cells overexpressing the plasminogen
receptor, knowledge of how the three proteins interact could lead to the
identification of small molecules that may disrupt the interaction, leading to a

reduction in local plasmin generation.

Consistent with data presented elsewhere (Fogg et al., 2002), the SI00A10 mutant
lacking both C-terminal lysine residues (S100A10Pes%%) exhibited a decreased
ability to accelerate plasmin generation from plasminogen. This experimental

result parallels the conclusion drawn from carboxypeptidase treatment of cells
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and the wild type proteins (Fogg et al., 2002), in that loss of these 2 C-terminal
lysine residues severely hampers the ability of S100A10 to accelerate the
conversion of plasminogen to plasmin in the presence of tPA. Unexpectedly, the
mutation of these 2 lysine residues to isoleucine, which should not bind to the
kringle domains of plasminogen, did not result in a similar decrease in plasmin
generation. Kringle residues bind lysine residues and, to a lesser extent arginine
residues (Castellino and McCance, 1997; Marti et al., 1997). The lysine binding
pocket of the kringles requires interaction with a negatively charged region, a
positively charged region and a hydrophobic region. Isoleucine does not possess
a negative or positively charged area in the correct spatial conformation to permit
binding the lysine binding site of the kringle. It is a branched hydrophobic amino
acid and would not spatially interact with the binding site. Further study can be
done to further investigate this remote possibility, including examination of the
effect of titration of isoleucine to the fluorescence of plasminogen or binding
studies using the S100A10%%%I mutant protein. Regardless of the lack of C-
terminal lysine residue, this mutant was able to stimulate plasmin generation
similar to the wild type protein. This raises the possibility that not only do C-
terminal lysines interact, but, in the right environment, solvent-exposed lysines
not at the C-terminus may also interact. In the paper revealing the X-ray crystal
structure of plasminogen, the authors suggested that the lysine at residue 50 may
be inserted into kringle 5 (Law et al., 2013, 2012), with a role of maintaining the
tight, activation resistant formation that plasminogen usually has in circulation.
This has also been demonstrated with cytokeratin 8 mutated so that the C-terminal
lysine was glutamine (Q) (Gonias et al., 2001). This mutant bound plasminogen,
but to a lesser extent; the Kgq for WT cytokeratin 8 is 0.4 uM while with the
glutamine mutant it was 1.5 pM. The final amino acid of HMGB-1 is glutamic acid
(Wen et al., 1989), which, like lysine, is a charged amino acid. This data together
leads to the possibility that a C-terminal lysine is not absolutely required for

interaction with the lysine binding site of kringle domains.
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There is the possibility that the SI00A10%%%I mutant requires processing, or
proteolytic cleavage of the molecule to reveal aC-terminal lysine residue. If this
was the case a long lag, compared to the wild type protein, would be evident in
the time course of cleavage of the plasmin substrate. Examination of a
representative absorbance trace for this assay illustrating the typical plasmin
substrate cleavage rates for no addition, SI00A10WT, S100A10Pes%.%, and
S100A10K9%I shows no such lag time, suggesting no proteolytic processing of the
S100A10 is occurring, or the activity of S100A10K%9%I is not dependant on

processing.

Using the tPA mutants, it was inferred that kringle 2 of tPA interacts with the C-
terminal lysine residue of S100A10. Additionally, several other plasminogen
receptors, including some without a C-terminal lysine also followed the same
pattern. Truncation mutants of plasminogen confirmed that kringle 1 of
plasminogen is required for binding/interaction with S100A10. Mutants of
plasminogen lacking kringle 1 were not as efficiently converted to plasmin in the
presence of tPA and S100A10 as the full length and Lys-plasminogen constructs
were. There is a further loss of efficiency of plasmin generation with the loss of
kringle 4 of plasminogen. This indicates that the interaction of S100A10 with
plasminogen may also include some interaction with kringle 4 in addition to
kringle 1. Further work using replacement kringle constructs, for instance, the
mutant Krl-Kr-3-Kr3-Kr4-Kr3-SP compared to Kr1-Kr3-Kr3-Kr3-Kr3-SP (where
Kr 3 does not bind lysine) would be useful in teasing apart this potentially

complicated interaction.

To further delineate the nature of the interaction of tPA and S100A10,
heterotetramers consisting of annexin A2WT or annexin A2 C8S were prepared
with S1I00A10WT, forming AIItWT and AIIt®® respectively. S1I00A10 is usually
found complexed with annexin A2 at the cell surface (Bharadwaj et al., 2013).

Agreement in the literature has shown that plasminogen interacts with S100A10
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on the cell surface, not annexin A2 (Miles and Parmer, 2013). There are reports that
annexin A2 is the portion of the heterotetramer that binds to tPA, and it is
specifically the cysteine at position 8 that is responsible for this interaction
(Jacovina et al., 2009; Roda et al., 2003). Research by Hajjar et al (1998) indicated
that the amino acid, homocysteine, which is linked to stroke, interferes with the
binding of tPA to annexin A2, and that binding/interaction is via the cysteine
residue at position 8 of annexin A2. We hypothesized that SI00A10 and annexin
A2, complexed together as the heterotetramer, would both interact with tPA. Thus,
if the cysteine residue at position 8 of annexin A2 was mutated to serine, this
should negate the ability of that portion of the heterotetramer to bind tPA, which
should result in a decrease in the rate of plasmin generation. The cysteine at
position 8 is within the SI00A10 binding site on annexin A2, however previous
work has shown that mutation of the cysteine to serine does not affect the
formation of the heterotetramer (Becker et al., 1990). Contrary to the hypothesis,
the AIIt®® had a higher rate of plasmin generation compared to AIItWT. As noted
in section 2.15, the heterotetramers were subjected to gel filtration to separate the
dimers and monomers from the heterotetramer. Both AIItWT and AIIt®S showed
an identical profile on the gel filtration, eluting at the same place in the program.
This result throws doubt on the importance of the cysteine-8 residue of annexin
A2 in binding tPA and suggests that the SI00A10 portion of the heterotetramer is

responsible for both the plasminogen and tPA binding function.

Based on the findings of the first part of the thesis, the second part of the thesis
explores the role of 4 internal lysine residues in SI00A10 and the possibility that
they may contribute to plasminogen binding. Lysines at residues 17, 22, 27, 36, 46,
53, 56 and 65 were all individually mutated to arginine to preserve the charge and
secondary/tertiary structure. All mutants expressed well in the E.coli, but only
mutants at residues 46, 53, 56 and 65 were completely purified. Residues 46, 53
and 56 are all solvent-exposed, while residue 65 is buried. When substituted for

the wild type protein in the plasmin generation assay, no significant decrease in
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the rate of plasmin generation was noted for those mutants tested, specifically 46,
53, 56, 65; the rates were in the same range as the wild type activity. To further
examine which internal lysine is likely to participate in binding plasminogen in
the absence of C-terminal lysines, a further mutation of the S100A10X%%! mutant
was undertaken. The lysine residue at position 56 was chosen for several reasons.
First, like the C-terminal lysine, it is a highly conserved residue. As illustrated in
Figure 1.9 this particular residue is conserved over 21 different species, from
humans to fish. This residue is also solvent-exposed (Figure 5.1). Using a
computational on-line program GETAREA (http://curie.utmb.edu/GET.html),
the amino acid sequence from 1-90 was entered, accompanied by the X-ray crystal
structure for the same amino acid sequence (Réty et al., 1999). The program
calculates projected solvent exposure probabilities based on the information
provided (Fraczkiewicz and Braun, 1998). The X-ray crystal structure of SI00A10
is incomplete, as the final 6 residues are missing from the structure- either the C-
terminal region is disordered in the crystal or is missing due to proteolysis (Réty
et al., 1999). Residues assigned a ratio of over 50% are considered solvent-exposed
and likely available for binding. Residue 56 has assigned a ratio of 85.3, indicating
it is very likely exposed to the solvent. The next 2 highest scoring residues are K46

and K91.
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Figure5-1  Calculated Solvent Exposure of S100A10 Amino Acids by the
Program GETAREA

The GETAREA on-line computation program (http:/ /curie.utmb.edu/GET.html)
was used to calculate the potential solvent exposure based on coordinates revealed
from X-ray crystallography data (Protein Database Accession1A4P). Residues are
considered solvent exposed if the ratio calculated is greater than 50. The ratio is
calculated by determining the ratio of side-chain surface area to "random coil"
value per residue. The "random coil" value of a residue X is the average solvent-
accessible surface area of X in the tripeptide Gly-X-Gly in an ensemble of 30
random conformations. For SI00A10, the most solvent exposed lysine residue is
K56 at 8.3, followed by K46 at 81.7 then K 91 at 73.3. Figure was produced by RW
Holloway.
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To examine this internal lysine residue, this ~-While the addition of the K to R
mutation at position 56 in the SI00A10Pes%.% mutant did not affect the purification
strategy, the same addition to the SI00A10K% %I mutant resulted in a change in the
hydrophobicity of the molecule, resulting in the protein precipitating in the
presence of 50% (w/v) ammonium sulphate. The purification protocol was altered
to allow for the efficient isolation of the SI00A10K56R/K9%,.9%I mutant by dropping the
ammonium sulphate concentration to 25% (w/v). After decreasing the ammonium
sulphate concentration, the remaining purification procedure remained
unchanged. Once purified, the protein eluted at approximately the same position
as the WT molecule using gel filtration chromatography. Analysis of the
S100AT10K56R/KB9%T mutant in the plasmin generation assay revealed a significant
drop in the rate of plasmin produced, equal or less than the rate of ST00A10Pes?,%,
The addition of K56R to S100A10Pes%% yielding S100A10K56R/Des%9% did not
further decrease the rate of plasmin generation compared to the S100A10Pes%%
mutant. Examination of the S100A10K56R ST100A10K56R/K95,9I1 G1(00AT10KS56R/Des95,96
by CD spectrophotometry indicated that the addition of the K56R mutation to
either the S100A10Pes%% or the S100A10K%%I mutant did not result in extreme
changes in secondary structure. More interestingly, the size exclusion
chromatography analysis of S100A10K56R/K9%9%I revealed an increase in the
retention volume compared to the wild type molecule. No changes had been seen
with either the S100A10Pes%% nor S100A10X% %I mutants. This suggests that, like
the change required for the purification from the crude extract, the small change
in the amino acids exposed to solvent in this mutant may have caused a larger
change in overall protein conformation. Gel filtration chromatography has been
used to evaluate the 3D structure of proteins (Uversky, 2012). Changes in the
globular form of the protein, possibly caused by changes in the amount of alpha-
helical content, may affect which amino acid residues are solvent-exposed and

available for interaction.
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In the absence of a C-terminal lysine residue, Kr 1 of Glu-plasminogen may
interact with an internal lysine. This interaction appears to be conformation-
specific. Deletion of the C-terminal lysine, by mutation or by carboxypeptidase
cleavage of the C-terminal lysines may not result in the same conformational
changes that occur when the C-terminus is mutated to isoleucine. The
conformational shift that may occur when the C-terminus is isoleucine may be
enough to allow kringle 1 of plasminogen to interact with the internal residue,
likely lysine 56. As noted previously, the lysine at residue 50 of plasminogen is
thought to interact with kringle 5 of plasminogen, helping to keep the molecule in
the closed, activation resistant form. If an internal lysine of plasminogen is able to
interact with kringle 5, then an internal lysine on a plasminogen receptor may be
also able to interact with a kringle. The other kringle domains of plasminogen may

also play a role in the interaction.

Also leading to great curiosity is the repeated finding that carboxypeptidase Bl
(CpB1) treatment of SI00A10%%%I caused a loss of plasmin activation, similar to
the result seen with the wild type S100A10. CpBl1 is classified as an exopeptidase,
with specificity for C-terminal lysine and arginine residues (Folk and Gladner,
1958; Wintersberger et al., 1962). The CpB1 treatment of SI00A10WT and selected
mutants was performed at pH 7.4. It is possible that the assay conditions used were
sub-optimal for the exopeptidase, however, an effect of less cleavage rather than
non-C-terminal cleavage would be more likely. It is possible that the CpBl
interaction with S100A10K95,961 prevents interaction with either plasminogen,
tPA or both. This could also cause a decrease in plasmin generation. Much further
work is required to tease apart the exact process that results in the CpB1-specific
loss of plasmin generation activity of SI00A10%%%I. CD spectra after treatment
with CpBl may reveal further conformational changes. Mass spectrometry
analysis of SI00A10K%%I before and after treatment by CpB1 will reveal if the
carboxypeptidase is truly cleaving the SI00A10 mutant, or is causing a change in

spatial conformation that results in the plasminogen receptor’s inability to
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facilitate plasminogen cleavage to plasmin. Additionally, repeating the CpBl
treatment using the heterotetramers formed with annexin A2 and either
S100A10WT or S100A10K%%Iwill also reveal more about the potential interaction
of S100A10 and CpB1. The mutant SI00A10 protein or the wild type could also be
over-expressed in a cell line and the resulting cells expressing the respective
heterotetramer on the surface treated with the CpB. This would also reveal if the
mutation affects heterotetramer formation and/or movement to the cell surface,
as the mechanism controlling the extracellular expression of the heterotetramer sill

remain elusive.

The third portion of this thesis revolves around the potential role of SI00A10 in
demyelination events in Multiple Sclerosis. Published work from Gveri¢ et al.
(2005) identified both S100A10 and its binding partner Annexin A2 as being
present in established lesions in autopsy samples from individuals with MS. Along
with publications showing that plasmin degrades myelin basic protein (Cammer
et al., 1978; Law et al., 1985), this led to the hypothesis that SI00A10 would
accelerate MBP degradation and worsen the outcome, i.e. the MS-like lesions
would be larger in the presence of S100A10, so the loss of the protein would be
protective. In vitro, plasmin activation resulted in the degradation of MBP, which
was increased in the presence of SI00A10 (Figure 4.1 and 4.2). Most of the previous
work examining plasmin degradation of MBP was performed using uPA as the
plasminogen activator. tPA is known to be present in the brain (Ortolano and
Spuch, 2012) as it has roles in neuroplasticity as well as neurotoxicity, which lead
to the choice of tPA as the plasminogen activator, as it is more likely to be relevant
in vivo. Previous results of this thesis also suggest that tPA may interact with
S100A10, giving further credibility to the choice of tPA in this model of MBP

degradation.

Lysophosphatidylcholine was injected into the corpus callosum of both wild type
C57BL/6 mice and age-matched S100A10-null mice. Day 7 was chosen as the
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endpoint as substantial remyelination occurs by this time (Plemel et al., 2018;
Warford et al., 2018). Unexpectedly, when the total lesion volume was calculated,
the wild type lesion volumes clustered tightly with an average volume of 0.0089 +
0.0027 mm3, while the S100A10-null lesions spread over a large range, with an

average of 0.0494 £ 0.0142 mm?3 (Figure 4.4).

This result was unexpected in that it was initially hypothesized that loss of
S100A10 would be protective, that removing the potential of SI00A10 to enhance
the generation of plasmin would result in less myelin basic protein degradation
by plasmin, leaving more of the myelin intact. The data showed the opposite effect;

loss of S100A10 resulted in lesions that were, on average, larger in volume.

When Lewis lung carcinoma cells were injected into either wild type or SI00A10-
null C57BL/6 mice, the tumours that resulted after 18 days of growth were
dramatically smaller in the S1I00A10-null mice than in the wild type mice (Phipps
et al., 2011). Further exploration of this phenomenon revealed that it was due in
part to the inability of macrophages to infiltrate the tumour in the S100A10-null
mice. In this case, the macrophages used the SI00A10 on their surface to focus
proteolytic activity and to enhance migration. Although the macrophages in the
xenograft-tumour study have a different physiologic role than the microglia and
recruited macrophages in the role of myelin debris removal, the same processes

apply for migration to the site of inflammation.

The presence of the brain macrophages - known as microglia - within the lesion
was quantified in both the wild type and S100A10-null mice using
immunofluorescent staining of a single slide from each of the mice. This slide
selected was from within the centre of the lesion. This selection should permit a
reasonable estimation of the cross-section of the lesion, however, differences in
intensity may be present depending on the localization of the two cell types,
microglia and astrocytes, that were examined. Mice lacking SI00A10 had a lower

intensity of Iba-1 staining within the lesion, with an overall larger lesion. The level
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of Iba-1 expression increases when the microglia, as well as recruited
macrophages, are activated(Imai et al., 1996; Sasaki et al., 2001). indicating fewer
microglia/macrophages present within the lesion or that there were fewer
activated microglial cells within the lesion. Macrophages utilize S100A10
mediated generation of plasmin to facilitate movement through the extracellular
matrix (O’Connell et al., 2010; Phipps et al., 2011; Surette et al., 2011). Thus, in mice
without SI00A10 present, the activated microglia and any recruited peripheral
macrophages may have a more challenging task to get to the site of demyelination.
Macrophages and microglia phagocytose debris; this mode of action would be
required for efficient removal of MBP-debris created by the action of the LPC If
fewer macrophage and microglial cells are present within the lesion, then any
myelin degraded by the action of the lysophosphatidylcholine will not be
efficiently phagocytosed by this critical cell type for debris clean up, and
remyelination is delayed (Griffin et al., 1992; Ousman and David, 2000).

I propose a model of the interplay between S100A10, lesion formation and
possible fibrin deposition in the development of MS-like lesions based on the
preliminary results observed in WT and S100A10-null mice, (Figures 5.2, 5.3 and
5.4). In the WT brain (Figure 5.2), the requisite surveillance occurs. Any fibrinogen
leaking into the brain parenchyma is detected and converted to fibrin. Resident
microglia and peripheral macrophage are able to respond, binding via their cell
surface CD11b/CD18 integrin to the now-exposed binding site on fibrinogen. The
microglia use the SI00A10 on their cell surface to aid in their movement to the site
of injury, and once there, the SI00A10 will localize both plasminogen and tPA to
expedite the removal of any fibrin deposition and further degrade myelin debris.
In the S100A10-null mouse (Figure 5.3), the LPC injection is a two-fold injury; both
the BBB is disrupted by the needle (physical injury), and myelin is disrupted by
LPC. WT mice are subject to the same injury, but have the necessary processes to
mitigate the damage; microglia and infiltrating macrophage migrate to the site of

injury, and utilize plasmin generated on their cell surface to further degrade the
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myelin and phagocytose it. The S100A10-null mice lack SI00A10 on the surface of
microglia and infiltrating macrophages, putting these cells at disadvantage to
reach the site of injury and use S100A10 to aid in the degradation of fibrin and any
myelin debris, potentially resulting in a lesion that cannot be remyelinated, due to
the debris still present. The continued presence of fibrin may also perpetuate an
area of inflammation, resulting in continued exposure of the local tissue to

cytokine and chemokines resulting in continued damage (Figure 5.3).

Extrapolating to the MS brain, (Figure 5.4) although S100A10 and its binding
partner are found to be upregulated/concentrated in lesions, the activity is

somehow diminished, likely by upregulation of PAI-1 and subsequent inhibition
of tPA (East et al., 2005; Gveri¢ et al., 2005, 2003).

Additionally, a study by Dugas et al (Dugas et al., 2006) and found that SI00A10
is downregulated on mature oligodendrocytes (OL) compared to oligodendrocyte
precursor cells (OPC). Once OPCs differentiate into oligodendrocytes, expression
of S100A10 drops dramatically. This result is corroborated by Milosevic et al
(Milosevic et al., 2017) who catalogue the location of S100A10 in the mouse. These
researchers found that in addition to discrete areas of the brain and specific
neuronal cell types, SI00A10 was expressed in astrocytes, microglial cells, but not
mature oligodendrocytes. SI00A10 was expressed in oligodendrocyte precursor
cells, but only those that expressed the marker Neural/glial antigen 2 (NG2),
found in white matter tracts(Milosevic et al., 2017). The OPCs may use S100A10
and the plasminogen activation system to allow them to move through the brain
to sites requiring remyelination. Further work to delineate the possible role of OPC
migration to the site of injury and the differentiation to OL is required to capture
the full story of the role of S1I00A10 in demyelination/remyelination. Initially,
immunofluorescence staining for OPCs using NG2 as a marker to determine if
S100A10 is up-regulated in NG2 positive cells in the wild type mice should be

interrogated. The relative number of NG2 positive cells in wild type mice
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compared to SI00A10~/- mice will also aid in determining the role. If OPCs are not
migrating in the S100A10~/- mice, then mice utilize SI00A10 for migration towards
a site requiring remyelination. This will be difficult to interrogate the same way in
human subjects, as samples of newly demyelinating tissue are not readily

available.

S100A10 levels are inversely correlated with the risk of depression (Milosevic et
al., 2017; Svenningsson et al., 2006). The prevalence of depression is higher in MS
patients than in the general population (Boeschoten et al., 2017; Marrie et al., 2017;
Patten et al.,, 2017). S100A10 regulates the expression of the 5-HT1B receptor
(Egeland et al., 2011; Svenningsson et al., 2006), which could contribute to the
higher rate of depression in some MS patients. There is some evidence that in the
EAE model of MS, some animals exhibit depressive-like symptoms (Pollak et al.,
2002). Much further study is required to explore the possibility that a low level of
S100A10 in the brain is a potential biomarker for the risk of developing MS.
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Figure 5-2  Hypothetical Model of the Role of S1I00A10 in Normal Brain in a
Demyelination Event

Under normal conditions if the blood-brain barrier is disrupted fibrinogen (Fg)
enters the brain parenchyma, along with other plasma proteins and peripheral
immune cells. Tissue factor, (TF) expressed on pericytes and astrocyte end feet,
initiates the coagulation cascade, terminating in active thrombin (Ila) which
cleaves soluble fibrinogen to fibrin (Fn). SI00A10, expressed on the surface of
microglia and infiltrating macrophages accelerates the conversion of
plasminogen (Pg) to active plasmin (Pm), which degrades Fn to fibrin
degradation products (FDP) which are cleared by microglial -cells.
Oligodendrocytes (OL) support the myelinated axon. In the case of LPC injection,
the LPC integrates into the myelin, disrupting the myelin structure, resulting in
loss of myelin structure. Peripheral macrophages migrate to the area of damage,
and phagocytose the degraded myelin, and have the ability to further break
down the myelin debris prior to phagocytosing it.

On this and following figures, SI00A10 is abbreviated p11.
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Figure 5-3  Hypothetical Model of the Effect of Loss of S100A10 in a
Demyelination Event

The S100A10 null mouse lacks S100A10 on the surface of microglia and
peripheral macrophages. When demyelination is triggered by LPC, the myelin
sheath is degraded, astrocytes migrate to the site of damage, and microglia in
the vicinity of the damage are activated. The absence of S100A10 on
macrophage cell surface diminishes migration. Myelin debris is ineffiently
phagocytosed and remains at the site of damagae, inhibiting remyelination.
There is also the potential for fibrinogen to enter the parenchyma and be
converted into fibrin. Prompt degradation of the fibrin mesh does not occur
because of diminished plasmin production resulting in a persistent fibrin
mesh. Plasmin production is diminished due to the absence of S100A10 and
inhibition of plasmin production by PAI-1. The limited recruitment of immune
cells by the fibrin mesh leads to destruction of the myelin sheath. Myelin and
OLs are destroyed. A limited number of Oligodendrocyte Precursor Cells
(OPC) able to migrate to the site of injury, proliferate, differentiate to OLs, and
remyelinate the damage.
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Figure 5-4  Hypothetical Model of the Role of SI00A10 in MS/Demyelination

Extrapolating to a potential role of SI00A10 in multiple sclerosis, a breach in the
blood brain barrier results in the movement of fibrinogen into the brain
parenchyma. This fibrinogen is cleaved into fibrin, however, the presence of
abnormally high PAI-1 blocks plasmin generation and fibrinolysis. As a result, a
fibrin mesh is formed in proximity to the myelinated axons. A cryptic epitope
(y377-395), present on fibrin, but not fibrinogen, interacts with CD11b/CD18
receptor of microglial cells causing their activation and release of cytokines
which results in the recruitment of peripheral macrophages and cytotoxic T-cells
and inflammatory demyelination. We therefore predict that SI00A10 plays a key
role in fibrin surveillance in MS, a role that is attenuated by the abnormal levels
of PAI-1 present in MS lesions. Myelin and OLs are destroyed. A limited number
of Oligodendrocyte Precursor Cells (OPC) migrate to the site of injury,
proliferate, differentiate to OLs, and remyelinate the damage.
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Chapter 6. CONCLUSIONS AND FUTURE DIRECTIONS

6.1 CONCLUSION

Plasminogen receptors function to facilitate the activation of plasminogen by
specific plasminogen activators. SI00A10 is an established plasminogen receptor
that has a classic kringle binding C-terminal lysine residue. Loss of the C-terminal
lysine residues, by either mutation or by carboxypeptidase directed removal
results in a profound loss of the ability of SI00A10 to accelerate plasmin
generation. Mutation of the 2 lysine residues at the C-terminus of S1I00A10 to
isoleucine unexpectedly did not result in a decrease in the rate of plasmin
generated. This result suggested the possibility that an internal lysine residue was
utilized by this mutant. Further mutations revealed that the mutation of internal
residues alone did not result in any plasmin generation decrease, however,
mutating lysine at position 56 in addition to position 95 and 96 (C-terminus)
resulted in a 75-90% decrease in the rate of plasmin generated, suggesting that the
internal lysine may be that at position 56. Further work to confirm this is required,
as outlined in the future directions, however, evidence that this residue is solvent-
exposed, as well as conserved over several species gives this conclusion weight.
Additionally, work confirmed that the kringle 1 of plasminogen interacts with the

plasminogen receptor, as well as kringle 2 of tPA.

Preliminary work presented on the potential role of SI00A10 in the mechanics of
demyelination supports a key role for this plasminogen receptor. Animals lacking
S100A10 had larger lesions than animals with SI00A10 present. The S100A10-null
mice had a lower concentration of Iba-1 staining within the lesion, suggesting a
lower total number of microglia or an inefficient activation. This finding parallels
with an earlier finding that SI00A10-null mice had fewer macrophages infiltrating
a xenograft tumour than wild type mice. It is postulated that the

microglia/macrophages use S100A10 to enhance plasmin generation to both
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increase MMP-9 activation as well as directly proteolyze the extra-cellular matrix.
Additionally, remyelination cannot proceed unless the area of insult is cleared of
myelin and other debris, so if microglia and peripheral macrophages cannot be
recruited to the site, the remyelination will be delayed. As outlined in future
directions, much more work is required to confirm differences between the
S100A10-null and the wild type mice in the LPC model and to fully understand

the potential role for SI00A10 in demyelinating diseases in general.

6.2 FUTURE DIRECTIONS

As in any area of scientific inquiry, this thesis is in no way a complete answer to
any question. Further mutagenesis work needs to be done including additional
mutations to the SI00A10K%%I construct to determine if the same drop in plasmin
generation is due specifically to the loss of K56 or if any further change in the a
helix regions will result in the same loss in plasmin generation. To further
delineate binding, surface plasmon resonance assays can be performed with each
of the key mutant S100A10 proteins. Ideally, this work should use immobilized
S100A10, and flow Glu-plasminogen over it at various concentrations to determine
if differences in the Kp, Km or other binding constants with mutant proteins.
Additionally, the use of tPA mutants in SPR would also be informative. If the
activity levels reflect binding ability, the SI00A10 mutants with low activity
(S100A10Pes%%,  ST00AT0K56R/KBL  and  S100AT0K56R/Des?59%,  should show
decreased binding of plasminogen and tPA in SPR, or use of affinity column (with
either plasminogen or tPA bound to the column support. The further interrogation
of activity of the tPA mutants and the Pg mutants with the SI00A10 mutants
would also be informative. Each of the mutant versions of SI00A10 should follow
a similar trend, with lower activity seen with both wild type and mutant
plasminogen and tPA preparations. Kringle 4 of plasminogen may also play a role
in the interaction, thus securing plasminogen lacking kringles 1-4 would be

informative. Mutants of plasminogen that keep the full length of the molecule. But
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substitute kringle 3 for combinations of the 5 kringles will also tease out which
kringles are involved in binding with S100A10. A matrix of plasminogen mutants
with S100A10 mutants would result in comprehensive data to completely
delineate the binding of plasminogen with the plasminogen receptor S100A10.
S100A10Pes%% and S100A10%%%Iboth form heterotetramers with annexin A2. The
double mutants, S100A10K56R/Des%5,9 and S100A10K56R/K%5,%1 should both be
examined for the formation of the heterotetramer with annexin A2, and if
successful, determine whether the mutant Allt still supports accelerated plasmin

generation.

Unexpectedly, carboxypeptidase treatment of SI00A10X%%I resulted in a decrease
in plasmin generation, similar to the result observed with the wild type S100A10.
Does the Allt form of S100A10K%%I still lose activity upon carboxypeptidase
treatment? Expression of this and other mutant proteins in a cellular context, using
overexpression vectors would also reveal if the heterotetramer can be formed and
if it can be exported to the exterior of the cell. Additionally, the treatment of each
of the mutants expressed in cells with CpB1 or another carboxypeptidase would
also prove informative. The SI00A10%%%I mutant shows signs of proteolysis in the
presence of CpBl that is rescued by the addition of the CpB1 inhibitor, Plummer’s
reagent (Figure 3.20). Examination of the mutant pre and post-CpB1 treatment by
mass spectrometry would be key in determining the cause of the decrease in

plasmin generation.

The role of S100A10 in remyelination is the least complete of the work presented.
To further explore the role SI00A10 could play in demyelination/remyelination,
a full time-course after demyelination should be undertaken. Additional data
points to determine lesion size, at days 2, 14, and 21 should be determined to
ensure the maximum lesion size usually observed at day 2, is the same between
wild type and S100A10-null mice. as well as to determine whether the S100A10-

null mice ever 'catch up’ to the wild type in terms of maximum remyelination. The
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contribution of astrocytes and microglia should be explored at these time points,
in addition to any changes in oligodendrocyte precursor cells, as well as the
potential for fibrin deposition. In addition to more time points with the LPC
model, the use of the cuprizone model of demyelination/remyelination may be a
useful confirmatory model to compare the wild type and S1I00A10-/- mice, as the
demyelination occurs in this model in the absence of physical injury. Similar time
course experiments would be required to confirm the timeline with this model.

More intensive staining to find all areas of demyelination would be required.

To further explore the role of SI00A10 in MS, EAE experiments utilizing
immunization of both wild type and S100A10-/- C57BL/6 mice with MOG35-55
antigen would initiate the exploration of how S100A10 may fit into the
immunological environment of MS would be useful in filling in the rest of the story
on why MS plaques have high levels of SI00A10 within them. The use of human
autopsy samples would be useful for validating molecules or cell types identified

through the EAE model comparison between wild type and S100A10-/- mice.
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