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ABSTRACT

Recent studies demonstrated a role for annexin Il (A2) and its ligand p11 in
fibrinolysis. Since thrombin is a potent cell modulator obligately produced at the
site of clot formation, the hypothesis was addressed that thrombin regulates
fibrinolysis by increasing cell surface A2 and p11. Immunofluorescence and
biotinylation established that thrombin significantly increases both on human
umbilical vein endothelial cell (HUVEC) and human foreskin fibroblast surfaces.
Intracellular antigenic analyses reveaied increased p11 but unchanged A2,
suggesting that transbilayer trafficking of A2 is controlled by p11. The thrombin
receptor activating peptide similarly affected cells indicating signaling through
protease activated receptor 1. A direct effect on fibrinolysis was shown by
observations of increased plasminogen binding to HUVEC that was inhibited by
anti-p11 antibody, and activation of plasminogen by tissue plasminogen activator.
These data suggest a novel link between thrombin and fibrinolysis, and other

processes that may involve A2, such as cytomegalovirus infection.
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1.INTRODUCTION

1.1 OVERVIEW
Annexin Il (A2) is a common cellular protein that belongs to the annexin

family of calcium (Ca®*)-dependent anionic phospholipid (anPL) binding proteins,
whose members have been implicated in membrane fusion and bridging. To
date the physiological and pathological functions of A2 remain elusive. However,
probable functions include roles in fibrinolysis (the biochemical pathway of blood
clot dissolution), viral infection and tumor metastasis. The function of A2 in these
processes are dependent on A2 being present on the cell surface, and therefore
will be affected by changes in surface availability. Although A2 lacks a signal
peptide and the mechanism by which it is transiocated to the cell surface is
unknown, a small percentage of the total cellular pool can be found on the cell
surface. Since the coagulation effector thrombin can be present at each of the
three functions listed above, the current project addresses the hypothesis that
the potent cell modulatory capabilities of thrombin facilitate the availability of A2
by inducing its accumulation on the cell surface. In this thesis, fibrinolysis will be

focused upon to test the functional regulation of A2 by thrombin.

1.2 THE ANNEXIN FAMILY

To date, 94 different annexins have been identified in over 45 species
throughout the eukaryotic kingdom. Annexins are mainly intracellular proteins,
which range in size from 34 to 40 kDa, with the exception of the 68 kDa annexin

VI, which is a dimer (for review see (1;2)). All annexins contain two main



structural domains, an N-terminal tail and a C-terminal protein core. The later
forms a 34 kDa protein structure, which makes up the bulk of each annexin (1).
In contrast, the N-terminal domain is much smaller, and can contribute as little as
4 % to the total number of amino acid residues present in the protein. The C-
terminal protein core regions of all annexin family members show a high degree
of amino acid sequence homology. In addition, the C-terminal protein core
contains the Ca®’- and anPL-binding sites, thereby conferring the characteristic
Ca?*- and anPL-binding properties to all annexins (2). In contrast, the N-terminal
domains of all annexins are unique, and confer specific properties to each protein
(2).

The high degree of similarity of the amino acid sequences of the C-
terminal protein core region among annexins results in a family of proteins with
structurally similar three-dimensional folding patterns (2;3). This structural
resemblance allows us to extrapolate the functional properties of one annexin to
learn about others. Thus, the Introduction will begin with a general description of

annexins, followed with a more detailed dissertation specifically on A2.

1.2.1 Structural Characteristics
1.2.1.1 Homology and Structure of the C-terminal Protein Core

All annexins contain a similar motif, the annexin repeat, which confers the
characteristic structural properties of the protein core domain to all family
members (1;4). The annexin repeat is a highly conserved 70 amino acid domain,

repeated either four or eight (in the case of annexin VI) times in the protein (see



Figure 1: Annexin Family Protein Structure. A schematic of the structural
organization of annexin family members is shown in Panel A. All annexins are
separated into two main structural domains, the N-terminal domain (blue region),
and the C-terminal protein core (black region). The protein core is composed of
4 copies of the annexin repeat, a highly homologous 70 amino acid domain.
Each repeat contains 5 «-helices (denoted a to e) and a 17 amino acid
consensus sequence termed the endonexin fold (purple highlighting). In panel B,
the ribbon and wireframe depictions of the x-ray crystai structure of annexin V
(red: repeat 1, blue: repeat 2, green: repeat 3, yellow: repeat 4) are shown from
the top (Panel B: a,a’) and the side (Panel B: b,b’). The side view allows us to
observe the disc shaped orientation of the protein. The hydrophilic center
channel (turquoise arrow), along with the tight association of helices 1 and 4, and
2 and 3 is observed in the top view. The calcium ions bound to the protein are
shown as purple spheres (taken from (5)).
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Figure1, Panel A) (4;5). These four annexin repeats fold together to form a 34
kDa protein core that is highly resistant to proteolysis. Most amino acid
variations that are found in the annexin repeats are conservative substitutions
(1).

The high degree of homology between the four annexin repeats in
different family members derived from the same species, and between repeats
found in the same protein, can be observed by comparison of the amino acid
sequences (1). This is exemplified by a comparison of the sequences of human
annexin | and A2, which revealed a 51% identity in amino acid residues (6). A
comparison of the four repeats within A2 revealed only a 30% identity (6).
However, it was noted that ali annexins contain a conserved 17 amino acid
consensus sequence (Lys-Gly-X-Gly-Thr-Asp-Glu-X-X-Leu-lle-X-lle-Leu-Ala-X-
Arg), termed the endonexin fold, in each repeat (see Figure1, Panel A) (5). The
high degree of identity observed in the region encompassing the endonexin fold,
suggests that this region may play an important role in annexin function.

Sequence homology is also observed between annexins found in different
species. Indeed, analysis of the human, bovine, porcine, and murine amino acid
sequences of A2 demonstrated a 98% identity between the various species (6).
Similarly, analysis of annexin V from different species demonstrated a 92 to 96%
identity (7). Further examination of these annexin V sequences predicts that the
evolutionary mutation rate of the protein is approximately a 1 % difference in

amino acid sequence per 8 million years (7). This low mutation rate combined



with the high degree on inter-species homology, implies that annexins play an
important physiological role within the cell.

The three-dimensional structure of certain annexins, including human
annexin | (8), N-terminally truncated A2 (9), annexin [l (10), annexin V (11), and
annexin VI (12) have been solved by X-ray crystallography. As predicted by the
high homology between family members, the crystal structures of the protein
core region had similar topology (3). Therefore the crystal structure of annexin V
(13), shown in Figure 1, will be used to discuss the secondary and tertiary
structure of the annexin family protein core, as well as the location of the Ca®'-
and anPL-binding sites.

Examination of ribbon and wireframe depictions of the crystal structure of
annexin V after refinement (Figure 1, Panel B) reveaied that each annexin repeat
(numbered 1 to 4) is composed of five a-helices (denoted a to e), which wind
around each other in a right-handed superhelix (11;13). Hydrophobic inter-repeat
contacts between repeats 1 and 4, and repeats 2 and 3, result in the formation of
two tightly associated modules. These two modules are loosely held together by
hydrophobic interactions between various side chains of the superhelices
(11;13). The resulting structure is a parallelogram-like arrangement with a
hydrophilic center channel (see Figure 1, Panel B: a,a’) (11;13). The center
channel, which is formed by helices a and b of repeat 2, and helix b of repeat 4,
contains numerous conserved polar and charged molecules as well as buried

water molecules (3). When the ribbon and wireframe plots are viewed from the



side, the annexin C-terminal protein core appears as a disc-shaped structure with

convex and concave faces (11;13) (see Figure 1, Panel B: b,b’).

1.2.1.2 Calcium-binding Sites

Annexins contain two types of Caz’-binding sites, type Il (or AB) and type
lll (or DE) sites, which differ in the number of protein and water ligands
complexed to the Ca** ion (1). The Ca®"-binding sites found in annexins are
distinct in structure and affinity from the EF-hand (or type |) Caz‘-binding sites
found in proteins such as calmodulin (14). EF-hand Ca®'-binding sites have
more carboxylate and fewer water ligands, along with a longer Caz’-binding loop
(15). The structural differences between EF hand and type Il or Il Ca®*-binding
sites are responsible for the higher affinity and lower Kd (dissociation constant) of
EF-hand Ca®*-binding sites, which are typically orders of magnitude lower than
those of the type Il and type il annexin Caz’-binding sites (16).

Analysis of the amino acid sequences of annexin repeats was carried out
to determine which regions of the protein were involved in Ca®*-binding. This
analysis identified the endonexin fold (5), which encompasses the loop between
helices a and b (AB loop) and the majority of helix b in each repeat, as the
structure responsible for high affinity Ca®*-binding (3) (Figure 1, Panel A).
Mutational analysis of the endonexin fold (17) and examination of the crystal
structure of Ca®’-saturated annexin V (11;13), were employed to determine
which amino acid residues contributed ligands for Ca®" coordination. This

investigation demonstrated that conserved amino acid residues from the AB loop



in the endonexin fold, along with a glutamic or aspartic acid residue located
approximately 40 amino acids downstream in helix d of the same repeat, provide
the ligands for type Il Caz’-binding sites (17) (Figure 2, Panel A: b). Thus, the
consensus sequence of type |l sites was established to be Gly-X-Gly-Thr-Xsg-
Asp/Glu (3). The two glycine and the threonine residues located in the AB loop
donate 3 peptide carbonyl oxygen ligands while the acidic residue provides 2
carboxylate oxygen ligands. Consequently, in type Il sites the Ca®" ion is
coordinated to S5 protein ligands and 2 water molecules in a pentagonal
bipyramidal formation (3) (Figure 2, Panel A: b). Superimposition of the
phospholipase A binding loop with the structure of the Ca®*-binding site found in
repeat 1 on annexin V demonstrated a direct match in both structure and
sequence (18;19). The Caz’-binding site of phospholipase A; is formed from a
loop of sequence X-X-G¥-X-G*2 and an aspartic acid (D*®) located 17 amino
acids downstream. Thus, the Ca®* ion is coordinated by 3 main chain carbonyl
oxygens ligands (from the X-X-G¥-X-G*? loop) and 2 carboxylate oxygens
ligands (provided by D*°) (18). The superimposition analysis demonstrated that
G* and G* of phospholipase A; are equivalent to G'% and G'™ residues of the
endonexin fold of annexin V, while D*° is equivalent to the aspartic acid residue
located in helix d (D'**). This similarity is also seen with the type Il Ca®*-binding
sites found in repeats 2 and 4. Therefore, the structure of annexin type Il sites
are structurally related to the phospholipase A; Caz’-binding sites (18).

A second type of Ca**-binding site, which binds Ca?* with low affinity, has

also been identified in annexin family members. These sites, termed type lli



sites, occur in the loop between helices d and e (DE loop), with an additional
protein ligand supplied by helix e (13). Examination of the molecular structure of
type i sites revealed that the Ca®* ion is coordinated to 3 protein ligands, 2 main
chain carbonyl oxygens from amino acids in the DE loop and a carboxylate group
from a side chain of an acidic amino acid residue located in helix e, and 3 water
molecules (3).

Studies involving different types of Ca®*-binding sites have demonstrated
that the Ca*’-binding affinity is inversely correlated with the number of water
molecules present in the binding site (15), thereby suggesting that type |l sites
have a higher affinity for Ca®* than type Il sites. This has been experimentally
determined by site-directed mutagenisis of the endonexin fold, which eradicated
high affinity Ca®"-binding (20-22). In addition, mutation of the type Il and type I
sites in A2 has confirmed that A2 deficient in type Ill sites bound to
phosphatidyiserine liposomes at 5 to 10 uM Ca?", while A2 mutants lacking type
Il sites required 200 to 300 uM Ca?®* for anPL-binding (22). Accordingiy, the type
Il sites are responsible for the high affinity Ca®*-binding displayed by annexins.
Nonetheless, while annexin type Il sites bind Ca®* with low affinity, they have
been identified as high affinity lanthanum-binding sites (13). The significance of
lanthanum-binding has not been unequivocally established, but it has been
proposed to be involved in ion channel activity displayed by certain annexins
(19).

Although the secondary and tertiary structure of the annexin repeats are

highly conserved among family members, the location of the Ca®*-binding sites



Figure 2: Location of Ca?-Binding Sites in a Typical Annexin. The location
of the annexin V Ca®*-biding sites are shown in relation to the backbone of the
protein. The position of the type Il Ca®*-binding sites on a depiction of the
backbone of annexin V are shown in Panel A (a: side view, b: top view). The
three type Il sites in annexin V are located in the endonexin folds of repeats 1, 2,
and 4, which extend from the convex face of the protein (Panel A: a). Panel B
shows the position of the type Ill sites of annexin V (a: side view, b: top view).
Both type lll sites in annexin V are located in repeat 1 of the protein. In Panels
A and B the protein ligands are shown in yellow, the Ca®" ions are depicted in
purple and the water ligands are in red (taken from (5)).






may vary slightly from one annexin to another. However, they are always found
on the convex side of the protein, as seen for annexin V (8-12). The location of
the type Il and type Ill Ca®*-binding sites of annexin V is shown in Figure 2
(13;17). Annexin V contains 3 type |l sites located in repeats 1, 2, and 4 (Panel
A: a), and 2 type lll sites in repeat 1 of the protein (Panel B) (13;17). These
Ca®*-binding sites are situated on the loops between helices, which extend from
the convex face of annexin V (13;17). It has been determined that annexins
usually contain 3 type Il Ca®*-binding sites, two of which are located in repeats 2
and 4 of the proteins (3). All annexins, with the exceptions of annexin | and A2,
contain a third high affinity site in repeat 1 (3). Site directed mutagenisis studied
have determined that the third high affinity site in annexin | (8) and A2 (9;22) is

located in repeat 3.

1.2.1.3 Anionic Phospholipid-binding Sites

anPL-binding by the annexin protein core is facilitated by the existence of
hydrophobic residues on the convex face of the disc. It has been shown that
annexin V contains hydrophobic residues in the loop between helices a and b of
the annexin repeats, which are predicted to stabilize interactions between the
protein and phospholipid membranes (13). Furthermore, certain hydrophobic
amino acid residues, such as the tryptophan residue located in the AB loop of
repeat 3 in A2 (23;24) and annexin V (25), shift from a concealed location in the
hydrophobic protein core to an exposed position upon Caz’-binding. These

shifts, which can be followed by fluorescence spectroscopy, are proposed to
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allow the solvent exposed tryptophan residue to insert into the membrane upon
phospholipid binding, thereby facilitating annexin-membrane association (26-28).

The Ca®*-dependence of the anPL-binding of annexins may indicate the
direct involvement of Caz‘-binding sites in phospholipid binding. This hypothesis
has been supported by several observations. Studies using electron microcopy
demonstrated that annexin V bound to phospholipid bilayers showed no
significant structural rearrangements, demonstrating that the association with
anPL did not required major conformational changes (29;30). In addition, both
the eradication of the type || Ca®*-binding site located in repeat 3 of A2 by site
directed mutagenisis, and peptides corresponding to the sequence of the high
affinity Ca®*-binding sites of A2 prevented the association of the protein with
phospholipid membranes. As a result, the putative involvement of the Ca®*-
binding sites in anPL-binding, indicates that the anPL-binding sites are located
on the convex face of the annexin protein core. This has been experimentally
demonstrated for annexin V (31). The mechanism by which annexins bind to
anPL has not yet been experimentally determined. However, studies involving
Ca®"-dependent anPL binding by phospholipase A, may provide additional
insight due to the high structural similarity between the Ca®'-binding sites of
phospholipase A; and type Il sites in annexins (2;18). Experiments involving
phospholipase A; have shown that the two water ligands in the Ca®*-binding site
are displaced by phosphoryl and acyl backbone carbonyl oxygens of
phospholipids upon association with membranes, demonstrating that the Ca®-

binding sites are involved in phospholipid binding (32). The data suggest that
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displacement of water ligands by phospholipids may be involved in the Ca®'-
coordination in type Il sites upon association with phospholipid membranes. The
finding that suifate ions are located in close proximity to the Ca?' ions in annexin
x-ray crystal structures supports the putative involvement of annexin Ca*-binding

sites in anPL binding (13;25).

1.2.1.4 N-terminal Domain

Unlike the protein core, the N-terminal domain or tail of annexins is highly
variable in both length (from 11 to over 100 amino acids) and amino acid
composition, and unlike the protein core, is sensitive to proteolysis (1). This high
degree of variability confers unique physical and biochemical properties to each
annexin. Therefore, this region determines the specific functions of each
annexin. [n addition, the presence of phosphorylation and ligand binding sites in
the N-terminal domains of certain annexins suggests the N-terminal tail may play

a role in functional regulation. (1).

1.2.2 Membrane and Calcium Binding Properties of Annexins
1.2.2.1 Membrane Binding and Fusion

A characteristic biochemical property possessed by all annexins is the
ability to bind phospholipid in a Ca®'-dependent manner. Examining the
phospholipid binding specificity of various annexins revealed that they
preferentially bind anPL, specifically phosphatidic acid (PA), phosphatidyiserine
(PS), and phosphatidylinositol (Pl) (2). Binding to non-charged phospholipids,

such as phosphatidylethanolamine (PE) and phosphatidylicholine (PC), has aiso
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been demonstrated, but requires high Ca®" concentrations or low pH (33).
Certain annexins, including A2 (34;35), have also been shown to associate with
phospholipid in the absence of Ca®*, which is believed to be mediated through
the Ca®*-indendent association of annexins with membrane proteins (1;2).

Once the Ca®'-dependent association of annexins with phospholipid
membranes has taken place, certain annexins are then capable of mediating
membrane-bridging (1). While the mechanism of membrane bridging has not
been fully elucidated, two possible scenarios have been explored. The first
scenario, which has been experimentally demonstrated for annexin | (36),
proposes that each annexin contains two spatially distinct phospholipid binding
sites, thus allowing the protein to bind two separate phospholipid membranes.
Recently, a second scenario has suggested that membrane aggregation may be
facilitated by Ca?'-dependent self-association of annexins bound to separate
membranes (37,38).

Annexin-mediated fusion of phospholipid membranes has also been
observed for certain family members. The rate of annexin-mediated membrane
fusion is generally very slow and therefore is probably not physiologically
relevant (1). However when certain components are included in the membrane,
such as cis-unsaturated fatty acids, the rate of fusion is dramatically enhanced.
Thus membrane fusion may be physiologically relevant when membranes

contain high cis-unsaturated fatty acids concentrations (38).
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1.2.2.2 Calcium-binding

Although each annexin requires Ca®* to bind phospholipid, the Ca*"
requirements to reach half-maximal binding vary widely among family members.
These Ca®* thresholds range from the sub-micromolar to micromolar (uM) range
for annexin | and A2, to in excess of 100 uM for annexin V (2). These differences
in Ca®* affinities may be due to variations in the locations and positions of the

Ca®* binding sites in different annexins.

1.2.3 Function

As described previously, all family members display certain biological
properties, such as Ca*, anPL, and membrane binding, as well as the ability to
aggregate anPL-containing membranes, described previously (1;2). In addition,
certain family members have been shown to interact with both cytoskeletal and
extracellular matrix proteins. Indeed, in vitro studies have demonstrated binding
to the cytoskeletal microfilament actin by A2 and annexins | and VI
(39;40;40:41;41), and binding of A2 and annexin VI to members of the non-
erythroid spectrum family (42;42). A2 also exhibited in vitro binding to an
intermediate filament of the cytoskeleton, the glial fibrillary acid protein (43).
Binding of the extracellular matrix proteins, collagen and tenascin C, have been
observed for annexin V (44) and A2 (45) respectively.

Although the in vivo functions of most annexins have not yet been
determined, the biochemical properties described above suggest that annexins

may be involved in membrane-related processes such as membrane
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organization, membrane trafficking, and linkages between membranes and
cytoskeletal elements (1). For instance, the ability of certain annexins to bind to
cytoskeletal elements and extracellular matrix components as well as anPL
suggests a role for the proteins in both membrane organization, links between
the plasma membrane and the underlying cytoskeleton, and cellular migration
(46). In addition, numerous family members have also been implicated in
membrane trafficking events such as endocytosis (47) and exocytosis (48;49;49).
The mechanisms by which annexins mediated membrane trafficking events
would likely involve the phospholipid membrane aggregation and fusion abilities
displayed by certain family members.

Additional biochemical properties identified for certain annexin family
members include anticoagulant activity (50) and phospholipase A2 inhibition (51).
In vitro anticoagulant activity was observed for several annexins, including A2,
and annexins I, V, and IV (52;53). The inhibition of coagulation in vitro is
mediated by competition with coagulation factors X, Xa and Va for anPL-binding
sites. This competitive inhibition prevents factor X activation and Factor Xa and
Va activity, thereby averting thrombin generation (52-54). In vivo anticoagulant
activity, has been proposed for annexin V, and is hypothesized to occur through
the development of annexin V networks, which restrict the movement of clotting
factors on the membrane surface (55).

Another biochemical property displayed by numerous annexin family
members is the ability to inhibit phospholipase A, activity-in vitro (51;56-58).

When these assays were performed with non-ionic phospholipids or in the
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absence of Ca®*, phospholipase A inhibiton was eliminated. This result
suggested that the in vitro mechanism of phospholipase A inhibition by
annexins, like their anticoagulant activity, was most likely due to competition for
phospholipid binding (59). However, annexin phospholipase A2 inhibition by
phospholipid sequestration was believed to be an uniikely mechanism of
phospholipase inhibition in vivo. More recent studies favor a protein-protein
interaction model. The ability of peptides specific to residues located in the third
repeat of annexin | to inhibit phospholipase A; directly (60;61;61-63), suggested
that annexin | may interact directly with phospholipase A;.  Studies of
cytoplasmic phospholipase A; inhibition by annexin |, N-terminally deleted
annexin |, A2, A2t, annexin |ll, and annexin V, demonstrated inhibition only by
annexin |, N-terminaily deleted annexin |, and A2, and to a lesser extent annexin
V (64). Direct interactions between phospholipase Az and annexin |, N-terminally
deleted annexin |, and A2 were later demonstrated by immunoprecipitation (64).
Thus, certain annexins appear to non-specifically inhibit phospholipase A; in vitro
by a phospholipid sequestration mechanism, but specific inhibition through
protein-protein interactions is a property displayed only by select family
members.

Because phospholipase A; activation is one of the first steps in the
inflammatory response, the anti-inflammatory inhibition displayed by certain
annexins is directly related to phospholipase A: inhibition (62). Indeed,

preliminary in vivo experiments using intravenous or topically applied annexins
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have demonstrated an inhibition of the formation of pro-inflammatory compounds
mediated by the activation of phospholipase A; (65;65;66).

Other biochemical functions displayed by annexin family members include
ion channel activity (67.68). Early experiments involving purified bovine annexin
VII revealed that the protein could form capacitative gating currents in acidic
phospholipid bilayers (69). Further analysis with purified bovine and human and
annexin VII, as well as recombinant annexin VII established that annexin VI!
could form voltage sensitive ion channels in artificial membranes in the presence
of Ca®* (68;68;70;71;71). These experiments were later repeated with purified
human and recombinant annexin V (72-74). However, while annexin VII forms
Ca®" selective channels, native and recombinant human annexin V can conduct
numerous divalent cations including Ca®*, Ba®*, S**, Mg?*, and monovalent
cations such as Li*, Cs", Na” and K* (73;75;75). The three-dimensional structure
of the annexin core, determined by x-ray crystallography of annexin V,
corroborates the electrophysiological data obtained. The annexin V structure
contains a centrally located pore perpendicular to the membrane-binding surface,
which is wider on the membrane side. In addition, the amino acid side chains
that protrude into the pore all belong to acidic amino acids (3;3;11;13;13). Thus,
another proposed function is a role for certain annexins in ion conductance
across membranes (67). To date it has been established that annexins I, V, VII,

and Xll can form ion channels (3).
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1.3 Annexin Il

1.3.1 Structure
1.3.1.1 C-terminal Protein Core

The three-dimensional structure of the C-terminal core has been identified
by x-ray crystallography analysis of an N-terminally shortened form of A2 (9).
Like all annexins A2, a 36kDa ubiquitously expressed annexin family member,
contains the four annexin repeats and the highly conserved 34 kDa protein core
described previously (for review see (76)) (see Figure 2, Panel A).

Analysis of the Ca®’-binding sites of A2 has determined that the protein
contains three type Il and two type [l Ca%* binding sites (22). The type Ii sites are
located in repeats 2, 3, and 4, while the type Il binding sites have been identified
in repeat 1 (described in Figure 3, Panel A). The type Il Caz’-binding sites
involve residues Met''’, Gly'"®, Gly'?", and Asp'® in repeat 2, and Met?”’, Gly*"®,
Gly*®, and Asp®’ in repeat 4 (9). These two type |l sites are similar to the ones
found in repeats 2 and 4 of annexin V (Figure 2). The structure of the type Il site
in repeat 3, which involves residues Gly*®', Arg®®, GIy*®, Thr*?, and Glu®*® of
A2 (9), is distinct from the sites located in repeats 2 and 4 due to differences in
the amino acid sequences of helix a and the AB loop of repeat 3 (20;21).
However, site directed mutagenisis of the amino acids located within the AB loop
of repeat 3, demonstrated that repeat 3 was in fact able to bind Ca%* (21;22).

The type lit Ca®*-binding sites have been shown to invoive Gly*°, Val®',
Glu®? and Lys¥, Leu®, and GIu® in repeat 1 (9;22). The increased number of
water ligands in type Il sites lead to a 30-fold reduction in affinity when

compared to type |l sites (2).
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1.3.1.2 N-terminal Domain

The N-terminal domain of A2, is a 30 amino acid structure, which
distinguishes the architectural and functional properties of A2 from those
displayed by other family members. In addition, the N-terminus of A2 is proposed
to be the regulatory domain of the protein. This hypothesis is based on the fact
that the N-terminus contains serine and tyrosine residues that can be modified by
phosphoryiation. Tyrosine phosphorylation of A2 can be accomplished in vitro
by pp60°° (77), fps encoded tyrosine kinase (78), insulin receptor tyrosine kinase
(79), and the epidermal growth factor receptor kinase (EGFR kinase) (80). Both
pp60°° and the EGFR kinase have been shown to phosphorytate A2 in vivo (80).
The tyrosine phosphorylation site has been mapped to the Tyr* residue of A2
(77). Two serine phosphorylation sites, Ser'' and Ser®, exist in the N-terminal
tail of A2. Protein kinase C has been shown to phosphorylate both Ser'' and
Ser® (81) in vitro and in vivo (82-84), while phosphorylation at Ser'' has been
observed by cAMP- and calmodulin-dependent kinases in vitro (83) (Figure 2,
Panel A).

in addition, the N-terminus of A2 contains a binding site for p11, an 11
kDa member of the S-100 family of EF-hand type Ca’’-binding proteins (85).
Binding of p11 to the N-terminus of the protein allows A2 to exist as two different
forms inside the cell, a monomeric form (A2m), or a heterotetrameric form (A2t)
(see Figure 3, Panel B). A2t results from the non-covalent association of two A2
monomers with a p11 dimer (see Figure 3, Panel B) (40;86;87). The relative

proportion of A2m to A2t has been determined in various cell types. In
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Figure 3: Structure of Annexin Il. In Panel A, the key features of the A2 protein
structure are shown. The regulatory domain of the protein, the N-terminal
domain (block letters), contains a binding site for p11 (pink amino acid residues),
and serine and tyrosine phosphorylation sites (green amino acid residues). The
C-terminal protein core contains the annexin repeats and the endonexin fold
(purple regions). The 3 type | Caz’-binding sites (blue stars) are located in
repeats 2, 3, and 4, while the 2 type |ll Ca®*-binding sites (black stars) are found
in repeat 1. A2 can exist as two different configurations inside the cell, a
monomeric form (A2m), and a heterotetrameric form (A2t), resulting from the
non-covalent association of two A2m subunits with a p11 dimer (Panel B). The
structures of A2m (Panel B: a) and A2t (Panel B: b) bound to anPL (blue circles)
are shown in Panel B.
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endothelial and epithelial cells 90 to 95% of total A2 exists as A2t, while in
fibroblasts A2t makes up only 50% of the total cellular pool (76). Therefore, the
ratio of A2m to A2t exhibits significant differences according to the origin of the
cell type. A2 can also be found as a dimer, resulting from the association of one
A2 monomer with 3-phosphoglycerate kinase, which accounts for only a small
portion of the total cellular A2 pool (76).

The location of the p11-binding site of A2 was first elucidated by protease
digestion of the protein. Treatment with chymotrypsin removes the first 29 amino
acids, and yields a protein core unable to bind p11 (85). Further insight was
gained by V8 protease digestion of A2, which truncates the protein at residue 14
(85). This truncated form of A2 was also unable to bind p11 (85), indicating that
the first 14 amino acids were likely involved in the p11-binding site. The structure
of the p11-binding site of A2 was studied using secondary structure prediction
and circular dichroism spectroscopy. Circular dichroism spectroscopy
demonstrated that while the first 18 amino acids of the N-terminus have a
random conformation in the presence of buffer, in the presence of trifluoroethanol
or when complexed to p11 the first 12 amino acids adopt an o-helical
configuration (88). This a-helix is an amphipathic helix with residues Val®, lle®,
Leu’, and Leu'® found on the hydrophobic side (88). Identification of the residues
of the «-helix involved in binding was carried out competitive binding assays
performed with peptides encompassing the first 12 amino acids of the A2 N-
terminus containing single amino acid mutations. These analyses revealed that

the hydrophobic side chains of residues Val?, lle®, Leu’, and Leu'® are the p11
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contact sites (89). Thus the interaction between A2 and p11 appears to be
governed by hydrophobic interactions.

The position of the A2-binding site on p11 was delineated by progressive
recombinant truncation of p11, which demonstrated that residues 85 to 95 were
necessary for A2 binding (90). This region contains numerous hydrophobic
amino acid residues, corroborating the suggestion that hydrophobic interactions
are responsible for the association of A2 and p11. Further analysis of the region
that mutation of Thr®® and Phe® to Ala inhibited the association of p11 and A2
(90).

Recently, the x-ray crystal structure of a complex of p11 and the N-
terminus of A2 has been solved (Figure 4, Panel A) (91-93). Analysis of a ribbon
depiction derived from the crystal structure demonstrated that the hydrophobic
portion of the «-helix of A2 becomes buried in a hydrophobic groove of the p11
dimer, indicating that hydrophobic interactions are involved (Figure 4, Panel B)
(91). Furthermore, studies of the structure determined that the contact sites on
A2 determined by mutagenisis studies, residues Val®, lle®, Leu’, and Leu'® of the

N-terminus, are involved in p11 binding (Figure 4, Panel B) (91;93).

1.3.2 Biochemical Properties
1.3.2.1 Anionic Phospholipid- and Calcium-binding

Like all annexins, A2 displays the general biochemical and physical
characteristics conferred by the presence of the annexin repeats and the highly

conserved protein core (76). Thus, A2 can bind anPL in a Ca®" dependent



Figure 4: Interaction Between p11 and the N-terminus of A2. A ribbon plot
depiction of the x-ray crystal structure corresponding to the N-terminus of A2
(yellow and green helices) complexed with a p11 dimer (p11 subunit 1: blue, p11
subunit 2: red) is shown in Panel A. in Panel B, the hydrophobic amino acid side
chains of A2 (Val®, lie®, Leu’, Leu'®) and p11 (Thr®®, Phe®) involved in the
association of A2 with p11 have been shown in stick and ball format (taken from

(91)).
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manner, with a preference for PA, Pl, and PS (76). Additionally, A2 has been
shown to bind to membranes of A549 cells (34) and early endosomes (35) in the
absence of Ca®*. This Ca®*-independent phospholipid binding has been
proposed to occur through the association of A2 with unidentified membrane
proteins, and has been shown to require residues 15 to 24 of A2. Interestingly,
recent observations have demonstrated that the presence of cholesterol in
phospholipid membranes can enhance the ability of A2 to bind and aggregate
anPL-containing membranes in the presence and absence of Ca?* (94;95).

The unique ability of A2 to bind p11, and to exist as two different forms
inside the cell, allows the protein to exhibit different functional properties
depending on the form in which the protein is found (76). The A2 calcium
requirements for phospholipid binding differ with respect to A2m and A2t. A2t has
the lowest Ca®* requirement to reach half-maximal binding to anPL of all annexin
family members, and is the oniy annexin able to bind phospholipid at intracellular
or nanomolar (nM) Ca®" concentrations (76). In contrast, A2m necessitates
extracellular or uM Ca®" concentrations for anPL binding. Indeed, studies
involving PS liposomes demonstrated that the Kd (Ca?") for binding of A2t was
less than 10 nM, while the Kd for A2m is close to 2 uM (96).

The membrane aggregation properties of A2t are also distinct from those
displayed by A2m. A2t has been shown to aggregate chromaffin granules and
phospholipid liposomes at sub-uM to uM Ca®" concentrations, whereas milimolar
(mM) Ca®* concentrations are required for aggregation to occur in the presence

of A2m (96-98). Like membrane aggregation, membrane fusion by A2 is also
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controlled by the configuration in which it is found. Although both A2m and A2t
can facilitate membrane aggregation, only A2t can subsequently mediate

membrane fusion (47;99;100).

1.3.2.2 Binding and Bundling of F-actin.

In addition to the ability to aggregate anPL-containing membranes A2 has
been shown to bind to F-actin, and induce F-actin bundling (40). Site-directed
mutagenisis of A2 was employed to determine the location of the of the F-actin
binding site. A2 mutants lacking the 16, 13 or 9 C-terminal amino acids were
unable to bind or bundle F-actin (101). These experiments established that the 9
C-terminal amino acid residues, LLYLCGGDD, are involved in the F-actin binding
of A2 (101). The loss of actin bundling activity was attributed to the loss of actin
binding. The region of A2 involved in bundling was identified as residues 286 to
294 of the protein, due to the ability of a synthetic peptide with an identical amino
acid sequence to fully eradicate F-actin bundling (102).

The effect of A2m and A2t of binding and bundling of F-actin were also
evaluated. The F-actin binding abilities of A2m and A2t are identical (76).
However, although A2m and A2t exhibit F-actin bundling at mM Ca®
concentrations, only A2t can bundle F-actin at physiological uM Ca®*
concentrations (103-105).

Hence, at intracellular Ca%* concentrations only A2t can bind phospholipid,

aggregate anPL-containing membranes, induce membrane fusion, and bundle F-
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actin. Therefore, A2t appears to be the physiologically active form of A2 inside

the cell.

1.3.2.3 N-terminal Domain Regulatory Effects

The N-terminus of A2 exhibits an inhibitory role on the phospholipid
binding, membrane aggregation, and F-actin bundling activities of the protein
(76). It has been shown that removal of the first 27 or 43 residues of the N-
terminus of A2 reduces the Kd (Ca®") for chromaffin granule aggregation from 1
mM to 29-141 uM (76). Binding of p11 to the N-terminus of A2m and subsequent
formation of A2t further reduces this Kd to 2 uM (97). Thus, p11 binding to the N-
terminus of A2 and the subsequent formation of A2t appears to counteract the
inhibitory effect of the N-terminus. It has been proposed that the reversal of the
inhibitory effect of the N-terminus in A2t results from a conformational change in
the N-terminal region during tetramer formation (76).

The N-terminal domain of A2 also contains serine and tyrosine
phosphorylation sites that have a further regulatory effect on the protein.
Phosphorylation of the protein has been shown to occur upon membrane binding
(106), or cell stimulation with agonists such as nicotine (107) or platelet derived
growth factor (108). Phosphorylation of the Tyr-23 residue by pp60src decreases
the lipid binding affinity of the protein, prevents chromaffin granule aggregation,
and inhibits binding and bundling of F-actin (109). Protein kinase C
phosphorylation of the Ser” residue of A2 prevents lipid vesicle aggregation

without affecting phospholipid binding activity (98;110). While protein kinase C
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phosphorylation of A2 has been shown to diminish the vesicle aggregation
activity, A2 phosphorylation mediated by treatment with protein kinase C,
MgATP, and 12-O-tetradecanoylphorbol-13-acetate revealed that phosphorylated
A2 induced chromaffin granule membrane fusion (111). These resuits suggest
that phosphorylation may be involved in the mechanism by which A2 mediates
phospholipid membrane fusion. Phosphorylation of Ser'' by protein kinase C
(84:85;110), or calmodulin- or cAMP-dependent kinases inactivates the p11
binding site, and prevents the association of A2 with p11 (85). Thus,
phosphorylation of A2 at Ser'' may be employed to control the A2VA2m ratio

inside the cell.

1.3.3 Cellular Localization
1.3.3.1 Sub-cellular Localization

The biochemical properties of A2m and A2t dictate their cellular
localization; thus the cellular distribution of A2 inside the cell is dependent on the
form in which it is found. Because A2m cannot bind anPL at intracellular Ca®*
concentrations (usually 0.01 to 0.1 uM for resting cells (112)), the monomeric
form is located in the cytosol of the cell (113). However, A2t can bind anPL at
intracellular Ca®* concentrations, resulting in its localization to the inner leaflet of
the plasma membrane (114;115). The dimeric form of A2 resides in the nucleus
of the cell (76).

Although A2 lacks a secretory signal and therefore cannot be secreted via

the typical endoplasmic reticulum dependent pathway, the protein has been
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identified extracellularly. A2 has been identified on the surface of a variety of cell
types, including endothelial, keranocyte, and glioma cells (45). Studies
performed in endothelial cells have demonstrated that A2 is constituitively
translocated to the cell surface within 16 hours of biosynthesis, and that this
surface A2 pool corresponds to approximately 5% of the total cellular A2 (116-
119). Immunofluorescence microscopy studies have colocalized A2 and p11 on
the cell surface (120), inferring that cell surface A2 is most likely present as A2t.
In addition, A2 has been identified as a soluble protein in the extracellular fluid

(121).

1.3.3.2 Cell Type Distribution of Annexin Il.

Although annexins and A2 are ubiquitously expressed throughout the
eukaryotic kingdom, their distribution within each organism can vary from one cell
type to another (1). Thus, certain organs and tissues may express high levels of
A2, while others do not (1).

Analysis of various tissues has reported that A2 is present in the lung,
intestine, placenta, brain, spleen, kidney, and adrenal gland. A2 is absent in the
heart, smooth muscle, skeletal muscie, liver, platelets, and erythrocytes.
Numerous cell types, including epithelial, and endothelial, fibroblasts,

macrophages, and spleenocytes also express high levels of A2 (76).
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1.3.4 Functions

The function of A2, much like the cellular localization, is dependent on the
form in which the protein is found. The dimeric form has been shown to regulate
the action of DNA polymerase a (122;123). The roles for A2m and A2t have not
yet been unequivocally established in vivo, but their in vitro biochemical
properties suggest roles in membrane trafficking events, such as exocytosis (48),
and cell-cell adhesion (1;37). Recent data have implicated A2 in fibrinolysis

(124), viral infection (125) and tumor invasion (126).

1.3.4.1 Annexin lI-Mediated Plasminogen Activation

A2 has been implicated in fibrinolysis, the biochemical pathway of blood
clot lysis. This pathway is initiated by the activation of plasminogen to plasmin by
tissue plasminogen activator (tPA). Activated plasmin will then cleave the fibrin
clot resulting in blood clot dissolution (for review see (127)).

Early studies identified A2 as an endothelial cell surface co-receptor for t-
PA and plasminogen (119;128). Binding and kinetic analysis of plasminogen
activation by tPA demonstrated that A2 aiso accelerated plasmin generation 60
fold, thereby acting as a cofactor in the t-PA dependent conversion of
plasminogen to plasmin ((129) for review see (124)) (see Figure 4). Both
plasminogen binding to A2 and A2-mediated plasmin generation were inhibited
by a C-terminal Lys analog, £ -aminocaproic acid (c¢ACA), and by removal of C-
terminal Lys residues with carboxypeptidase B (119;129). The ability of céACA

and carboxypeptidase B treatment to eradicate pilasminogen binding indicates a
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Figure 5: Role of A2 in Plasmin Generation. A2 has been identified as an
endothelial cell surface coreceptor for plasminogen (Plg) and tissue plasminogen
activator (tPA) (Panel A). Furthermore, A2 can act as a cofactor in the tPA-

dependent conversion of Plg to plasmin (Pn) (Panel B).
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requirement for C-terminal Lys residues for plasminogen binding to A2. The
authors proposed that plasminogen binds to Lys*®” residue of A2 after proteolytic

397_Arg®®® bond an unknown serine protease (119).

processing of the Lys

The tPA binding site was identified as residues 7-12 of the A2 tail domain
(130). In addition, it was observed that the addition of homocysteine, a thiol-
containing amino acid formed from the removal of a methyl group from
methionine, inhibited the interaction between A2 and tPA (108;130). Further
analysis of the tPA binding site revealed that mutation of the Cys® residue to Gly
reduced the ability of the mutant A2 to bind tPA, indicating that Cysg appears to
contribute to tPA binding (130). It was later determined that the ability of
homocysteine to prevent tPA binding to A2 results from its complexation with the
Cys® residue (130). These results suggested that the atherothrombotic
phenotype displayed in individuals with elevated plasma homocysteine levels
may be due to the inhibition of tPA binding and activity by homocysteine
(131;132).

More recent experiments have focused on determining whether A2t is
involved in plasminogen and t-PA binding (for review see (133)). A2t was shown
to enhance the rate of activation Glu-plasminogen 341-fold compared to a 6-fold
enhancement observed in the presence of A2m (120). These data indicate that
the p11 subunit may play a crucial role in tPA acceleration by A2. Studies
involving recombinant proteins demonstrated that t-PA-dependent Glu-
plasminogen activation was stimulated 77 fold by recombinant A2t, and 46-fold

by recombinant p11, compared to only 2 fold by recombinant A2m (120). The
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ability of p11 alone to stimulate plasminogen activation suggested that p11 may
contain a binding site for plasminogen. Binding of Glu-plasminogen to a p11
affinity column and acceleration of Glu-plasminogen activation by p11 were
inhibited by eACA and carboxypeptidase B treatment (134). Together these data
demonstrate that plasminogen binding site on A2 may be located on the C-
terminal Lys residues of the p11 subunit (residues 85-96) (120).

While these observations correlate A2 with a putative role as a regulator of
fibrinolytic activation in vitro, more in vivo data is needed. Recently, the
discovery of annexinopathies (135), diseases caused by the dereguiated
expression of various annexins, including A2, has provided in vivo evidence of
the involvement of A2 in fibrinolysis (135). Overexpression of A2 has been
correlated with accelerated fibrinolysis and bleeding in acute promyelocytic
leukemia (136). Furthermore, A2 has been implicated in plasminogen-mediated
matrix invasion by macrophages (137). Finally, studies involving the rat carotid
artery thrombus model demonstrated that injections of recombinant A2 were able
to reduce thrombus formation (138). These observations demonstrate the ability

of A2 to act as a fibrinolytic activator in vivo.

1.3.4.2 Regulation of Plasmin Activity by Annexin II.

To further investigate the role of A2 in fibrinolysis, its effect on plasmin
activity was studied. It was observed that the presence of A2t in a fibrin polymer
inhibited plasmin-dependent polymer lysis, while A2m and annexins {, V, and V!

had no effect (139;140). This inhibition was latter shown to result from a loss of
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plasmin activity due to enhanced A2t-mediated plasmin autodegradation (141).
These data have identified A2t as an in vitro regulator of plasmin activity,
however more physiological data was needed to correlate A2t to plasmin
regulation in vivo. Recent immunohistochemical studies of A2 and p11 have
localized the presence of A2t in a pathological biood clot (141). Although further
investigation is required, the presence of A2t in a pathological blood clot
suggests that it may play a physiological role in plasmin regulation on the fibrin

clot surface.

1.3.4.3 Proposed Role of Annexin Il in Cytomegalovirus Infection.

Numerous observations show a correlation between A2 and CMV
infection. Early studies demonstrated that cell surface A2 binds human CMV
(142), that high levels of A2 are present in cells that are productively infected by
CMV (143), and that A2 has been observed on the surface of CMV grown in
fibroblasts (142;144;145).

Direct evidence for a role for A2 in CMV infection was obtained from
preliminary experiments involving antibody interference of A2, or the addition of
exogenous purified A2. These experiments determined that antibodies specific
for A2 were observed to prevent both CMV infection of human fibroblast cells
(144), and synsitia formation of cells transfected with the CMV encoded
fusogenic protein glycoprotein B (146). It was also observed that exogenous
A2m could enhance CMV binding to anPL-containing membranes, while A2t

could mediate CMV binding and fusion to phospholipid membranes (125).
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Recent studies performed in our laboratory further characterized the roles
of A2m, A2t and p11 in CMV infection. Exogenous purified p11 and A2t caused
a 4-fold enhancement in CMV entry (147). The enhancement in CMV entry was
reflected in the production of infectious viral progeny, which was enhanced 10-
fold by A2t and 3-fold by p11 (147). Interference with endogenous p11 and A2
present on the surface of human foreskin fibroblasts with anti-p11 and anti-A2
antibodies caused an 80% reduction CMV entry and productive infection (147).
These observations allow us to propose a role for A2 as a cell surface receptor

for the CMV.

1.3.4.3 Role of Annexin Il in Extracellular Matrix Remodeling

Several recent observations have identified A2 as a potential mediator of
cell-cell, cell-matrix interactions, and matrix remodeling. A2 has been shown to
bind extracellular matrix proteins including tenascin C (45), collagen | (148), and
fibrin (140). In addition, binding of A2 with these matrix proteins has been shown
to modulate their activities. indeed, association of tenascin C with A2 resulted in
mitogenisis, cell migration, and a loss of focal adhesions (46).

Furthermore, A2 has been shown to act as a binding site for plasminogen
and tissue plasminogen activator, as well as an accelerator of plasmin activation
(119;149). Plasmin activation is an important mediator of migration, debris
removal, and fibrin clearance by macrophages at a site of injury inflammation.
Moreover, antibody interference with A2 prevented Lys-plasminogen and plasmin

binding, plasmin activation on the macrophage surface, and inhibited the ability



of macrophages to degrade and migrate through extracellular matrices (137).
Thus A2 is involved in plasmin-mediated extracellular matrix remodeling by
macrophages (137). It has been proposed that the ability of A2 to interact with
serine proteases, such as tPA and plasmin, and matrix proteins, including
tenascin C, provides a structural link between cell surface proteases and matrix
proteins. This link would facilitate degradation of the extracellular matrix by cell
surface proteases, thereby enabling extracellular matrix remodeling. Together
these data provide a basis for the role of A2 in cell-matrix interactions, as well as

a role in remodeling of the extracellular matrix.

1.3.4.4 Annexin Il and Tumor Invasion

Deregulated expression of A2 has been associated with various types of
cancer. A2 protein and mRNA levels have been shown to be up-regulated in
human pancreatic cancer (150;151), muitidrug resistant small cell lung cancer
(152), high grade gliomas (153), and hepatocellular carcinomas (154). Likewise,
A2 levels are also enhanced in cancerous cell lines, including pancreatic cancer
derived cell lines (150), B-cell iymphoma cells (155), PC12 rat adrenal
pheochromocytoma cells (156), and F9 murine teratocarcinoma cell lines (157).
Furthermore A2 levels are up-regulated on the surface of metastatic cancer cells,
such as metastatic human breast carcinoma BT20 cells (126), human glioma
U87 cells (126), as well as RAW117 and KM12 cell lines, compared to non-

metastatic cancer cell lines (117;158).
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In addition, A2 has been shown to interact with cathepsin B, a cysteine
protease whose expression is up-regulated in cancerous cells, particularly at the
invasive edge (159). Thus, the observation that A2 is a cell surface receptor for
procathepsin B, the cathepsin B proenzyme, provides an additional link between
A2 and neoplasia (159).

The observation that the location of the S100 gene cluster colocalizes with
a region that is frequently rearranged in different tumor types (160), combined
with the demonstration that certain S100 family members are up-regulated in
melanomas (161) and murine metastatic mammary epithelial cells (162), have
suggested a link between the deregulated expression of S100 proteins and
cancer. The fact that the p11 subunit of A2t belongs to the S100 family (163)
lends further credence to the hypothesized link between A2 and cancer.

Tumor metastasis and invasion is a two step process. First, neoplastic
cells must degrade the extracellular matrix adhesion proteins hoiding them in
place. Once the adhesive forces have been broken, the metastatic cells are free
to migrate to new locations. Degradation of the extracellular matrix is achieved
by the action of cell surface proteases such as urokinase plasminogen activator
(uPA), tPA, and cathepsin B (126). Activation of proteolysis occurs via an
enzymatic cascade, tPA activates cathepsin B, cathepsin B activates uPA, which
in turn activates plasmin (126). The observation that cell surface A2, tPA, and
cathepsin B are associated with tumors with invasive potential, along with the
fact that A2 colocalizes cell surface proteases with matrix proteins has lead

scientists to propose a link between A2 and tumor invasion (126). It has been

36



hypothesized that the ability of A2 to facilitate extracellular matrix degradation

may be exploited by metastatic cells to migrate to different areas in the body.

1.4 THROMBIN

The main focus of this thesis was to study the consequences of thrombin-
mediated cell stimulation on the sub-cellular distribution of A2. Therefore, a brief
overview on the structure (164), generation (165), as well as the cell modulatory

functions (166) of the enzyme will be presented.

1.4.1 Structure

Thrombin belongs to the serine protease family, a family of enzymes that
cleave peptide bonds using a common mechanism that involving a Ser, His, and
Asp residues in their active sites (164). Thrombin is a 36.7 kDa heterodimer,
composed of a 6 kDa A chain and a 31 kDa B chain, which are linked by a
disulfide bridge which occurs between residue 22 on the A chain and residue 168
on the B chain. Active thrombin exists as three different isoforms, a-thrombin, B-
thrombin, and v-thrombin (164). The o form is generated directly from its
zymogen prothrombin, while the B and v forms are derived from the o form by
autoproteolysis. B-thrombin results from cleavage of the Arg’® or Arg”® bond in
the B chain (164). y-thrombin is produced from B-thrombin by an additional
cleavage at Arg'* (164). The peptides released remain non-covalently

associated with the 8- and y-thrombin (164). The B and y forms are enzymatically
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active, and have been shown to cleave small synthetic substrates (167) and
proteins substrates such as the anticoagulant antithrombin Il (168). However
they are no longer able to efficiently cleave certain physiological substrates,
including fibrinogen (168) and thrombospondin (169), or activate protein C (168).
Therefore B-thrombin and y-thrombin cannot participate in blood clotting, and are
not considered physiologically significant, but could be found to have altered
substrate recognition of importance in the future.

Like other members of the serine protease family, thrombin contains a
highly conserved active site with a serine residue. The catalytic triad involved in
peptide bond cleavage includes amino acid residues Ser”, His%, and Asp'*®
(164;170). Although the mechanism used by ail serine proteases is similar, their
distinct peptide bond cleavage specificity is achieved from unique substrate
binding pocket composition. The conformation of the thrombin substrate-binding
pocket is designed to specifically cleave peptide bonds on the C-terminal side of
Arg residues that fit the X-Pro-Arg motif (164). The Asp'*® residue is what
renders the molecule partial to cleaving Arg-X peptide bonds (170).

Crystal structures of a-thrombin and certain substrates and inhibitors,
including hirudin, fibrinopeptide A, and thrombin receptor peptides, have been
solved (171). These structures demonstrated that thrombin contains secondary
binding sites or exosites, distinct from the active site and substrate binding
pocket, which confer an additional degree of specificity to the peptide bond
cleavage activity of the protein (for review see (171)). Therefore, unlike other

serine proteases, such as trypsin, which have a broad substrate range, thrombin

38



cleaves only specific Arg-X bonds. This is particularly evident when the cleavage
of fibrinogen by thrombin is investigated. Of the 376 potential thrombin cleavage
sites in fibrinogen, only 4 are actually cleaved by thrombin (171). Studies of the
crystal structures of a-thrombin with hirudin and fibrinopeptide A lead to the
discovery of the fibrinogen- or hirudin-recognition exosite (171). This exosite
promotes high affinity binding of fibrinogen to thrombin, and contributes to the

high substrate specificity demonstrated by the enzyme (171).

1.4.2 Generation

Thrombin is generated from its zymogen prothrombin, a vitamin K
dependant 71.6 kDa single chain protein synthesized in hepatic parenchymal
cells, by factor Xa, in a reaction that requires factor Va, Ca®*, and anPL as
cofactors (165). A detailed dissertation on the mechanism of thrombin
generation and the coagulation cascade is beyond the scope of this thesis.
However, the localization of thrombin production on the cell surface, or on the
surface of certain herpesviruses, is of importance to this project. Therefore, the
discussion will be limited to thrombin generation on the surface of the cell or

virus.

1.4.2.1 Thrombin Generation on the Endothelial Cell Surface
All the components necessary for the initiation and maintenance of the
blood coagulation cascade are found circulating in plasma except for the

triggering mechanism. This triggering mechanism involves the exposure of
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tissue factor (TF) and anPL to the coagulation zymogens present in the blood
stream (165). In resting endothelial cells, the plasma membrane phospholipid
distribution is asymmetrical, with the anPL confined to the inner leaflet of the
plasma membrane (172;173). Likewise, the TF factor distribution in the resting
endothelium is confined to the interior of the endothelial cells and the sub-
endothelium (127). Hence, under resting conditions the anPL and TF are
inaccessible to the coaguilation factors present in plasma. Therefore, in order for
the anPL and tissue factor to come into contact with the clotting factors, the both
triggers must be exposed on the cell surface. This stimulus only occurs at the
site of vascuiar injury or at the formation of a platelet cliot (127). Once anPL and
TF are presented on the endothelial cell surface, the coagulation cascade is

activated, and thrombin generation occurs.

1.4.2.2 Thrombin Generation on the Cytomegalovirus Surface.

Recently, it has been discovered that thrombin generation can occur
directly on the surface of certain herpesviruses, including herpes simplex virus-1
(HSV-1) and -2 (HSV-2), as well as CMV (174). This ability resuits from the fact
that the viral envelope contains the triggers required for the initiation of
coagulation. It has been shown that the envelopes of HSV-1, HSV-2, and CMV
contain host cell derived tissue factor and anPL (174). Therefore, once the viral
tissue factor and anPL interact with the circulating zymogens present in plasma,

cellular regulation is bypassed and coagulation is initiated on the virus surface.
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1.4.3 Function

The two main physiological functions of thrombin are blood clot formation
and cellular modulation. Other functions include feedback modulation of
hemostasis. However, this introduction will focus solely on the cell modulatory

function of thrombin.

1.4.3.1 Cellular Modulation

Thrombin can elicit many diverse biochemical responses through
interactions with its cell surface receptors. Generally, thrombin stimulation of its
receptors has been found to activate various second messenger systems
including phospholipase C, Az, and D, activate kinases such as protein kinase C,
MAP kinase, and tyrosine kinases, increase the cytosolic Ca?* concentration,
induce mitosis and control the movement of ions in and out of cells (166). In
endothelial cells, one of the cell types utilized for this project, thrombin has been
found to activate phospholipase C, A, and D, elevate cytosolic Ca®* levels, and
increase plasma membrane permeability (166).

Thrombin also elicits endothelial-specific effects including the release of
von Willebrand factor, endothelin, nitric oxide, prostaglandin |; and increases in
intracellular cyclic AMP (175-183). These biochemical effects resuit from the

interaction of thrombin with thrombin receptors located on the cell surface.
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1.4.3.2 Thrombin Receptors

Thrombin receptors belong to the protease activated receptor or PAR
family. PARs are seven transmembrane domain, G-protein linked, cell surface
receptors ((166;184). To date, three family members, PAR-1 (185;186), PAR-3
(187), and PAR-4 (188;189) have been identified as thrombin receptors. These
three receptors differ in their thrombin requirements for activation. In platelets
thrombin can activate PAR-1 at concentrations of 1 nM (190). However, at
thrombin concentrations below 1 nM platelet PAR-4 is believed to remain inactive
(189;191). The differences in thrombin requirements for activation between
PAR-1 and PAR-4 are due to structural differences. PAR-1 has been shown to
possess a high affinity-binding site for thrombin that interacts with the hirudin-
recognition exosite (192), while PAR-4 lacks a high affinity-binding site (189).

Although these receptors differ in their requirements for thrombin for
activation, their mechanism of activation is similar (166). In order to activate
PAR-1, thrombin must first bind to the anion binding exosite of the receptor
located on the extracellular N-terminal domain (see Figure 5). Thrombin then
cleaves the N-terminus of the receptor between residues 41 and 42 (185). This
generates a new N-terminus that subsequently binds to the second extracellular
loop of the receptor, thereby acting as a tethered ligand. The binding of the
tethered ligand to the receptor causes a conformational change in the receptor
allowing it to allosterically activate G proteins inside the cell leading to second
messenger generation (185). It has been shown that peptides that mimic the first

six amino acids of the tethered ligand can activate the receptor (193-195).
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Figure 6: Mechanism of Activation of Cell Surface Thrombin Receptors.
Activation of PAR-1 occurs by a two step process. Thrombin must first bind to
the N-terminus of the receptor, cleaving it to reveal a new N-terminus (Panel A).
The newly revealed N-terminus (red box) then acts as a tethered ligand and
activates the receptor resuiting to G protein mediated signal transduction (Panel
B).
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Studies performed on platelets demonstrated that although these peptides can
activate PARs, they are not as potent agonists as thrombin. While thrombin in
the nM range can activate PAR-1 and PAR-4, SFLLRN the PAR-1 activating
peptide can activate platelet PAR-1 at concentrations of 10 uM (190), and
GYPGQYV the PAR-4 peptide requires concentrations of 500 uM to activate its
receptor (191). Interestingly, the PAR-3-activating peptide, TFRGAP is unable to

activate its receptor at concentrations of 100 uM (189).

1.5 ENDOTHELIAL CELLS

The endothelium plays a key role in the regulation of hemostasis (127).
The initiation of coagulation and thrombin generation, as well as fibrinolytic
activation and plasmin formation, can occur on the surface of endothelial cells
(127). In addition, the endothelium is the first site of infectious contact between
various viruses and the organism. The ability of the endothelium to participate in
coaguilation, fibrinolysis, and viral infection, makes endothelial cells a relevant
cell type for the examination of the role of A2 in fibrinolysis and CMV infection.
Therefore, | will begin by discussing the morphology of cultured and native
endotheiial cells, followed by the role of the endothelium in coagulation and

fibrinolysis.



1.5.1 Endothelial Cell Morphology
1.5.1.1 Morphology of Native Endothelial Cells

Early examination of arterial, venular, and microvascular endothelial cells
determined that they exhibited similar basic morphological characteristics in vivo.
However, recent studies have established that endothelial cells display a large
degree of heterogeneity. Indeed, the morphology and surface antigens of
endothelial cells derived from different tissues, and from the microvascular and
large vessel endothelium can be quite different (196). In fact, the large vessel
endothelium, which is believed to control physiological parameters such as
vascular tone, blood pressure, displays cobblestone monolayer morphology both
in vitro and in vivo (196).

In contrast, the microvasular endothelium, whose main functions include
neovascularization and the exchange of oxygen and nutrients, can form tube like
structures when grown on extracellular matrix preparations mimicking basement
membranes (196). The microvascular endothelium can be further divided into 3
subtypes, continuous, discontinuous, and fenestrated, which vary in morphology
and tissue expression (196-198). Continuous endothelial cells form tight
junctions between one another, and are located in the brain, retina, lung, muscle
and adipose tissue (196-198). The discontinuous endothelium on the other hand
is found in the liver, spleen and bone marrow, and contains gaps between
neighboring endothelial cells (196-198). Fenestrated endothelial cells contain a
unique structural feature, fenestrae, which localize them to endocrine glands,

glomeruli, renal tubules, and intestinal villi (197).
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Endothelial cells isolated from large vessel and microvascular endothelium
also differ in surface antigenisity and in their responses to growth factors.
Examples include the effects of interleukin 4 and fibroblast growth factor on these
two types of endothelial cells. Large vessel endothelium responds only weakly to
interleukin 4, whereas the microvasculature exhibits a strong response (196).
The addition of fibroblast growth factor to cultures of microvascular endothelial
cells induces morphological changes to a fibroblast-like morphology, while having
no effect on large vessel-derived endothelial cells (196).

Protein antigens, as well as the microvascular morphology of endothelial
cells have been shown to differ in response to the tissue of origin (127). Surface
receptors, glycoproteins, and cytoskeletal proteins have also been shown to vary
in capillaries obtained from different tissues. This variation of surface
glycoproteins supplies each different type of endothelial cell with its own surface
glycoprotein fingerprint. Intracellular protein expression also varies between
endothelial cells originating from different tissues. A typical example of the
variation of protein expression is the presence of von Willebrand factor (VWF)
(196). Although VWF is used as an endothelial cell marker for cells derived from
large vessels, such a human umbilical vein endothelial cells, it is not observed in
numerous microvascular endothelial cells such as glomerular capillaries, and the
lymphatic and liver sinusoidal endothelium (196). Further examination of VWF
expression has deemed it an unsuitable endothelial cell marker for microvascular

endothelial cells (196).
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Thus, when choosing an endothelial cell type as a cell model for the study
of a particular problem the origin of the particular endothelial cell, both tissue type

and species must be taken into account.

1.5.1.2 Morphology of Cultured Endothelial Cells

Studies of endothelial cell derived from numerous tissues have
demonstrated that isolation procedures and celi culture conditions may alter the
cellular phenotype (127). Certain tissue and vessel-associated physiological
functions are lost in cultured cells. Along with the loss of specific functions,
cultured endothelial cells appear to be activated. In vivo, cultured endothelial
cells are quiescent, and only replicate at a rate of 0.1 % per day (127). However,
cultured endothelial cells have been shown to replicate at rates between 1 and
10 % per day (127).

Thus, cultured endothelial cells do not generate a perfect cell model of the
endothelium. However, no technique to date has been able to isolate and culture
endothelial cells in their quiescent, unaltered, natural state. Therefore, while the
cultured endothelial cell models are imperfect, they may still generate important

information about various endothelial cells functions (199).

1.5.2 Function of the Endothelium in Coagulation
The main function of the vascular endothelium is the reguilation of the
hemostatic system (for review see (170)). Other roles which will not be

discussed in detail, include the control of biood flow by means of vasoactive
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substance secretion, and directing the movement of nutrients, plasma proteins,
and blood cells through the organism via interactions with endothelial cell surface

receptors (127).

1.5.2.1 Anticoagulant Properties of the Endothelium

Under normal conditions the unperturbed endothelium adopts an anti-
ccagulant state. Transformation of the endothelium from an anticoagulant to a
procoagulant state occurs only once a stimulus, such as tissue injury, induces
the exposure of tissue factor (TF) and anPL on the endothelial cell surface (127).
In vitro, tissue factor expression in endothelial cells can be induced by treatment
with thrombin, certain cytokines, and oxidized lipoproteins (127). The functions
of TF and anPL in the coagulation cascade have been well defined. TF has been
shown to greatly accelerate the factor Vila-dependent conversion of factor X to
Xa (127). anPL serves as a binding site for various coagulation factors,
localizing the enzymes to a common surface and facilitating their interactions
(170). Thus, TF and anPL exposure initiates the coagulation cascade, whose
end product, thrombin, causes fibrin clot formation.

Other factors, such as platelet activating factor (PAF), heparin neutralizing
components, and endothelial cell surface PARs, help maintain the procoagulant
environment once coagulation has been initiated (127). This is exemplified by
the ability of thrombin-mediated PAR-1 stimulation to induce the expression of
prothrombotic molecules such as TF, plasminogen activator inhibitor, and PAF

(127).
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Because blood clot formation in the absence of tissue injury is
disadvantageous to the organism, several anticoagulant pathways have evolved
to control the initiation and the extent of activation of coagulation. The normal
anticogulant state of the vascular endothelium is maintained three different ways.
First by providing a physical barrier to prevent an interaction between the clotting
activators located inside endothelial cells and in the sub-endothelium, and the
circulating plasma zymogens (127). The second method involves the
presentation of an anticoagulant surface that prevents platelet adhesion and
blood clot formation (127). The control of the extent thrombin generation and
activity by the activation of various anticoagulant pathways is the final step used
to control unwanted coagulation (127;200). The main endothelial cell mediated
anticoagulant substances that control thrombin activity and coagulation include
prostacyclin, thrombomoduliin, anti-thrombin Ili, heparan sulfates, dermatan
sulfates and tissue factor pathway inhibitor (127;200). The role of the
endothelium in coagulation is summarized in Figure 7.

Prostacyclin (PGl;) is a lipid-derived compound formed from arachidonic
acid, which is produced and secreted into plasma by endothelial cells.
Interaction of plasma PGI; with cell surface receptors on platelets causes a
calcium overload, resulting in stiff platelets unable to perform secretory functions
(127;170;200). In addition, PGIl, also prevents platelet adhesion by preventing
von Willebrand factor and fibrin binding to platelets. Low plasma levels of PGI;
are found at all times, but pulsatiie sheer stress, thrombin interaction with

endothelial cell surface receptors, and platelet activation stimulate its production
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Figure 7: Regulatory Functions of Endothelial Cells in Coagulation and
Fibrinolysis. The function of endothelial cells in the initiation of the coagulation
(Panel A) and fibrinolysis (Panel B) pathways have been outlined. Proteins
secreted by endothelial cells are shown in blue, while proteins present on the
endothelial cell surface are shown in red (+ indicates an activator, while —
indicates an inhibitor).
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and secretion (127;170;200). Thus, PGI; contributes to the constitutive and
active anticoagulant activities.

Thrombomodulin (TM) is a 60 kDa membrane glycoprotein present on the
surface vascular endothelial cells of arteries, veins, capillaries and lymphatics
located throughout the body except in the central nervous system (127;170;200).
Its main role is to enhance thrombin-mediated protein C activation. Along with its
role in activated protein C formation, TM has been shown to reduce the ability of
thrombin to activate platelets, fibrinogen, and clotting factors V and XIii
(127;170;200). In addition, binding of thrombin to TM induces rapid endocytosis
and degradation of the protein. Interestingly, TM is expressed at 1000 foid
higher concentrations in the microvasculature than in major biood vessels (170).
Thus, any active thrombin circulating in major blood vessels will be bound and
inactivated by TM once it reaches the capillaries (170). Therefore, the presence
of TM on endothelial cells is another mechanism by which endothelial cell
maintain their anticoagulant surfaces.

Heparan sulfates found on the endothelial cell surface, and dermatan
sulfates located in the sub-endothelium can function to enhance the activity of
various anticoagulant compounds, such as anti-thrombin 1il and heparin cofactor
[ (170;200). Anti-thrombin Il (AT), a 58 kDa plasma protein synthesized in the
liver, megakaryocytes, and the endothelium, is another potent thrombin inhibitor.
Futhermore, AT has been shown to inhibit a variety of clotting factors inciuding
thrombin Xlla, Xla, Xa, IXa, plasma kallikrien, and plasmin (170). Although AT is

a slow acting inhibitor, binding of soluble heparin, or heparan sulfate bound to the
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endothelial cell surface can accelerate its activity 1000 fold (170). Similarly,
heparin has also been shown to enhance the activity of another anticoagulant,
heparin cofactor il. Once heparin cofactor Il binding to heparan sulfates or
dermatan sulfates has occurred, the protein functions to inhibit thrombin activity
(170).

The final anticoagulant associated with endothelial cells is tissue factor
pathway inhibitor (TFPi). TFPI is a 42 kDa glycosylated lipoprotein which
functions to inhibit thrombin generation by binding and inactivating factor Xa
within the tissue factor, Vlla, Xa complex, forming a termary complex (127;170).
TFPI, which is synthesized and stored in endothelial cells, is released into

plasma by heparin (127;170).

1.5.3 Fibrinolytic Functions of Endothelial Cells

In addition to their function in coagulation and anticoagulation, endothelial
cells also play an important role in fibrinolysis. The central reaction of the
fibrinolytic pathway is the conversion of the inactive zymogen plasminogen to
plasmin by various plasminogen activators (127). Activated plasmin is then able
to mediate blood clot lysis through the degradation of the fibrin polymer (127).
The plasminogen activators identified to date include tPA and uPA (urokinase
plasminogen activator) (170). The 54 kDa uPA, is synthesized in connective
tissue, fibroblasts, macrophages, and epithelial cells (170). However, the inability
of endothelial cells to produce uPA suggests that it is not important in fibrinolysis.

Functional studies of uPA have demonstrated that the protein is most probably

52



involved in tissue repair and wound healing. tPA on the other hand, is a single
chain, 68 kDa serine protease that is produced in endothelial cells (170).
Furthermore, stimulation of endothelial cell with agonists such as thrombin
induces tPA expression on the endothelial cell surface (170). The endogenous
expression of tPA by endothelial cells, combined with the thrombin mediated-
induction of its cell surface expression, suggest a functional role for tPA in
fibrinolysis.

Unrestrained fibrinolytic activation can lead to bleeding disorders, which
like uncontrolled clotting, is undesirable for the organism in question. Thus,
pathways to control the initiation and extent of fibrinolysis have evolved in
endothelial cells (170;201;202). Inhibition of the initiation of fibrinolysis is
achieved through the action of plasminogen activator inhibitors. Endothelial cells
secrete a plasminogen activator inhibitor, PAI-1, which inhibits the activity of both
tPA and uPA (170). Binding of this 52 kDa single chain glycoprotein to
vitronectin results in its stabilization, and facilitates its interaction with tPA (170).
Once fibrinolysis has been initiated, the extent of plasmin activity is controlled by
az-antiplasmin. az-antiplasmin, a 70 kDa plasma protein, is a direct inhibitor of
plasmin activity (170). Additional functions include enhanced plasmin
degradation, and inhibition of fibrin clot lysis by inhibition of plasminogen binding
to fibrin (170). The role of endothelial cells in fibrinolysis is summarized in Figure

7 (Panel B).
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1.58.3.1 Plasminogen Receptors Located on Endothelial Cells.

Interestingly, studies comparing plasmin generation on the cell surface
and in solution phase have revealed that tPA and plasminogen bound to the
endothelial cell surface had accelerated plasmin generation (203). It was also
noted that piasmin bound to the surface of endothelial cells was protected from
inactivation by inhibitors such as az-antiplasmin (201). Thus, identification of the
endothelial cell surface plasminogen and tPA receptors was carried out (for
review see (201;202)).

Early experiments identified approximately 10’ mol/cell of plasminogen
binding sites (203;204), a number of cell surface receptors that cannot be
accounted for by a single surface protein. Therefore, it was proposed that
several cell surface proteins might contribute to plasminogen binding. Further
investigation has identified two different types of plasminogen receptors, proteins
that express C-terminal Lys and non-proteins (202). The former category was
identified on the basis that C-terminal Lys residues were responsible for the
interaction between plasminogen and the putative receptors. Indeed, both A2
(119) and the p11 subunit of A2t (205) were identified as plasminogen receptors
which interact via a C-terminal Lys dependent mechanism, as described
previously.

Another candidate receptor, a-enolase, was identified by labeling cell
surface proteins, running them on a plasminogen-sepharose column, and eluting
the plasminogen binding proteins with a C-terminal Lys analog (206).

Characterization of the interaction between a-enolase and plasminogen



demonstrated that removal of C-terminal Lys residues by carboxypeptidase B
treatment and the addition of excess C-terminal Lys containing peptides,
eradicated the plasminogen/a-enolase interaction, thereby confirming the C-
terminal Lys-dependence of the interaction (206). Further investigation into the
importance of a-enolase as a plasminogen receptor revealed that the protein
accounts for approximately 10 % of cell surface plasminogen binding sites on
U837 cells (207).

A third plasminogen receptor, a 45 kDa endothelial cell surface protein,
was also identified using a plasminogen-sepharose column (208;209). To gain
more insight on the identity of this protein, two-dimensional SDS-PAGE of
HUVEC lysates, followed by ligand biotting with 1'*®* plasminogen was
undertaken. Observation of the ligand blot determined that the 45 kDa band was
composed of two proteins of similar molecular weight, one of which was later
identified as actin (210). Additional experiments revealed that cell surface actin
bound both plasminogen and tPA, and that these interactions were inhibited by
competition with C-terminal Lys analogs (210).

Thus, to date A2 (119), the p11 subunit of A2t (205), a-enolase (206),
actin (210), and an unidentified 45 kDa cell surface protein (208;209) have all
been identified as protenacious cell surface plasminogen receptors.

Non-protenacious compounds, such as gangliosides, have also been
identified as cell surface plasminogen receptors (211). Gangliosides are
glycosphingolipids composed of hexoses, hexosamines, sialic acid, G

pentasaccharide, ceramides, and glucocerebrosides, which are found on the
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surface of most cell types (212). The ability of gangliosides to interact with
plasminogen was first demonstrated in vitro by 1'® plasminogen binding to
insoluble gangliosides (211). The individual components of gangliosides listed
above were unable to inhibit the interaction, indicating the interaction was
structurally specific to intact gangliosides (211). An in vivo role for gangliosides
in plasminogen binding was evaluated by following plasminogen binding to the
surface of various cell types, including endothelial cells, in the presence of
gangliosides. The observation that gangliosides were capable of inhibiting
plasminogen binding to the cell surface indicated that they may act as

plasminogen receptor in vivo (211).

1.5.3.2 Endothelial Cell Surface Tissue Plasminogen Activator Receptors.

Several possible receptors for tPA have also been identified. As
described previously both A2 (130) and actin (210) have been identified as cell
surface plasminogen and tPA receptors. In addition, competition studies using
1'% labeled recombinant tPA and plasminogen have demonstrated that tPA can
also interact with a-enolase and gangliosides (213). The ability of these
receptors to bind both tPA and plasminogen with either common or distinct
regions, may function to colocalize the proteins on the endothelial cell surface,
resulting in an enhancement in plasminogen activation.

Furthermore, a novel 20 kDa endothelial cell surface tPA binding protein

was identified by chemical crosslinking of 1'®® tPA with a HUVEC monolayer
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(214). Additional experiments demonstrated that the 20 kDa tPA receptor

enhanced tPA activity 90 fold, and was unable to bind plasminogen (214).

1.5.4 Endothelial Cell Surface Protease Activated Receptors.
1.5.3.1 Protease Activated Receptors Expressed by Endothelial Cells.

The ability of thrombin to cause significant activation of vascular
endothelial cells has led to the study and identification of endothelial thrombin
receptors. As stated previously, thrombin receptors belong to the protease
activated receptor family of which 4 members, PAR-1, PAR-2, PAR-3 and PAR-4
have been discovered (215). PAR-1, PAR-3 and PAR-4 are activated by
thrombin, while PAR-2 is activated by trypsin (215). Studies of the tissue
distribution of these 4 PARs have determined that only PAR-1, PAR-2 and PAR-
3 are expressed by endothelial cells (184;216).

Since the activation of PARs requires their cleavage, after stimulation by
thrombin or trypsin the receptors are non-functional and must be replaced. It has
been demonstrated that in endothelial celis, PAR-1 receptors are found both on
the cell surface as well as in unidentified membrane systems within the cell
(217;218). This intraceliular pool may be used to replenish thrombin receptors
inactivated by thrombin cleavage thereby diminishing the refractory period after

stimulation. Such mechanisms may exist for other members of the PAR family.
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1.5.3.2 Protease Activated Receptor Stimulation by Other Coagulation
Proteases.

Coagulation proteases factor Xa and factor Vila have been shown to
activate cells and provoke celluiar responses such as gene induction and signal
transduction (219). In addition, it was observed that the factor Xa and Viia-
mediated cellular stimulation required proteolytic activity (219), suggesting that
the involvement of protease activated receptors. This hypothesis was addressed
by testing whether Xa or Vlla could activate PAR-1, PAR-2, PAR-3, or PAR-4.
Experiments have determined that both PAR-1 and PAR-2 are activated after
stimulation of cells with factor Xa (220-222). PAR-2 activation was also observed
by factor Vila, although the presence of tissue factor and Xa were necessary for
stimulation to occur (223). Thus, upstream coagulation proteases can activate
thrombin and trypsin receptors, indicating that thrombin may not be the only

physiologically important trigger of PAR-1 activation.
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1.6 SPECIFIC GOALS

The hypothesis driving the current work is that thrombin-mediated cellular
modulation results in an up-regulation of A2 on the cell surface for use as a
fibrinolytic activator or a CMV receptor, as shown in Figure 8.

Thus, my first goal was to study the effect of thrombin and an analogous
thrombin signaling peptide specific for PAR-1, on the cellular distribution of A2
and p11. | commenced by examining their effect on the surface A2 and p11
distribution. Next | determined whether thrombin- or TRAP-mediated cellular
activation resuited in the synthesis of intracellular A2 or p11 or the redistribution
of intracellular protein stores.

The ability of CMV to generate thrombin on its surface combined with the
suggestion that A2 is a putative CMV receptor lead us to test whether CMV
stimulation of cells could induce surface A2 exposure. Therefore, my second
goal was to provide initial data on the effect of CMV stimulation on the sub-
cellular distribution of A2.

The ability of A2t to function as a cell surface co-receptor for tPA and
plasminogen has been well documented in the literature. Hence my-third goal
was to evaluate if the thrombin-mediated increases in cell surface A2t could play
a functional role in fibrinolysis, by enhancing the plasminogen and tPA binding,

as well as the tPA acceleration on the cell surface.
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Figure 8: Proposed Mechanism of Thrombin Induced Surface A2 Exposure.
We hypothesize that thrombin, generated either by tissue injury and initiation of
coagulation or directly on the CMV surface, can interact with its receptors leading
to a G protein-linked induction of intraceliular signaling. The end result of this
cellular modulation is enhanced A2 and p11 on the cell surface, which can then
act either as a virus receptor, or a fibrinolytic cofactor.
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2. MATERIALS AND METHODS

2.1 GENERAL
2.1.1 Reagents

All experiments were conducted in PBS (Na;HPO; 10.14 mM, KH,PO,
1.47 mM, NaCl 136.89 mM, KCI 268 mM), HBS (11 mM N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid (Hepes), 137 mM NaCl, 3 mM
CaClz, 4 mM KCI, 1 mM MgCl,, 1 mM glucose), or HBS/BSA (HBS supplemented
with 1 mg/mL bovine serum albumin) as indicated. Recombinant S741C-
Fluorescein plasminogen, and S741C-Biotin plasminogen, kind gifts from Dr
Michael Nesheim were produced as described previously (224). Chromogenic
substrate S2251 (H-D-Val-Leu-Lys-p-Nitroaniline dihydrochloride) was obtained
from Chromogenix. Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA) and ethylenediaminetetraacetic acid (EDTA) were from Sigma.
Polyclonal rabbit anti-p11 1gG was raised to a synthetic peptide corresponding to
residues 21-38 of p11 linked to keyhole limpet and affinity-purified using this
same p11 peptide linked to Sepharose. This polyclonal anti-p11 was used in
plasminogen binding experiments. Along with purified A2m and p11, used as
western blotting controls, the purified polyclonal anti-p11 were kind gifts from Dr
David Waisman.

The primary antibodies used in immunofluorescence microscopy
experiments included monoclonal anti-A2 IgG1 (Transduction Laboratories, for
intracellular A2 staining), monoclonal anti-A2 IgG2a (Calbiochem, for surface A2

staining), monoclonal anti-p11 IgG1 (Transduction Laboratories), monoclonal
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anti-vimentin 1gG1 (Sigma, for intracellular vimentin), polycional goat anti-
vimentin (Sigma, for surface vimentin staining) and polyclonal rabbit anti-von
Willebrand factor IgG (Dakopatts a/s). Isotype controls inciuded non-immune
mouse IgG1 (Sigma, for intracelluiar staining), mouse 1gG2a (Sigma, for surface
staining), and goat serum (Sigma, for surface staining). The secondary
antibodies utilized in immunofluorescence microscopy experiments were
fluorescein isothiocyanate (FITC)-conjugated rabbit anti-goat 1gG (Sigma), FITC-
conjugated goat anti-rabbit IgG (Sigma) and Cy3-conjugated donkey anti-mouse
IgG (Jackson ImmunoResearch).

Western blotting experiments were performed with monoclonal antibodies
directed against A2 (Zymed), p11 (Transduction Laboratories) or p-actin (Sigma).
Horse raddish peroxidase (HRP)-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch) was used as the secondary antibody in all western blotting

experiments.

2.1.2 Isolation and Identification of Human Umbilical Vein Endothelial Cells.
2.1.2.1 Isolation of Human Umbilical Vein Endothelial Cells.

HUVEC were isolated from umbilical cords by the method of Jaffe et al. as
described in (208;225). Briefly, intact placentas with attached umbilical cords
were obtained from the General Campus of the Ottawa Hospital (Ottawa,
Ontario). The umbilical cords were removed from the placentas, and washed
with PBS under sterile conditions. To remove the HUVEC, the cord was
incubated with 20 mL of collagenase (2 mg/mL) at 37°C for 15 minutes. The

cells were collected by rinsing the cord with 30 mL of Iscove's Modified

62



Dulbecco’s Media (IMDM) (GibcoBRL), foliowed by centrifuging the fiow through
for 10 minutes at 1500 rpm at 25°C. The pellet was resuspended in 15 mL of
IMDM suppiemented with 5% fetal bovine serum (GibcoBRL), 2 mM L-glutamine
(GibcoBRL), 20 ug/mL gentamycin (GibcoBRL), 59 pg/mL heparin (Sigma), and
10 ug/mL endothelial cell growth supplement (Calbiochem) (complete IMDM),
and seeded in cell culture flasks coated with gelatin (1 mg/mL). HUVEC were

cultured at 37°C in 5% CO..

2.1.2.2 Characterization of Human Umbilical Vein Endothelial Cells.

To ascertain whether the cells isolated from the umbilical cords were
endothelial cells, staining for von Willebrand factor (VWF) and phase-contrast
observation were undertaken. Isolated cells grown to confluence on gelatin
coated glass coverslips, were simultaneously fixed and permeabilized with 4%
paraformaldehyde, 0.25% giuteraldehyde, and 0.2% TritonX-100 in HBS. vWF
was detected by incubating the celis with rabbit anti-vWF IgG (Dakopatts a/s) for
1 hour at room temperature (RT) in a moist chamber. After 3 PBS washes, the
primary antibody was detected by incubation with FITC-conjugated goat anti-
rabbit IgG (Sigma) for 1 hour at RT. The nuciear DNA was then stained with 25
ng/mL 4'.6-diamidino-2-phenylindole (DAPI, Sigma) for 5 minutes. The cells
were washed three times with PBS and once with double distilled water before
being mounted on giass slides with 5 uL. of mounting media (0.1% p-phenylene

diamine, and 50% glycerol in PBS). To determine whether the observed staining
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was specific, the staining procedure described above was repeated omitting the
primary antibody.

Unless otherwise indicated, all photographs were obtained using a Zeiss
Axioplan2 epifluorescent microscope and a Sony 3 CCD color video camera
(model DXC-950P). Filuorescence images were acquired using 40x Plan-
NEOFLUAR or 63x Plan-APOCHROMAT objectives, and phase contrast
micrographs were obtained with 10x Plan-NEOFLUAR or 100x Plan-NEOFLUAR
objectives. In all experiments, the exposure time and light intensity were
controlled using Northemn Eclipse software (Empix), thereby ensuring all

photomicrographs were taken under identical conditions.

2.1.3 Isolation of Human Foreskin Fibroblasts

Human foreskin fibroblasts (HFF) cells were isolated from human
foreskins obtained from the Ottawa Hospital (Civic Campus) by an in house
protocol.  Briefly, the foreskins were washed 3 times with sterile PBS
supplemented with 40 pg/mL gentamycin, homogenized with scissors, and
washed again. The slurry obtained was incubated for 5 minutes with
trypsin/EDTA at 37°C. The supernatant was discarded, and the slurry was then
incubated with trypsin/EDTA for 30 minutes at 37°C. The supernatant was then
removed, mixed 1 to 1 with basal eagle media (BME; GibcoBRL) suppiemented
with 15% bovine calf serum calf (GibcoBRL), 2 mM L-giutamine, and 20 ug/mL

gentamycin (compiete BME), and centrifuged for 12 minutes at 1200 rpm. The



pellet obtained was resuspended in complete BME, and the cells were seeded in

T175 tissue culture flasks and grown at 37°C in 5% CO..

2.1.4 Cell Cuiture

The HUVEC isolated, were passaged by detaching the cells with
trypsin/EDTA and splitting them in a 1 to 4 ratio. The subcultures were
propagated in complete IMDM until passage 5. All experiments were performed

on cells of passage 5 or lower.

Human foreskin fibroblasts (HFF) were passaged by detaching the cells
with trypsin/EDTA, and sub-culturing at a 1 to 5 ration in BME supplemented with
5% bovine calf serum, 2 mM L-glutamine, 20 ug/mL gentamycin. Ail HFF

experiments were performed on cells of passage 15 or lower.

2.1.5 Thrombin and TRAP Treatment of Cells.
2.1.5.1 Human Umbilical Vein Endothelial Cells

HUVEC were grown to confluence on gelatin coated 22 x 22 mm glass
coverslips or cell culture piates. Monolayers were washed once with IMDM/BSA
(IMDM supplemented with 1mg/mL BSA and 2 mM L-glutamine), and treated
with 0.4 to 8 nM human a-thrombin (Haematologic Technologies) or 0.1 to 10 uM
thrombin receptor activator peptide (TRAP; Sigma) in IMDM/BSA for 5 minutes at
37°C. The cells were then washed once with complete IMDM supplemented with

2mM Ca** (IMDM/Ca?*), and allowed to recover in IMDM/Ca3*for 1 hour at 37°C.
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2.1.5.2 Human Foreskin Fibroblasts

HFF grown to confluence on 22x22 mm glass coverslips or in cell culture
plates were washed once with incomplete BME (BME supplemented with
1mg/mL BSA and 2mM L-glutamine), and treated with human a-thrombin (0.4 to
8nM) or TRAP (0.1 to 10 uM) in incomplete BME for 5 minutes at 37°C. Cells
were washed once with complete BME supplemented with 2 mM Ca*

(BME/Ca%"), and placed in BME/Ca*" for 1 hour at 37°C.

2.1.6 Cytomegalovirus Preparation and Treatment of Cells.
2.1.6.1 Cytomegalovirus Preparation

Human CMV strain AD169 was grown in HFF cells. purified by tartrate-
glycerol ultracentrifugation, and quantified by electron microscopy as described
in (125). Quantification of the CMV preparation used in our experiments
demonstrated that the virus concentration was 7.35 x 10'' virus particles/mL,

while the protein concentration was 4.44 mg/mL.

2.1.6.2 Cytomegalovirus Treatment of Cells

HUVEC and HFF grown to confluence on 22 x 22 mm glass coverslips or
in tissue culture plates were washed once with heparin free complete IMDM
(IMDM*), treated with CMV (7.14 x 10* virus particles/cell) in IMDM®* for 5 to 45
minutes at 37°C. The cells were then washed once with complete IMDM and

placed in complete IMDM for 15 to 105 minutes at 37°C.
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2.1.7 Quantification and Statistical Analysis of Data

Microscopy experiments were quantified by first calculating the total
fluorescence intensity of A2 or p11 staining in each photomicrograph using
Northern Eclipse software. The total fluorescence intensity of each
photomicrograph was then divided by the number of nuclei present in each field,
as determined by nuclear staining with DAPI, in order to generate the total
fluorescence intensity/cell. The average total fluorescence intensity/cell for each
experimental condition was compared to the values obtained for mock treated
cells in order to obtain the fold-enhancement of the levels of A2 or p11. For all
microscopy experiments, a total of a least 5 fields of view were quantified for
each experimental condition.

Quantification of A2 and p11 western blotting experiments was undertaken
by scanning the A2 and p11 lanes on film exposures of the western blots to
determine the intensity of each band. The levels obtained for the various
experimental conditions were then relativized to the level that was obtained for
mock treated cells, thereby generating the fold-enhancement in A2 or p11 levels.
In the case of total A2 and p11 levels, the intensity of each band was normalized
to the levels of B-actin present in each sample, prior to the comparison with mock
treated cells.

To determine if the results obtained for thrombin or TRAP treated cells
were significantly different from mock treated cells, statistical analysis of our
results was undertaken by first performing an analysis of variance, followed by

Dunnett's test using MyNova version 2.21 (written by S. Brooks). For each
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separate procedure the average of at least 3 different experiments were

evaluated.

2.2 EFFECT OF THROMBIN OR TRAP ON INTRACELLULAR ANNEXIN II
AND pP11
2.2.1 Immunofluorescence Microscopy of Permeabilized Cells.

HUVEC treated with thrombin or TRAP as described previously, were
washed once with HBS, and simultaneously fixed and permeabilized by
treatment with® 4% paraformalidehyde, 0.25 % gluteraldehyde and 0.2 % Triton
X-100 for 10 minutes at RT. Fixed ceils were washed 3 times with PBS, and
stained for vimentin, A2 or p11 by incubating the cells with monoclonal antibodies
directed against p11 (2.5 ug/mL for HUVEC, and 1.25 ug/mL for HFF;
Transduction Laboratories), A2 {2.5 ug/mL for HUVEC, and 1.25 ug/mL for HFF;
Transduction Laboratories) or vimentin (2.5 ug/mL for HFF and HUVEC; Sigma)
for 1 hour at RT. Isotype controls were treated with a non-immune antibody
solution containing equivalent amounts of mouse IgG1 (Sigma). After 3 PBS
washes, the cells were placed in a secondary antibody solution, containing Cy*-
conjugated donkey anti-mouse IgG (1.25 ug/mL; Jackson ImmunoResearch), at
RT for 1 hour. The nuclear DNA was then stained with 25 ng/mL DAPI for 5
minutes. The washing was repeated, and the cells were mounted and visualized
as described in section 2.1.2.

HUVEC treated with CMV as described in Section 2.1.6, were fixed and

permeabilized as described above. The cells were then double stained for A2
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and vimentin with monoclonal mouse anti-A2 igG (0.8 ug/mL; Oncogene) and
polyclonal goat anti-vimentin IgG ([protein]= 156.4 ug/mL; Sigma) in a moist
chamber for 45 minutes. The isotype controls were treated with migG2a (0.16
pg/mL; Sigma) and goat serum ([protein] = 284 ug/mL). The primary antibodies
were detected by incubation with a secondary antibody solution containing rabbit
IgG (Sigma), donkey serum (Sigma), Cy>-conjugated donkey anti-mouse 1gG (2.8
ug/mL), and FITC-conjugated rabbit anti-goat IgG ([Ab]= 2 ug/mL; Sigma) for 45
minutes in a moist chamber. Photographs were taken at a magnification of 1260x
using a Zeiss epifluorescent microscope, with an exposure time of 1 minute for

vimentin and 30 seconds for A2.

2.2.2 Western Blotting of Cellular Lysates.

After treatment with thrombin, TRAP or CMV as described previously,
HUVEC and HFF cells were washed twice with HBS, lysed with Laemmli sample
buffer containing dithioerithrol (DTT) (12.5 mg/mL for thrombin or TRAP treated
cells) or 2% B-mercaptoethanol (for CMV treated cells) and heated at 95°C for 2
minutes. Samples were separated by SDS-PAGE on 15% polyacrylamide gels
(acrylamide/bis ratio of 37.5:1), transferred to polyvinyl difluoride (PVDF)
membranes, and probed with monoclonal antibodies directed against A2 (0.05
ng/mL) or p11 (0.05 ng/mL). After washing the membranes were incubated with
HRP-conjugated goat anti-mouse [gG, and the bands were detected by
chemiluminescence (ECL, Pierce) on X-OMATOR scientific imaging film (Kodak).

To ascertain that equivalent amounts of cellular lysates were loaded in each
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lane, the membranes were re-probed with monoclonal anti-B-actin IgG (0.085
ng/mL) followed by HRP-conjugated goat anti-mouse IgG and visualization by

chemiluminescence (ECL).

2.3 EFFECT OF THROMBIN OR TRAP ON CELL SURFACE ANNEXIN [l AND
P11.
2.3.1 Observation of Cell Surface Annexin || by Immunocytology

HUVEC and HFF cells were stimulated with thrombin and TRAP as
described previously. After treatment, the cells were washed once with complete
IMDM, and coincubated with monoclonal anti-A2 (1.33 ug/mL; Oncogene) and
polyclonal goat anti-vimentin ([protein]=0.195 mg/mL) for 30 minutes at RT.
Isotype controls were treated by substituting the primary antibodies with migG2a
(1.33 pg/mL; Sigma) and goat serum ([protein]=0.71 mg/mL). After washing in
complete IMDM, the cells were incubated with Cy3-conjugated donkey anti-
mouse (1.25 ng/mL) and FITC-conjugated rabbit anti-goat (Sigma; 1.66 ug/mL)
antibodies at RT for 30 minutes. Stained cells were washed extensively, and
fixed with 4% paraformaldehyde in HBS. After fixation the genetic material in the
nuclei was stained with DAPI (25 ng/mL), and the cells were mounted and
visualized as described in section 2.1.2.
2.3.2 Examination of Extracellular Annexin Il and p11 by Cell Surface Labeling
with Biotin.

The surface of thrombin or TRAP treated cells were chemically labeled

with biotin by incubating the cells with sulfo-NHS-Biotin (0.5mg/mL in HBS;
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Pierce) for 30 minutes at RT. After 3 washes with cold HBS, the cellular proteins
were solubilized using Triton X-100 lysis buffer (40 mM TRIS, 150 mM NaCl, 3%
Triton X-100, 1 mM EGTA, and 0.2 mM phenylmethyisulfonyi fluoride).

Surface proteins were isolated by incubation with avidin-conjugated
Sepharose beads (Sigma) overnight at 4°C. After 3 washes with Triton X-100
lysis buffer, the surface proteins bound to the beads were released by the
addition of Laemmli sample buffer containing 12.5 mg/mL DTT, and boiling for 2
minutes at 95°C. The affinity-depleted surface proteins were separated by SDS-
PAGE on 15% polyacrylamide gels, and A2 was detected by western blotting.

To identify biotinylated p11, solubilized cells were pre-incubated overnight
at 4°C with non-immune mouse IgG1 (6.66 ug/mL), followed by a 2 hour
incubation with protein A/G Sepharose at RT. After centrifugation, p11 was
depleted from clarified supernatants by incubation with anti-p11 (Transduction
Laboratories) for 2 hours at RT followed by 2 hours with protein A/G beads.
Isotype controls were performed by substituting the anti-p11 antibody with non-
immune migG1 (6.66 ug/mL). After 3 washes with Triton X-100 lysis buffer,
proteins were released from the beads with Laemmli sample buffer containing
12.5 mg/mL DTT, and boiled for 2 minutes at 95°C. The samples were subjected
to 15% polyacrylamide SDS-PAGE, transferred to PVDF, and the biotinylated
proteins were visualized by probing the membrane with HRP-conjugated avidin
(Sigma), followed by ECL chemiluminescent detection. To confirm the identity of

the observed bands, the blot was re-probed with anti-p11 I1gG1.
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2.3.3 Elution of Surface Ca®*-dependent Annexin |1

After treatment with thrombin or TRAP as previously described, HFF and
HUVEC were washed twice with HBS, and the calcium dependent surface
proteins were eluted by incubation with 20 mM EGTA in HBS for 20 minutes at
37°C. Supernatants were removed, and centrifuged at 13 000 rpm for 2 minutes.
150 uL of the eluted proteins were removed, and denatured by the addition of 4x
Laemmli sample buffer with DTT (50 mg/mL), followed by boiling at 95°C for 2
minutes. The samples were then separated by SDS-PAGE on 15%
polyacrylamide gels, and the A2 was visualized by western blotting as described

previously.

2.3.4 Evaluation of Sub-membranous Annexin |l.

HUVEC and HFF were treated with thrombin, TRAP or CMV (as
previously described), washed with HBS, and fixed with 4% paraformaldehyde
and 0.25% gluteraldehyde. Simultaneous staining for A2 and vimentin was
undertaken by incubation with a primary antibody solution containing monoclonal
mouse anti-A2 (1.33 ug/mL) and polyclonal goat anti-vimentin ([protein}=0.195
mg/mL). To control for staining specificity, isotype controls were incubated with a
non-immune antibody solution containing migG2a (1.33 ug/mL) and goat serum
([protein]=0.71 mg/mL). After 3 PBS washes, the primary antibodies were
detected with Cy>-conjugated donkey anti-mouse 1gG (0.125 ug/mL) and FITC-

conjugated rabbit anti-goat IgG (1.66 ug/mL). The nuclei were then stained with

72



25 ng/mL DAPI (for thrombin and TRAP treated cells), and the cells were

mounted and visualized as described in 2.1.2.

2.4 PLASMINOGEN BINDING AND ACTIVATION
2.4.1 Examination of S741C-Fluorescein Plasminogen Binding by Fluorescence
Microscopy.

Thrombin and TRAP treated HUVEC were washed with HBS/BSA, and
incubated with 150 nM S741C-Fluorescein plasminogen (F-Plg) for 30 minutes at
37°C in the dark. After 3 HBS/BSA washes, the cells were fixed with 4%
paraformaldehyde and 0.25% gluteraldehyde in HBS. The nuclear DNA was the
stained with DAP! (25 ng/mL), and the cells were mounted and visualized as
described in section 2.1.2.

In the case of antibody inhibition experiments both the recovery media and
the F-Plg solutions contained either polyclonal rabbit anti-p11 antibody or non-

immune rabbit IgG, at a concentration of 100 nM.

2.4.2 Western Blot Analysis of S741C-Biotin Plasminogen Binding.

After washing once with HBS/BSA, S741C-Biotin plasminogen binding to
the surface of thrombin or TRAP treated cells was evaluated by incubating the
cells with 150 nM S741C-Biotin plasminogen in HBS/BSA for 30 minutes at 37°C.
After 3 HBS/BSA washes, the cells were lysed by the addition of sample buffer
with DTT (12.5 mg/mL), foliowed by boiling at 95°C for 2 minutes. The proteins

were separated by SDS-PAGE on 10% polyacrylamide gels, and transferred to
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PVDF membranes. Biotinylated proteins were observed by probing the
membrane with HRP-avidin followed by detection with chemilumminescence. To
ascertain that equivalent amounts of cells were loaded in each lane, an actin blot
was performed on the membranes, as described previously.

In the case of the unlabeled Glu-plasminogen and e-ACA inhibition
experiments the S741C-Biotin plasminogen solution contained either 1.5 uM Glu-

plasminogen or 3mM e-ACA.

2.4 .3 Observation of Plasminogen Activation by Chromogenic Assay.

HUVEC grown to confluence in 48 well culture plates were treated with
8nM thrombin and 10 uM TRAP as described previously, and were allowed to
recover in IMDM* for 30 minutes at 37°C. After the recovery period, the cells
were incubated with 5 nM recombinant tPA in HBS/BSA for 20 minutes at 37°C
with occasional shaking. 150 uM Glu- or Lys-plasminogen was then added to the
reaction mixture, and 15 ulL aliquots were removed at various time points, added
to 80 uL of S2251 chromogenic substrate (500 uM), and the amount of plasmin
generated was measured by reading the absorbance at 405 nM. To control for
cellular tPA production or the presence of plasminogen in the culture media, the
experiment was repeated omitting the tPA, the plasminogen, or both. To ensure
that the activity observed was plasmin dependent, the experiment was also

performed with aprotinin (100 Kiu) present in the tPA solution.
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A plasmin standard curve was completed by incubating 15 uL of Lys-plasmin,
at concentrations from 10 nM to 300 nM, with 80 uL S2251 (500 uM) and reading

the absorbance at 405 nM.
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3. RESULTS

3.1 IDENTIFICATION OF ISOLATED CELLS AS HUMAN UMBILICAL VEIN
ENDOTHELIAL CELLS.
3.1.1 von Willebrand Factor Staining of Isolated Cells.

von Willebrand Factor (VWF) is a 260 kDa protein produced specifically in
endothelial cells and megakaryocytes (226). Once VWF has been synthesized, it
is either secreted directly into plasma and the subendothelium or stored in in
specialized endothelial cell compartments called Weibel-Palade bodies (226).
Thus, the vWF-staining pattern of endothelial cells should appear punctate in
nature. Because VWF is expressed in endothelial cells, but is absent from
contaminating cells obtained during the HUVEC isoiation procedure, such as
smooth muscle cells or fibroblasts (225-227), immunofluorescence microscopy
staining for VWF was undertaken to demonstrate that the cells isolated from the
human umbilical veins were of endothelial origin (Figure 9, Panel A). To ensure
that the VWF staining we observed was specific for the anti-vWF antibody, we
repeated the experiment omitting the primary antibody (Panel A: frame b). This
specificity control was void of staining, thereby indicating that the VWF staining
observed was specific, and not due to interactions between the secondary
antibodies and the cells. Panel A, frame a, shows the vWF factor distribution in
the isolated cells. The punctate staining pattern observed is characteristic of
vWEF staining of endothelial cells, indicating that our cells are positive for VWF.
Staining the nuclei with DAPI (Panel A: frames a',b’) was used to determine the

proportion of cells in Panel A were positive for VWF. As observed in Panel A, a
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Figure 9: lIdentification of Endothelial Cells by Immunofluorescence
Microscopy and Morphological Observation. Isolated cells grown to
confluence on gelatin coated coverslips were simultaneously fixed and
permeabilized with 4% paraformaldehyde, 0.25% gluteraldehyde, and 0.2%
TritionX-100. Celis were subsequently incubated with rabbit anti-von Willebrand
Factor antibody in PBS (Panel A: frame a), or as a negative control PBS alone
(Panel A: frame b), for 1 hour at RT. After 3 PBS washes, the primary antibody
was detected by treating the cells with FITC-conjugated goat anti-rabbit IgG at
RT for 1 hour. The nuclear DNA was then stained with DAPI (Panel A: frame
a'\b’), the washing steps were repeated, and the cells were mounted and
visualized using a Zeiss Axioplan2 epifluorescent microscope. Exposure times
were controlled using Northern Eclispe software (Empix). Panel B shows a
typical phase-contrast micrographs of the isolated cells at low (frame a) and high
(frame a’') magnification.
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comparison of the DAPI and vWF staining patterns demonstrated that all cells

stained positively for vVWF.

3.1.2 Phase-contrast Observation of Isolated Cells.

Morphological analysis of the isolated cells by phase-contrast microscopy
was used to corroborate the immunofiuorescence data (Figure 9, Panel B).
Endothelial cells derived from umbilical veins can be easily distinguished from
contaminant smooth muscle cells and fibroblasts cells based upon morphological
criteria. Examination of cultured HUVEC revealed that they form confluent
monolayers void of whorling patterns, while inspection of the cellular morphology
demonstrated that the cells were polygonal in shape with indistinct borders and a
centrally located nucieus with prominent nucleoli (225;227). The morphology of
possible contaminants, fibroblasts and smooth muscle cells, was also studied.
Analysis of cultured fibroblasts demonstrated that they form confluent
monolayers with overlapping layers and visible whorling patterns (225).
Observation of individual fibroblasts revealed that they were long and siender.
Smooth muscle cells had a similar phenotype to fibroblasts, but did not
demonstrate whorling.

Knowing the morphology of candidate contaminating cells in HUVEC
cultures, we used phase contrast analysis of monolayers at low and high
magnification, to determine if the isolated cells were endothelial in nature. In
Panel B typical phase-contrast micrographs of the isolated cells are shown.

Observation of the cellular morphology demonstrated that the isolated cells were
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polygonal with a centrally located nucleus containing prominent nucleoli, which
are physical characteristics consistent with those observed for endothelial cells
(Panel B: frame a’). Additionally, examination of our cells at low magnification
determined that they formed confiuent monoliayers without overiapping layers or
whorling (Panel B: frame a), a phenotype typical of endothelial cells.

Therefore, when combined with the immunofluorescence microscopy,
these data allow us to conciude that the cells isolated from the human umbilical

veins were of endothelial origin.

3.2 EFFECT OF THROMBIN OR TRAP ON SURFACE ANNEXIN Il AND P11.
3.2.1 Surface Annexin Il and p11 Levels are Up-regulated by Thrombin or TRAP
Stimulation of Human Umbilical Vein Endothelial Celis.

3.2.1.1 Surveillance of Cell Surface Annexin Il by Immunofluorescence.

The effect of thrombin and TRAP on the cellular distribution of A2 and p11
was studied in endothelial cells, specifically endothelial cells derived from
umbilical veins (HUVEC). Endothelial cells were chosen because they line the
bioodstream, and are therefore exposed to thrombin when tissue injury and blood
clot formation occur. [n addition, the ability of endothelial ceils to participate in
various hemostatic functions increases their relevance in the study of the effect
of thrombin on A2 function in fibrinolysis. Thus, HUVEC cells were chosen as

our first cell model.
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Figure 10: Isotype Controls for Surface A2 and Vimentin Staining in HUVEC
and HFF. HUVEC (Panel A) and HFF (Panel B) were treated with 8 nM
thrombin, 10 uM TRAP or mock treated. The cells were the incubated with a
non-immune primary antibody solution containing mouse IgG2a and goat serum,
washed 3 times with media, and placed in a secondary antibody solution
containing Cy>-conjugated donkey anti-mouse IgG and FiTC-conjugated rabbit
anti-goat IgG antibodies. The cells were then fixed with 4% paraformaidehyde,
and the nuclei were stained with DAPI. The washing steps were repeated, and
the cells were mounted and visualized as described in Figure 9. The goat serum
and DAPI staining patterns are presented in an overlayed image.
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To determine if thrombin- or TRAP-mediated stimulation of cells could
induce the expression of surface A2, the effect of thrombin or TRAP on surface
A2 was evaluated by two-color immunofluorescence microscopy staining of A2
and vimentin in live, unfixed HUVEC, followed by staining of the genetic material
in the nuclei with DAPI.

To ensure that our experimental system was appropriate, we performed
isotype controls substituting our primary antibodies for non-immune mouse
IgG2a and goat serum (Figure 10: Panel A for HUVEC, Panel B for HFF). These
isotype controis allowed us to test for staining specificity and ensured that our
antibodies were not interacting with the cell surface independently of the antigen-
binding region. These isotype controls were negative, thus confirming that all the
A2, p11 and vimentin staining observed was specifically antibody-antigen
mediated. In addition, the isotype controis also demonstrated that thrombin and
TRAP treatment of cells did not affect the non-specific interactions between the
cell surface and the primary or secondary antibodies.

To ensure that inadvertent permeabilization did not occur during the
staining procedure, the cells were double stained for vimentin, an intermediate
filament of the cytoskeleton (Figure 11, for thrombin treatment; Figure 12 for
TRAP treatment). The vimentin staining patterns were void of the characteristic
spindles seen in permeabilized cells (see Figure 23), demonstrating that the cells
being studied were not permeabilized. By this criterion, any A2 staining
observed was due solely to the accessible surface pool. Staining of the genetic

material in the nuclei with DAPI was also undertaken to determine the number of
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Figure 11: Immunofluorescence Microscopy analysis of Surface A2 in
Thrombin Treated HUVEC. HUVEC treated with 0.8 to 8 nM thrombin or mock
treated were stained for surface A2 and vimentin (Vim) by incubation with
monoclonal anti-A2 and polyclonal goat anti-vimentin antibodies, followed by
washes with media. The cells were subsequently placed in a secondary antibody
solution containing Cy’-conjugated donkey anti-mouse 1gG and FITC-conjugated
rabbit anti-goat 1gG. After a second round of washing, the cells were fixed with
4% paraformaldehyde and 0.25% gluteraldehyde, the nuclear DNA was stained
with DAPI, and the cells were visualized as described in Figure 9. Overlay
images of the vimentin and DAPI are shown.

82



Vim/DAPI

A2

oy 08

YOIOW 80
(Wu) uwiquoayy




Figure 12: Analysis of Surface A2 in TRAP Treated HUVEC by
Immunofiuorescence Microscopy. HUVEC treated with 0.1 to 1 uM TRAP or
mock treated were stained for surface A2, surface vimentin (Vim) and DAPI as
described in Figure 11. The DAP! and vimentin staining patters are shown as an
overlay image.
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cells in each field (Figure 11, for thrombin treatment; Figure 12 for TRAP
treatment). This allowed us to easily ascertain that equivalent numbers of cells
were being in each field.

The immunofluorescence microscopy experiments revealed that A2
staining levels were elevated in cells treated with 0.8 to 8 nM thrombin (Figure
11) or 1 to 10 uM TRAP (Figure 12) compared to those observed for mock
treated cells (Figures 11 for thrombin treatment; Figure 12 for TRAP treatment).
These increases in the exposure of the A2 epitope on the cell surface appeared

to be dose dependent with increasing thrombin or TRAP concentrations.

3.2.1.2 Analysis of Extracellular Annexin Il and p11 by Chemical Modification of
the Cell Surface.

Initially, we attempted to visualize surface proteins by staining the surface
of cells after fixation in the absence of detergent. However, when cells were
fixed prior to staining, a small amount of vimentin and actin staining (data not
shown) was observed. Thus, to ensure the exclusive detection of cell surface
antigens, the antibody incubations were performed on live unfixed cells.
Unfortunately, all available anti-p11 antibodies were unable to detect p11 unless
prior fixation was performed (data not shown). Therefore, surface p11 was
detected by chemically modifying the surface of live cells, with a hydrophilic biotin
derivative, which is incapable of crossing the plasma membrane.

The effect of thrombin or TRAP on surface A2 was further as evaluated by

biotinylation of the cell surface, followed by affinity-depletion of biotinyiated



Figure 13: Effect of Thrombin or TRAP on Surface A2 and p11 in HUVEC as
Observed by Cell Surface Labeling with Biotin. in Panel A, the surface
proteins of HUVEC treated with 8 nM thrombin, 10 uM TRAP or mock treated
were labeled with biotin. The surface A2 was then affinity-depleted with avidin-
Sepharose beads, separated on a 15% polyacrylamide gel by SDS-PAGE,
transferred to PVDF, and probed with a monoclonal anti-A2 antibody. The
surface p11 was immuno-depleted by treating the sample with monoclonal anti-
p11 antibody, foliowed by incubation with protein A/G-Sepharose beads. The
biotinylated surface p11 was separated by SDS-PAGE on 15% polyacrylamide
gels, transferred to PVDF, and the membranes were probed with HRP-avidin.
Lane 1 in Panel A represents a purified protein control visualized by western
biotting for A2 or p11. In Panel B, quantification of film exposures of the western
blots using Northern Eclipse software (Empix) is shown (black bar: A2, gray bar:
p11; n=3, treated cells are significantly different from non-treated cells at
%p<0.01 or +p<0.05).
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surface proteins with avidin-coated Sepharose beads, and visualization by
western blot analysis with a monoclonal anti-A2 antibody is shown in Figure 13
(Panel A). Observation of the western blots revealed that HUVEC treated with 8
nM thrombin or 10 uM TRAP had enhanced amounts of surface A2 when
compared to mock treated cells. Identification of the bands was performed by
comparing the antigenisity and mobility observed to those of a purified A2
positive control .

Western blot analysis for p11 preformed on the surface proteins isolated
by affinity-depletion with avidin-Sepharose did not detect any surface p11 (data
not shown). Thus, the effect of thrombin and TRAP on surface p11 was
evaluated by cell surface biotinylation followed by direct immuno-depletion. Total
(surface and intracellular) p11 was isolated from thrombin and TRAP treated
HUVEC with anti-p11 1gG, followed by incubation with protein A/G coated-
sepharose beads, and was visualized by western blotting with HRP-avidin
(Figure 13, Panel A). Western blot analysis demonstrated that 8 nM thrombin
and 10 uM TRAP increased surface p11 levels with respect to mock treated cells.
To confirmn the identity of the observed p11 bands, the membranes were re-
probed with an anti-p11 antibody (purified p11 positive control shown in Panel A
lane 1). As a control for specificity the immuno-depletion was conducted in the
presence of non-immune mouse IgG1 antibody (data not shown). These isotype
controls were void of observable p11 staining by western blotting with an anti-p11

antibody or HRP-avidin.
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Quantification of the surface A2 levels obtained by western blotting,
revealed that both thrombin and TRAP increased the amount of surface A2
observed 5-fold compared to mock treated cells (Figure 13, Panel B; p<0.01).
Surface p11 levels were approximately doubled by TRAP, and increased 1.5-fold
by thrombin (Figure 13, Panel B; p<0.05). However, the heterogeneous
glycosylation of p11 makes the p11 bands observed on western blots quite
diffuse. This characteristic makes these bands difficult to quantify with our
current software; therefore the quantification of p11 western blots must be

considered only an estimate of relative amounts.

3.2.1.3 Examination Ca**-dependent Surface Annexin II.

To investigate whether Ca®* was required to maintain the interaction
between newly exposed A2 and the HUVEC surface, we observed the effect of
thrombin or TRAP on the Ca*-dependent surface A2. Proteins associated with
the surface of thrombin or TRAP treated cells Ca?*-dependently were dissociated
by cheiation of Ca®* with 20 mM EGTA, and were separated by SDS-PAGE, and
were subsequently subjected to western blot analysis for A2 (Figure 14, Panel
A). We observed that cells treated with 8 nM thrombin or 10 uM had higher
levels of eluted A2 than mock treated cells. To exclude the possibility that this
observation was simply due to cells becoming more fragile as a consequence of
thrombin treatment, cell eluates contained no detectable A2 when washing was

conducted in the presence of 3 mM Ca2?*. The bands were identified by the
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Figure 14: Effect of Thrombin or TRAP on Ca?-Dependent Surface A2. The
Ca*'-dependent surface proteins of HUVEC treated with 8 nM thrombin, 10 uM
TRAP or mock treated were eluted with 20 mM EGTA or 3mM Ca®". Eluted
proteins were separated on 15% polyacrylamide gels by SDS-PAGE, transferred
to PVDF, and probed with a monoclonal anti-A2 antibody, as observed in Panel
A (a). Lane 5 represents a HUVEC lysate used as an A2 positive control. The
PVDF membranes were subsequently stained for total protein with Coomassie
biue (Panel A, b). Panel B shows the results obtained from quantification of the
western blots with Northern Eclipse software (n=3, treated cells are significantly
different from non-treated cells at *kp<0.01).
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inclusion of a HUVEC lysate positive control that is known to contain A2 (Panel
A, lane 5).

The PVDF membranes were subsequently stained for total protein using
Coomassie Blue to control for cell lysis (Figure 14, Panel A). Coomassie Blue
staining revealed no detectable bands in the EGTA or Ca** elution lanes when
compared to the cell lysate positive control (Panel A, lane 5), indicating that
inadvertent permeabilization did not occur.

In Panel B, quantification and statistical analyses of the western blots are
shown. Thrombin treatment lead to an 80-fold enhancement in calcium-
dependent A2, while TRAP treatment caused a 4-fold enhancement, both of

which were significantly different from mock treated cells at p<0.01.

3.2.2 Thrombin or TRAP Treatment of Human Foreskin Fibroblast Cells Induces
Cell Surface Annexin Il and p11 Exposure.
3.2.2.1 Immunocytological Observation of Surface Annexin Il.

HFF cells were chosen as a second cell line to substantiate the results
that were obtained for HUVEC. HFF cells are commonly used in laboratory
studies of CMV infectivity, and will therefore provide a suitable cell model to
study the effect of thrombin on A2 function in CMV infection. Thus, the effect of
thrombin or TRAP on the cell surface A2 distribution was evaluated by three-
color immunofluorescence microscopy as described in Section 3.2.1.1 for

HUVEC.
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Figure 15: Immunofluorescence Microscopy Analysis of Surface A2 in
Thrombin or TRAP Treated HFF. Confluent HFF monolayers were treated with
8 nM thrombin, 10 uM TRAP or mock treated. After treatment the surface A2 and
vimentin (Vim), and the nuclear DNA were Vvisualized by three-color
immunofluorescence microscopy as described in Figure 11. The vimentin and
DAPI staining patterns are displayed as a merged image.
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As described in Section 3.2.1.1, isotype controls were performed to
develop a baseline level for non-specific staining. As observed previously for
HUVEC, the isotype controls were negative (Figure 10, Panel B), allowing us to
conclude that all staining observed was due to antibody-antigen interactions.
Additionally, thrombin and TRAP treatment showed no observable increases in
the amount of non-specific staining, demonstrating that thrombin and TRAP did
not affect interaction of the primary or secondary antibodies with the cell surface.
Similarly, staining for vimentin and nuclear genetic material were performed to
control for permeabilization and cell number, as described in Section 3.2.1.1. The
vimentin staining patterns, seen in Figure 15, are void of the characteristic
spindles representative of permeabilized cells, thereby indicating that the cells
observed are not permeabilized, and that the A2 staining observed corresponds
to surface A2. In addition, staining of the nuclei with DAP! was performed that
similar numbers of cells were being compared in each field.

In Figure 15, surface A2 levels were followed after treatment of HFF cells
with thrombin or TRAP. We observed that treatment with 8 nM thrombin or 10
uM TRAP increased the A2 staining intensity with respect to mock treated cells,
indicating that thrombin and TRAP treatment of HFF enhanced surface A2

epitope expression levels.

3.2.2.2 Examination of Surface Annexin Il and p11 by Cell Surface Biotinylation.

As for HUVEC, staining of live HFF cells prior to fixation with all available

anti-p11 antibodies revealed no demonstrable detection of surface p11. Thus,
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Figure 16: Effect of Thrombin or TRAP on Surface A2 and p11 in HFF as
Determined by Cell Surface Biotinylation. In Panel A, the surface proteins of
HFF treated with 8 nM thrombin, 10 uM TRAP or mock treated were biotinylated,
and the surface A2 and p11 were visualized as described in Figure 13. Lane 1 in
Panel A represents a purified A2 or p11 positive control. Film exposures of the
western blots were quantified with Northern Eclipse software (Empix) as shown
in Panel B (black bar: A2, gray bar: p11; n=3, treated cells are significantly
different from non-treated cells at %kp<0.01).
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surface p11 was followed by chemically modifying the cell surface as described
for HUVEC. As observed in Figure 16 (Panel A), surface proteins of thrombin- or
TRAP-treated HFF were labeled by biotinylation, followed by affinity-depletion of
surface A2 with avidin coated Sepharose beads, or immuno-depletion of total
p11 with anti-p11 and protein A/G coated Sepharose beads, followed by
visualization by western blotting. We observed that compared to mock treated
cells , cells treated with 8 nM thrombin, or 10 uM TRAP had enhanced levels of
surface A2. Analysis of surface p11 as described in Figure 13, demonstrated
that surface p11 was also increased in HFF after thrombin or TRAP treatment
with respect to mock treated cells. Re-probing the membrane with anti-p11 1gG
(Panel A, lane 1 is a purified p11 positive control) allowed us to confirm that the
band visualized in the surface p11 lanes was specific to p11.
Immunoprecipitations conducted with mouse |gG1 were void of p11 staining by
western blotting (data not shown).

Quantification of the western blots (Figure 16, Panel B) established that
thrombin treatment enhanced surface p11 and A2 approximately 1.75-foid.
Similarly, quantification of TRAP treated cells confirmed that A2 was increased 3-

fold, while p11 levels were enhanced approximately 1-fold (p<0.01).

3.2.2.3 Ca**-Dependent Surface Annexin II.
In Figure 17, the Ca?*-dependence of the interaction of A2 with the HFF
surface after treatment with thrombin or TRAP cells was followed by elution of

Ca*"-dependent surface proteins with EGTA, as described for HUVEC in Figure
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Figure 17: Effect of Thrombin or TRAP on Ca*'-dependent Surface A2 in
HFF. In Panel A, A2 associated Ca®"-dependently with the surface of HFF cells
treated with 8 nM thrombin, 10 uM TRAP or mock treated was eluted with 20 mM
EGTA or 3mM Ca?", and visualized by SDS-PAGE and western blotting as
described in Figure 14 (a: anti-A2 western blot, b: Coomassie blue protein stain).
Lane 5 in Panel A represents a HUVEC lysate used as an A2 positive control.
Quantification of the western blots using Northern Eclipse software (Empix) is
shown in Panel B (n=3, treated cells are significantly different from non-treated
cells at ¢ p<0.01).
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14. Western blot analysis of the eluates revealed that HFF treated with 8 nM
thrombin or 10 uM TRAP had higher levels of eluted A2 than mock-treated cells.
The bands were identified by the inclusion of a HUVEC cell lysate positive
control, which is known to contain A2. The absence of A2 in cells eluted with 3
mM Ca?* excluded the possibility that A2 eluted after EGTA treatment was simply
due to increased fragility after thrombin or TRAP stimulation. Staining the PVDF
membranes with Coomassie Blue was undertaken to visualize the total protein
levels in the eluates. The Coomassie blue staining was void of large amounts of
protein that would be released by permeabilization of the cells, as was seen in
the cell lysate positive control (Panel A, lane 5). This demonstrated that the
EGTA step was not causing inadvertent cell rupture to occur.

Quantification of the western blots (Figure 17, Panel B) revealed that
calcium dependent surface A2 was enhanced 5.5-fold by thrombin, and 2.5-fold
by TRAP. These values were shown to be significantly different from the mock

treated cells with p<0.01.

3.3 EFFECT OF THROMBIN OR TRAP ON INTRACELLULAR A2 AND p11.
3.3.1 Thrombin- or TRAP-mediated Enhancement of p11 Levels in Human
Umbilical Vein Endothelial Cells.
3.3.1.1 Analysis of Intracellular Annexin Il and p11 by Immunofluorescence.

To determine if the thrombin- or TRAP-mediated increases in surface A2

and p11 were due to a concomitant rise in intracellular A2 and p11
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Figure 18: Isotype Controls for Intracellular p11, A2, and Vimentin Staining
of HUVEC and HFF. HUVEC (Panei A) and HFF (Panel B) cells treated with 8
nM thrombin, 10 uM TRAP or mock treated were fixed and permeabilized as
described in Figure 9. After fixation the cells were incubated with mouse 1gG1 for
1 hour at RT, followed by 3 PBS washes. The non-specific antibody-cell
interactions were then detected by the addition of Cy’-conjugated donkey anti-
mouse IgG for 1 hour at RT. The nuclear DNA was then stained with DAPI,
followed by 3 PBS washes, and the cells were visualized as described in Figure
9. The photomicrographs show the superimposition of the migG1 and DAP!
staining patterns.
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concentrations, intracellular A2 and p11 were evaluated after thrombin or TRAP
treatment.

In order to ascertain that the intracellular A2, p11 and vimentin staining
observed was due to antibody-antigen recognition, and not non-specific
interactions between the antibodies and the cells, we performed isotype controls
by substituting the primary antibodies for non-immune mouse IgG1 (Figure 18,
Panel A for HUVEC, Panel B for HFF). These isotype controls were void of
staining, thereby demonstrating that all staining observed was specific for A2,
p11 and vimentin. Furthermore, it was observed that thrombin or TRAP did not
affect non-specific interactions between antibodies and the cells (Figure 18,
Panel A for HUVEC, Panel B for HFF).

Identically treated cells were stained for the intermediate filament
vimentin, for use as a permeabilization marker (Figure 19). Vimentin staining
was undertaken to ensure all cells were equally permeabilized, and that thrombin
or TRAP did not affect the level of permeabilization. The vimentin staining
patterns observed were equal in intensity and distribution, demonstrating that all
cells underwent equivalent levels of permeabilization, and that thrombin or TRAP
had no effect of permeabilization. Staining the nuclei with DAP! was used to
calculate the number of cells per field for use in quantification (Figure 19).

As shown in Figure 19, the potential effects of 8 nM thrombin (Panel A) or
10 uM TRAP (Panel B) on intracellular A2 and p11 levels were observed by two-
color immunofluorescence microscopy. When HUVEC were treated with

thrombin or TRAP, the amount of p11 staining was enhanced compared to mock
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Figure 19: Effect of Thrombin or TRAP on Intracellular A2 and p11 in
HUVEC. HUVEC treated with 8nM thrombin (Panel A), 10 uM TRAP (Panel B)
or mock treated (Panel A and Panel B) were fixed and permeabilized as
described in Figure 9. Fixation was followed by staining for A2, p11, or vimentin
(Vim) by incubating the cells with the corresponding monocional antibodies for 1
hour at RT. The cells were subsequently washed 3 times with PBS, and the
primary antibodies were detected by treating the cells with Cy*-conjugated
donkey anti-mouse antibody at RT for 1 hour. The nuclear DNA was then
stained with DAPI, and the cells were mounted and visualized (as described in
Figure 9). The photomicrographs were obtained by superimposing the DAPI
images obtained with their corresponding antibody staining patterns.
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Figure 20: Results of Quantification of Immunofluorescence Microscopy of
HUVEC. The fluorescence microscopy data was quantified using Northemn
Eclipse software (Empix). Briefly, the total A2 and p11 fluorescence intensity for
each field was calculated (minimum 5 fields per experiment), and the
fluorescence intensity/cell was obtained by dividing the total fluorescence
intensity by the number of nuclei present in the field (as determined by staining
with DAPI). The fluorescence intensity/cell for cells treated with thrombin (Panel
A) or TRAP (Panel B) were compared to the levels obtained for the non-treated
cells to obtain the fold enhancement/cell of intracellular A2 (V) and p11 (e) levels
(n=3, * statistically different from mock treated cells at p<0.01).
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treated cells, while A2 staining levels appeared unchanged. Quantification of
fluorescence intensity revealed that over a titration range of 0.8 to 8nM thrombin
(Figure 20, Panel A) intracellular p11 levels were enhanced to a maximum of 8-
foid/cell, while the 0.1 to 10 uM TRARP titration range (Figure 20, Panel B) led to
an approximate 1.5-fold enhancement/cell. In contrast, A2 levels remained
constant throughout the thrombin and TRAP titration ranges. Statistical analysis
revealed that the p11 levels in thrombin and TRAP treated cells were significantly

different from the mock treated cells (p<0.01).

3.3.1.2 Antigenic Analysis of Cellular Lysates.

To substantiate the effect of thrombin or TRAP on intracellular A2 or p11
observed by immunofluorescence microscopy, quantitative western blot analysis
of A2 and p11 levels in HUVEC treated with 0.8 to 8 nM thrombin (Figure 21,
Panel A) or 0.1 to 10 uM TRAP (Figure 21, Panel B) were undertaken. The
westemn blots showed that p11 levels were enhanced with increasing
concentrations of thrombin or TRAP, while A2 levels remained unchanged.
Identification of the bands was performed by the inclusion of purified protein
positive controls (Panels A and B, lane 1). The PVDF membranes were
subsequently re-probed for the cytoskeletal protein p-actin. p-actin staining was
employed as a loading control, to ensure identical numbers of cells were being
loaded in each lane. This loading control allowed us to accurately quantify the

levels of A2 and p11 after thrombin or TRAP treatment.
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Figure 21: Effect of Thrombin or TRAP on Total A2 or p11 in HUVEC.
Confluent HUVEC monolayers were treated with thrombin (Panel A) or TRAP
(Panel B). After recovery the cells were lysed with sample buffer containing
dithiothreitol (DTT), separated on 15% polyacrylamide gels by SDS-PAGE,
transferred to PVDF, and probed with monoclonal anti-A2 or anti-p11 antibodies,
followed by HRP-conjugated goat anti-mouse IgG. To ensure equal amounts of
sample were loaded in each lane, the membranes were subsequently reprobed
with a monocional anti-p-actin antibody.
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Figure 22: Quantification of Western Blot Analysis of HUVEC. The A2 and
p11 blots were quantified using Northern Eclipse software (Empix). The A2/actin,
and the p11/actin ratios of thrombin (Panel A) and TRAP (Panel B) treated cells
were compared to the ratios observed for non-treated cells, to obtain the fold
enhancement of A2 (V) and p11 (e) (n=3, treated cells are significantly different
from non-treated cells at %kp<0.01 or +p<0.05).
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Quantification of the p11 blots revealed a maximal 4-fold augmentation in
the amount of intraceliular p11 in thrombin treated cells (Figure 22, Panel A),
while TRAP treatment caused an approximate 1.25-fold enhancement (Figure
22, Panel B). Quantification of the A2 blots demonstrated that thrombin and
TRAP had no effect on intraceilular A2. Subsequent statistical analysis
demonstrated that the data obtained was statistically significant (*<0.01 or

+p<0.05).

3.3.2 Up-regulation of Intracellular Annexin Il and p11 in Human Foreskin
Fibroblasts by Thrombin or TRAP.
3.3.2.1 Observation of Intracellular Annexin Il and p11 by Immunocytology.

In order to ascertain the origin of the newly expressed surface A2 and
p11, analysis of intracellular A2 and p11 in HFF cells after thrombin or TRAP
treatment was undertaken. As described in Section 3.3.1.1 isotype (Figure 18,
Panel B) and permeabilization controls (Figure 23, Panels A and B: images) were
first performed to ensure that our experimental system was appropriate. The
isotype controls were negative, indicating that the A2, p11 and vimentin staining
observed was specific. As for HUVEC, we observed that thrombin or TRAP had
no effect on non-specific interactions between antibodies and the cells. In
addition, vimentin staining was performed to ascertain that all cells received
identical levels of permeabilization (Figure 23). The vimentin staining patterns
were similar in intensity, signifying that equivalent permeabilization was

achieved.
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Figure 23: Effect of Thrombin or TRAP on Intracellular A2 and p11 in HFF.
HFF grown to 80% confluence on glass coverslips were treated with 8 nM
thrombin (Panel A), 10 uM TRAP (Panel B) or mock treated (Panels A and B),
and stained for A2, p11, or vimentin (Vim) and DAPI as described in Figure 19.
All images are displayed as overlays between the antigenic and the DAPI
staining patterns.
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Figure 24: Quantification of the Inmunofluorescence Analysis of HFF. The
fold enhancement/cell of A2 (V) and p11 (e) ievels in thrombin (Panel A) and
TRAP (Panel B) treated cells were obtained as described in Figure 20 (n=3,
treated cells are significantly different from non-treated cells at %kp<0.01).
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In Figure 23 the effect of thrombin (Panel A) or TRAP (Panel B) on
intracellular A2 and p11 was followed by immunofiluorescence microscopy as
described previously. Stimulation of HFF with 8 nM thrombin or 10 uM TRAP
resulted in an increase the amount of p11 staining intensity, when compared to
the levels observed in mock treated cells. In contrast, the A2 staining intensity
remained constant regardless of treatment, indicating that A2 levels were
unaffected by thrombin or TRAP. Staining the nuclei with DAP! allowed us to
calculate the number of cells, which was later used as a denominator for
quantification.

The results of the quantification of the immunofluorescence microscopy
experiments performed for HFF cells are shown in Figure 24. 0.8 to 8 nM
thrombin (Panel A) was observed to enhance intracellular p11 levels a maximum
of 4.5-fold, while 0.1 to 10 uM TRAP lead to a maximal 3-fold enhancement. In
both cases A2 levels appeared to remain constant throughout the titration ranges
(Figure 24, Panel B). Statistical analysis of the results revealed that the values

obtained for the treated cells were statistically significant (p<0.01).

3.3.2.2 Western Blot Analysis of Cellular Lysates.

As previously described for HUVEC, western blot analysis of A2 and p11
levels in thrombin or TRAP treated HFF cell lysates was undertaken as a second
method to confirm our immunofluorescence microscopy results (Figure 25). In
Panel A, we observe that treating HFF cells with increasing thrombin

concentrations (from 0.8 to 8 nM) results in a dose dependent increase of total



Figure 25: Effect of Thrombin and TRAP on Total A2 and p11 in HFF. The
effect of thrombin (Panel A) or TRAP (Panel B) on total A2 and p11 in HFF was
followed by quantitative western blotting as described in Figure 21.
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Figure 26: Quantification of Total A2 and p11 Levels Obtained by Western Blot
Analysis HFF. The fold enhancement in total A2 (V) and p11 (e) levels in thrombin
(Panel A) and TRAP (Panel B) treated cells were quantified as described in Figure
22 (n=3, treated cells are significantly different from non-treated cells at %p<0.01 or
+p<0.05).
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p11 levels, while having no effect on total A2. Similar results were observed after
treatment with 0.1 to 10 uM TRAP (Panel B). Re-probing the membranes with
anti-g-actin served as a loading control and as a baseline for quantification.
Quantification of the western blots (Figure 26) established that both
thrombin (Panel A) and TRAP (Panel B) enhanced intracellular p11 levels
approximately 2-fold, while quantification of the A2 blots confirmed that A2 levels
were unaffected by thrombin or TRAP treatment. The data obtained for treated
cells was shown to be significantly different from the mock-treated cells at p<0.05

or p<0.01.

3.4 EFFECT OF THROMBIN OR TRAP ON SUB-MEMBRANOUS ANNEXIN I
3.4.1 Sub-membranous Pools of Annexin Il in Human Umbilical Vein Endothelial
Cell are Enhanced by Thrombin or TRAP Stimulation.

The inability of thrombin or TRAP to enhance intracellular A2 levels in
HUVEC indicated that the thrombin- or TRAP-mediated increase in surface A2
might be due to a redistribution of intracellular A2 pools and not new protein
synthesis.

Immunofluorescence microscopy observation of annexin | in cells
extracted using different concentrations of fixative and detergent proposed the
existence of sub-membranous annexin | pools that colocalized with cytoskeletal
elements (228). Subsequent observation of similarly treated cells by electron
microscopy revealed that the annexin | pools were in fact located just beneath

the plasma membrane. The existence of sub-membranous A2 pools, which couid
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Figure 27: Isotype Controls for Membrane-bound A2 and Vimentin Staining
in HUVEC and HFF. HUVEC (Panel A) and HFF (Panel B) treated with 8nM
thrombin, 10 uM TRAP or mock treated were fixed with 4% paraformaldehyde
and 0.25% gluteraldehyde. The cells were then incubated with a primary
antibody solution containing mouse IgG2a and goat serum. After 3 PBS washes,
the primary antibodies were detected by treating the cells with a secondary
antibody solution containing Cy*-conjugated donkey anti-mouse IgG and FITC
conjugated rabbit anti-goat IgG. The nuclei were then stained with DAP! (shown
merged with the vimentin staining), and the cells were visualized as in Figure S.
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be shuttled to the surface after thrombin or TRAP stimulation may in part explain
the observed increases in surface A2. Therefore, to determine if these pools
exist for A2, and if they may be enhanced by thrombin or TRAP we performed
immunofluorescence microscopy by triple staining paraformaldehyde and
gluteraldehyde fixed HUVEC for A2, vimentin and DAPI following treatment by
thrombin or TRAP.

A baseline for non-specific staining was established by performing isotype
controls, where non-immune mouse IgG2a and goat serum were substituted for
the primary antibodies (Figure 27, Panel A). These controls were negative
demonstrating that all staining observed was due to specific interactions between
the primary antibodies and the cellular A2 or vimentin. Furthermore, we
observed that thrombin and TRAP
had no effect on non-specific interactions between the primary and secondary
antibodies and the cells.

Observation of A2 staining demonstrated that compared to mock treated
cells, cells treated with 8 nM thrombin or 1 uM TRAP had increased A2
fluorescence levels (Figure 28). The A2 staining was localized in specific areas
throughout the cells. Observation of the vimentin staining patterns showed a
similar localization of staining. The absence of the typical vimentin spindles
normally seen in permeabilized cells indicated that complete permeabilization did
not occur. Merged images of the A2 and vimentin staining patterns
demonstrated that there was colocolization between certain A2 and vimentin

pools. Staining the nuclei with DAPI was performed to control for cell number.
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Figure 28: Effect of Thrombin and TRAP on Membrane-bound A2 in HUVEC.
HUVEC treated with 8 nM thrombin, 10 uM TRAP or mock treated were fixed
with 4% paraformaldehyde and 0.25% gluteraidehyde. After fixation the cells
were simultaneously stained for A2 and vimentin (Vim) by the addition of a
primary antibody solution containing monocional anti-A2 and polycional goat anti-
vimentin antibodies. After 3 PBS washes, the primary antibodies were detected
by incubation with Cy*-conjugated donkey anti-mouse IgG and FITC conjugated
rabbit anti-goat IgG. The nuclei were stained with DAPI, the washing steps were
repeated, and the cells were visualized as described in Figure 9. Overlays of the
vimentin and DAPI, as well as the A2 and DAPI staining patterns are shown.
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Thus, the sub-membranous A2 pools colocalized with cytoskeletal
elements, demonstrating that these A2 pools occur at junctions between the

plasma membrane and cytoskeleton.

3.4.2 Thrombin- or TRAP-Mediated Augmentation of Sub-membranous Annexin
Il Pools in Human Foreskin Fibroblasts.

To determine if HFF contained the sub-membranous A2 pools observed in
HUVEC, and if these pools could be increased by thrombin- or TRAP-mediated
stimulation, the effect of thrombin or TRAP on membrane associated A2 pools in
HFF was followed by three-color immunofluorescence microscopy as described
in Section 3.4.1.

As for HUVEC, isotype controls were undertaken tc determine the
baseline of our system (Figure 27, Panel B). The primary antibodies were
substituted with non-immune migG2a and goat serum to determine whether non-
specific antibody-antigen interactions were contributing to the observed staining.
The isotype controls were negative, demonstrating that the A2 and vimentin
staining was specific, and that non-specific antibody-cell interactions were
unaffected by thrombin or TRAP.

In Figure 29, the sub-membranous A2 staining pattern in HFF cells is
shown. We observed that A2 staining was elevated after treatment with 8 nM
thrombin or 1 uM TRAP, compared to mock treated cells. The sub-membranous
A2 distribution appeared more diffuse than in HUVEC, however certain areas did

appear to have a more intense point-like staining. The vimentin-staining pattern
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Figure 29: Effect of Thrombin and TRAP on Sub-membranous A2 in HFF.
HFF cells treated with 8 nM thrombin, 10 uM TRAP or mock treated were
simultaneously stained for A2, vimentin (Vim) and DAP! by three-color
immunofluorescence microscopy as described in Figure 28. Merged images of
the A2/vimentin, and the vimentin/DAPI staining patterns have been provided.
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was highly punctate in nature. The absence of visible spindies in the vimentin
staining patterns indicated that complete permeabilization did not occur. Nuclear
staining with DAP| was used to ascertain equal numbers of cell were being
compared in each field. Examination of overlays of the A2 and vimentin
distributions revealed that a proportion of the A2 pools appear to colocolize with
vimentin. Therefore, certain sub-membranous pools of A2 occur in regions of the

plasma membrane interacting with cytoskeletal elements.

3.5 EFFECT CMV ON INTRACELLULAR AND SUB-MEMBRANOUS A2.
3.5.1 CMV-mediated Up-regulation of Sub-membranous Annexin Il in Human
Umbilical Vein Endothelial Cells.

A2 has been proposed to be a cell surface receptor for CMV (125;147).
Therefore, the ability of CMV to produce thrombin on its surface (174), and the
capability of the virus to stimulate cells through direct virus-cell contact (229),
were studied as triggers for the redistribution of cellular A2 pools. Preliminary
immunofluorescence microscopy experiments were conducted to follow
intracellular and sub-membranous A2 pools in HUVEC after CMV treatment (as
described in Sections 3.3.1 and 3.4.1).

The isotype controls for intracellular and sub-membranous A2 are shown
in Figure 30. These controls, completed by incubating identically treated cells
with non-immune migG2a and goat serum in place of the primary antibodies,
were performed to determine the baseline level of staining in our experiments.

As observed in Figure 30, the controls were void of staining, confirming that all
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Figure 30: Isotype Controls for Intracellular and Sub-membranous A2
Staining in CMV Treated Cells. HUVEC grown to confluence were treated with
7.14 x 10* CMV particles/mL. The cells were subsequently fixed with 4 %
paraformaidehyde and 0.25 % gluteraldehyde (sub-membranous staining), or
fixed and permeabilized with 4 % paraformaldehyde, 0.25 % gluteraldehyde and
0.2 % Triton X-100 (intracellular staining). Non-specific interactions between the
antibodies and the cells were detected by incubation with mouse 1gG2a and goat
serum. The cells were washed 3 times with PBS, followed by treatment with a
secondary antibody solution containing FITC-conjugated rabbit anti-goat IgG and
Cy3-conjugated donkey anti-mouse 1gG. The washing steps were repeated, and
the cells were visualized with a Zeiss epifluorescent microscope at a
magnification of 1260 (exposure times: 30 seconds for migG2a, 60 seconds for
goat serum).
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A2 and vimentin staining observed was specific and that CMV treatment did not
affect the levels of non-specific antibody-cell interactions. In addition vimentin
staining was undertaken to control for the levels of permeabilization caused by
the various fixation procedures (Figure 31).

In Figure 31, the effect of CMV on intracellular A2 is shown. Intracellular
A2 levels remained constant regardless of treatment, demonstrating that CMV
had no effect on the amount intracellular A2. Staining for vimentin was
performed to ensure all cells received identical levels of permeabilization. The
vimentin staining patterns of CMV and mock treated cells were identical,
ensuring that equivalent permeabilization occurred, and that permeabilization
was unaffected by CMV treatment.

The effect of CMV on sub-membranous A2 pools is also shown in Figure
31. The sub-membranous A2 was dramatically enhanced in CMV treated cells
when compared to mock treatment. Observation of the A2 distribution
demonstrated that it was restricted to specific areas within the cells. The vimentin
staining patterns are void of the spindles characteristic of a permeabilized
vimentin stain, and was also localized to distinct areas inside the cells. Due to the
high degree of similarity between the A2 and vimentin staining patterns we can
conclude that there is colocolization of of certain sub-membranous A2 and
vimentin pools. Hence, the membrane associated A2 pools were observed in
distinct areas throughout the cell, which correspond to linkages between the

plasma membrane and cytoskeleton.
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Figure 31: Effect of CMV on the Distribution of Intracellular and Sub-
membranous A2 in HUVEC. HUVEC grown to confluence were treated with
7.14 x 10°* CMV particles/mL. The cell were subsequently fixed (sub-
membranous staining), or fixed and permeabilized (intracellular staining) as
described in Figure 30. A2 and vimentin were detected by incubation with
monoclonal mouse anti-A2 and polyclonal goat anti-vimentin antibodies, followed
by washing with PBS. The cells were then treated with a secondary antibody
solution containing FITC-conjugated rabbit anti-goat IgG and Cy*-conjugated
donkey anti-mouse IgG. After antibody incubations the cells were mounted and
visualized as described in Figure 30 (exposure times: 30 seconds for A2, 60
seconds for vimentin).
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3.5.2 Total Annexin Il Levels are Unaffected by CMV Treatment.

To substantiate the immunofluorescence microscopy results, total A2
levels were observed after CMV treatment of HUVEC and HFF by westem blot
analysis of cellular lysates. Figure 32 shows the results of a time course of CMV
treatment followed by a 1 hour recovery period (Panel A), and a 5 minute CMV
treatment followed by a time course recovery period (Panel B) in HUVEC (Panels
A and B: a) and HFF cells (Panelis A and B: b). We observed that neither a time
course CMV treatment, nor a time course recovery period had any effect on total
A2 levels. The identity of the A2 bands was confirmed by including a purified A2
positive control (Panels A and B: lane 7). The PVDF membranes were stained
for total protein with Coomassie Blue to ensure that identical numbers of cells
were being loaded in each SDS-PAGE lane.

It has been well documented that CMV envelope contains annexin |l
(144). To ascertain that the A2 contributed by the added CMV was not
significant, controls containing the amount of purified CMV used in each
experiment, were performed (Panel B: lane 6). These controls detected little or
no measurable A2, demonstrating that CMV was not contributing significant

amounts of the protein.
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Figure 32: Effect of CMV on Total A2 in HUVEC and HFF. HUVEC (Panels A
and B: a) and HFF (Panels A and B: b) grown to confluence were treated with
19.4 x 10* CMV particles/cell for 5 to 30 minutes, washed with HBS, and allowed
to recover for 1 hour at 37°C (Panel A), or treated with 19.4 x 10° CMV
particles/cell for 5 minutes, washed with HBS, and allowed to recover for 0 to 60
minutes in fresh media at 37°C (Panel B). After treatment the cells were lysed
and placed in sample buffer containing 2% p-mercaptotethanol. 2 ng of each
sample (determined by colorimetric assay) were separated on 12%
polyacrylamide gels by SDS-PAGE. Western blot analysis was performed using
a monoclonal anti-A2 antibody. Total protein was visualized by staining with
Coomassie blue.
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3.6 FUNCTIONAL EXPERIMENTS
3.6.1 Enhancement of Plasminogen Binding in Thrombin or TRAP Stimulated
Human Umbilical Vein Endothelial Cells.

A2 has been identified as an endothelial cell surface co-receptor for
plasminogen and tissue plasminogen activator (tPA) (119), and as a cofactor in
the tPA-mediated conversion of plasminogen to plasmin (129). To determine
whether thrombin- or TRAP-induced enhancement of surface A2 or p11 could
play a functional role in fibrinolysis, we studied their effects on the binding of
biotinylated (B-Plg)- or fluorescein (F-Plg)-labeled recombinant plasminogen to

the HUVEC surface.

3.6.1.1 B-PIg Binding

Binding of B-Plg (Figure 33, Panel A) to cells treated with 8 nM thrombin,
10 uM TRAP or mock treated HUVEC was evaluated by western blot analysis of
cell lysates with HRP-avidin, after incubation with B-Plg. We observed that
treating HUVEC with either thrombin or TRAP enhanced B-Plg binding when
compared to mock treated cells.

The addition of 3 mM -ACA, which inhibits the interaction of plasminogen
with essential C-terminal lysine residues on known receptors, inhibited B-Plg
binding (Panel A). Similarly, the addition of a 10-fold excess of unlabeled purified
Glu-plasminogen completely repressed the ability of B-Plg to bind to the HUVEC
surface (data not shown). The ability of excess unlabeled Glu-plasminogen to

prevent B-Plg binding demonstrated that biotinylation did not affect the specificity
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Figure 33: Thrombin or TRAP Treatment of HUVEC Enhances Plasminogen
Binding. In Panel A, biotin-plasminogen (B-Plg) binding to the surface of thrombin
and TRAP treated HUVEC was evaluated by incubating treated cells with 150 nM B-
Pig for 30 minutes at 37°C, lysing the cells, separating the proteins by SDS-PAGE,
transferring to PVDF and probing the membranes with HRP-avidin. To ensure
similar numbers of cells were loaded in each lane, the blots were reprobed with an
anti-B-actin antibody. Quantification of B-Plg binding to the cell surface is shown in
Panel B (n=3, treated cells are significantly different from non-treated cells at %
p<0.01). Fluorescein-plasminogen (F-Plg) binding to HUVEC was evaluated in
Panel C, by incubating cells treated with 8 nM thrombin, 10 uM TRAP or mock
treated with 150 nM F-Pig for 30 min at 37°C. The cells were subsequently fixed,
the nuclear DNA was stained with DAPI, and the cells were mounted and visualized
as described in Figure 9.
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of B-Plg binding to the HUVEC surface. Re-probing the PVDF membrane for §-
actin served as a loading control, to verify that comparable amounts of each
sample were subjected to electrophoresis, and as a baseline for quantification.
An SDS-PAGE lane containing B-Plg alone (Panel A, lane 4) was included to
identify which bands in the HUVEC lysate corresponded to B-Plg.

The results of quantification and statistical analysis are shown in Panel B.
Thrombin treatment enhanced B-Plg binding 2-fold, while TRAP caused a 3-fold

increase compared to mock treated HUVEC (p<0.01, n=3).

3.6.1.2 F-PIg Binding

In Figure 33 Panel C, fluorescence microscopy was used to follow the
binding of F-Plg to the surface of live HUVEC treated with 8 nM thrombin, 10 uM
or mock treated. We observed an increase in fluorescence in cells treated with
thrombin or TRAP, indicating that F-Plg binding to the HUVEC surface was
increased. Staining of the nuclear DNA with DAPI was performed to ensure that

comparable numbers of cells were being evaluated in each field.

3.6.2 Anti-p11 Inhibition of Thrombin- or TRAP-mediated Increase in F-Plg
Binding to Human Umbilical Vein Endothelial Cells.

To determine whether the enhancement of plasminogen binding could be
directly attributed to increases in surface A2 and p11, the F-Plg binding
experiment described in Figure 33 was repeated including rabbit anti-p11 1gG or

control non-immune rabbit IgG (Figure 34). In the absence of antibody we
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Figure 34: Inhibition of F-Plg Binding by Interference with p11. F-Pig
binding to thrombin, TRAP or mock treated cells was evaluated as in Figure 33.
However, both the recovery media, and the F-Pig solution for certain cells
contained 100 nM polyclonal rabbit anti-p11. As controls for specificity the
experiment was repeated with F-Plg alone and in the presence of 100 nM non-
immune rabbit IgG.
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observed that both 8 nM thrombin and 10 uM TRAP enhanced the level of
binding of F-Pig to the HUVEC surface compared to the mock treated celis as
seen in Figure 33. However, this increase in F-Pig binding was inhibited by the
addition of an anti-p11 antibody but was unaffected by a non-immune rabbit igG.

Thus, interference with p11 inhibits the binding of F-Pig to the HUVEC surface.

3.6.3 Plasmin Generation on the Human Umbilical Vein Endothelial Cell Surface
is Enhanced by Thrombin or TRAP Stimulation.

Having established that thrombin- and TRAP-mediated stimulation of
HUVEC can enhance plasminogen binding, we then investigated whether this
effect translated to increased tPA-mediated plasmin generation on the HUVEC
surface (Figure 35). Plasmin produced from Lys- (Panel A) or Giu-plasminogen
(Panel B) by recombinant tPA was measured by chromogenic assay. The mOD
(mili optical density)/min units obtained from the chromogenic assays were
translated into uM plasmin or nM plasmin generated/min with the use of a
plasmin standard curve (data not shown).

These experiments demonstrated that both thrombin and TRAP in the
case of Lys-Plasminogen, and thrombin alone in the case of Glu-Plasminogen
was able to significantly enhance plasmin generation on the HUVEC surface. A
maximal 7-fold enhancement was observed in plasmin generation from Lys-
plasminogen, while plasmin generation from Glu-plasminogen was enhanced to

a maximum of 3-fold. Interestingly unlike Lys-plasminogen, conversion of Giu-
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Figure 35: Enhancement of Plasmin Generation on the HUVEC Surface by
Thrombin or TRAP. HUVEC treated with 8 nM thrombin (), 10 uM TRAP (V),
or mock treated (0) were pre-incubated with 5 nM recombinant tissue
plasminogen activator (rtPA) at 37°C. After 20 minutes, 150 nM of Lys-
plasminogen (Panel A) or Glu-piasminogen (Panel B) was added. Aliquots were
then removed at various time points and assayed for plasmin activity by
chromogenic assay (n=3). The insets represent specificity controls for cells
treated with 8 nM thrombin at the 30 minute time point for Lys-plaminogen and at
the 60 minute time point for Glu-plasminogen (Panel A, A: tPA + plasminogen,
B: rtPA omitted, C: plasminogen omitted, D: tPA + plasminogen + aprotinin;
Panel B, A: rtPA + plasminogen, B: rtPA omitted, C: plasminogen omitted).
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plasminogen to plasmin had a lag phase, which lasted approximately 90 to 105
minutes.

The addition of aprotinin, a relatively specific plasmin inhibitor (230),
blocked all chromogenic activity observed, which strongly supported the idea that
plasmin and not another enzyme was responsible for the activity observed (Panel
A inset). The aprotinin data for cells treated with 8 nM thrombin shown in Panel
A (inset), was characteristic of the data obtained for TRAP and mock treated
cells (data not shown). The omission of tPA or plasminogen also resulted in loss
of all chromogenic activity, indicating that the cells were not secreting detectable
amounts of tPA, and that plasmin generation was dependent solely on
exogenous tPA and plasminogen (Panels A and B: insets). The tPA and
plasminogen omission controls shown for thrombin (Panels A and B: inset)
treated cells were typical of the controls obtained for TRAP and mock treated
cells (data not shown). All thrombin controls were taken at the 30 minute time

point for Lys-Plg and the 60 minute time point for Giu-PIg.
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4. DISCUSSION

4.1 THROMBIN OR TRAP STIMULATION ENHANCES SURFACE ANNEXIN I
AND p11 EXPRESSION.

Thrombin has well documented cell-modulating capabilities, which
function to regulate hemostasis. The goal of this thesis was to study the effect of
thrombin on the cellular distribution of A2, and to determine the role of thrombin
on the function of A2 in fibrinolysis. The hypothesis addressed was that
thrombin-mediated signaling increases cellular participation in plasmin
generation and CMV infection, by enhancing the presentation of A2 on the cell
surface. Indeed, antigenic analysis of surface A2 and p11 levels demonstrated
that a 5 minute treatment with thrombin or TRAP caused a rapid increase of
surface A2 and p11 in HUVEC and HFF cells.

A2 and p11 do not contain secretory signals; thus they cannot exit the cell
via the typical endoplasmic reticulum-dependent pathway (121). Although, the
mechanism by which A2 and p11 are secreted is undetermined and does not
involve typical pathways, both proteins have been identified on the surface of
numerous cell types, including keratinocytes (231), endothelial (45;119;142),
glioma (45), and large-cell lymphoma cells (117). Our discovery that thrombin
can mediate surface A2 and p11 expression represents the first known stimulus
capable of inducing their cell surface expression. in addition, we observed that
stimulation with TRAP, a PAR-1 activating peptide, triggered the redistribution of
A2 and p11 to the exterior of the cell. The ability of PAR-1 activation to induce

cell surface A2 and p11 expression provides insight into the mechanism involved,
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implicating G protein activation. A more detailed and specific mechanism may be
inferred by studying the effects of other cell modulators that have been shown to
activate G proteins, on the celiular distribution of A2. Like thrombin, nicotine
stimulation of certain cells has been shown to involve G protein activation (232).
Analysis of the effects of nicotine treatment on A2 distribution in chromaffin cells
demonstrated that cellular stimulation by nicotine caused a translocation of A2m
and A2t from the cytosol to caveolar domains (233), plasma membrane
invaginations that function in transmembrane trafficking and intracellular
signaling (234;235). Additional evidence exists for the presence of A2 in
caveolae. It has been observed that A2 is a component of caveolae in various
cell types (236), including endothelial celis (237), and cell surface A2 appears to
colocalize with caveolae (238). Furthermore, A2 has been implicated in granule-
granule and granule-plasma membrane fusion (239), as well as exocytosis (48),
two functions that are proposed to involve caveolae. When combined together,
these observations may provide a potential explanation into the mechanism by
which A2 and p11 are translocated to the cell surface, which we speculate, may
involve caveolae.

While our data indicates that surface A2 and p11 are enhanced by
thrombin or TRAP, it does not give us any specifications as to whether the A2
and p11 are present as A2t. Studies involving which forms of A2 exist on the cell
surface have been reported. [t has been demonstrated that 90 to 95 % of
endothelial and epithelial A2 exists as A2t (40;240). From analysis of surface A2

and p11 levels, these authors concluded that they are present in equal
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concentrations, suggesting that A2t is the dominant form of A2 on the cell
surface. Furthermore, cell surface immunofluorescence microscopy verified that
staining for A2 colocalized with all observed p11 staining (120). These
observations allow us to hypothesize that all p11 present on the cell surface is
complexed to A2. Double staining of surface A2 and p11 by
immunofluorescence microcopy could test this hypothesis. However, to perform
these experiments an anti-p11 antibody that recognizes unfixed p11 would have
to be produced.

To ascertain what type of interaction occurs between A2 and the cell
surface we attempted to remove surface A2 with EGTA. As a Ca®" chelator,
EGTA would induce the dissociation of any A2 associated with the cell surface in
a Ca®*-dependent manner. In fact, we observed that EGTA did strip A2 from the
cell surface, and that the amount of Ca®*-dependent A2 bound was increased
after treatment with thrombin or TRAP. The observed Ca®*-dependence of the
interaction of A2 with the cell surface suggests that the newly expressed surface
A2 is interacting with the cell surface via anPL. This observation provides further
evidence implicating plasma membrane structures in the translocation of A2 from
the interior of the cell to the cell surface. However, A2 has also been shown to
interact with certain proteins, such as annexins | (241) and V (242), in a Ca®’-
dependent manner, and therefore an A2-protein interaction cannot be ruled out.
To determine if another protein is involved, chemical crosslinking prior to EGTA

elution could be undertaken.
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4.2 THROMBIN- OR TRAP-MEDIATED AUGMENTATION OF TOTAL p11.

In order to determine if the thrombin or TRAP-mediated increases in
surface A2 and p11 are correlated-to protein synthesis, we analyzed total A2 and
p11 levels by antigenic analysis. We observed that while A2 was unaffected by
thrombin or TRAP, the amount of intracellular or total p11 increased significantly.
It has been demonstrated that surface A2 comprises approximately 4 % of the
total cellular pool in endothelial cells (116). Thus, due to the small proportion of
surface A2, intracellular A2 can be considered an approximate representation of
the total cellular pool of the protein.

The ability of thrombin to modulate cells via the induction of intracellular
signaling through cell surface receptors PAR-1, PAR-3 and PAR-4, has been well
documented in the literature (166). Along with stimulation of intracellular
signaling and second messenger generation, thrombin has been shown to cause
the expression of various gene products such as platelet derived growth factor B
chain (243), plasminogen activator inhibitor-1 (244), endothelin 1 (178), and
gelatinase B (244) to name a few. This enhancement is believed to resuit from
the activation of thrombin inducible transcription factors, including activator
protein 1 (AP-1) (244;245), NF-xB (246;247), and DNA binding protein B (248).
The ability of thrombin to induce gene expression through the activation of
thrombin-sensitive transcription factors, and the existence of thrombin inducible
transcription factor binding sites in the p11 gene sequence may explain the
increases in total p11 levels. To determine whether the p11 gene contains any of

these DNA motifs, we analyzed the promoter region (10 Kbp upstream from the
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transcription start site) for transcription factor binding sites with the Matinspector
V2.2 program (249). We discovered that the p11 gene contains putative
recognition elements for NF-xB. Thus, we propose that the thrombin-induced
enhancement of p11 levels we observed may be due to the thrombin-mediated
activation of the NF-xB pathways. In contrast, analysis of the promoter region of
the A2 gene with the Matinspector V2.2 program revealed that the A2 gene
sequence was void of the putative NF-xB transcription factor recognition
elements found in the p11 gene (249). Based on this preliminary analysis we
propose that total A2 levels are unaffected by treatment with thrombin or TRAP
because the gene contains no binding sites for the known thrombin-activated
transcription factor NF-xB.

Although protein synthesis may be responsible for the increase in total
p11 observed after thrombin or TRAP stimulation, another possible explanation
would be decreased degradation or increased half-life. Northern blot analysis of
the p11 mMRNA, quantitative RT-PCR, or pulse-chase experiments may provide
further insight into which mechanism is involved.

Interestingly, we observed that thrombin treatment was able to increase
intracellular p11 up to a maximum of 8-fold in HUVEC, while TRAP caused an
approximate 1.5-fold increase. Our observation that TRAP, a thrombin signaling
peptide specific for PAR-1, enhanced surface A2 and p11 levels indicates at
least this member of the PAR family is involved. The discrepancy observed
between thrombin and TRAP may be due to the fact that thrombin has numerous

receptors on the cell surface, and may activate receptors other than PAR-1.
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Other members of the PAR family, including PAR-3, exist on the HUVEC surface,
which can be activated by thrombin (216). In addition, thrombin has also been
shown to activate cells in a non-proteolytic manner (250). A thrombin peptide,
whose sequence is identical to the region of thrombin responsible for high affinity
binding to fibroblasts, has been shown to stimulate cells without proteolysis
(250). This peptide, but not PAR-1, was able to induce annexin V expression in
human fibroblasts (250). Thus, the thrombin mediated increases in intracellular
p11, and surface A2 and p11, may be due in part through signaling by a distinct
non-PAR receptor.

The ability of coagulation proteases Xa and Vlla to activate PAR-1 and
PAR-2 (220-223), suggests that their formation and subsequent receptor
activation may elicited the same biochemical responses as thrombin. Thus, Xa or
Vila treatment of our cells may induce the expression of surface A2 and p11, as
well as increase the amount of intracellular p11. This effect may or may not be
physiologically significant in comparison to thrombin PAR-1 and PAR-3
activation. Analysis of the effects of Xa and Vila on the cellular distribution of A2
and p11 may elucidate whether thrombin, or other coagulation proteases, are the
physiological triggers of protease receptor activation- mediated redistribution of
cellular A2 and p11.

The purity of the thrombin utilized in the current experiments, was tested
by the supplier with SDS-PAGE analysis, and was subsequently confirmed by
SDS-PAGE in our Laboratory. Furthermore, the thrombin must be diluted 10 000

fold to achieve concentrations in the nM range. Any impurities present would
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certainly be too diluted to have any substantial effects. In addition, the
observation that PAR-1 stimulation by TRAP elicits the same observed effects as
thrombin suggests that thrombin, and not an impurity, is causing cell activation.
However, the possibility exists that a trace component present in the thrombin,
although unlikely, could be participating. To confirm the specificity of the effect on
thrombin, experiments could be repeated in the presence of hirudin, a highly
specific thrombin inhibitor. If the inclusion of hirudin eradicates all thrombin-
associated activity then we could confirm that all observed cellular changes are

specific to thrombin

4.3 UP-REGULATION OF MEMBRANE ASSOCIATED ANNEXIN 1l BY
THROMBIN OR TRAP.

Previous studies in A549 cells have shown that fixation of cells with
paraformaldehyde and gluteraldehyde causes the plasma membrane to undergo
a mild permeabilization (228). This allows distinct areas of the cytoplasm,
proposed to occur at junctions between the cytoskeleton and the plasma
membrane, to be visualized by immunofluorescence microscopy. Studies using
this method revealed that annexin | existed in sub-membranous patches whose
staining colocalized with staining for cytoskeletal elements including tubulin and
cytokeratin 8 (228). Further characterization with immunogold electron
microscopy showed that annexin | was accumulated in electron dense areas just
underneath the plasma membrane, indicating that the immunofluorescence

staining observed was due to sub-membranous annexin | pools (228). To add
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credence to the hypothesis that sub-membranous structures, such as caveolae,
are involved in the transmembrane trafficking of A2, we utilized this method of
fixation to observe sub-membranous A2 pools, and to determine if they are
affected by thrombin or TRAP stimulation. This technique demonstrated that
both thrombin and TRAP stimulation dramatically enhance these sub-
membranous pools in HUVEC and HFF, which colocalized with the intermediate
cytoskeletal component vimentin.

We propose that two interrelated mechanisms may contribute to the
augmentation of membrane associated A2. The first mechanism involves the
well-documented transient increase in intraceliular calcium levels after thrombin
stimulation of cells. The intracellular Ca®* concentrations of resting cells (0.01 to
0.1 uM) are raised significantly to 1 to 10 uM (112;251). The Kd (Ca?*) required
for A2m binding to PS has been reported to be 2 uM (96). In the Ca**
concentration range displayed in activated cells, A2m present in the cytosol will
be able to bind the anPL present on the inner leaflet of the plasma membrane
(33;87;96). Thus thrombin-mediated rises in intracellular Ca%* can cause the
transiocation of A2m from the cytosol to the plasma membrane. The
translocation of annexins to membranes after increases in intracellular Ca®* have
been well documented in the literature. Annexins iI, IV, V, and VI have been
shown to translocate to the inner plasma membranes of HFF (252) and
neuroblastoma SH-SY5Y cells (253) after treatment with calcium ionophores. In

addition, thrombin stimulation of platelets resulted in the relocation of annexin V
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to membrane structures (254). Thus the translocation of A2m to the plasma
membrane may play a role in the enhancement of sub-membranous A2 pools.

The second part of the mechanism involves the ability of thrombin or
TRAP to increase intracellular p11 levels. It is proposed that the additional p11
produced is available to associate with A2m present in the cytosol to form A2t.
Because only the tetrameric form of the protein can bind anPL at low uM calcium
concentrations, this newly formed A2t will translocate from the cytosol to the
inner leaflet of the plasma membrane, thus enhancing the membrane-associated
poois of A2. If the total p11 levels were raised sufficiently the amount of A2m
translocated to the plasma membrane would be negligibie in comparison to the
levels of A2t. Thus, this model suggests that A2t would preferentially be
translocated to the cell surface, corroborating data demonstrating that A2t is the
dominant form of A2 on the cell surface. The translocation of A2m and A2t to the
plasma membrane upon thrombin- or TRAP-mediated PAR-1 stimulation
suggests that plasma membrane domains, such as caveolae, may play a role in
the thrombin induced expression of surface A2t.

A hypothetical model summarizing the effect of thrombin- or TRAP
mediated PAR-1 stimulation is presented in Figure 3€. Activation of cell surface
receptor by thrombin results in G protein linked intracellular signaling. The
products of this signaling cascade are a transient elevation in cytosolic calcium
concentrations, and an enhancement of intracellular p11 levels. These increases

in intracellular calcium and p11 levels will cause a translocation of A2m
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Figure 36: Working Model of Thrombin or TRAP Induced Redistribution of
Cellular A2 and p11. The increase in intracellular Ca®* concentrations,
combined with the enhancement of intracellular p11 levels which occur upon
thrombin or TRAP mediated PAR-1 activation result in an enhancement of
membrane associated A2m and A2t. These membrane associated pools of A2m
and A2t are then shuttled to the cell surface by an as of yet unknown mechanism
possibly involving caveolae.
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and newly formed A2t to the inner leaflet of the plasma membrane, resulting in
an up-regulation of sub-membranous A2 pools. A2t and A2m are subsequently
shuttled to the cell surface from the sub-membranous pools, possibly in a

caveolae dependent mechanism.

4.4 CMV-MEDIATED ENHANCEMENT OF SUB-MEMBRANOUS ANNEXIN II.

CMV has been shown to interact with the cell surface in a two step
mechanism. The first step is a low affinity, heparin inhibitable interaction
between glycoprotein Cli! or B on the virus surface, and cell surface heparan
sulfate proteoglycans (HSP) (255;256). This is followed by a second higher
affinity interaction between the virus surface and the putative second receptor
A2, and fusion of the viral envelope with the cell membrane (125;147). An
additional consequence of CMV infection is cellular activation (for review see
(229;257)). The ability of CMV to stimulate cell through direct CMV-cell contact
has been demonstrated in the literature (258), however, the discovery that CMV
can produce thrombin on its surface (174) suggests that CMV may potentially
stimulate cells indirectly through thrombin production and cell surface thrombin
receptor activation.

In the present study, we addressed the hypothesis that CMV treatment of
cells can induce the expression of cell surface A2 for use as a virai receptor. We
propose that treatment with CMV could prime cells for further infectibility by
causing intracellular events capable of inducing the expression of its own high

affinity second receptor, A2. Thus, the long-term goals of this portion of the
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project are to determine whether the CMV-cell interaction, or the production of
thrombin on the CMV surface, can induce the expression of cell surface A2. As
an initial investigation, we evaluated the effect of CMV on intracellular and
membrane-associated A2. Antigenic analysis of total, and sub-membranous A2
pools revealed that CMV treatment considerably enhanced the amount of sub-
membranous A2, while total and intracellular A2 levels were unaffected. In our
experiments the CMV stimulation took place in media containing fetal calf serum.
Fetal calf serum contains clotting factors that could interact with tissue factor and
anPL present on the CMV surface to generate thrombin. Therefore, our resuits
cannot distinguish between the CMV-cell interaction, or the production of
thrombin on the virus surface, as cell stimulatory triggers. In order to determine
which pathway is responsible, experiments isolating one or the other must be
undertaken. To isolate the CMV-HSP interaction, the CMV stimulation must be
performed in the absence of serum, thereby preventing the generation of
thrombin and other activated clotting factors. Enzymatic removal of cell surface
heparan suifate proteoglycans with heparinase or heparitinase prior to CMV
stimulation in the presence of serum would allow the effect of thrombin produced
on the virus surface to be evaluated.

If the CMV-mediated enhancement of sub-membranous A2 pools occurs
through thrombin generation by CMV, and the subsequent binding of thrombin to
its cell surface receptors, we propose that the mechanism by which CMV
increases membrane associated A2 pools is identical to the one described

previously for thrombin stimulation. However, if the enhancement of sub-
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membranous A2 pools is due to the direct interaction between CMV and the cell
surface that the mechanism involved may be related to the mechanism by which
CMV has been shown to activate cells. It has been observed that the interaction
of CMV with the cell surface can cause potent intracellular changes, including
hydrolysis of membrane phospholipids and the production of the second
messengers inositol 1,4,5-triphosphate and 1,2-diacylglycerol (259), an increase
in the cytosolic Ca®* concentration (260), a sodium influx (261), an enhancement
in cyclic AMP and GMP levels (257). CMV exerts these intracellular changes
through the activation of cell surface kinases such as phospholipase A2 (262),
protein kinase C and A (262;263), and pertussis toxin sensitive G proteins
(264;265). Stimulation of these cell membrane proteins also results in an
increase in AP-1, NF-xB, and CREB transcription factors, thereby stimulating
cellular and viral DNA synthesis (263;265). Although the intraceilular changes
described above could be due to thrombin production on the virus surface, there
is some evidence of the ability of CMV to directly activate cells. CMV
glycoprotein B has been shown tc initiate intracellular signaling (258), and
modulate cellular transcription of CMV infected cells (266).

Thus, the ability of CMV to elevate NF-xB could possibly result in an up-
regulation in total p11 levels, by the mechanism proposed previously for
thrombin. Therefore, we suggest that the mechanism by which direct CMV-cell
contact causes the enhancement of membrane bound A2 involves two separate
but related phenomena, increases in cytosolic Ca2* concentrations and elevation

of total p11 levels. The ability of CMV to activate transcription factors such as
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NF-xB may lead to increased p11 protein levels, due to the existence of putative
NF-xB binding sites in the promoter region of the p11 gene. This enhancement
of intracellular p11 levels would result in the formation of additional A2t, which
would translocate to the plasma membrane, resulting in enhanced membrane
associated A2t pools. The documented rise in intracellular Ca®* concentrations
that occurs upon interaction of CMV with the cell surface might allow A2m to bind
to the inner leaflet of the plasma membrane. Thus the calcium spike observed
after CMV-cell interactions could lead to the enhancement of sub-membranous
pools of A2m. The sub-membranous A2 may then be shuttled to the surface by
a caveolae-dependent mechanism resulting in greater exposure of A2 on the cell
surface, as described for thrombin stimulation. It should be noted that these are
only speculations, as direct experiments have not been conducted at this time.
However, immunofluorescence microscopy analysis of intracellular p11 and cell
surface A2, combined with an analysis of surface p11 by chemical modification of
surface proteins after CMV treatment may provide insight as to whether the
mechanism of CMV-mediated enhancement of membrane associated A2 mirrors

that of thrombin.

4.5 ANNEXIN lI-MEDIATED STIMULATION OF FIBRINGLYSIS.
4.5.2 Thrombin or TRAP enhanced Plasminogen Binding by Human Umbilical
Vein Endothelial Cells.

A2 has been identified as an endothelial cell surface co-receptor for tPA

and plasminogen (119), and a cofactor in the tPA dependent conversion of
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plasminogen to plasmin (129). Our observation that both surface A2 and p11
were increased after thrombin treatment of HUVEC led us to test whether this
correlated to enhanced fibrinolytic cell surface activity. Indeed, as predicted,
enhanced binding of biotinylated and fluorescein labeled plasminogen to the
HUVEC surface was observed after thrombin or TRAP-mediated HUVEC
stimulation (Figure 24). The plasminogen concentrations used in our experiments
(150 nM) were well below the plasma concentration of plasminogen (2.4 uM)
(267). Therefore, the thrombin or TRAP mediated enhancement of plasminogen
binding could occur at physiological plasminogen concentrations.

Although the ability of A2 to bind plasminogen is well documented, there is
some controversy in the literature over which form of A2, A2m or A2t, is the
functional one. Early binding experiments demonstrated that A2 bound
plasminogen, and that this binding was inhibited by carboxypeptidase B
treatment of A2 (119). Mutation of Lys residues 307 and 328 present in the C-
terminus portion of the protein revealed, that residue Lys*®’ was necessary for
plasminogen binding (119) (see Figure 36). Therefore, the authors concluded

that the plasminogen binding site on A2 is the Lys” residue, which is exposed

307 308

upon cleavage of the Lys™ '-Arg™ " peptide bond by an unidentified plasmin-like
protease (119) (see Figure 37). More recently, the presence of endogenous C-
terminal Lys residues on the p11 subunit of A2t has shifted the focus to the effect
of A2t in plasminogen binding and tPA acceleration. A2t was shown to bind
plasminogen (120), and to enhance the rate of Glu-plasminogen activation by

tPA (120), indicating that the presence of the p11 subunit of A2t may play an
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Figure 37: Location of Putative Plasminogen Binding Sites in A2 and p11.
The sequences of the C-terminal regions of A2 (Panel A) and p11 (Panel B) are
shown. The position of the C-terminal lysine residues of A2 and p11 proposed to
interact with plasminogen are highlighted in red. The black arrow indicates the
proposed Lys*¥’-Arg®® cleavage site in A2 that would expose the putative C-
terminal lysine residue upon cleavage by an unidentified piasmin-like protease.
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important role in tPA acceleration by A2. Because p11 contains endogenous C-
terminal Lys residues, the plasminogen binding site may be located in the p11
subunit of A2t. Experiments involving recombinant proteins demonstrated that t-
PA-dependent Glu-plasminogen activation was stimulated and 46-fold by
recombinant p11 (205). Binding of Glu-plasminogen to a p11-affinity column,
and competition studies using peptides with sequences identical to the last 12
residues (residues 85-96) of p11 demonstrated p11 could bind plasminogen, and
that the plaasminogen binding site was located in the last 12 residues of the
protein (205). Mutational analysis of the endogenous C-terminal Lys residues of
p11 demonstrated that p11 mutant missing residues Lys*® and Lys* from the C-
terminus retained only approximately 15% of total activity (205). Thus, the Lys®®
and Lys® residues of p11 appear to be involved in plasminogen binding by p11
(see Figure 37). In addition, a mutant A2t composed of wild type A2m and the C-
terminal Lys p11 deletion mutant lost 88% of its activity (205). These data
indicate that the p11 subunit, and in particular residues Lys®® and Lys® of p11,
may participate in both the plasminogen binding and tPA acceleration functions
of A2. The remaining 12% activity of the mutant A2t may be accounted for by the
wild type A2m subunits of the protein.

Thus, the p11 subunit of A2t appears to play an important role in the
plasminogen binding and tPA acceleration functions of A2. Therefore, the role of
p11 in F-Plg binding to thrombin treated HUVEC was evaluated by antibody-

mediated interference with p11.
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4.5.2 Cellular Evidence for p11-mediated Binding of Plasminogen.

Because thrombin may enhance numerous putative plasminogen
receptors on the cell surface, it was necessary to correlate the thrombin- or
TRAP-mediated enhancement of surface A2m and A2t with the increased
plasminogen binding observed in thrombin or TRAP treated cells. A direct
involvement was demonstrated by the observation that anti-p11, and not a
control rabbit IgG, was able to inhibit the thrombin or TRAP induced increase in
F-Plg binding.

The ability of the anti-p11 antibody to inhibit plasminogen binding confirms
the importance of the p11 subunit of A2t. While these data strongly support a
role for p11, we cannot exclude the possibility that All is also involved. Steric
hindrance caused by binding of the anti-p11 antibody to A2t may indirectly
prevent plasminogen from reaching its binding site on the A2m subunit. In order
to rule out this second possibility, the F-Plg binding experiment needs to be
repeated with an antibody specific for A2. Because this experiment was not
performed, we cannot exclude the possibility of simultaneous involvement of A2
and p11 in plasminogen binding and activation. However, the ability of an anti-
p11 antibody to eradicate plasminogen binding is consistent with the role for p11

in plasminogen binding and activation described previously.
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453 Enhancement of Plasmin Generation on the Human Umbilical Vein
Endothelial Cell Surface.
Plasmin (83 kDa) is generated from fulllength plasminogen (Glu-

plasminogen) by hydrolysis of the Arg 5%°-val

peptide bond by plasminogen
activators such as tPA (268). Once activated, plasmin can convert Gilu-
plasminogen (88 kDa) to Lys-plasminogen (83 kDa) by cleavage of the Lys’®-
Lys’” peptide bond, which is subsequently converted to Lys-plasmin (268). It
has been demonstrated that Lys-plasminogen has a higher affinity for fibrin
(269:;270) and is more readily activated by tPA (271) and urokinase plasminogen
activator (272) in vitro than Glu-plasminogen. Studies of fibrinolysis in vitro have
revealed that the conversion of Glu- to Lys-plasminogen does occur during
fibrinolysis in vitro (273), indicating that the conversion step is not an artifact. In
vivo experiments have demonstrated that the Glu- to Lys- plasminogen
conversion dramatically enhanced plasmin generation on the HUVEC surface
corroborating the in vitro observations (274).

To ascertain whether the thrombin or TRAP-mediated enhancement of
plasminogen binding to the cell surface could be transiated into increased
plasmin generation, we tested the effect of thrombin or TRAP treatment on the
tPA dependent conversion of Glu- and Lys-plasminogen to plasmin. Using
chromogenic assays, we demonstrated that thrombin or TRAP-mediated PAR-1
stimulation enhanced tPA dependent plasmin generation from Glu- or Lys-
plasminogen on the HUVEC surface (Figure 26). Conversion of Lys-

plasminogen to plasmin occurred at a constant rate, while a substantial lag
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phase was observed for plasmin generation from Glu-plasminogen. This lag
phase may be due to the conversion of Glu-plasminogen to Lys-plasminogen
prior to plasmin activation.

Thus, we can conclude that the thrombin-mediated increases in surface
A2t and A2m results in an enhanced ability to activate plasminogen, through the
action of A2 and p11 as accelerators of tPA activity. However, to substantiate
the involvement of A2 and p11 in the enhancement of plasmin generation
observed after thrombin treatment, the experiments need to be repeated in the

presence of antibodies directed against A2 and p11.
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5. CONCLUSION

In this work we tested the hypothesis that thrombin could enhance the
expression of cell surface A2t. Our results indicate that thrombin-mediated
stimulation of its cell surface receptors can cause increases in total p11,
combined with a concomitant formation and translocation of A2t to the inner
leaflet of the plasma membrane. The end result of these intracellular changes is
shuttling of A2t to the cell surface. Furthermore, we observed that the newly
exposed surface A2t could play a functional role in fibrinolysis by conferring
enhanced plasminogen binding and plasmin generation activity to the surface of
HUVEC. Thus, a novel feedback regulatory step in hemostasis is indicated that
links thrombin, the biological effector of coagulation, to enhanced cellular
production of the fibrinolytic enzyme, plasmin (Figure 38).

Cell surface A2 has been suggested to have importance in a number of
processes, such as tenascin C-binding, CMV infection, and tumor invasion and
metastasis. Therefore the finding that exposure of cell surface A2 can be
stimulus-induced may have implications in areas additional to fibrinolysis. Thus
we propose that transbilayer shuttling of A2 to the cell surface may be involved
as an important regulatory event in a number of biological processes, including
fibrinolysis. Defects in the mechanism of cell surface expression of A2 could be
the basis of diseases involving deregulated surface A2 expression such as in
promyelocytic leukemia (136). Therefore, a more complete understanding of the

mechanisms by which A2 is translocated to the cell surface may lead to new
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Figure 38: Thrombin Regulated Activation of Fibrinolysis. Thrombin
stimulation of cell surface receptors, including PAR-1, results in a transient rise in
intracellular Ca®* concentrations along with an observed increase in the amount
of intracellular p11. Combined together, these biochemical phenomena cause
the formation of additional A2t, and the translocation of cytosolic A2m and the
newly formed A2t to the inner leaflet of the plasma membrane. These sub-
membranous pools of A2m and A2t can then be shuttled to the cell surface by an
unknown mechanism. This newly expressed surface A2 may then function as a
tPA and plasminogen receptor and as an accelerator of tPA activity.
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therapies for diseases involving the over-expression and the under-expression of

surface A2.
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